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PREFACE

The breathtaking diversity of insect world has always attracted and trapped a
considerable size of scientific community to the domain of insect/plant relationships.
Any attempts trying to enlighten facets of this intricate connection is subject to
compromises among different disciplines. Indeed, what we today know as insect/plant
relationship is a multidisciplinary approach by behavioural, physiological, ecological,
phytochemical and evolutionary sciences to understand how and why insects select
plant species for feeding, oviposition, hiding, advertising themselves, etc. to mention
only some of the most apparent functions. The insect/plant symposia have, from the
beginning, reflected this manner and the present one was no exception either.

The seventh in the series of International Symposia of Insect-Plant Relationships
followed almost exactly after 15 years the third one that was organized also in
Hungary (Tihany, June 9-14, 1974). A short comparison of the two meetings reflects
the trends of development in this field of science.

Already the number of participants is interesting to compare. While in 1974 only
66 participants were present from abroad, in 1989 the number of foreign attendants
reached 135, however, it would have been considerably higher if the organizers were
not obliged to restrict the number of participants because of limitations in time and
space and in order to provide ample opportunity for discussions. Judging from the
skyrocketing number of publications issued yearly, one can suspect that the size of
the scientific community in this field may exceed with orders of magnitude the
number having attended the symposium.

It was unfortunate that the participants of the 1989 symposium had to miss the
presence of several outstanding scientists of the older generation who attended
almost all previous meetings. On the other hand, this meeting was characterized by
the presence of many young scientists and students representing the future of the
symposia and warranting the continuation of interest in this domain.

The various aspects of insect-plant relationships received different emphasis in
the two symposia. The recent symposium was characterised by a considerably greater
proportion of presentations in ecology and evolution. Futhermore, the problems of
the third trophic level as well as behavioural genetics, behavioural plasticity (lear-
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ning) and dietary self selection were new ideas that were greatly neglected or not
even mentioned fifteen years ago.

The reader will find three types of contributions in this volume, besides the
opening and closing presentations. Introductory lectures of daytime sessions or
evening workshops reviewed the most important achievements of a given field. The
so-called "ordinary" lectures (the name refers only to the length of the oral comm-
unication) and the posters represent the bulk of presentations. In the course of the
preparation of the symposium the Organizing Committee - together with the Inter-
mational Advisory Board - had to face the embarassing task of asking several would-
be participants who wanted to give a lecture, to present a poster instead. Otherwise
parallel sessions should have been held in the course of the whole symposium, which
would have strongly limited discussions.

The organization of the present symposium was greatly helped by the members
of an International Advisory Board. Outstanding support was received from Prof.
Louis Schoonhoven. The organizers are grateful to all colleagues for their assistance.
In order to improve the preparation of the future symposia, the Dutch group of
participants proposed to organize a permanent committee for the International
Symposia on Insect-Plant Relationships, and this proposal was accepted by the par-
ticipants. Its members will be recruited from the countries where research is carried
out in this field.

Budapest, July 1989

The Editors
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Symp. Biol. Hung. 39, 1990

INSECTS AND HOST PLANTS: 100 YEARS OF
"BOTANICAL INSTINCT"

L. M. Schoonhoven

Department of Entomology
Agricultural University
Wageningen, The Netherlands

ABSTRACT

Scientists, in their efforts to unravel the causal elements constituting the "botanical sense" of herbivorous
insects, have made considerable progress since this instinct was described by J. P. Fabre in eloquent prose
one century ago. The interplay between the almost incomprehensible chemical diversity of the plant
Kingdom and the delicately tuned chemosensory systems in insects seems to be a key element of the
botanical instinct. We have begun to appreciate, however, that rather than being fixed entities, insect
behaviour and plant chemistry are both dynamic systems involving behavioural plasticity and genotypic
adaptations on the insects’s side, and complex physiological plasticity on the plant’s side. The interaction
between the two systems can be investigated from different viewpoints, such as a mechanistic analysis, a
genetic approach, and an evolutionary ecological (cost-benefit) model. Our insights are developing more
or less rapidly, depending on the approach chosen. The ultimate goal is a synthesis of knowledge obtained
via different routes, leading to a greater understanding of insect-plant relationships, and an explanation
of the intricate principles underlying an insect’s botanical sense.

Key words: "botanical instinct", "botanical sense", herbivorous insects, insect-plant relations, phytochem-
istry, phagostimulant, deterrent, chemoreceptor, brain, central nervous system, experience,
induction of food preference, physiological feedback.

INTRODUCTION

No animal life exists in the absence of green plants, since they serve as the primary
source of energy-rich compounds for all heterotrophic organisms. On the other hand,
the present striking diversity of the plant kingdom is the result of a long-lasting
co-habitation with animals. Among them, insects with their numerous forms and
habits are the prime effectors of plant evolution. Therefore, the insect-plant "inter-
face" may be the major zone of interaction responsible for generating terrestrial
organic diversity.

A multitude of ecological studies has revealed that insects and plants do not simply
live together, but rather that they interact with each other, they suffer from each
other, they adapt to each other, because they need each other and they both are as
they are because of their coexistence. The natural world would change its appearance
rapidly and drastically if all insects were to be removed.



The topic of insect-plant relationships has captured the attention of naturalists
and agriculturists since antiquity, though a comprehension of the presence of some
fundamental interactions between insects and plants may be dated from 1793, when
the German botanist C.K. Sprengel discovered that insects have a starring role in
the fertilization process of many flowering plants.

A basic concept resulting from the study of insect-plant relations is the notion
that herbivorous insects are specialist feeders, which implies that even the relatively
few so-called polyphagous species have a limited diet. Curious entomologists wanting
to explain how an insect recognized its specific food plants, were for a long time
content with the view that it finds its way "led by an instinct far more unerring than
the practised eye of the botanist" which it possesses because "she is taught of God"
(Kirby and Spence, 1863). Almost exactly 100 years ago J.H. Fabre (1886) in his
eloquent prose elaborated on this botanical instinct. Fabre's writings have challenged
many scientists to unravel the delicate choosiness of herbivorous insects. Although
as a result several significant contributions to our present understanding of the causal
elements constituting their botanical sense have been made, progress has been un-
deniably slow. The topic of insect-plant relationships crosses the traditional boundary
between zoology and botany and probably therefore did not gain momentum until
fairly recently. Insect-plant relationships are now receiving rapidly increasing interest
as is evidenced by the considerable number of books being published in this area.
Half of all books on this subject were published during the last S years. The appear-
ance of so many publications indicates the need to synthesize our knowledge and to
order the multitude of known facts into abstractions and principles underlying the
relationships between arthropods and angiosperms, the two largest phyla in the living
world.

PHYTOCHEMISTRY: THE BASIS OF BOTANICAL INSTINCT

The term "botanical instinct™ has been used with two slightly different connota-
tions. In its more restricted meaning it implies that an insect in some way or other
recognizes its host plant amidst other plant species. In a broader sense it is used to
indicate that an insect, feeding on more than one plant species, has a sort of "sixth
sense" which enables it to recognize the taxonomic affinities of plants, and thus
restricts its attacks to related plants only.

Due to the work of phytochemists we now recognize that the basis of the esoteric
botanical sense is to be found in the chemical relatednesss of plants belonging to a
certain taxon. The two meanings of the term botamical instinct are compatible with
each other when we realize that taxonomic relationship is in many cases synonymous
with chemical relationship and that insects do not search for plants that are classified
within a certain taxon, but for all those plants which fit into a certain chemical profile.
This profile may be narrow and confined to one plant species, or it may be somewhat
broader and cover a plant genus or even family.



The famous and often cited experiments by Verschaffelt (1910) on the role of
several host-specific chemicals as feeding stimulants for some specialized insects
evidenced the presence and importance of a well tuned sense of taste. The classical
observations by Dethier (1941) on the attractiveness of specific mixtures of essential
oils to swallowtail butterfly larvae revealed the existence of an olfactory sense, ca-
pable of acute discrimination.

It is just 100 years ago when some botanists launched the idea that secondary
plant compounds have a protective function: "many of the chemicals may serve the
plant as means of defence against animals, and when we camphorize our furniture
and poison our flower-beds, we are only imitating and reinventing what the plants
practised before the existence of man" (Abbott, 1887). Our since then gradually
growing knowledge of the chemical diversity among plants especially with regard to
the wealth of secondary compounds they harbour (e.g. Hegnauer, 1962-1986; Smith,
1976), led us to confer on them an increasingly important role in insect-plant rela-
tionships, as exemplified by G.S. Fraenkel’s well known 1959 and 1969 papers. At
present we consider a plant’s chemical constitution as the primary factor determining
insect-plant relationships, as illustrated by the dictum: "Many factors influence the
evolution of herbivore diets, but plant chemistry is central” (Schultz, 1988).

It is curious how, despite an intensive search, relatively few specific feeding stimu-
lants have been discovered. Jermy (1958) was among the first to voice the importance
of avoiding feeding deterrents in food recognition behaviour, and developed the
opinion that "host plant specificity in phytophagous insects is determined mainly by
the botanical distribution of plant substances inhibiting feeding..." (Jermy, 1983). For
a long time [ found this idea hard to accept, since to me it seemed a much more
efficient and reliable strategy for an insect to recognize its exclusive food by the
presence of a specific positive signal, i.e. a phagostimulant. But there is growing
support for Jermy’s statement (Bernays and Chapman, 1987). This raises the question
as to whether plant selection behaviour based on avoiding negative stimuli is a better
tactic than hunting for positive stimuli. Or is the observed imbalance between the
insects primarily searching for phagostimulants and those evading deterrents merely
a result of our misjudgement due to experimental limitations?

THE ROLE OF CHEMORECEPTION

The mystery of the botanical instinct has now been reduced to the problem of
how the chemical profile of a plant is perceived by the insect sufficiently accurately
that it can choose unerringly certain plants and consistently ignore all others. The
existence of generalized feeding deterrent receptors (Ishikawa, 1966; Ma, 1969) as
well as some highly specific phagostimulant cells (Schoonhoven, 1967a; Rees, 1969)
was discovered in some insect species during the sixties. Almost immediately sensory
physiologists realized that the sensory information an insect receives upon contact
with the plant interior must be much more complex than a simple message conveyed
by one or two specific cells, or "labelled lines". There is increasing evidence that



natural stimuli, such as plant contents, act as a whole. For instance, the capacity of
sinigrin to stimulate feeding in the garlic mustard inhabiting weevil Ceutorhynchus
constrictus manifests itself only in the presence of other leaf constituents (Nielsen
et al., 1989). Obviously complex stimuli evoke intricate neural patterns in the insect’s
chemoreceptors (Dethier and Kuch, 1971; Stidler, 1986; Schoonhoven, 1987).

Since we may assume that the brain conducts behavioural output on the basis of
sensory input, diligent attempts have been made to decipher the sensory code and
to fathom its message. Simple quantitative relationships appeared to exist between
neural activity in some chemoreceptors and feeding intensity. Moreover, the brain
seems to summate the incoming impulses from different receptors algebraically,
although impulses in different lines are given different weighting (Schoonhoven and
Blom, 1988). This seemingly simple situation, however, is complicated by several
factors. To mention a few: receptors often have overlapping reaction spectra; mix-
tures of natural chemicals may cause receptor modulations which are unpredictable
on the basis of observations with single chemicals (Schoonhoven, 1987; de Jong and
Visser, 1988a); in some way or other the dimension of time plays a role, as evidenced
by different stimuli causing different temporal patterns (Dethier and Crnjar, 1982).
In the Colorado potato beetle de Jong and Visser (1988b) obtained evidence that
olfactory information is processed in the deutocerebrum in two different ways. One
channel analyses information on stimulus quantity, the other one evaluates stimulus
quality.

Progress in unravelling the sensory code has been, due to these complications,
disappointingly slow. Even in "simple" systems, as found in caterpillars with only a
few tens of taste cells, the sensory message proves to be 100 complex to be solved
easily. Computer programmes as developed recently (Frazier and Hanson, 1986;
Smith et al., 1989) may add a new tool to our attempts to discover the intricacies of
the sensory code. When we are able to crack this code we will probably understand
the quintessence of the botanical instinct.

THE ROLE OF EXPERIENCE

There is a complication, however, in that neither behaviour nor relevant physio-
logical parameters are constant entities. Not only do interindividual variations occur,
which physiologists usually average and then tend to neglect, but also individuals
may show inconstant physiological responses and variable behaviour. For instance,
host preferences have been found to be modifiable, and we must therefore conclude
that the botanical instinct shows some plasticity. Conditioning to certain food plants
was already observed by Réaumur, 250 years ago: "It is worthy of remark, however,
that when some of these [i.e. polyphagous herbivores] have fed for a time on one
plant they will die rather than eat another, which would have been perfectly accept-
able to them if accustomed to it from the first." (Kirby and Spence, 1863, p.219).
The vagueness of the description of this phenomenon was reduced considerably in
the hands of Jermy and co-workers (1968), when in a classical study they succeeded



in quantifying food preference induction. Thus the feeding preferences hitherto
presumed to be inborn and engraved in the insect’s central nervous system, appeared
to be modifiable, even to the extent that under certain conditions non-host plants
become acceptable. Tobacco hornworm larvae, for example, accept after being grown
on an artificial diet, cabbage and dandelion, plants which do not belong to their
normal host plant range (Schoonhoven, 1967b). Likewise insects normally repelled
by the smell of citral, a natural compound present in citrus fruits, may be conditioned
to this substance and are then even attracted to it (Saxena and Schoonhoven, 1978).
Several more observations made mostly during the last two decades, suggest that
experience may play a considerable role in subtle details of host plant finding (Saxena
and Schoonhoven, 1978), acceptance (Blaney et al., 1985), and preference (de Boer
and Hanson, 1984). Jermy (1987) in a lucid paper on this subject recently came to
the conclusion that "induced feeding and oviposition preferences are nothing other
than a further restriction in the overall extreme finickiness fo phytophagous insect
species at the population and/or individual levels". The fact that the induced pref-
erence is the more pronounced when the insect is tested against taxonomically more
dissimilar plants may be again explained by the concept that taxonomically related
plants often have similar natural product plant chemistry, whereas unrelated plant
taxa usually are quite different in this respect (de Boer and Hanson, 1984).

Concomitantly with changes in preference behaviour, the sensory message con-
veyed to the brain appeared to be changed as a result of feeding history (Schoonhoven
et al., 1987). Apparently the primary informants of the brain, the chemoreceptors,
also possess a certain degree of adjustability. These iindings, showing that sensory
input as well as behavioural output can be modified depending on previous experi-
ence, necessarily alter our view on the botanical instinct. Instead of a fixed entity it
has to be regarded as a command system which to a certain extent can be repro-
grammed. Thus the botanical instinct comprises a species-specific receptor system,
tuned to discriminate the chemical profile of its host or hosts from non-hosts, com-
plemented by an integration centre in the central nervous system harmonised to read
the incoming sensory message, as well as a well-defined degree of programmability
of the whole system.

VARIATIONS IN PLANT CHEMISTRY

Entomologists have often, for the sake of simplicity, considered plants as chemi-
cally fairly rigid and constant systems, each species characterized by its nutritional
value and its specific biochemical fingerprint. As so often in biology this fixed image
appeared to be too simple and even deceptive. Naturally, plants, even when belonging
to the same species, may show large genotypic and phenotypic differences. These
variations are undoubtedly of paramount importance to the insects inhabiting them
(as was recognized a long time ago by plant breeders selecting resistant varieties of
our main crop plants). An extra dimension to this chemical diversity was discovered
when Ryan (1983) working on perennial plants, and Haukioja and Niemeld (1977)



on trees, showed that insect infestation may trigger the activation of a chemical
defence system. Palatability and nutritional value can be severely reduced even at
relatively low insect densities, resulting in retarded insect growth and considerably
increased mortality (Wratten et al., 1988). The plant thus appears to be an active
participant in its own defence, rather than a static and passive victim of insect attacks.
Obviously the fact that both plant chemistry and insect behaviour show appreciable
plasticity will seriously complicate the analysis of their interactions.

Once we recognize that in all interactions there exists (besides the inherited
component) considerable phenotypic plasticity, the need to define and delineate the
genetic component becomes still more compelling. A genetic analysis may help to
explain not only interindividual variations in host acceptance within one population,
but also the differences in host preferences for feeding and oviposition observed in
different populations of the same insect. Such differences may be related to geo-
graphical distance, as for example in the small ermine moth, Yponomeuta padellus,
which when collected in Finland prefers to oviposit on mountain ash (Sorbus aucu-
paria), whereas moth originating from the Netherlands prefer hawthorn (Crataegus
monogyna) for oviposition (van de Water, 1982). Interestingly, considerable differen-
ces in oviposition preferences have also been found between different populations
of a butterfly species within the same region and living in apparently identical habi-
tats (Singer, 1984). Clearly, there is a great need for more genetical studies as has
been emphasized before by e.g. Dethier (1978) and Futuyma and Peterson (1985).
The genetical approach is particularly relevant for understanding host shifts, which
imply a dramatic change of an insect’s botanical instinct. In particular studies in
which a genetical analysis is combined with sensory physiology, as well as nutritional
aspects and insect feeding behaviour could prove to be very fruitful in grasping the
essence of host shifts, a major event in the evolution of insect plant-relationships
(Thompson, 1988).

Natural selection may influence the botanical instinct of a species resulting in
behavioural differences between groups of individuals within a population. For
example, different strains of an insect species may possess genetically fixed differen-
ces in their olfactory system (Visser, 1983) or in the sensitivity of their taste cells
(Wieczorek, 1976). Behavioural differences may also be located in the central nerv-
ous system, as is the case in the polyphagous strain of the common silkworm, which
shows marked changes in food acceptance, despite the fact that its chemoreceptors
produce the same sensory message as the normal strain, accepting only mulberry
(Ishikawa et al., 1963).

FOOD PREFERENCE IS INFLUENCED BY PHYSIOLOGICAL FEEDBACK

Recently a remarkable new feature of insect feeding behaviour was discovered,
which hitherto was only known from vertebrates. When caterpillars are fed a sub-
optimal diet, which, for example, is short of proteins or carbohydrates, they subse-
quently select in a choice situation a food which compensates for the deficiency



(Waldbauer and Friedman, 1988). In the migratory locust such compensation beha-
viour is shown after only a single meal of the incomplete food (Simpson et al., 1989),
indicating the presence of a very rapid and sensitive feedback system, which translates
nutritional inadequancy into a signal modifiying the CNS food selection centre. In
this context an interesting experiment by Dethier (1980, 1988) may be mentioned.
When a polyphagous caterpillar was fed for some time on an initially acceptable, but
toxic plant species, the insect fell ill. After recovery from intoxication its threshold
for accepting this plant species was changed, and the toxic plant was partially or
completely rejected. Apparently the temporary physiological malaise was associated
with the type of food ingested (Bernays and Lee, 1988). These experiments shows
that general intoxication or lack of specific nutrients is associated with certain food
type and that rapid feedback mechanisms occur, which affect food choice, i.e. act on
the botanical instinct. The fact that little or nothing is known about the nature of
the signals involved in this feedback system (but see Abisgold and Simpson, 1987),
nor about the internal receptors transmitting the information to the brain, indicates
that we still have only a fragmentary knowledge of the physiology of insect-plant
interactions.

When Fabre, a century ago, introduced the term "botanical instinct”, he merely
used it as a shorthand term for a complex and unfathomable behaviour. The concept
of instinct was at that time predominantly used as a convenient vehicle for describing
nonrational elements of behaviour. Instinctive activities were seen to be inborn,
reflex-like and driven from within. The concept of instinct, however, has since under-
gone many changes and has diminished in importance. Modern ethology has separ-
ated out the innate, the reflex and the motivational aspects of apparently instinctive
behaviour, and these are now regarded as separate issues.

Our current view of an insect’s botanical instinct incorporates present concepts
of the behavioural sciences, such as the postulate of motivation and the role of
experience in ontogeny.

BOTANICAL INSTINCT: A THREE-TIER SYSTEM

As in Fabre’s days an insect’s botanical instinct is seen to manifest itself by its
predilection for one or a few, often related plant species, in combination with the
rejection of non-hosts. We now recognize that this behaviour involves three major
elements. (1) A peripheral chemoreceptor system, sensitive to multiple chemical
stimuli, composed of phagostimulants and deterrents. The response spectra of the
chemoreceptors are characteristic of each insect species. (2) A central nervous system
tuned in such a way as to recognize sensory patterns. Certain patterns are identified
as acceptable, i.e. they release feeding or oviposition behaviour (which may be en-
ergized by a motivation centre), others promote rejection. The decision centre for
feeding may be located in the suboesophageal ganglion. Possibly it consits of only a
single decision-making interneuron, as is the case in some other discrete and ident-
ifiable acts in insects, as found in flying crickets, in which a single sensory interneuron



elicits avoidance steering behaviour in response to ultrasounds (Nolen and Hoy,
1984). (3) An internal chemosensitive system which measures the quality and quan-
tity of absorbed food constituents and which warns the central nervous system if food
composition differs too much from physiological requirements, resulting in a change
of food selection. The former two elements in this system, the receptors and the
CNS, can be modified in response to previous experiences. Possibly the same applies
to the internal feedback mechanism.

Needless to say, the botanical instinct is in many ways intertwined with an insect’s
physiological capabilities. For example food generalists have higher levels of detox-
ifying enzymes than food specialists (Krieger et al., 1971) and compounds such as
glucosinolates, which stimulate food intake in insects specialized on crucifers, are
toxic to insects which normally feed on other plants (Erickson and Feeny, 1974).
Several other physiological variables, like age, dietary history, sex and temperature
may influence food choice (Blaney and Simmonds, 1987; Schoonhoven et al., 1987).

The botanical instinct as defined in the light of modern knowledge may seem to
have lost some of its original mysterious connotation. We appreciate its three inter-
acting elements of receptors, central nervous system, and nutritional feedback, the
whole perpetually interacting with numerous ecological constraints. In spite of all
our investigations, the botanical instinct of insects remains an enigma, and the
knowledge gained in 100 years has only served to alter the questions being asked.
We now wonder what at the molecular level determines the almost infinite variation
in chemoreceptor specificity. We wonder how experience modifies the ncuronal
networks responsible for acceptance or rejection of certain plants, and we hardly
know how to analyse the problem of why some insects show an extreme finickiness,
whereas others tolerate a range of hosts. Unquestionably the knowledge gained since
Fabre’s days has widened our horizons, and gratified our curiosity, but the problem
of the botanical instinct remains in essence unsolved.
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ABSTRACT

The sensory code for taste quality which largely mediates acceptance or rejection of food by lepidopterous
larvae lies in the activity of a small number of neurones associated with their mouthparts. Various
manifestations of the across-fibre patterning code are discussed and evaluated using data from Spodoptera
and Heliothis. The mechanisms associated with gustatory coding are illustrated along with the types of
behavioural assays used to calibrate and validate them.

Key words: gustation, across-fibre patterning, sensory code, neurone, gustatory receptor, central nervous
system, deterrent, phagostimulant, styloconic sensillum, azadirachtin, nicotine hydrogen tar-
trate, sucrose, epipharingeal sensillum, Canna glauca, Scutellaria tournifortii, Spodoptera litto-
ralis, Spodoptera exempta, Manduca sexta, Spodoptera frugiperda, Heliothis virescens, Heliothis
armigera, wheat, neem, cabbage, tomato, sunflower, sorghum, salicin, alanine, canavanine,
sodium chloride, strychnine.

Dethier stated in his concluding remarks at the Pau conference in 1986 that although
intense efforts were being undertaken to relate taste receptor encoding with the
reality of insect behaviour, "we shall not be able to relate sensory events to behaviour
with complete confidence until we learn to place electrodes in the central nervous
system (CNS) accurately”. We have not been able to undertake this latter and most
important step but we have, with the use of a range of compounds and plant extracts,
been able to identify types of neural output from the peripheral gustatory sensilla
that correlate with behavioural responses. As outlined by Dethier (1987), formidable
problems remain in interpreting many of the responses we encounter, especially
when there is a great deal of variability (Molen et al., 1985), not only between
individuals within a population, but between successive stimulations of the same
sensillum on a single insect.

Gustatory neural codes are the means by which the activity of the peripheral taste
receptors, and therefore their analysis of the gustatory environment, is conveyed to
the CNS by the electrical activity of these taste neurones. In practice, the taste
receptors of insects are primary neurones, conveying information only by trains of
action potentials, and communicating with the CNS by synapses in the suboeso-
phageal ganglion. Students of neural coding have identified numerous variants of
this type of neural activity as examples of specific codes. For example, Perkel and

17



Bullock (1968), identified 32 types of neural code; more conservatively, Dethier
(1976) identified 5 codes in the gustatory system of flies.

A common feature of many such studies is the concept of across-fibre patterning
formulated by Pfaffman (1941) and elaborated by Erickson (1963, 1982), which states
that the neural message can only be read when the output of a number of receptors
is considered at the same time. The basic tenets of the hypothesis are that the
receptors have different but overlapping response spectra and that each stimulus
identified generates a unique response spectrum across the receptors. This mechan-
ism appears not to operate however, in cases where one or more receptor neurones
show high sensitivity to a particular stimulus, in which case its presence is reported
unambiguously, perhaps even exclusively, by that specialised neurone. Such a system
is referred to as a labelled line and is often associated with the detection of com-
pounds having high biological significance, such as potent feeding deterrents (Ma,
1972; Blaney et al., 1987) or key phagostimulants (Blom, 1978). In most cases, insects
have to make the decision to feed or not to feed on the basis of neural information
reporting a mixture of deterrents and phagostimulants, where the balance of the two
types of information will be taken, along with internal factors, to determine the
behavioural response.

In our attempts to interpret the code we intercept that flow of neural information
to the CNS, identify its elements as best we can, and attempt to gain from it the
same information which the insect receives. It would seem that our success is likely
to be predicated upon the accuracy with which we identify the relevant aspects of
the neural message on the one hand, and the behavioural response associated with
it on the other hand. We must also accept that we may read the code accurately but
in a manner different from that in which the insects reads it. To avoid this flaw it
would be necessary to record from second order neurones in the suboesophageal
ganglion so as to monitor the way in which the peripheral input is processed, and
thr -eby to identify relevant, as opposed to spurious, methods of analysing the pe-
ripheral data. Advances have been made in this direction with the olfactory system
of insects (Christensen and Hildebrand, 1987) but the correlation of activity in
peripheral and second order gustatory neurones has not yet been reported.

The nature of sensory input that has been analysed varies with experimental
circumstances. In some cases it has not been possible to be any more precise than
to consider the total output from a multi-neuronal sensillum over a one second
period. Even so, this relatively crude estimate of neural activity can be correlated
closely with behavioural responses (Schoonhoven and Dethier, 1966; Schoonhoven,
1969; Blom, 1978; Blaney et al., 1987, 1988).

In other cases the activity or electrical characteristics of one or more neurones
within a sensillum make them sufficiently prominent in the recorded message that
they can be reliably identified and their activity correlated with behaviour (Ma, 1972;
Blaney et al., 1987, 1988). Occasionally, it has been possible to identify the activity
of all the neurones responding (Dethier, 1973).

A similarly wide range of behavioural responses have been used successfully to
validate interpretations of the neural code. Recently, we have stimulated the maxil-
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lary styloconic sensilla of sixth stadlum larvac of Spodoptera littoralis (Boisduval)
with a range of concentrations (10 M to 10°® M) of azadirachtin, and correlated
aspects of the neural response with various behavioural assays, in which the insects
were offered plant material coated with the relevant concentrations of azadirachtin.
The total output over one second, from both the lateral and medial sensilla, corre-
lates linearly with three very dlfferent behavioural assays: the amount of faccal
material produced over a 24 h period (R = 0.854, p<0.00, n = 50), the total amount
eaten over a 8 h period (R = 0.8792, p<0.001, n = 50) and the duration of the first
meal (R = 0.7731, p<0.001, n = 50).

First meal durauon correlates exponentially with the ouput from the medial sen-
sillum alone (R = 0.8017, p<0 001, n = 50) and wnh the activity of the most
vigorously responding neurone in the medial sensillum (R = 0.8421, p<0.001). This
degree of correlation across a range of neural and behavioural assays occurs when
the response is dominated by the activity of a single neurone which strongly affects
the behaviour of the insect over a lengthy period. Such a response is typical of a
labelled line.

Although such a labelled line constitutes a very robust stimulus-response system
it is not immutable. In particular, the relationship can be modified by the dietary
experience of the insect, as has been described in "induction” (Jermy et al., 1968;
Schoonhoven, 1969; Ma, 1972; Staedler and Hanson, 1976; Blaney and Simmonds,
1984; Jermy, 1987). Similarly, the responses of insects vary with age in the stadium,
time of day and diet (Blaney et al., 1987; Schoonhoven et al., 1987; Blaney and
Simmonds, 1987). This raises the interesting question of whether the code itself
varies or whether it is the nature of the information encoded by the peripheral
receptors that changes. We have found that in larvae of Spodoptera littoralis, induced
by exposure to nicotine hydrogen tartrate (NHT) in the diet at levels that reduce
feeding by acting as a deterrent, the subsequent increased intake of treated food is
associated with decresed sensitivity of a receptor responsive to NHT (Blaney and
Simmonds, 1983, 1987). Thus, the indications are that the code is not altered, but
that the behavioural change, which occurs over several days, is brought about by a
change in peripheral sensitivity. The results of this experiment give indirect evidence
that we are reading the gustatory code in the same way that the insect does.

Another form of mutability of a labelled line system depends for its expression
on the circumstances of the investigation. Larvae of Spodoptera exempta (Walker)
have a neurone in the medial styloconic sensilla which is sensitive to sucrose, and
another identifiably different neurone which is sensitive to azadirachtin. When either
of these stimulants is applied separately, the responses of the relevant neurones can
readily be identified and they have all the characteristics of labelled lines. When the
two stimulants are applied together, the responses of the two neurones are separate
and independent of each other. If a similar protocol is applied with larvae of Spo-
doptera littoralis it is possible to identify neurones sensitive to sucrose and azadir-
achtin respectively, giving dose-response relationships, provided the two stimulants
are applied separately. When they are applied together, there is an obvious interac-
tion affecting the response of both neurones (Simmonds and Blaney, 1984). The
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effect of this interaction is that increasing the concentration of either one of the
stimulants causes a decrease in the response to the other. Thus, with Spodoptera
littoralis the apparent labelled lines for sucrose and azadirachtin only act as such, in
some experimental situations. This type of interaction has been shown in a number
of other polyphagous species (Simmonds and Blaney, 1984).

We have referred earlier to the desirability of validating our interpretation of the
sensory message by considering the behavioural response elicited by it. It is clearly
important to choose appropriate behavioural assays, but it is equally important to
identify a sensory message which can be expected to be solely, or largely responsible
for eliciting the behaviour. The maxillary styloconic sensilla of lepidopterous larvae
are an ideal system in this context. Ablation experiments (Hanson and Dethier, 1973)
have shown that chemosensory discrimination still occurs when all sensilla except
the styloconica and the epipharyngeal sensilla have been destroyed, and separate
experiments (de Boer et al., 1977) have shown that the epipharyngeal sensilla are
involved principally with swallowing.

Caterpillars have two lateral and two medial styloconic sensilla and each sensillum
has four chemosensory neurones, thus the critical neural message for food selection
is contained in the activity of only 16 neurones. The most commonly applied tech-
nique of recording the activity of these neurones, the tip-recording method (Hodgson
et al., 1955), results in all the neural activity in one sensillum being recorded at the
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same time. Commonly, and particularly with complex stimulating solutions such as
plant saps, all four neurones within the sensillum may be active at the same time.
To investigate the neural code it is desirable to be able to identify the activity of
individual neurones accurately. We rely not only on the amplitude of the action
potentials as a discriminating characteristic but also on other properties, such as
their shape and slope. This interpretation is made easier and more secure by the use
of specially designed computer programmes (Hanson, 1983; Frazier and Hanson,
1986).

In reality, insects assessing potential plants for their suitability will almost always
have their taste receptors stimulated by a complex mixture of natural compounds.
Dethier and Crnjar (1982) suggested that larvae of Manduca sexta (Johanssen) were
able to discriminate between the saps of three plants using across-fibre patterning
to convey the gustatory code. The important part of the code was the relative rate
of firing and the variance of all the sensory neurones that could be identified as
active in the styloconic sensilla during the tonic phase of the response. Our work,
and the earlier work of Dethier and Kuch (1971) and Dethier (1973), has shown that
the responses to plant saps are multi-neuronal. There is no single pattern of response
that signals acceptance nor, conversely, does any single pattern signal rejection.

We have stimulated the styloconic sensilla of four species of lepidopterous larvae
(Spodoptera littoralis, S. frugiperda (J. E. Smith), Heliothis virescens (Fabricius) and
H. armigera (Hubner) with freshly expressed saps of eight potential host plants,
ranging from acceptable (seedling wheat, chinese cabbage, tomato (Strain B), sun-
flower, sorghum) to unacceptable (neem, Canna glauca, Scutellaria tournifortii) for
the four species of lepidopterans, whose preferences in this respect are somewhat
similar.

The firing rates of all four neurones in both medial and lateral sensilla in response
to the saps for S. littoralis are shown in Fig. 1. We have designated the neurones A,
B, C and D in order to avoid teleological implications of the neural specificity
associated with such terms as "sugar receptor” or "sugar-best receptor”. Nevertheless,
the neurones can be characterised on the basis of their response spectra to a com-
monly used range of test compounds applied individually. Thus, while a neurone
may respond well to stimulations with sugars it cannot be guaranteed, without ex-
haustive testing, that any particular sugar is the best stimulus for that neurone. It is
less restrictive therefore, to associate each neurone with a reference compound to
which it responds reliably across a population of insects. The reference compounds
for the neurones in the styloconic sensilla of the four species studied here are: medial
sensillum neurone A = salicin, B = alanine, C = sucrose, D = canavanine; lateral
sensillum neurone A = sodium chloride, B = alanine, C = sucrose, D = strychnine.

It is clear from Fig. labc that overall, in response to the unacceptable saps, the
rate of firing of neurones A and D is higher than that of B and C in both lateral and
medial sensilla. Further, whilst it has been previously reported that, in some cater-
pillars, the main message for "deterrence” has been carried by the medial sensillum
(Ma, 1972; Blaney et al., 1987, 1988) the present experiments, using plant saps, reveal
that there seems to be almost equal contribution of information from both sensilla.
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When the favoured plants are considered (Fig. 1defgh) a different picture emerges.
The total firing rates are lower than those elicited by less favoured plants (Fig.1abc)
and, overall, the firing rates of B and C are higher than those of A and D.

Similar responses from the other three species to the most extreme cases, a
rejected plant neem and an accepted plant wheat, are shown in Fig. 2. There is a
marked congruence of response patterns with only the response of H. armigera
(Hibner) to neem being at variance with the others. Thus, it would seem from
inspection of these figures that the message signalling acceptance or deterrence
hinges on the balance of A + D against B + C, as illustrated for S. littoralis in Fig.
3. This model of the gustatory code places wheat at one end of the response range
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Fig. 2 Responses (impulses in first second) of all four neurones in lateral (O) and medial sensilla (®)
of Spodoptera frugiperda, Heliothis virescens and Heliothis armigera to stimulation with saps from

neem and wheat.
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and neem at the other. However, it does not separate the other plants as clearly as
they are distinguished behaviourally.

Evidently the gustatory code actually used by the insects is more sophisticated
than this. The model illustrated in Fig. 3 takes account of the relative responses of
neurones but ignores their actual rate of firing. When the actual firing rate of the
"deterrent" neurones is considered (Fig. 4), the separation is more complete and
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Fig. 3 Responses of neurones A and D, as a proportion of total impulses in lateral and medial sensilla
respectively, of Spodoptera littoralis to stimulation with saps from the eight plants tested (N =
neem, Can = Canna, S = Scutellaria tournifortii, So = sorghum, T = tomato (strain B), Su =
sunflower, C = chinese cabbage, W = wheat).
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accords well with the behaviour. This last approach, however, ignores the contribu-
tion of the "phagostimulant” neurones B and C to the decision-making process. The
relative importance of the two groups of neurones may be assessed from Fig. 5, in
which the responses to the eight plants are considered. The plants fall into two
groups, the acceptable and the unacceptable. There is little difference in the pha-
gostimulatory input from neurones B and C between the two groups of plants.
Conversely, there is a marked difference in deterrent input from neurones A and D,
which clearly separates the two groups. This result accords well with the earlier
concept that plants have broadly similar phagostimulatory properties (Thorsteinson,
1960) and that host selection is based on the profiles of deterrent compounds found
in non-host plants (Jermy, 1984).

These concepts apply to all four species (Fig. 5). Another aspect of coding illus-
trated by the data in Fig. S is that a much greater variability in response is associated
with plants that are rejected, in comparison with those which are accepted.

Rejection of potential food material can occur at one or more of the sequential
steps involved in food selection behaviour. We have found that different neural
mechanisms are associated with rejection at different stages in the sequence. Typi-
cally, the larva initiates its investigation of food material with maxillary palpation.
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Fig. 5 Actual firing rate (impulses in first second) of neurones B and C, and neurones A and D, in
lateral and medial sensilla of all four species to stimulation with saps from eight plants tested.

Profiles enclose the standard errors of the mean in each case. (S| = Spodoptera littoralis, St =
Spodoptera frugiperda, Hv = Heliothis virescens, Ha = Heliothis armigera)
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Compounds capable of stopping the investigation at this early stage include high
concentrations of quinine or tomatine, which causes "bursting", a brief period of very
rapid firing in one or more neurones (Sturchkow, 1959; Ma, 1977; Dethier, 1980;
Schoonhoven, 1982; Mitchell and Sutcliffe, 1984).

If however, the insect is not deterred at palpation it will go on to take a bite. The
sequence may be stopped at this stage by bursting, or by a high firing rate in a
deterrent neurone (e.g. azadirachtin). The next step in the sequence, sampling a
small piece of food material, can be distrupted by compounds, such as warburganal,
showing latency in their effect on deterrent neurones. If no such disruption occurs,
prolonged feeding may commence. However, even if continuous feeding has started
it may be curtailed by a deterrent activating a labelled line (e.g. salicin) or contri-
buting to the across-fibre pattern of input, as occurs, with the alkaloid 2,5,dihydrox-
ymethyl-3,4,dihydroxypyrrolidine (DMDP).

In summary, our investigations lead us to conclude that gustatory coding in lepi-
dopterous larvae is dominated by across-fibre patterning. We have shown that la-
belled lines may or may not operate, depending on the circumstances, and would
suggest therefore that the labelled line is merely one end of the across-fibre spectrum.
We also suggest that other so called mechanisms of coding, variously referred to as
"disruption” including bursting and blocking, occur where the normal coding has
been interfered with, and the message is conveyed by a malfunction.
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ABSTRACT

Antifeedant phytochemicals have a profoundly negative effect on the food selection of many species of
caterpillars. It has been suggested that rejection is mediated by stimulation of "deterrent cells", inhibition
of "acceptance cells", or more complex codes. Evidence is presented here for the first of these. The lateral
styloconicum contains a deterrent cell which is highly sensitive to a variety of antifeedants such as caffeine,
aristolochic acid, and salicin. It is the medial styloconica, however, that is responsible for deterring feeding
on the unacceptable non-host plant, Canna generalis.

The deterrent cell in the medial styloconica has not been characterized previously. Electrophysiological
studies show that certain extracts of Canna elicit a vigorous response from predominantly one cell.
Behavioral experiments show that these extracts are rejected by the insects. Partially purified fractions of
the extract stimulate only this cell. A characteristic of the recorded spike is that it increases in peak-to-peak
voltage with increasing stimulus concentration. These observations were made in both Manduca sexta and
quinquemaculata.

A model of deterrence by the medial deterrent cell will be discussed and contrasted with other recorded
responses that are candidate deterrent codes.

Key words: chemoreception, gustation, receptor coding, deterrency, feeding behavior, Manduca sexia,
Lepidoptera.

INTRODUCTION

The acceptability of potential foodplants for the tobacco hornworm, Manduca sexta,
is graded and ranges from highly acceptable host plants to completely unacceptable
non-host plants (deBoer and Hanson, 1984.) The sensory systems detect and code
the essential qualities of each encountered plant, thereby providing the central nerv-
ous system (CNS) with sufficient information to make a decision whether or not to
feed on this plant. The most deterrent plants are likely to be identified unambigu-
ously and the information emphatically communicated to the CNS so the rejection
behavior can be manifest immediately and completely. For example, the canna lilly,
Canna generalis, is so unacceptable to the tobacco hornworm that the insect will
starve to death rather than eat it. However, ablation of the chemosensory systems
will result in substantial feeding on this plant (deBoer and Hanson, 1987a). The
plant does not appear to be acutely toxic, since those ablated larvae that consume
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large amounts will develop into normal size adults provided they also ingest sufficient
host plant material. Thus the sensory system is of paramount importance in con-
trolling feeding behavior.

Of all the sensory systems possibly responsible for rejection of unacceptable
plants, the gustatory system is clearly the most important. Waldbauer and Fraenkel
(1961) showed that removal of the maxillary sensilla styloconica of the tobacco
hornworm resulted in widening of its host range. The chemosensory ablation studies
referred to above (deBoer and Hanson, 1987a) showed that canna was completely
rejected if only the medial styloconica (unilateral or bilateral) remained. The same
was true if only the epipharyngeal receptors were present. The other chemosensory
organs (antennae, maxillary palpi and lateral styloconica) were unimportant for this
discrimination and did not contribute to deterrence of feeding on canna. Accordingly,
this study will focus on deterrence coding by the medial styloconica in response to
the class of unacceptable plants represented by C. generalis.

Understanding sensory coding requires quantitative information about behavior
correlated with the sensory input that caused that behavior. The medial styloconica
represent such a possibility, based on the ablation experiments of deBoer and Hanson
(1987a) discussed above. Since the animals rejected canna when the medial stylo-
conica were the only chemosensory organ present, it can be concluded that the
sensory inputs from the medial cause rejection. Further study of this input requires
an active extract of the plant suitable for use in the stimulating pipette while recor-
ding from the sensilla using electrophysiological techniques. Therefore, this paper
will report on obtaining extracts of canna, testing them behaviorally to find one that
is deterrent, and recording sensory activity in the medial styloconica elicited by the
active extract.

Medial styloconica contain 4 sensory dendrites that are likely chemosensory, and
another which may be both mechanosensitive and chemosensitive (Zacharuk, per-
sonal communication). Electrophysiological recordings demonstrated the presence
of a mechanosensitive cell (Hanson, 1970). Schoonhoven (1969, 1982) found a glu-
cose-sensitive cell and an inositol-sensitive cell, both of which are probably quite
specific (Frazier, 1986). The molecular receptor site for the former has been deter-
mined (Lam and Frazier, personal communication). Recordings also show that one
or more cells respond to salts, albeit rather poorly and not in the dose-dependent
manner typical of the other chemosensory cells. Completing the sensory complement
is a cell that Schoonhoven (1969) referred to as a "deterrent” cell sensitive to some
alkaloids. The last mentioned cell, the function of which has not been examined, is
clearly the cell of interest for any investigation of deterrence coding in the medial
styloconica and accordingly will be considered in some detail.

MATERIALS AND METHODS

Manduca sexta eggs were obtained from the U.S.D.A. in Beltsville, MD, and reared
on diet (BioServ, Frenchtown, NJ) in 16:8 LD cycle at ca. 27°C.
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Foliage of Canna generalis was weighed, blended, and serially extracted with the
polarity series: water (90°C), ethanol (60°C), diethyl ether or ethyl acetate, and
chloroform or hexane. After establishing that ethanol is the most effective solvent,
the extraction procedure was simplified by directly blending fresh foliage with hot
ethanol. Extracts were stored in the dark at -10°. This crude extract was used for the
early behavioral bioassays.

Improvements of the above extraction process, including "defatting” the crude
extract with hexane in a separatory funnel, resulted in a cleaner extract that was used
for some behavioral and electrophysiological assays. This extract was further frac-
tionated by reverse phase column chromatography using a procedure that separates
compounds on the basis of minor differences in polarity. Five fractions were obtained
by elution with water, water:methanol (1:1), and three successive methanol aliquots
(Peterson, Hanson, and Warthen, unpublished).

Extracts were bioassayed using the disc test of Jermy, er al. (1968) as modified by
deBoer and Hanson (1988). Briefly, 6 discs cut from glass fiber filter paper (Wattman
GF/A) were placed around the perimeter of a circular dish ca. 10 cm in diam. Discs
were held on pins 1 cm above the bottom of the dish. Extracts or fractions were
spotted on alternate discs, with solvent on control discs. After evaporation of the
solvent, discs were wetted with 0.1 ml water. A recently molted, unfed fifth instar
larva was placed in the center of each test chamber and allowed to feed until 50%
of the most eaten category was consumed at which time the area consumed of each
disc was visually estimated. Normally, 20 animals were tested at each concentration.
Tests were conducted in the dark at ca. 27°. Results were calculated as inhibition
index: (control-test)/(control+test)x(100).

Sensory responses were recorded using standard electrophysiological techniques
(Hanson, 1970) with the active Ag-AgCl electrode in contact with recording/stimu-
lating pipette containing the ethanolic extract or fraction made up in a final concen-
tration of ca. 10% ethanol and 0.1 M NaCl. Controls were 0.1 M Nacl or 0.1 M NaCl
in 10% ethanol. Each trial lasted ca. 3 sec and intertrial intervals were ca. 3 min.

RESULTS

Behavioral assays. The serial extracts of the foliage of canna macerated in the
blender were tested behaviorally. The hot water extract was stimulatory, the hot
ethanol extract was deterrent, the diethyl ether or ethyl acetate extract was neutral
and the chloroform or hexane extract was stimulatory. Based on this information,
an extract of fresh foliage blended with hot ethanol was used as the stock solution
for a dose-response curve of deterrency (Fig. 1). This extract was clearly deterrent:
an inhibition index of ca. 75% was attained at the highest concentration (ca. 1 g
FW/ml), calculated to be approximately 0.4 times (for extract #4 in Fig. 1) and 0.7
times (for extract # 12) the concentration of the ethanol-soluble components of the
fresh leaves. This calculation assumed that the extraction procedure would be 100%
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Fig 1  Behavioral deterrency of the crude ethanolic extract of Canna generalis for Manduca sexta in the
disc test. The inhibition index (control-test)/(control + test)x(100) increases with concentration
in two different extracts (#4 and #12). A relative concentration of 1.0 means that the ethanol-
extractable compounds from a given area of foliage are spotted on the equivalent area of filter
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Fig. 2 Behavioral deterrency of the fractions obtained by reverse phase column chromatography. The
third methanol fraction (FR. 3¢) was inactive and is not shown. Inhibition index was calculated

as in Fig. 1.
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efficient, which is highly unlikely. If not defatted prior to testing, the diluted extract
was slightly stimulatory (Fig. 1).

The fractionation of the active extract clearly isolated the deterrency in the
water:methanol and first methanol fractions (Fig. 2). The degree of deterrence was
comparable to that of the crude extract starting material.

Electrophysiological responses of medial sensilla styloconica. Stimulation of the
medial styloconica with a series dilution of the defatted crude extract elicited respon-
ses from primarily one cell (Fig. 3). Spike frequency clearly increases with concen-
tration of the extract. It is also clear that the spike amplitude is variable: it increases
during the first 100 msec of a vigorous response, and it also increases with concen-

tration.
.I.l M NaCl BEFORE

.881X Canna

8.081X Canna

e

8.1X Canna

1.8X Canna

1 mV—

Fig. 3 Sensory responses of the medial styloconica to dilutions of crude extract in 0.1 M NaCl and ca.
10% ethanol. The controls are 0.1 M NaCl + 10% Ethanol. The first 500 msec of a 3 sec trial
is shown in each trace.
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The chromatographic fractions of the extract activated one cell in the medial
styloconica, apparently the same cell that predominates the response to the crude
extract (Fig. 4). Only the behaviorally active fractions elicited responses.

The cell active in response to canna extracts is different than either of the two
previously identified cells, namely the "glucose cell” and the "inositol cell". This was
ascertained from responses to mixtures of stimuli. Combining either of these com-
pounds with the canna extract elicited different responses than did the compound
or extract alone. Each characteristic spike shape could be recognized in the mixed
response, spike frequencies in response to mixtures were additive, and algebraic
additions of the spike amplitudes resulted in an uneven and ragged spike train. These
are characteristics of multiple cells responding independently.

Other secondary plant compounds were tested in an attempt to determine the
response spectrum of this sensory cell. One compound that is deterrent for many
insects, the triterpene limonin, elicits a response from the medial sensillum similar
to that of the canna extract (Fig. 5). Other compounds that are often cited as
deterrents for the tobacco hornworm, such as nicotine, salicin, and caffeine do not

8.1M NaCl + 18X EtOH
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Fig. 4  Sensory responses of the medial styloconica to the same fractions tested behaviorally in Fig. 2.
The first 500 msec of a 3 sec trial is shown in each trace.
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stimulate the medial but do stimulate the lateral sensillum. A solanaceous glycoal-
kaloid, tomatine, causes bursting (at 1 mM) in the medial and lateral after continuous
exposure for ca. 30 seconds, but does not appear to be behaviorally deterrent to the
tobacco hornworm at natural concentrations (ca. 1 mM) and may even be slightly
stimulatory (deBoer and Hanson, 1987b).

Electrophysiological responses of lateral sensilla styloconica. In contrast to the re-
sponse of the medial, the lateral sensillum responds to canna extract with a more
complex spike train comprised of action potentials from three or four cells. These
spikes could not be reliably classified into categories associated with identified cells.
The summed response of all spikes was dose dependent. The lateral response was
not pursued further since this sensillum could not be associated with behavioral
rejection of canna (deBoer and Hanson, 1987a).

DISCUSSION

We conclude that the sensory coding for rejection of unacceptable plants such as
canna includes the vigorous response of a chemosensory cell in the medial styloconi-
cum (the medial "deterrent cell"). In response to concentrations of the canna extract
which elicited a threshold behavioral deterrence, the peak instantaneous frequency
of this cell was ca. 50 spikes/sec. Higher concentrations elicited peak instantaneous
frequencies of up to 200 spikes/sec. We do not, however, know that the animal uses
instantaneous frequency as an input parameter in its decision process; perhaps it

0.1 M NaCl E
;

CANNA 0.3X H

LIMONIN 5mM H
: T
H >

E

: -
¢ 100 msec.

Fig. 5 Sensory responses of the medial styloconica to crude canna ethanol extract calculated to be 0.3
X the normal concentration of ethanol-soluble phytochemicals (ca. 1 g/ml) in 0.1 M NaCl and
ca. 10% ethanol and to 5 mM limonin in unknown electrolyte concentration. The control is 0.1
M NaCl. The first 400 msec and the last 100 msec of a 3 sec trial are shown in each trace.
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integrates all the input during the first second, for example, in which case the ap-
propriate data would be ca. 30 spikes in the first second at threshold concentration.

In addition to that of the medial styloconica, other inputs must also contribute
to the overall information base used by the CNS in its decisions. Certainly the
epipharyngeal receptors studied by deBoer, et al. (1977) contribute information as
well. The work of deBoer and Hanson (1987a) indicates that either the medial
deterrent cell or the epipharyngeal input is sufficient to block feeding on canna.
These two sensilla probably contribute sensory input in a hierarchical manner, since
in the sequence of feeding events, contact with the phytochemicals by the styloconica
would occur prior to that by the epipharyngeal sensilla.

Not all the sensory input from rejected plants is "deterrent”. We know that the
lateral styloconicum is moderately stimulated by the crude canna extract, but the
sensory ablation study of deBoer and Hanson (1987a) indicates that this sensillum
either does not contribute substantial amounts of deterrent information or else it is
ignored. We also know that non-polar fractions of the crude extract are clearly
feeding stimulatory: perhaps these are detected and mediated by the lateral stylo-
conicum. This input may tend to counteract that from the deterrent cells, and there-
fore a complete investigation of sensory coding of rejected plants should continue
to look at these inputs. Similar statements may also apply to the maxillary palpi
which probably also have gustatory sensilla.

The isolation of the deterrent fraction in an ethanol extract and subsequently in
the reverse phase chromatographic fractions indicates that the deterrent phytochemi-
cals are relatively polar. This is in contrast to stimulatory extracts obtained with
non-polar solvents from the surfaces of both host and non-host plant foliage (deBoer
and Hanson, 1988). Another difference is that the deterrent extract seems to be
fragile and must be obtained by procedures that inactivate degrading enzymes, where-
as the stimulants are easily extracted and relatively robust. Further analysis of these
fractions will hopefully permit chemical identification of the active principles.

Three unique characteristics of the response of the deterrent cell are its relatively
long latency, slowly increasing spike frequency, and increase in spike amplitude with
concentration of the extract. These characteristics have also been reported for other
deterrent cells (Frazier, Simmonds, personal communications). In contrast, the glu-
cose and inositol cells in the medial styloconicum have a five or ten-fold shorter
latency and rise in spike frequency, and changes in spike amplitude do not appear
to be directly related to concentration.

Thus our results support the hypothesis that a medial "deterrent cell” is important
in inhibiting feeding on non-host plants. Integration of these results with the ablation
studies of deBoer and Hanson (1987a) leads to the conclusion that this one cell,
bilaterally or unilaterally, can completely block feeding behavior. This cell has a
different response spectrum from that of the lateral deterrent cell; accordingly, these
two cells provide the animal with the capability of detecting a greater range of
deterrent phytochemicals than could be achieved with input from one cell alone.
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ABSTRACT

The ability of animals to regulate their intake of specific nutrients is a fundamental issue in the control
of feeding. Of particular interest are the means whereby phytophagous insects regulate their protein intake
in the face of the highly variable levels of nitrogenous nutrients found in plants. Experiments are described
in which a combination of dietary manipulations, injection experiments and electrophysiological investi-
gations of mouthpart taste receptors show that specific nutrient feedbacks from the blood influence
qustatory sensitivity to key amino acids, and that such changes are correlated with compensatory feeding
behaviour for amino acids.

Key words: Locusta migratoria, feeding behaviour, chemoreceptors, feedback, compensation, protein,
amino acids.

INTRODUCTION

Compensatory response to dilutions of various dietary nutrients are known in many
insects, but the mechanisms are, on the whole, poorly understood (Simpson and
Simpson, 1990). The most extensively studied case is that of fifth-instar Locusta
migratoria nymphs responding to the dilution of the protein component of an arti-
ficial diet (Simpson and Abisgold, 1985; Abisgold and Simpson, 1987, 1988).
Detailed observations of the feeding behaviour of locusts eating low (14% dry
weight) and high-protein (28% dry weight) diets showed that increased consumption
of the former was due to similar sized meals being eaten more frequently (Simpson
and Abisgold, 1985). Shorter intermeal intervals on the low-protein diet could arise
if insects reduced the duration of the period of quiescence following a meal and/or
accepted food more readily upon contact. Subsequent studies implicated differences
in blood composition between the low and high-protein fed insects in changes in
both of these parameters. The haemolymph of individuals feeding on the high-pro-
tein diet had a greater osmolality, and elevated levels of 11 of the 16 amino acids
present in the diet. Administering injections designed to raise the osmotic pressure
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and/or the amino acid profile of the blood of low-protein insects up to the levels
found in high-protein animals resulted in an increased latency to feed relative to
controls receiving an injection isotonic to the haemolymph. Furthermore, the effect
was greater with solutions raising osmotic pressure and amino acid levels together,
demonstrating both osmotic and amino acid effects (Abisgold and Simpson, 1987).
Corresponding electrophysiological studies were performed to assess how the re-
sponsiveness of the maxillary palp chemosensilla (important sources of sensory input
during food selection) to sugar, amino acid and salt solutions changes under these
conditions. While raising haemolymph osmolality by injection had little effect on
responsiveness to any of the stimulating solutions, amino acid injections brought
about a marked decline in responsiveness specifically to stimulation with an amino
acid mix (Abisgold and Simpson, 1988). The implication is that osmotic pressure
influences the onset of locomotory activity by acting centrally, while an amino acid
feedback modulates peripheral sensitivity to free amino acids in the diet, influencing
the animal’s readiness to accept food.

The aim of this paper is to evaluate, using this same approach, the role of the
various individual amino acids in the compensatory response.

MATERIALS AND METHODS

a) Diet studies. Fifteen diets were made up in the manner described by Simpson
and Abisgold (1985). Two of these were the same as the diets used in the earlier
studies, i.e. the p-diet, which contained 14% protein, and the P-diet, which contained
28% protein. A third diet, P(aa) was made by enriching the p-diet with 14% dry
weight of 16 free amino acids in the proportions in which they occur in hydrolysates
of the protein component used in the diets. Of the remaining 12 diets, 11 were
variations on the P(aa)-diet in which a single amino acid was omitted from the
enriching mix. The amino acids omitted, were those found to differ significantly in
concentration in the blood of p- and P-fed locusts (Abisgold and Simpson, 1987).
The twelfth diet was P(aa) lacking the remaining 5 amino acids which were found
not to differ significantly in concentration in the blood, and also threonine, tyrosine
and isuleucine. Diets were nutritionally similar in all respects apart from their pro-
tein/amino acid content, their bulks being maintained by the addition of cellulose.

Animals were maintained individually under constant conditions (30°C, 12:12 h
light:dark regime) and were allowed to feed on one of the diets for 12h on the third
day of the fifth stadium. Diets were dried in an oven to constant weight before and
after the experiment and the weight difference was obtained as a value for the amount
eaten per locust.

b) Electrophysiological studies. Standard tip recording techniques were used as
described by Abisgold and Simpson (1988), modified from Hodgson et al. (1955).
After 35 minutes had elapsed since the termination of a low protein meal (ten
minutes short of an average intermeal interval on the p-diet), five sensilla on one of
the maxillary palps were stimulated with two solutions: a 0.0125M mixture of amino
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Table 1 Concentration of each amino acid injected. The amount of each amino acid made up in solution
for the injection was calculated as the amount needed to raise the levels found 40 minutes
after the previous meal in the haemolymph of low protein-fed insects to those of high prote-
in-fed insects. Solubility problems made it necessary to omit tyrosine from the solution,
although dietary omission studies show this to be unimportant.

Amino acid Amount injected (nmol)
Alanine 283
Methionine 267
Lysine 251
Leucine 217
Glutamine 212
Threonine 134
Isoleucine 133
Valine 111
Phenylalanine 110
Serine 30
(Iyrogime . . e )

acids in 0.05M NaCl, and a 0.0125M solution of lysine in 0.05M NaCl. The compo-
sition of the mix was the same as used in Abisgold and Simpson (1988) and included
a 41:46:33:47:52:46:37:28 ratio of leucine, glutamine, serine, methionine, phenyla-
lanine, lysine, valine and alanine. One of two injections was administered to each
insect, either the complete mix of amino acids needed to raise the amino acid profile
up to that of a P-fed insect at that same time since feeding, dissolved in water (see
Table 1), or the same injection less lysine (the osmotic pressure of the injection
being maintained with xylose). The former solution was the same as used in the
earlier studies of Abisgold and Simpson (1987, 1988). After a further ten minutes,
the same sensilla were tested again with the same stimulating solutions. For each
insect, the mean number of impulses in the first second following stimulation was
calculated for each solution before and after injection. Subtracting the mean re-
sponse before injection from that after, gave the change in impulse number.

The experiment was repeated twice, using alanine and leucine in place of lysine.

RESULTS

a) Diet studies. The mean amount eaten of each deficient diet was compared to
the mean amount eaten of the diet containing 50% of the amino acids in free form
and 50% in protein form (Pa.a.-diet) and to the low-protein diet (p-diet) (Table 2).
P(aa) was eaten in similar quantities to the P-diet, hence addition of the enriching
mix of amino acids resulted in reduced consumption relative to the p-diet. There
was a gradation of effect of removing a single amino acid from the enriching mix. In
order of greatest effect, lysine, alanine, glutamine, methionine, valine, phenylalanine,
leucine and serine resulted in significantly more being caten relative to the P(aa)-diet.
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Table 2 Amount (mg) of diet eaten per gram of insect wet weight for locusts fed one of 15 diets. The
data are presented as the mean (+S.E.M.) for mg of diet eaten per gram of wet weight of
insect during a 12 h period. p-diet had 14% protein; P-diet 28% protein; P(aa)-diet 14%
protein and 14% free amino acids; remaining diets were the same as P(aa) but with either a
single amino acid omitted from the enriching 14% mix (and thus present only in the protein
component of the diet), or, in the case of the last diet listed, less aspartic acid, proline, glycine,
arginine, histidine, threonine, isoleucine and tyrosine. The levels of significance refer to dif-
ferences between the amount eaten for each diet and the mean amount eaten of the P(aa)
diet (Fischer’s protected L.S.D. method). N=7-13 per diet. p<0 05, p<0 01, p<0 001.

Amount eaten per weight of insect (mg/g) Total free amino
p (low) P (high) P (aa) P (aa) less one amino acid acids present in
the diet (mg/g)
154+13 11149 ns 91+8 -lys 148+7  *e* 116
-ala 14513  *+* 120
-glu 1377 e 100
-met 135101 ** 122
-val 131+7 ¥ 118
-phe 128+9 b 120
-leu 11910 > 115
-ser 118+10 * 122
-thr 105x13 ns 121
-tyr 100+7  ns 121
-iso 977 ns 120
-"unimportant"  88%7 ns 102
amino acids

Omission of the first five of these resulted in the diets being eaten as if all amino
acids were reduced, that is, in similar quantities to the p-diet. In other words, removal
of just one of these amino acids from the enriching mix resulted in the diet being
treated as if all amino acids were absent from that mix. When those amino acids
whose removal did not elicit compensatory feeding (threonine, isoleucine and tyro-
sine) were removed together with aspartic acid, proline, glycine, arginine and his-
tidine (those amino acids in the diet which did not differ in blood concentration
between p- and P-fed insects) there was no difference in amount eaten from P(aa).

There was no correlation between the concentration of an amino acid in the diet
and the amount eaten (see Table 2), nor between the rank of the amino acid and
the time course of removal from the blood (Abisgold and Simpson, 1987).

b) Electrophysiological studies. In each of the three experiments, the sensilla of
control insects receiving an injection of ten amino acids in water, became less re-
sponsive to an amino acid stimulating solution containing 8 amino acids, as expected
from earlier work (Simpson and Abisgold, 1985) (Fig. 1.).

There was a graded effect of removing a single amino acid from the injection on
this feedback; lysine, alanine and leucine assuming the same relative rank as in the
diet studies. Even though the other 9 amino acids were raised to P-fed levels, lysine
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Fig. la-c The effect of the nature of the amino acid injection (complete or deficient in one amino acid)
on the mean change in the number of impulses (+S.E.M.) elicited from maxillary palp chemosen-
silla in the first second after stimulation with amino acids. The change in mean response per
insect was derived from tests on the same five hairs stimulated before and after injection with
two solutions, the data presented being the mean response after injection minus the mean re-
sponse before injection. The stimulating solutions were a 0.0125M mix of amino acids in 0.05M
NaCl, and a 0.0125 M solution of one amino acid in 0.05 M NaCl. N = 8 for each injection.
Significance levels are shown in Table 3.

43



Table 3 Analysis of variance table for experiments omitting single amino acids from the injection
mixture. In each case, insects were injected with either the complete amino acid mixture (see
text), or the mixture less one amino acid. Responsiveness of the maxillary palp chemosensilla
to a solution of 8 amino acids in 0.05M NaCl, and to a solution of the single amino acid in
0.05M NaCl, was tested before and after injection, and the mean increase or decrease in
impulse number during the first second of stimulation was calculated for each insect. n==8,

0.05>p>0.01, 0.01>p>0.001, p<0.001.

Source aft Amino acid omitted >

Lysine Alanine Leucine
Injection 1 131 52" 1.5 ns
Residual 1 14
Sub-total 15
Stimulating solution 1 0.2 ns 0.3 ns 11"
Injection x Stim. soln. 1 0.0 ns 0.9 ns 0.3 ns
Residual 2 14
Total 31

and alanine had to be present for the feedback on peripheral sensitivity to operate.
There was even a suggestion that insects injected with lysine-free and alanine-free
solutions exhibited increased firing to the amino acid stimulating solution, this was
not statistically sifnificant, however. In comparison, removal of leucine did not affect
the declining sensitivity to amino acids. The results of the analyses of variance are
summarised in Table 3 (see also Figs 1.a-c).

There was variation in the sensitivity of locusts to the single amino acid stimulating
solutions. The mean number of impulses (+/-S.E.M.) in the first second of stimula-
tion prior to injection was 61.2 (+/-9.4) for lysine, 37.6 (+/- 9.2) for alanine and 13.3
(+/-2.8) for leucine, while the responses to the mix of 8 amino acids in the three
experiments were 58 +/-8.7, 42 +/-6.8 and 40.2 +/-5.7 respectively.

Sensilla of control insects exhibited a post-injection decline in responsiveness to
alanine and lysine alone, as well as to the mix of 8 amino acids (Fig. 1.). Omission
of one or other of these removed this effect, such that the change in the mean number
of impulses did not differ significantly from zero. In contrast, there was no change
in responsiveness to stimulation with leucine alone in control or leucine-deficient
animals, perhaps reflecting the low pre-injection firing rate of sensilla to this amino
acid.

DISCUSSION

The results presented here demonstrate several important features concerning the
role of the various amino acids in the compensatory response discovered by Simpson
and Abisgold (1985).

Firstly, some of the compensatory responses elicited by deficiencies in individual
amino acids are, at least in part, mediated by modulation of peripheral sensitivity.
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Locusts responde to dilutions of the concentrations of five of the amino acids as if
the entire amino acid complement was reduced, and one might therefore reasonably
predict that these five at least, may influence the amino acid feedback on peripheral
sensitivity implicated in the compensatory response to the p-diet. The corresponding
electrophysiological studies on two of these five, lysine and alanine, support this
hypothesis. Removal of either of these from the injection solution offsets the feed-
back effect. The implication is that deficient animals are more sensitive to free amino
acids in the diet than are controls, and thus reject food less often upon contact. This
has been confirmed for lysine, since deficient animals have a shorter latency to
feeding relative to controls (Simpson, S. J., unpublished data). In addition to a
general amino acid feedback, there appear to be individual feedbacks for lysine and
alanine, whereby the removal of the amino acid from the injection solution prevents
the decline in sensitivity to that amino acid. Experiments are in progress to investi-
gate the specificity of these feedbacks.

Leucine is one of the 8 amino acids whose reduction in the diet elicited a signi-
ficant compensatory response relative to P(aa)-diet, but the amounts eaten were
significantly less than those of locusts fed the p-diet. Electrophysiological tests show
no discernible difference between leucine-deficient animals and controls with respect
to sentivity to the amino acid mix or leucine alone. In the case of the amino acid
mix, the possibility that the highly variable nature of the responses of sensilla masks
more subtle effects cannot be excluded, but it is possible that increased consumption
is effected by some other mechanism. The low pre-injection firing rate to leucine
may explain the absence of an observed feedback effect to stimulation with leucine
alone.

The compensatory response is clearly not simply an additive effect of individual
amino acids, since the reduction of the dietary concentration of any one amino acid
would not be expected to elicit a response as vigorous as a reduction in all amino
acids together. This all-or-none phenomenon is borne out in the studies of the
feedback on peripheral sensitivity where omission of lysine or alanine from the
injection solution completely negates the changes in sensivity apparent with a com-
plete mix.

A gradation of effect of reduction of amino acid levels on the amounts eaten
makes it possible to rank the amino acids in order of their importance in stimulating
a compensatory response. Electrophysiological data support this ranking for the
amino acids studied in two ways: pre-injection sensitivity to the individual amino
acids, and the effect of removal of the amino acid from the injection on the feedback,
is greatest for lysine and least for leucine.

One of the questions raised by these studies is why one particular suite of amino
acids is more important in the regulation of protein intake than any other combi-
nation. Various explanations might be proposed. The eight amino acids whose remo-
val elicited a compensatory response relative to P(aa)-diet include five of the "10 rat
essentials” (leucine, lysine, methionine, phenylalanine and valine) plus three others
(glutamine, serine and alanine). The essentials are those which the rat is unable to
synthesize, and there is evidence that for some insects too, many of these must be
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obtained from the diet (Dadd, 1985). The synthetic capabilities of Locusta migratoria,
unfortunately, are unknown.

Some of these amino acids play important roles in the insect’s physiology and
thus, even if they can be synthesized, may be limiting to growth and development if
present in low levels in the diet. It is difficult, however, to make a clear case for the
importance of certain amino acids above others on this basis.

Another possibility is that this set of amino acids is, on average, present in low
concentrations in host plant and has thus come, during the insect’s evolution, to
indicate the quality of the food source. Studies of published data on the composition
of grasses does not support this, however.

The eight together include representatives from all the major synthetic pathways,
as well as being a selection of acidic, basic, neutral, polar and non-polar amino acids.
Perhaps this combination of amino acids acts as a sign stimulus, a representative
mix, individually important for many different reasons, but which together can be
used to ensure a balanced intake of all amino acids.
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ABSTRACT

The current nutritional state of larval Locusta migratoria and Spodoptera littoralis influences their dietary
selection. Experiments are described in which insects were conditioned for either 1 meal, 4 h, 8 h or 12
h on diets lacking either protein or digestible carbohydrate. The insects were then provided with the
opportunity to choose from diets containing either protein or carbohydrate. The results show that both
species exhibit compensatory dietary selection, with Locusta responding more rapidly than Spodoptera.
These behavioural responses are compared to changes in the sensitivity of gustatory receptors.

Key words: Locusta migratoria, Spodoptera littoralis, gustatory receptor, dietary self-selection, protein,
carbohydrate, conditioning. feeding, compensation.

Recently there has been a number of investigations on dietary self-selection in phy-
tophagous insects (see reviews by Waldbauer and Friedman, 1988; Simpson and
Simpson, 1990). In previous work we have shown that the current nutritional state
of larval Locusta migratoria (L.) (Simpson, 1982; Abisgold and Simpson, 1987; Sim-
pson and Abisgold, 1985) and Spodoptera littoralis (Boisduval) (Simpson et al., 1988,
1989) influences their dietary selection.

MATERIAL AND METHODS

Experiments have been undertaken on insects reared individually from the start
of the penultimate larval or nymphal stadium on a nutritionally adequate diet. At a
defined stage they were removed from this diet and fed for 1 meal, 4 h, 8 h and 12
h, the conditioning period, on one of two artificial diets that differ in their protein
and digestible carbohydrate content. The complete diet, contained 20% protein and
10% digestible carbohydrate. In diet P, the digestible carbohydrate was replaced by
cellulose. After the conditioning period, the insects were then provided with an
opportunity to choose from diets containing either protein (Diet P) or carbohydrate
(Diet C) and thus select the nutrients which were lacking in their previous food. The
selection behaviour of the insects was recorded by direct visual observations for 1 h
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Table 1 Effects of conditioning diet (4h, 8h and 12h conditioning periods pooled) on the proportion
(%) of insects contacting and feeding on the choice diets (Locusts n = 120, Spodoptera n =
354). P = protein diet, C = carbohydrate diet.

Locusta Spodoptera
Cond. diet P C P C
Choice diet P C P G P C P €
1st Contact’ 53 37 37 60 34 66 53 47
1st meal® 43 100 91 22 100 100 100 100
Duration 4.0 73 79 42 119 20.7 19.1 26.1
(min) A
Feeding (%) 0.9 73 5.9 0.9 19.1 339 27.4 28.6

* % of total No. of insects conditioned on each conditioning diet that made their initial contact with
either the P or C choice diets.

@ % of those contacting the diet that went on to have their first meal on that diet.

# Duration of the 1 st meal.

~ % of 1 h choice period spent feeding on the respective diet.

and then by video for a further 8 h. Full experimental details are given in Simpson
et al. (1988, 1989).

RESULTS AND DISCUSSION

When Locusta were offered both the P and C choice diets, after only one meal in
the conditioning period, the diet they initially contacted was influenced by the nature
of the conditioning diet. When conditioned on P, 5 out of 11 locusts contacted the
C diet, which contained the nutrients deficient in their previous meal. However,
when the conditioning diet was C they were more discriminating, 11 out of 13
contacting the P diet. Spodoptera larvae, however, did not show this ability to select
for missing nutrients after conditioning for only one meal: 10 out of 20 larvae
conditioned on P made their initial contact with C and 9 out of 20 conditioned on
C contacted P.

These initial contacts did not always lead to sustained feeding on the choice diets.
Of the locusts conditioned on the P diet, only 6% took meals of greater than 30
seconds duration on the P diet compared to 46% on the C diet. Of those conditioned
on the C diet, 24% took such meals on the C diet compared to 51% on the P diet.
That is to say, when the duration of the first period of feeding is considered, it is
clear that Locusta compensated for the nutrients missing in the conditioning diet,
even after a conditioning period of only one meal.

By contrast, all Spodoptera larvae took meals of greater than 30 seconds duration
on the choice diets which they first contacted. Thus, the conditioning diets did not
significantly influence the acceptance behaviour of the larvae on either of the choice
diets.
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When the conditioning period is longer than one meal different selection beha-
viour occurs in the two species (Table 1). In general, Locusta made that first contact
with the diet on which they had been conditioned. In comparison, Spodoptera con-
ditioned on P initially contacted the C choice diet more frequently than the P choice
diet, but larvae conditioned on the C diet still contacted equally the P and C choice
diets. However, when the diet initially contacted by Locusta was the one appropriate
for compensation, they fed on it, whereas Spodoptera larvae always fed on whichever
diet they first contacted (Table 1).

The durations of the first meals taken by locusts also indicate their ability to
compensate (Table 1). The meal duration on the choice diet containing the deficient
nutrient was significantly greater than on the choice diet corresponding to the diet
on which conditioning occurred. The same phenomenon was shown by Spodoptera
larvae conditioned on the P diet but not by those conditioned on the C diet (Table
1). The Spodoptera larvae always took longer first meals on the C choice diet.

A similar pattern of behaviour on the choice diets is seen in the proportion of
time in the first hour spent feeding (Table 1), except that in this case Spodoptera
larvae conditioned on C spent equal amounts of time feeding on the P and C choice
diets.

It is evident from the foregoing that Spodoptera larvae do not compensate so
readily as the locusts during the initial hour of the choice period. However, previous
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Fig. 1 Proportions of protein and digestible carbohydrate consumed by nymphs and larvae eating the
choice diets (P and C) during the first hour and subsequent 8 hours choice period for insects
conditioned for 8 hours on the P or C diets. (Locusta n = 20; Spodoptera n = 60)
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work (Simpson et al., 1988) in which the amounts of food eaten were considered,
has shown that Spodoptera larvae do compensate when they have been conditioned
for longer than 4 hours, provided the choice period extends for another 8 hours.

The diets used in our experiments were chosen to reflect the amounts of protein
and carbohydrate (29% and 10%, respectively) found in seedling wheat. When this
is taken into account, and the actual amounts of protein and carbohydrate consumed
in the choice period are compared for the two species, over the one hour and eight
hour choice periods, the differences in speed with which compensation is achieved
becomes apparent (Fig. 1). With both conditioning diets, most of the compensation
by locusts is achieved during the first hour of choice and selection over the eight
hour period shows little difference between amounts of P and C choice diets eaten.
With Spodoptera larvae the reverse applies: little difference is apparent during the
first hour, but over the full eight hour period compensatory feeding is very marked
(Fig. 1).

The compensatory feeding behaviour seen in these experiments in response to
dietary deficiencies could be associated with changes in sensitivity of peripheral taste
receptors, altering the way in which the diets are perceived by the insects. Alterna-
tively, the behaviour could be determined by changes having their effect in the central
nervous system, or by a combination of these two principles.
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Fig. 2 Effects that conditioning for different periods of time, on the P and C diets, have on the
electrophysiological response of the maxillary styloconic sensilla of Spodoprera littoralis larvae to
stimulation with lysine (0.01 M) and sucrose (0.05 M). (10 replicates per point, conditioned
on P =— C = ..; response immediately after larvac removed from conditioning diet = A O,
response of larvae about to start feedingon a C diet A ® )
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Investigations of the taste receptors on the maxillary palps of Locusta nymphs
(Abisgold and Simpson, 1988; Simpson et al., this volume) have shown that the
sensitivity of the receptors to amino acids is decreased when the nymphs have a high
blood amino acid level, as occurs after a meal. Similarly, when the maxillary stylo-
conic sensilla of Spodoptera larvae are recorded from soon after a meal, such as the
conditioning meals, the sensitivity of the sensilla is lower (Fig. 2) than that found
immediately before the next meal is taken (Fig. 2). There is a greater difference in
response between the post conditioning and pre-meal recordings with P as the con-
ditioning diet than there is with C. This could result in longer intervals between
feeds in the P conditioned insects which is in accord with the findings of Simpson
et al. (1988) who found that meal size was determined largely by the amount of C
diet eaten whereas intermeal intervals were influenced by the intake of P diet. The
effect of the duration of the conditioning time is, generally, to increase the response
of neurones in the lateral sensillum to sucrose and in the medial sensillum to lysine,
regardless of the nature of the conditioning diet.

The one apparent anomaly is the effect that 12 hours conditioning on the P diet
has on the response of the lateral sensillum to sucrose (Fig. 2). This effect was
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Fig. 3 Responses of lateral styloconic sensilla of larvae of Spodoptera littoralis to stimulation with five

concentrations of sucrose applied after different periods of conditioning on diet P. (n = 40;
conditioning period 0 (control) = — 4h = V, 8h =], 12h =ees),

ol



investigated further, stimulating the lateral sensilla of larvae conditioned on the P
diet with a range of concentrations of sucrose (Fig. 3). The post conditioning re-
sponses shown here reveal a trend to decreasing firing rate with increasing condi-
tioning time. The response after 12 hours conditioning is mgmﬁcantly different from
the control level at all concentrations tested, except at the lowest (x p>0.01).

In conclusion, we have shown that both Locusta and Spodoptera have the ability
to compenstate by differential feeding for deficiencies of protein or digestible car-
bohydrate in their diets. Compensation occurs much more rapidly in Locusta, being
brought into play after only one deficient meal and being largely complete within 1
hour of exposure to the compensatory diets. Under the same conditions, Spodoptera
respond after 8 hours on a deficient diet and show substantial compensation only
during the 8 hour exposure to the compensatory diets. The activity of the peripheral
taste receptors of Spodoptera show changes in sensitivity after conditioning, espe-
cially in the response to sucrose for larvae conditioned on the P diet for 12 hours.

Evidently, decreased firing rate with deprivation is associated with increased intake
of the C choice diet.
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ABSTRACT

The processing of plant-derived allelochemicals, especially pyrrolizidine alkaloids and cardenolides, was
studied in three moths. Syntomis mogadorensis is polyphagous and prefers less noxious food plants in
general. However, before starving also plants containing alkaloids, terpenes or glycosides are accepted.
Non-resorption of these metabolites and additionally detoxification seem to be the main strategies to
overcome the toxicity of the secondary metabolites in this situation. Syntomeida epilais is a specialist with
a small range of food plants, like Nerium oleander, producing cardiac glycosides. Larvae selectively se-
quester cardenolides and probably exploit them for their own defence. Creatonotos transiens must be
grouped in between these classes: Larvae are polyphagous and have similar strategies for dealing with
noxious plants and compounds as S. mogadorensis. At least under laboratory conditions it is a specialist
for pyrrolizidine alkaloids: PA are selectively taken up and stored in the integument. In females, PA are
transferred to the eggs to a high degree. In males, PA serve as a morphogen for the development of an
abdominal corema and as precursor for the pheromone hydroxydanaidal.

Key words: secondary metabolites, resorption, detoxification, pheromone, pyrrolizidine alkaloid, hydroxy-
danaidal, Arctiidae, Ctenuchidae.

CHEMICAL DEFENSE OF PLANTS

A characteristic feature of plants is the production of secondary metabolites which
are now understood as allelochemicals, i.e. protecting agents. Several thousands of
them have been discovered so far, with over 4500 terpenes, 2400 phenolics, 7000
alkaloids, 400 non-protein amino acids, 50 cyanogenic glycosides and 100 glucosino-
lates. Due to the high sophistication of modern chromatography and spectroscopy
many more structures can be expected in the future, the more so as only 10-15% of
all plants have been analyzed by now. It has been become clear during the last 3
decades that secondary metabolites function in the plant as the main line of defence
against enemies, i.e. microorganisms and herbivores. In addition, secondary meta-
bolites can be attractants for pollen- and seed dispersing animals or may even serve
in the primary physiology of certain plants (Harborne, 1982; Swain, 1977; Levin,
1976; Rosenthal and Janzen, 1979; Schlee, 1986; Wink, 1988).
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Table I Palarability of food plants for Syntomis mogadorensis and Creatonotos transiens. Details in Wink
and Schneider (1990).

S. mogadorensis C. transiens
A. Choice tests
Number of plant species 44 74
Proportion of leaves eaten
0% 25 36
1-20 % 15 12
21-80 % 1 14
80-100 % 3 12
B. No-Choice
Number of plant species 130 91
Proportion of Ieaves eaten
0% 32 17
120% 46 10
21-80 % 7 3
81-100 % 24 61

The formation and accumulation of these compounds by plants is a highly complex
phenomenon from biosynthesis, intra- and intercellular transport, storage, to degra-
dation. These processes are compartmentalized and regulated at the intra- and in-
tercellular and developmental level and are coordinated and adapted in such a way
that these compounds can fulfil their allelochemical functions. These aspects have
heen studied thoroughly in a limited number of plant species only (for review Wink,
1987a,b). However, such facts are essential, if we want to understand and interpret
the interactions between plants and animals and the adaptations of herbivores to-
wards plants as a food source.

ADAPTATIONS OF HERBIVORES TOWARDS
PLANT ALLELOCHEMICALS

During the long history of evolution, herbivores developed several strategies to
avoid, tolerate, overcome or even utilize the chemical defence of plants. Since many
herbivore species have evolved a unique and special way to deal with their host
plants, an overall generalization cannot be given and is dangerous in particular,
because our knowledge of the underlying intricate biochemical and physiological
interactions is often very limited.

We have studied larvae and later developmental stages of three Lepidoptera (two
brilliantly coloured, lazily flying, diurnal ctenuchids, Synromeida epilais, and Syntomis
mogadorensis, and a nocturnal arctiid, Creatonotos transiens) and have analyzed,

I. the influence of plant allelochemicals on larval food choice,

2. the fate of cardiac glycosides (CG) and alkaloids in these insects, and



3. the biochemical adaptions in the two specialists, which store and exploit some
of the dietary chemicals.

Syntomis mogadorensis. Dandelion, Taraxacum officinale is a favourite food plant
of S. mogadorensis larvae which we either reared for many generations on this plant,
or on a simple, defined diet (Bergomaz and Boppré, 1986). In palatability tests the
hairy, cryptic larvae were offered 44 plant species, which contained a wide variety ol

allelochemicals, such as alkaloids, glycosides and terpenes in addition to Taraxacum
(Table 1). 40 of these species were not or hardly eaten under choice conditions
Under no-choice conditions, i.e. before starving, 18% of 130 species were almost
completely and another 21% partly accepted (Wink and Schneider, 1990).

Since the adult moths are colourful, aposematic insects, we were interesied
whether they sequestered plant allelochemicals and exploit them as acquired defence
compounds. However, of more than 10 allelochemicals studied, including alkaloids
and cardiac glycosides, none was found to be stored in the body, but the faeces
contained the allelochemicals in question (Wink and Schneider, 1990). A likely
feeding strategy of S. mogadorensis is to refuse noxious plants, and if this cannot be
helped, not to resorb the toxins. A fast midgut passage and a high selectivity of the
dietary uptake systems for the essential nutrients (amino acids, lipids, sugars) would
be plausible mechanisms to realize such a strategy. We have not yet analyzed whether
intestinal or microsomal detoxification degrade those unwanted xenobiotics which
enter the cells by simple diffusion.

Syntomeida epilais. Moths of S. mogadorensis and of Syntomeida epilais arc similar
in appearance. Whereas we have not found any chemical defence in S. mogadorensis
yet, it was discovered already by Rothschild et al., (1973) that the warningly coloured
larvae and moths of S. epilais sequestered cardiac glycosides. S. epilais larvae arc
oligophagous and only feed on Echites and Nerium oleander (Apocynaceae) which
produce cardiac glycosides. Yet CG are not the "feeding key", since other plants with
CG were not accepted (Wink and Schneider, 1990). Dietary CG were partly re
covered from the larvae (5.4 mg/g FW) but also from the facces. Our recent, but
preliminary experiments indicate that the resorption of CG by the intestinal epithelia
is not due to simple diffusion, but to a selective transport system (unpublished data)

Creatonotos transiens. The South-East Asian arctiid, Creatonotos transiens, has
aposematic imagines. Larvae are cryptic and polyphagous in nature and can be kept
in the laboratory on a defined diet (Bergomaz and Boppré, 1986; Boppré and
Schneider, 1989). In palatability experiments (see S. mogadorensis) larvae accepted
26 of 74 plant species. Under "no-choice” conditions the proportion of acceptable
species raised to 67% (Table 1). The fate of alkaloids was similar as in S. mogadoren-
sis with one remarkable exception (Wink and Schneider, 1990): Pyrrolizidine alka-
loids (PA) were selectively taken up. Only if the PA dosage exceeded 2 mg/meal,
part of the PA could be recovered from the faeces (Wink and Schneider, 1990). In
our experiments with larvae that had obtained 3 mg PA in L7, 13% PA was recorded
from the faeces (Fig. 1). We have shown recently that the resorption of PA is achieved
through a specific transport system (Wink and Schneider, 1988), which is absen:
from S. mogadorensis, a species that does not sequester PA. After the PA molecule



are resorbed, at least three biochemical conversions take place: 1. a 95% oxidation
of free PA to its N-oxide (Egelhaaf et al., 1989; for other arctiids see Mattocks, 1971;
Culvenor and Edgar, 1972). 2. a stereochemical inversion of the hydroxylgroup at
C7 of 7S-heliotrine to the 7R-form (Wink et al., 1988; Bell et al., 1984; Bell and
Meinwald, 1986). 3. The recovery rates of dietary PA were between 50% and 90%
in a Bali and Philippine strain, respectively. We attribute the respective "loss” of PA
to degradation ("detoxification").

We have analyzed the distribution of the resorbed PA in larvae and later devel-
opmental stages of C. transiens and found, that PA are predominantly stored in the
integument (Egelhaaf et al.,, 1989). In the imagines, a major redistribution takes
place, in that in females, up to 80% of PA is transferred to the eggs (Fig. 1), a
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Fig 1 Fate of dietary PA in Creatonotos iransiens. L7 larvae were fed with appropriate-amounts of
heliotrine. Males (n=3) were analyzed 1 day and females (n=3) 7 days after eclosion. Coremata
were inflated, and cut off the body. After determination of fresh weight (given in mg on the right
ordinate) and size, coremata were taken up in 200 ul ethylacetate. 1 ul aliquots were analyzed
by capillary GLC (0.3 mm x 30 m; DB-1) with a Varian 3300 GLC, equipped with a nitrogen
specific detector. PA were extracted from animals and analyzed by capillary GLC as described
in Wink and Schneider (1988). All values are means of 3 animals. In females, PA recovered from
body and all eggs are given as "Total PA". In males, the hydroxydanaidal contents are not included
in the "Total PA" values.
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Table 2 Hydroxydanaidal and PA contents of Creatonotos transiens in relation to corema development.
Comparison between laboratory reared animals (PA containing and PA-free diet versus animals
field-caught in the Philippines and Bali). Extraction and PA analysis as in Fig. 1. T: corema
type (+++=fully developed corema (s. Fig. 1 for 3 mg dietary PA.) L: Corema size: length
of outer branch of the inflated corema in mm.

Animal Origin/Treatment  Corema development Hydroxydanaidal content PA-content body
T L corema ug/corema pg/animal
1 field +++ nd. 34 <2
2 field +++ n.d. 102 <2
3 field +++ nd. 57 <2
4 field +++ n.d. 138 <2
5 field +4++ nd. 72 <2
6 field +4++ nd. 187 <2
7 field +++ n.d. 0 <2
8 field +++ n.d. 79 <2
9 field +++ 39 261 <2
10 field +++ 28 20 <2
11 field +++ 28 205 <2
12-42 field n.d. n.d. n.d. <2
43 lab/+PA” +++ 33 11 913
44 lab/+PA" +++ 35 97 809
45 lab/+PA’ +4++ 35 52 1189
46 lab/+PA" +++ 42 49 615
47 lab/+PA” +++ 35 47 769
48 lab/+PA’ +++ 36 44 1308
49 lab/+PA" +++ 36 55 1388
50 lab/+PA’ +++ 37 104 1009
51 lab/+PA +++ 42 239 446
52 lab/+PA" +++ 40 203 181
53 lab/+PA" ++4 43 307 88
54 lab/+PA" +4+ 34 366 271
55 lab/+PA"" +++ 36 27 262
56 lab/+PA" Filep 40 228 473
57 lab/+PA" +++ 46 141 356
58 lab/+PA"" Fodede 42 188 407
59 lab/+PA""" +++ 39 179 326
60 lab/+PA"" +++ 43 9% 432
61 lab/+PA™"" +4++ 38 168 201

+= 3 mg heliotrine in diet, applied in L7
++= larvae had obtained PA-containing Senecio vulgaris (L1 to L7} or S. vernalis (+++) in L7.
1-27: Phillipines’, 28-42: Bali

! The Philipine strain of C. rransiens has been referred to as Creatonotos wilemani (Inoue, 1988).
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phenomenon which has also been recorded for other arctiids (Benn et al., 1979;
Dussourd et al.,, 1988). In males, PA display an extraordinary feature: If PA are
present in the diet, large abdominal scent organs, ("coremata”) are formed (Schneider
et al.,, 1982; Boppré and Schneider, 1985) (Fig. 1). The ability to induce corema
development requires the presence of ecdysone and terminates in the prepupal stage
(Schmitz et al., 1989). In males, PA appear to have an additional function as a
precursor for the pheromone 7R-hydroxydanaidal (Boppré and Schneider, 1985;
Waunderer et al., 1986; Bell and Meinwald, 1986; Schneider, 1987) (Fig. 1), a feature
also assumed for hydroxydanaidal in other arctiids and danaines (for the literature
see Bell and Meinwald, 1986; Boppré, 1986; Conner et al., 1981; Culvenor and
Edgar, 1972; Edgar and Culvenor, 1974; Krasnoff and Dussourd, 1989).

Earlier eleciroantiennogram recordings from danaines and arctiids indicated the
capacity of the olfactory system in both sexes to sense the different dihydropyrroli-
zidine pheromones (Schneider and Seibt, 1969; Schneider et al., 1975; Boppré, 1986).
In the meantime, receptor cells specific for both hydroxydanaidal stereoisomers have
been found in Creaionoios (Wunderer et al., 1986) and in Rhodogasiria (Bogner and
Boppré, 1989).

The correlation between dietary PA storage, large coremata and high hydroxyda-
naidal values can be reproducibly established in the laboratory (Fig. 1, Table 2).
However, when we analyzed males which were collected in Bali or in the Philippines
from field populations, we found large, fully developed corema with a high amount
of hydroxydanaidal but only traces of PA (Table 2). Most of the males studied were
dead when they finally reached our laboratory. The possibility of a substantial PA-
breakdown in dead animals can be ruled out by the fact that moths which arrived in
Germany alive, were also nearly PA-free and we know that the PA-content of im-
agines is rather stable throughout their life span.

To explain the obvious discrepancy between laboratory and field data, we need
first to note that possibly all the field-caught specimens had lived on rice or other
Gramineae (which are PA-free) and not on a true PA plant (Boppré and Schneider,
1990). This might explain the lack of PA-storage in the moths. But how to explain
the large coremata with their high hydroxydanaidal contents? The most rigorous
speculation would be that we are still overlooking one (or the) critical factor (with
or without PA) in the chain of processes of the corema induction and pheromone
production. Could it be that Creaionotos has in principle the endogenous capacity
to synthesize hydroxydanaidal after the respective biosynthetic enzymes have been
induced by an unknown dietary factor (or a PA, if available)? Thus PA storage,
corema induction and pheromone biosynthesis may be not as tightly correlated in
the wild as our laboratory experiments suggest. We wonder, whether PA-uptake,
storage and pheromone production is better correlated in any other lepidopteran
(Boppré, 1986; Conner et al., 1981; Krasnoff et al., 1987; Krasnoff and Dussourd,
1989; Rothschild et al., 1979).

The impressive corema with their pheromones suggest that this feature should be
important for courtship and reproductive success. At least in the laboratory we could
again not see an effect on reproductivity whether we had males with large or minute
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corema and respective high or low hydroxydanaidal contents (Boppré and Schneider,
1990; Wunderer et al., 1986). A detailed study concerning fitness and reproductive
success under field conditions is certainly needed to answer this question.

The storage of PA in the integument and their transfer to the eggs in the female
suggest that PA function as acquired defence compounds, important for the survival
of this moth. Laboratory experiments show that PA-loaded animals, such as itho-
miine butterflies or C. transiens are indeed protected against predators (Brown, 1934;
Boppré, 1986). The more, it is surprising that in no case we have come across a C.
transiens moth in the field with a high PA-content (Table 2). It might be argued that
the capability for PA processing was acquired by Creatonotos long ago in its evol-
utionary history but that it does not exploit it in the populations studied by us. Maybe
other natural products are sequestered or synthesized in these populations, which
have escaped our chemical investigations.

C. transiens can be considered as a generalist, but also a PA specialist, which has
evolved very intricated biochemical and physiological adaptions for storage, process-
ing and exploitation of dietary PA which can be used if the opportunity is provided.
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ABSTRACT

The phytophagous insects are subject to both endogenous and exogenous sources of oxidative stress from
toxic oxygen radicals, H2O2 and lipid peroxides (LOOH). Therefore, antioxidant enzymatic defense of
insects for the regulation of oxygen toxicity was investigated. The activities were recorded for the antiox-
idant enzymes, superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPOX), glutathione
transferase (GST), and glutathione reductase (GR) in three insect species, the cabbage looper (Tricho-
plusia ni), southern armyworm (Spodoptera eridania) and black swallowtail butterfly (Papilio polyxenes).
In general, the constitutive enzyme levels correlate well with these insects natural feeding habits and their
relative susceptibility to plant pro-oxidant allelochemicals, quercetin (a flavonoid) and xanthotoxin (a
photoactive furanocoumarin). An increase in SOD activity which rapidly destroys superoxide radicals,
appears to be the initial response of these insects to dietary pro-oxidant exposure. The presence of high
CAT activity protects these insects by destruction of H20z, a cytotoxic product of SOD-catalyzed dismu-
tation of superoxide radicals. Low GPOX activity and high GST’s peroxidase activity suggests that the
latter enzyme has a prominent role in scavenging deleterious LOOH's, and the GSSG generated from this
reaction is reduced to GSH by GR activity. A key role for SOD was evidenced when its inhibition resulted
in enhanced pro-oxidant induced toxicity.

Key words: antioxidants, black swallowtail butterfly, cabbage looper, catalase, glutathione peroxidase,
glutathione reductase, glutathione-S-transferase, hydroxyl radical, lipid peroxidation, oxygen
radicals, Papilio polyxenes, photosensitization, quercetin, singlet oxygen, southern armyworm,
Spodoptera eridania, superoxide dismutase, superoxide radical, Trichoplusia ni, xanthotoxin.

INTRODUCTION

While the ground-state molecular oxygen (302) provides enormous advantages for
the sustenance of aerobic life processes, it also imposes universal toxicity (Fridovich,
1983). Extensive literature has accumulated on this aspect for mammalian species,
but until recently, this area was virtually unexplored for phytophagous insects. This
paper summarizes the results of our recent investigations which have elucidated the
mechanisms for regulating oxygen toxicity in insects.

Mechanisms of production of toxic forms of oxygen. As descrlbed previously (Ahmad
et al., 1989, and refs. therein) one-electron reduction of 30; leads to the generation
of superoxide anion radical (O2). The endogenous sources for the production of O2
include various autoxidizable molecules, oxidoreductases and hemoproteins (Fig. 1.).
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Moreover, Oz is converted to the hydroperoxy radical (HO2 ), H202 and finally to
the hydroxyl radical (¢ OH) via the metal-catalyzed Haber-Weiss reaction. “O2 is also
alctivatcd in photosensitization and other reactions to the singlet molecular oxygen
(02).

The ubiquitous flavonoid, quercetin, and the linear furanocoumarin, xanthotoxin,
are examples of many pro-oxidant plant allelochemicals which are exogenous sources
of oxidative stress for phytophagous insects. Quercetin, an autoxidizable redox active
molecule, generates O2, H202 and OH radical (Hodnick et al., 1989).

O2
R(red) AH, H,0
4
p.EOX) : 2H¢ A 02
H >/ 03 \< \
HZ 02
HO, SOD

L- POX

NAD(P)H  NAD(P)"
+H*

LO;
a 2G6SH-7Y GsH
., >1 GSH#” LOH
LOOH——(-GST —L-»(GSOH) D DH,

Fig. 1  General scheme for oxygen radical cascade and the roles of SOD, CAT, GPOX, GST, and GR
antioxidant enzymes in regulation of oxygen toxicity in insects.
R (red.) = electron donor such as a catechol, ubisemiquinone, and metals or metalloproteins;
R (ox.) = is the oxidized form of electron donors; OH = hydroxyl radical; LH = polyunsatured
fatty acid, or other unsaturated organic molecules; L = lipid radical; LO2 = lipid peroxy radical;
LOOH = lipid hydroperoxide; LOH = lipid alcohol; AH2 = A two-electron donor; A = a fully
oxidized form of AH2; GSH = reduced glutathione; GSSG = oxidized glutathione (glutathione
disulfide); (GSOH) = unstable sulfenic acid of glutathione; DH2 and D = nonspecified NAD
(P) redox system.



Xanthotoxin is a photosensitizer (S) which is activated by long-UV light (320-380
mm). Its toxicity is expressed via a type I (oxygen-independent) mechanism involving
deleterious interactions of the excited sensitizer (°S) with macromolecules and type
IT (oxygen-dependent) mechanism which results in the production of e (Downum
and Rodriguez, 1986). Moreover, Oz is also generated by xanthotoxin, presumably,
via type I mechanism analogous to photosensitive dyes (Burch and Martin, 1988) by
conversion of ”S to a free radical species which then interacts with 302and generates
02, H202 and OH radical.

As depicted in Fig. 1, the OH radical can cause formation of hydroperoxides of
lipids (LOOH), and peroxides of steroids and DNA. Moreover many unsaturated
organic molecules are peroxidized by thc insertion of 102

Oxigen Toxicity. Both OH radical and 10, are the most reactive forms of activated

302 and react with macromolecules such as DNA, RNA and proteins and, also, are
responsible for deleterious lipid peroxidation. In insects, lipid peroxidation is poten-
tially very harmful because lipids not only are essential components of cell mem-
branes, but also have unique physiological functions (Downer, 1986). Tissues may
be directly oxidatively damaged by peroxides, or from more reactive breakdown
products of peroxides, such as malonaldehyde and decomposition, by metals to re-
generate the peroxidizing LO radical.

DEFENSE MECHANISMS OF INSECTS AGAINST PRO-OXIDANTS

Antioxidants. The antioxidant compounds ﬁ-carotene and a-tocopherol (vitamin
E) are the only known defense mechanisms against 102, while sulfhydryl compounds
and vitamin E provide a line of defense against OH and Oz, or LOz radicals. In such
reactions the antioxidants are destroyed, but some such as vitamin E are restored by
Vitamin C. Vitamin C in turn is stabilized by urate (Hochstein et al., 1984), and
urate is becoming recognized as an important antioxidant for O and peroxy radicals.

Phytophagous insect species can obtain adequate supply of these antioxidants, and
they generate more copious amounts of uric acid than do the mammals, yet their
precise roles have not been elucidated.

Additionally, enzymatic defenses are crucial in terminating the oxygen-radical
cascade, and the removal of LOOH to terminate peroxidation chain reactions.

Pro-oxidant susceptibility. Toxicological data indicate that the pro-oxidants,
quercetin and xanthotoxin, are acutely toxic to T. ni (Ahmad et al., 1987). S. eridania
is more broadly polyphagous species than T. ni, and sublethal doses of pro-oxidants
effect its relative growth rates (Pritsos et al., 1988a, 1988b). P. polyxenes is completely
tolerant to both pro-oxidants (Pritsos et al., 1988b).

Antioxidant enzymatic defense. In general, the enzyme levels are consistent with
the P. polyxenes high, S. eridania’s moderate and T. ni’s low tolerance to pro-oxidants.
Superoxide dismutase (SOD) and catalase (CAT) levels with the ontogeny of larvae
showed a marked drop as larvae advanced from mid- to late-stage (Ahmad et al,,
1987; Pritsos et al., 1988a, 1988b). This pattern suggests the sequential action of

65



Table 1  Subcellular distribution and activities (mean units + SD) of antioxidant enzymes of phytopha-
gous insect species. *

Antioxidant Insect Subcellular Compartments
Enzyme Species Nucleus Mitochondria Microsomes Cytosol
SOD T ni 0.33+<0.01 3.05+0.11 0 0.97+0.04
S. eridania ND 2.13+0.13 0.78+0.02 4.26+0.11
P. polyxenes 0.39+0.28 4.47+1.45 1.08+1.09 4.33+0.39
CAT T ni 229+1.21 283+41 142+31 150x18
S. eridania ND 125+40 119+15 163+30
P. polyxenes 283+6 336+13 106+8 135+10
GPOX T ni 20+0.28 2.5+0.76 2.8+08 <02
S. eridania 46.6+19.6 14.0x7.2 16.1+5.0 0
P. polyxenes ND ND ND ND
GST T.ni 744+43 0 346+2.12 13.0+£0.84
S. eridania ND ND ND ND
P. polyxenes 308+10 63.9+18.1 46.3+6.5 10.5+1.0
GR T ni 3.68+1.21 3.68+1.00 2.46+1.08 0.70+0.21
S. eridania ND 5.49+0.90 3.30+0.29 0
P. polyxenes 92+18 39.9+9.1 25.3+94 4.5+2.9

“ Data are from Ahmad et al. (1988a, 1988b, 1989) and unpublished data on P. polyxenes (S. Ahmad,
C. A. Pritsos and R. S. Pardini, 1989); ND = not determined.
The procedures for assays of antioxidant enzymes were exactly as reported earlier, including the basis
for expressing enzyme activities in units (Ahmad et al. 1988a, 1988b, 1989).

these enzymes for the removal of Oz and H202. In contrast to SOD and CAT
ontogeny, the glutathione reductase (GR) activity increased as larvae aged within
each instar, and also from third to fifth instars.

Initially, the glutathione peroxidase (GPOX) activity detected was negligible, and
nearly the same activity was found in heat-inactivated enzyme preparations. This led
to the perception that this activity may be a procedural artifact and, therefore, it did
not indicate the presence of this selenium-dependent enzyme. We then hypothesized
that in the absence of GPOX, the insects may be relying on non-selenium-dependent
glutathione-S-transferase’s (GST’s) peroxidase activity to reduce LOOH (Ahmad et
al., 1988a, 1988b) but not H202. Using cumene hydroperoxide (cumOOH) as sub-
strate, and inhibitory effects of cyanide and cysteamine, we demonstrated and dis-
tinguished GST’s peroxidase activity from that of GPOX in T. ni larvae (Ahmad and
Pardini 1988, 1989). The enzymology of GST’s xenobiotic GSH-conjugative and
peroxidative activities in 7. ni, S. eridania and P. polyxenes has been recently charac-
terized (L. C. Weinhold, S. Ahmad and R. S. Pardini, unpublished, 1989). The
peroxidase activity of GST in midfifth-instar larvae of these insects is high; 50, 106
and 253 units, respectively, in T. ni, S. eridania and P. polyxenes.

Recently, the GPOX activity was re-investigated and confirmed. With the use of
H20:2 as substrate, and an ironspecific chelator, desferrioxamine, the activity was
found to be 2, 12.8, and 12.3 units in midfifth-instar larvae of T. ni, S. eridania and
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P. polyxenes. These GPOX activities are considerably lower than in most mammalian
tissues, i.e., in rat tissues GPOX levels range from 100-1000 units, except for muscles
(20-30 units) (Ahmad et al., 1989).

The subcellular distribution of the antioxidant enzymes is summarized in Table
1. Insects’ SOD activity is primarily confined to cytosol and mitochondrial matrix as
in other eukaryotes. In the mammalian species, the peroxisomes are considered the
normal site for CAT for the destruction of H202. A number of enzymatic processes
in the peroxisomes produce H202 by a direct two-electron reduction of 30,. There-
fore, the peroxisomal localization of CAT is considered to be strategic. On the other
hand, the subcellular distribution of GPOX and GR in cytosol and mitochondrial
matrix in mammalian species is complementary to that of CAT. GST’s peroxidase
activity is important in protecting endoplasmic reticulum membranes from peroxi-
dation injury, and for repair of peroxidized DNA.

The subcellular distribution of GPOX and GR is different in insects than in
mammalian species, and work on T. ni shows no GST’s peroxidase activity in the
mitochondria. The CAT activity of insects is not only very high, its subcellular
distribution is also very broad (Ahmad et al., 1988a, 1988b, 1989). Because GPOX
but not GST is present in 7. ni’s mitochondria, it seems feasible that these enzymes
may act in a site-specific manner to reduce H202 and LOOHs.

Generally, an increase in SOD activity appears to be a primary response of mid-
fifth-instar larvae of our model insect species to sublethal dietary exposure to pro-
oxidant compounds, quercetin and xanthotoxin. At low concentration of pro-oxidants
the CAT, GPOX, GST and GR activities were not altered, but at 10-fold higher
concentration their activities declined. Nonetheless, sufficient activity of all four
enzymes remained for their respective catalytic activities (Pritsos et al., 1988b, S.
Ahmad and R. S. Pardini, unpublished, 1989).

When the cytosolic SOD, a copper-zinc enzyme, was inhibited by diethyldithio-
carbamate (DETC), quercetin toxicity dramatically increased for midfifth-instar lar-
vae of P. polyxenes and S. eridania. DETC had no effect on quercetin toxicity in 7.
ni which has the lowest SOD activity of all three insect species (C. A. Pritsos, J.
Pastore and R. S. Pardini, unpublished, 1989). Furthermore, T. ni has lower amounts
of the cytosolic CuZn-SOD compared to higher amounts of the mitochondrial
enzyme which presumably is a Mn-SOD (Ahmad et al., 1988a). These results eluci-
date the important role of SOD in the pro-oxidant allelochemical defense of insects.

DISCUSSION AND CONCLUSIONS

As depicted in Fig. 1 all five antioxidant enzymes known from mammalian species
have been found in phytophagous insects. SOD catalyzed dismutation of O2 radicals
is 10'%-fold faster than the spontaneous dismutation of O or its protonated form
HOg2 at the physiological pH 7.8. The rapid induction of this enzyme from O2
generating pro-oxidants, and enhanced toxicity of pro-oxidants when the enzyme is
inhibited by DETC, indicate a key role for SOD as a primary antioxidant defense
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system in insects. However, the dismutase reaction catalyzed by SOD results in the
production of H202, which in the presence of iron is more toxic to cells than Oa2.
CAT, however, reduces H202 to H20. These two enzymes work sequentially to
efficiently reduce that portion of oxidative stress which is propagated by O radicals
and H202. Thus, the potential oxygen-radical cascade by these activated forms of

30210 lipid peroxidizing LO2 radical is, in large measure, prevented. In contrast to
mammalian species, the activity of the selenium-dependent GPOX which removes
H202 and LOOH is much lower in insects. High peroxidase activity of GST which
reduces a wide range of peroxides might compensate for low GPOX activity. How-
ever, GSTs inability to catalyze the reduction of H202 has led to another evolution-
ary modification. The CAT activity of insects was enhanced and its subcellular
distribution was extended to cytosol and most other membrane-limited organelles.
This adaptation represents an efficient protective strategy against the threat of large
cellular increases of H202 under oxidative stress. The role of GR is also crucial in
that it reduces GSSG which is formed during the catalytic activities of both GPOX
and GST to GSH.
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ABSTRACT

The methods are reviewed which were used to extract the plant surface yielding compounds influencing
the behavior of herbivore insects. The classical solvents employed so far were methylene and chloroform
in which undamaged leaves were dipped. In the case of cabbage leaves the authors obtained little or no
stimulatory activity using these procedures. New methods based on hot water or a sequence of dippings
chloroform and methanol were developed producing extracts stimulating oviposition in the cabbage root
fly, Delia radicum, and other insects.

Behavioral patterns involved in the exploration of the leaf surface and its boundary layer are reviewed.
These include olfaction prior to landing, palpation, tapping with the proboscis and antenna, drumming
with the prothorax tarsi, running on the leaf, and probably finally also ovipositor contact.

In the perception of the leaf surface chemicals both contact and olfactory chemoreceptors are involved.
In the carrot fly, Psila rosae, the receptors on the antennae were shown to be selectively sensitive to
stimulatory compounds isolated from the carrot leaf surface. In the black swallowtail contact chemore-
ceptor sensilla on the proximal surface of the prothorax tarsi receptor cells have been found to be sensitive
to host and non-host surface leaf extracts and to a stimulating compound isolated from carrot leaves,
luteolin 7-O-(6"-O-malonyl)-8-D-glucopyranoside.

Key words: leaf surface chemicals, leaf surface wax, extraction, boundary layer, luteolin 7-O-(6"-O-malo-
nyl)-B-D-glucopyranoside, falcarindiol, exploration behavior, feeding, oviposition, olfaction,
contact chemoreception, antenna, tarsus, Delia radicum, Papilio polyxenes, Psila rosae, Cru-
ciferae, Umbelliferae, Brassica oleracea, Daucus carota.

INTRODUCTION

The fact that the plant surface is an important "interface” between phytophagous
insects and the host plant is gaining more and more attention in the research of
plant insect relationships. Recently this subject has been reviewed by Chapman and
Bernays (1989) and Woodhead and Chapman (1986) for feeding insects and by
Stadler (1986) regarding ovipositing females. We will therefore concentrate on the
newer publications and unpublished data from our laboratory. Special issues will be
the methodology of studying plant chemicals occurring on the leaf surface, behavioral
patterns which seem to be related to the perception of the leaf surface and review
of our knowledge about the chemoreceptors involved.
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METHODS OF EXTRACTION AND IDENTIFIED COMPOUNDS FROM
PLANT SURFACE

Review: Juniper and Jeffree (1983) described the classical methods of extracting
plant compounds from the leaf surface without damaging the leaf interior. Since the
waxy surface of many plants contains a mixture of polar and non-polar constituents,
solvents must be chosen which dissolve both. The authors therefore recommended
short immersions of 10 to 30 seconds in chloroform (CHCI3). Following this idea,
Stddler and Buser (1984) using two immersions of 30 s in methylene chloride
(CH2Cl2), were able to extract oviposition stimulants from the carrot leaf surface.
CH2Cl2, which has a lower boiling point than CHCIl3, was used to prevent loss of
volatile plant compounds during concentration of the large volumes of solvents
necessary for dipping.

Woodhead et al. (1982) extracted feeding deterrents for the locust from the epicu-
ticular wax of Sorghum bicolor. They obtained the active extracts by immersion of
intact seedlings in CHCI3 for short periods and were able to identify p-hydroxybenz-
aldehyde as a major deterrent important for seedling resistance in acridids. Al Rouz
and Thibout (1988) extracted feeding stimulants for the larvae of the leek moth
Acrolepiopsis assectella washing Allium leaves with CH2Cl2 or MeOH. Jackson et al.
(1984) successfully isolated and identified oviposition stimulants from tobacco leaves
using CH2Cl2. Nottingham et al. (1989a) also used CH2Cl2 (10 s immersion of leaves
of the sweet potato leaf surface, Ipomoea batatas, to extract attractive compounds
for the sweet potato weevil Cylas formicarius elegantulus. Sesquiterpenes were found
to be the active components. Further, Nottingham et al. (1989b) and Wilson et al.
(1988) extracted the root periderm of the sweet potato, Ipomoea batatas, using
CH2Cl2 in an ultrasonic bath for 9 min. These authors tentatively identified triter-
peneol acetate as an oviposition stimulant for the sweet potato weevil. Harris et al.
(1990) showed that the acceptance of the oviposition site by the hessian fly, Mayetiola
destructor, is mediated by CHCI3 foliar extracts of wheat leaves, the host plant, acting
together with color and tactile stimuli. Juvik et al. (1988) compared different solvents
for the extraction of the surface of wild tomato leaves and found that hexane extracts
were the most stimulatory. Using this solvent, these investigators (Coates et al., 1988;
Juvik et al., 1988) tentatively identified sesquiterpenes to be the oviposition stimu-
lants for Heliothis zea.

Very polar stimulating compounds for females of Ostrinia nubilalis have been
extracted from various leaf surfaces by Derridj et al. (1987, 1990) using (cold) distilled
water. Correlations between the extract content and the oviposition preference were
found, indicating that fructose was probably one of the major stimulating com-
pounds. Also, relatively polar compounds have been extracted from the leaves of
apple trees by Richmond and Martin (1959) using ethyl ether dips of 10 s duration.
One of the isolated substances was phloridzin, a dihydrochalcone glycoside, which
is known to influence the behavior of different insects (references in Stidler, 1986).

Compounds emanating from the undamaged leaf surface have been analysed by
extracting the headspace air of plants. In this manner, Finch (1978) identified iso-
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thiocyanates in the headspace of cabbage plants. These compounds have been found
to be attractive and synergistic to non volatiles in many insects attacking crucifers.
It seems evident that these and other plant volatiles will be saturating the boundary
layer on the leaf surface (Juniper and Southwood, 1986). Such odorants may also
have an effect on some distance. This was shown by Tingle et al. (1989), who found
that mated female moths of Heliothis subflexa were flying towards fresh whole-leaf
wash extracts with MeOH (30 s) of the host plant, groundcherry (Physalis). The
uninjured leaf surface and its volatiles are certainly of primary importance but com-
pounds from plant tissue damaged by insects can not be dismissed. Hausmann and
Miller (1989) presented such evidence showing the attractive properties of onions
attacked by maggots of the onion fly for the female of the same species. This pref-
erence is adaptive because larval survival was higher on damaged than undamaged
bulbs.

A specific source for allelochemicals influencing the behavior of insects on the
leaf surface are the trichomes. Headspace compounds originating from tobacco leat
trichomes have been isolated and identified by Andersen et al. (1988). Probably the
surface extracting methods using dipping will also yield substances from glandular
trichomes. Special extracting procedures for trichome exudates have been described
by different authors. Juvik et al. (1988) rubbed cotton over the tomato leaf surface
and extracted it with hexane. The isolated sesquiterpenes stimulated the oviposition
of Heliothis zea. Lin et al. (1987) used a glass probe to rupture the glandular tri-
chomes and transferred the content to the solvent isooctane. The identified odd-
chained ketones have been found to be repellent or toxic for different insects
(references in Dimock and Tingey, 1988). Another interesting technique was used
by Avé et al. (1987) who collected exudates by breaking the glandular trichome lobes
of Solanum berthaultii and S. tuberosum with a capillary filled with carbon disulfide.
The authors identified different volatile substances including sesquiterpenes which
are repellent to aphids alighting on the leaf surface.

Leaf surface extracts of Brassica oleracea. Following the discovery that the cabbage
root fly, Delia radicum, has contact chemoreceptors on its tarsi sensitive to specific
host plant compounds (Stidler, 1978), Stiadler and Freuler (1978, unpubl.) tried to
use CHCI3 and MeOH to extract the leaf surface of cabbage. Neither extract con-
tained any compounds stimulating oviposition. It was concluded that this extraction
procedure was not suitable and that the assumed stimulants were either very volatile,
in an unsoluble form or very unstable. Stidler, Renwick and Schoni (1985, unpubl.)
attempted again to extract activity from cabbage leaves using solvents with different
polarities. The oviposition experiments using Pieris rapae in the USA and Delia
radicum in this laboratory revealed that hot water surface extracts were active for
both species (Renwick and Stédler, 1985, unpubl.), whereas all tested cold solvent
extracts were not.

These preliminary results led us to investigate different extraction procedures for
the cabbage leaf surface. The aim was to extract the most stimulatory activity with
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the least damage to the leaf. As the results of three oviposition experiments with
Delia radicum show (Fig. 1), we confirmed that CHCI3 surface extracts applied on
plastic surrogate leaves (Schoni et al., 1987; Stadler and Schoni, 1989) stimulated
poorly even at 20 g leaf equivalents (gle). In contrast, the hot water surface extract
both at 20 and 2 gle proved to be strongly stimulatory.

Given the possible detrimental effects of boiling water, we investigated other
possibilities which resulted in the following method: Leaves were extracted by dip-
ping for 5 s each in 1) CHCI3 [2.0 I/kg leaf], 2) MeOH [2.5 I/kg leaf] and 3) MeOH
[2.5 I/kg leaf]. Between dippings the leaves were in the air for 10 s. Special care was
taken to prevent damage to the leaves during dipping. The solvents were concen-
trated under vacuum, centrifuged (5000 rpm, 20 min) and filtered through a glass
filter paper to remove insoluble particles and evaporated to a small volume. A
preliminary comparison of the MeOH extract and a hot H20 extract showed that
both were active [Fig. 2(1)]. We compared the resulting CHCI3 extract with the
combined MeOH extracts [Fig. 2(2)] at a concentration of 3 gle applied on surrogate
leaves made of waxed paper (Roessingh and Stadler, 1990). As can be seen from the
egg counts, the MeOH fraction was active, and again much more stimulatory than
the CHCI3 extract.

To compare the activity of the MeOH surface extract with whole leaf extracts
(Schoni et al., 1987), we produced a total leaf extract and a surface extract from 200
gof matched leaves from the center of cauliflower plants (Brassica oleracea L. convar.
borrytis CC Cross). For the total leaf extract we employed the procedure developed
by Nielsen (1988, unpubl. results): 200 g of cauliflower leaves were frozen in liquid
nitrogen, powdered, and lyophilized. The leaf powder was poured into 1 1 boiling

Cabbage Surace Extracts versus Controls
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Fig. 1 Oviposition of the cabbage root fly: Comparison of 3 different surface extracts with controls.
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Table 1 Comparison of the stimulatory activity of total cabbage leaf extract with surface extract.

Type of extraction Dry matter of  Applied per surrogate leaf N Mean SE
200 g leaves (gle)  gle . dry matter

Total MeOH extract 4.08 g 0.5 10.2 mg 8 9438  20.02

Surface MeOH extract 0.56 g 3.65 10.2 mg 8 107.75 17.36

Applied at same amount of dry matter per surrogate leaf.
Difference between the means is not significant

70% MeOH standing on a hot plate and homogenized for 5 min. The resulting slurry
was filtered through a glass filter and the residue was reextracted 2 times. The
combined extract in 3 1 of MeOH was concentrated under vacuum, centrifuged and
filtered. Aliquots of both the surface extracts and the total leaf extract were dried
and weighed. For the comparison the two extracts were applied on surrogate leaves
at equal dry matter content, at a concentration of 0.5 gle for the total leaf extract
and of 3.65 gle for the surface extract. The two extracts were found to stimulate
oviposition as expected (Table 1). These data show that we found no significant
difference at equal concentrations of dry matter, although the surface extract re-
quired about 7.3 times as much starting material to obtain the same amount of dry
matter. Since the surface extract is probably less complex, we plan in the future to
analyse the methanolic surface extracts.

Alborn et al. (1985) studied cabbage leaf surface compounds stimulating the turnip
root fly, Delia floralis. Independent of our study, the authors found that condensed
surface washings obtained by blowing steam over the leaves were stimulatory for this
related fly. Obviously the steam (hot water) did melt and wash off stimulating com-
pounds from the leaf surface as in our experiment. The question arises why extracting
solvents in general and cold water in particular contain little or no oviposition
stimulants, whereas hot water extracts and methanol extracts (after removal of the

Cabbage Surface Extracts
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Fig 2 Oviposition of the cabbage root fly: Comparison between surface extracts. (1) Experiment 1:
MeOH versus hot H20 extract. (2) Experiment 2: MeOH versus CHCla.
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mostly non active wax layer with CHCI3) do contain stimulants. Both CHCI3 and
hot water dissolve or melt the surface wax layer and seem to release stimulating
compounds. Because the cabbage root flies and the turnip root flies can perceive
them, they must somehow be exposed on the surface or be present in the boundary
layer as volatiles. Since the stimulatory compounds in the surface extract are not
very volatile (Roessingh et al., unpubl.) the last hypothesis is unlikely. Therefore, it
seems that the stimulants are incorporated into the wax matrix of the surface, which
makes them hard to dissolve, but still accessible for the chemoreceptors of the insects.
To our present knowledge (Schoni et al., 1987; Roessingh et al., unpubl.), the ovi-
position stimulants for the cabbage root fly must be very polar and the waxes are
known to be completely nonpolar. It can be speculated therefore that some type of
interphase between the waxes and the stimulating compounds must exist.

Hot water extracts of other leaf surfaces. Zobel and Brown (1988) also successfully
used hot H20 to extract furanocoumarins from the leaf surface of Ruta graveolens
and showed using this method that the yield was one to three orders of magnitude
better than the cold organic solvent extracts. The tests of the authors failed to reveal
any significant leakage from the interior of the leaf due to cell disruption. But the
enhanced recoveries were due to damage to a deeper layer of the cuticle which
apparently released the coumarins. Since insects do not damage the leaf prior to
feeding, this hot H20 extract probably contains more compounds than can be per-
ceived. An obvious disadvantage of any heat treatment is possible breakdown of
active labile compounds. In addition, since large volumes of water necessary for the
dipping cannot easily be concentrated by evaporation, we decided to continue our
investigation of the cabbage leaf surface using the MeOH extraction following an
initial CHCI3 extraction.

Conclusion. Our experience and the reports from the available literature show
that different extraction techniques may yield active compounds from the leaf surface.
It seems that no generalizations can be made a priori as to which of the techniques
may be most successful for a particular plant and a phytophagous insect. Further,
this holds true for attractants, stimulants, repellents or deterrents. The many publi-
cations in recent years show that active compounds are indeed present on the leaf
surface and can be extracted, isolated and identified. Single active compounds can
not be expected in any chemical plant-insect relationship. Synergistic effects between
stimulants or deterrents and inhibitory effects between stimulants and deterrents can
be expected. Leaf surface compounds, as has been shown for the carrot rust fly
(Stadler and Buser, 1984; Stadler, 1986), are no exception. With regard to the chemi-
cal characteristics of the compounds influencing insect behavior it seems clear that
compounds of different plant metabolic origin (primary and secondary) are involved.
Despite the primarily non-polar epicuticular wax, very polar compounds, like sugars
and amino acids, are present on the leaf (Juniper and Jeffree, 1983; Juniper and
Southwood, 1986). As the experiments of Derridj et al. (1987, 1990), with the ovi-
position preference of Ostrinia nubilalis suggest, these primary plant compounds play
a role in insect host plant selection. In parallel with this, Chapman and Bernays
(1989) believe that "there is good evidence that host-plant recognition by oligopha-

76



gous insects does not depend on the presence of secondary chemical (note that only
phagostimulants are meant) characteristics of the host taxa, and in these cases chemi-
cals on the leaf surface are important phagostimulants”. This statement is based on
behavior associated with feeding and excludes olfaction or compounds produced by
glandular trichomes. Indeed with the exception of Pieris cited by the authors there
seems to be no direct evidence which would be in contradiction. Secondary com-
pounds on the leaf all seem to be involved in deterring or repelling feeding insects
which seems to support the hypothesis (Jermy and Szentesi, 1978; Jermy, 1983) that
these compounds play a major role in host plant selection. Since these conclusions
definitely do not apply to oviposition behavior, we are inclined to believe that con-
clusions about phagostimulants also must still be regarded as tentative because our
knowledge about the relevant chemistry of the leaf surface is still fragmentary. How-
ever, because in most insects the ovipositing females select the host plant and the
larvae have only a limited capacity to move and to locate host plants, it seems likely
that some marked differences between the phagostimulants for adults and larvae
could exist.

BEHAVIORAL PATTERNS INVOLVED IN THE EXPLORATION OF THE
UNDAMAGED PLANT SURFACE AND RECEPTORS INVOLVED

Chapman and Bernays (1989) stated "critical observation of a number of different
insect species show that before feeding on a plant they explore its surface". Based
on our experience we fully agree with this statement and we try to add further
examples to the studies cited by these authors. The exploratory behavior is obviously
involved in the discrimination between host and non-host plants, but probably
equally important is the location of the most suitable host plant or the best host
plant tissue. In fact it is known (Juniper and Jeffree, 1983; Juniper and Southwood,
1986) that the epicuticular wax composition can vary with the orientation of the leaf
and its physiological condition (age, illumination, nutrition). Maloney et al. (1988)
have shown that such "plant surface information" varied between host tree foliage
and influenced the stimulation of feeding.

Prior to contact. Probably most phytophagous insects are able to make some
discrimination between host and non host plants already before landing. On the
antennae of many insects, specific receptors have been located and identified (Visser,
1986, 1988) which are sensitive to compounds of the leaf surface (Frey et al., 1990).
Special exploratory behavior in the vicinity of the host plant has been described for
butterflies (for review see Feeny et al., 1983, 1989). Female Papilio polyxenes flutter
or fan with their wings before and after landing on the host plant (Umbelliferae).
Since these wing movements at zero ground speed produce a strong air current to
the insect and since the antennae are bent forward with most of the olfactory sensilla
exposed, this behavior could be related to perception of the plant odor ("sniffing").
Evidence for such a function is the fact that the antennae of this butterfly do indeed
perceive host plant volatiles from the leaf surface. Further it has been shown that
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these volatile compounds synergize the action of non-volatiles perceived upon con-
tact with the leaf surface (Feeny et al., 1989).

Palpation. Chapman and Bernays (1989) and Stédler (1986) cited many detailed
observations showing that prior to feeding the plant surface is examined by many if
not all insects with the (maxillary) palpi and in some cases also with the antennae.
Chapman and Bernays (1989) point to the important fact that palpation is often
overlooked because the insects have been deprived of food too long or because no
short-term behavioral observations are done.

Investigations of the receptors involved in palpation are still very rare. The first
evidence that compounds from the leaf surface are perceived by the receptors on the
tip of the palps of Locusta migratoria has been presented by Bernays et al. (1975,
1976) and Blaney and Duckett (1975).

Tapping with proboscis. In Homoptera, which lack palps, receptors on the pro-
boscis seem to be involved in the exploratory behavior. Ejection of saliva on the leaf
surface and later reimbibition may also be involved in the perception of compounds
on the leaf surface prior to insertion of the stylets (Chapman and Bernays, 1989).
For other insects little evidence has been presented that proboscis receptors are
involved in the exploration of the leaf surface. It is known of course that many adult
insects extend their proboscis regularly while walking over any surfaces. Therefore
Stddler and Seabrook (1974) tried to record from the proboscis receptors of the
moth Choristoneura fumiferana and failed to find a specific reaction of the receptor
cells to the contact with host needles. More recently, Rivet and Albert (1989) using
amputations came to the conclusion that the receptors on the proboscis are indeed
involved in host plant selection prior to oviposition. In the cabbage root fly, Stadler
(1978) failed to record specific responses from the proboscis sensilla to a glucosino-
late. Similar attempts in the carrot fly using identified compounds (St4dler and Buser,
1984; Stédler 1986) also gave no indication for specific receptors (Stddler, unpubl.).
When more active compounds are isolated and identified, further investigations of
proboscis receptors will be possible and will give a more definitive view of the role
of these sensilla in leaf surface exploration.

Drumming. It is well known that butterflies drum the leaf surface prior to ovipo-
sition (references in Stadler, 1986). Several investigators speculated that perhaps the
leaf surface wax is damaged during this behavior, allowing the tarsal sensilla to
contact compounds from deeper in the epicuticule. However, Traynier and Hines
(1987) failed to find any damage to cabbage leaves drummed by Pieris rapae. Similarly
Calvert and Hanson (unpubl.) inspected leaf surfaces that had been drummed by
Chlosyne females and could not find any signs in SEM pictures. However Boppré
(1983) found that Danaidae butterflies are able to scratch the leaves with their
foretarsi to get access to the pyrrolizidine alkaloids of Heliotropium pectinatum.

We have started an investigation of the tarsal sensilla of Papilio polyxenes using
extracts and pure compounds which have been isolated from one of its host plants
by Feeny and collaborators (Feeny et al., 1983, 1988). The sensilla of the prothoracic
tarsi of this butterfly contain receptors for host and non host-plant compounds. Fig.
3 shows representative recordings from a sensillum stimulated with methanolic sur-
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face extracts, the host plant (carrot) and a non-host (cabbage). The control (KCI 10
mM) did not show any activity. Carrot and cabbage extracts produced reproducible
and concentration-dependent spike patterns. The carrot extract always elicited two
or three cells, as in the example shown in Fig. 3. In contrast, cabbage extracts elicited
the firing of one receptor cell with large size spikes, with only a few of one or two
types of smaller spikes. Recently Feeny et al. (1988) isolated and identified the first

KCI 10 mM

Carrot leaf exlract, 1 gle/ml

:

Cabbage leal extract, 1 gle/ml
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Fig. 3 Recordings of stimulations with leaf extracts from one tarsal sensillum on the prothorax tarsus
of the black swallowtail: Duration 1 s starting with contact artefact. Concentration in gle (gram
leaf equivalent).
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oviposition stimulants from raw extracts of carrot leaves. We used this glycoside,
luteolin 7-O-(6"-O-malonyl)-B-D-glucopyranoside, to stimulate the same sensilla
that are sensitive to the carrot extract. As can be seen from the example of Fig. 4
we found sensilla containing a receptor cell sensitive to this compound. Typically all
receptor cells that we identified had a pronounced phasic response to the stimulation.
We concluded that the chemoreceptors in the tarsal sensilla can perceive plant

Fig 4

Luteolin 7-O-(6"-O-malonyl)-B-D-glucopyranoside, 0.01 gle/ml
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Recordings of stimulations with pure Luteolin 7-O-(6"-O-malonyl)-3-D-glucopyranoside from
one tarsal sensillum on the prothorax tarsus of the black swallowtail: Duration 1 s starting with
contact artefact. Concentration in gle carrot leaf extract.




compounds and could allow the butterfly to discriminate between carrot and cabbage.
Using this glycoside and other compounds which will be identified in the future we
hope to analyse the complex recordings obtained from the total carrot extract. Thus
we hope to analyse the complex code of the different receptor cells with the help of
the individual components producing it.

Exploratory running. Stadler (1986) already compared palpation and drumming
with the running of different female insects on their host plants. Stadler (1978) found
that the cabbage root fly Delia radicum has some sensilla on its tarsi responding to
glucosinolates. Recent recordings (Stidler et al., unpubl) revealed that these sensilla
have also receptors for plant extracts. Since the continual contact with the extract-
treated leaf model is important for normal oviposition behavior (Stadler and Schoni,
1989) and since active main compounds of the extracts are not volatile (Roessingh
et al., unpubl.) it seems that the tarsal receptors must be involved in the perception
of the leaf surface.

In the carrot rust fly, Psila rosae, which shows a preoviposition behavior similar
to that of the cabbage root fly (Stadler, 1986), we have not been able to find a receptor
cell in the tarsal sensilla sensitive to the identified oviposition stimulants of the leaf
surface. This prompted us to investigate the sensory response of the antennae to
these compounds. As can be seen from the EAG data in Fig. 5, we were able to
record evoked potentials from all the important compounds of the carrot leaf surface:
phenyl propanoids (trans asarone), furanocoumarins (bergapten, osthol) and
polyacetylenes (falcarindiol, falcarinol, and falcarinon). The assumed biosynthetic
precursors of the active polyacetylenes (elaidinic acid, oleic acid) were far less active,
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Fig. 5 Electroantennograms (EAG) from the carrot fly: Volatiles were applied in an airstream with a
pulse from a pasteur pipette containing the compound.

81



showing that the olfactory receptors in the antennal sensilla must have some speci-
ficity. Trans asarone and the related methylisoeugenol have been shown by Guerin
et al. (1983) to be attractive in the field. In contrast, we have not been able to show
the same for the other compounds of the CH2Cl2 surface extract from carrot leaves.
Since furanocoumarins and polyacetylenes have a relatively high vapor pressure this
is not too surprising. We believe, therefore, that these compounds are only perceived
very close to the host plant. The boundary layer over the leaf which is about 1 mm
thick will be saturated with these compounds (Juniper and Southwood, 1986), and
should be an ideal place for the carrot fly to detect with its antennae these host plant
compounds. We propose therefore that the "oviposition runs" of the different flies
may allow the perception of non volatile compounds on the surface as well as
volatiles in the saturated boundary layer.

Owvipositor contact. Waladde et al. (1985) identified receptors on the ovipositor of
the Sorghum stem borer that respond to exudates of maize cultivars and to sucrose.
Waladde and Ochieng (1990) report in addition that contact chemoreceptors on the
ovipositor of the legume podborer respond to leaf washes. Thus, both insects seem
to have the ability to discriminate leaf surfaces still in the final stage of host selection,
that is during oviposition on the leaf surface. Klijnstra and Roessingh (1986) also
identified contact chemoreceptor sensilla on the ovipositor of Pieris brassicae. How-
ever these authors found no indications that the chemoreceptor cells reacted to
glucosinolates of the host plant. More behavioral data and electrophysiological ex-

periments are clearly needed to understand the possible role of chemoreceptors on
the ovipositor.

FUTURE INVESTIGATIONS

We would like to stress that for the understanding of the role of the leaf surface
many more isolations and chemical identification have to be performed. This is not
an easy or a fast process, but is essential for understanding the first step in the host
selection. The identification of these compounds will also be a key to understanding
the chemoreceptors involved in host selection and the sensory coding of the complex
host plant surface signature.

We would also like to draw attention to the many microorganisms which exist on
the epicuticule (phyllosphere, phylloplane flora, Juniper and Jeffree, 1983). These
organisms can be very specific for a plant species and may have a role in the insect
plant interaction. This should be considered when surfaces are extracted and changes
of compounds leaking out on the surface are investigated.

Problems remaining for future research are the identification of epicuticular plant
compounds and their pattern of distribution, as well as a better knowledge of the
appropriate chemoreceptors, including how these molecules enter the sensillar pores
during the brief contact with the leaf. Specific staining procedures for the active
compounds may help to study their distribution and interaction with the organisms
on the surface.
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ABSTRACT

A previous study found that ovipositing female pipevine swallowtail butterflies (Battus philenor L.) learned
host leaf shape when Aristolochia host species were presented singly in outdoor enclosure arrays. When
species were presented together, however, learning of one leaf shape interfered with learning of another.
Here the effect of such interference on components of female fitness was examined under semi-field
conditions. For two of three Aristolochia species presented singly, females found hosts at higher rates
overall than when all host species were presented together. Host-finding rates increased with successive
encounters when those two species were presented singly, but not when all three species were presented
together. Improvement in host-finding with experience was associated only weakly with increases in ovi-
position rate. Rather, evidence suggested that females that find hosts at higher rates will be more selective
about the plants on which they deposit eggs, placing more progeny on plants on which they are more likely
to survive. The costs and benefits of learning (and interference with learning) are discussed by way of a
model based on the Holling disc equation.

Key words: learning, memory, interference, functional response, specialization, phytopagous insects, ovi-
position, host selection, visual, search image, Papilionidae, Lepidoptera.

INTRODUCTION

Our intuition tells us that, like ourselves, insects can store and access only a limited
amount of information about their environment. Such constraints are typically in-
ferred from a tendency for new information to replace or to prevent access to
previously stored information. Female Colias butterflies, for example, land progress-
ively more often on host plants and less often on non-host plants over the course of
an oviposition bout; they are apparently learning to recognize host plants before
landing. If they then engage in nectar foraging, however, the frequency of landings
on non-hosts (i.e., the frequency of errors) increases significantly at the beginning
of the next oviposition bout (Stanton, 1984). Presumably as floral information is
received, processed and stored during nectar foraging, information stored about host
plants is lost or becomes difficult to access. A novel experience apparently interferes
with recall of earlier experiences.

Similarly, learning to handle a second flower species interferes with a Pieris but-
terfly’s recall of ability to handle the first species (Lewis, 1986), suggesting the
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butterfly is unable to store or tap information about more than one flower species.
An inability to remember simultaneously how to handie more than one flower type
was implicit in Darwin’s (1876) explanation for why bees often restrict their visits to
flowers of one or several species while bypassing other species that are equaily or
even more rewarding. Memory is presumably under selective constraint.

Lewis (1986) noted a condition implicit in the notion of memory consiraints, a
condition that remains untested: the costs of interference with learning must exceed
costs associated with specialization such as increased travel time between resource
items. If this condition is not met, it might pay insecis 1o switch readily among species,
whether or not interference with learning reduces the effectiveness with which they
exploit individual species. Rather than being a constraint, interference with learning
might prevent an insect from specializing when such specialization was disadvant-
ageous.

In this communication, i examine interference in a pnytophagous insect that learns
to search for host piants, the pipevine swallowtail butterfly (Battus philenor L.).
Across their North American range, female pipevine swallowtail butterflies lay eggs
exclusively on members of the genus Aristolochia in the Aristolochiaceae. Host-se-
lection behaviour is relatively simple. Females searching for host plants land peri-
odically on leaves. Once on the leaf, they taste the leaf surface with their foretarsi.
If it is an Aristolochia leaf, they may or may not lay a small clutch; if it is not an
Aristolochia leaf, they leave more or less immediately and resume searching.

While acceptance of a host plant for oviposition is governed by contact with leaf
chemicals (Papaj, 1986a), finding the host in the first place is accomplished at least
in part by orienting to the shape of a host’s leaves. Ironically, it is the butterfly’s
mistakes, i.e., her landings on non-host leaves, that betray the importance of leaf
shape in finding hosts. A given female tends to land periodically on non-host leaves
similar in shape to those of the Aristolochia species for which she is scarching
(Rausher, 1978).

Responses to leaf shape are learned: experience with a particular host species
induces a tendency to land on non-host leaves roughly similar in shape to that host
(Papaj and Rausher, 1983; Papaj, 1986a). In an earlier study (Papaj, 1986b; Papaj,
unpublished data), females presented with either the broad-leaved A. macrophylla
or A. reticulata in enciosure arrays adopted a broad-leaf preference, while females
presenied with the narrow-leaved A. serpentaria adopted a narrow-ieaf preference.
Females presented with all three species at once, however, failed to adopt a clear
preference for a particular shape, switching back and forth as they landed on hosts
whose leaves differed in shape (Papaj, 1986b). Successive encounters with different
host species apparently interfered with the butterfly’s ability to learn a particular
leaf shape.

Here 1 focus on the costs and benefits of such interference. Perhaps more directly
than has been possible with respect to nectar-foraging, I characierize the components
of fitness that might be influenced by learning with respect to oviposition-site selec-
tion and, hence, by interference with such learning. Finally, I show by way of a simple
extension of the Holling disc equation how costs of specialization may occasionally
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exceed costs of interference and thus how limits to memory may, contrary to intuition,
sometimes improve reproductive success.

METHODS AND MATERIALS

Aduits collected either as larvae in Tyler County, Texas, or as pupac at Thunder
Ridge Lookout in Bedford County, Virginia, were used. Experiments were carried
out in an outdoor enciosure at the Duke Zoology Fieid Station in Durham, North
Carolina. Within the enclosure, fifty-five piants of each of eight non-host species
were planted in the ground at random positions in a 60 m? rectangular grid. Four
species had distinctly broad leaves and four had distinctiy narrow leaves. In the
interstices of the non-host array were distributed randomly 60 host piants of either
A. macrophyila, A. serpentaria, A. reticulata or each of these host species in equal
numbers. Additional details of arrays and plants are provided in Papaj (1986a,b).

Females marked individually with a unique number were released and allowed to
search freely within an array. Each time a female entered the array, I counted her
landings on broad-leaved and narrow-leaved non-host piants as well as any landings
on hosts. Response to leaf shape was quantified in a Response Coefficient (RC)
equal to the fraction of all non-host landings that were on broad leaves (Rausher,
1978). For perfect narrow-leaf searchers, RC=0; for perfect broad-leaf searchers,
RC=1. Since the percentage of all landings that were on hosts (PCTHOST) is
correlated strongly with actual host landing rate in the field (Spearman rank corre-
lation, 1s=0.78, p<0.0001, N=181), PCTHOST was used to estimate host-landing
rates in the enclosure. In order to examine how host-landing rates varied with RC,
data for all oviposition bouts were pooled by female.

I also assessed how host-landing rates changed as females ianded on more and
more hosts. Because the number and duration of searching bouts and inter-bout
intervalis could not be controiled, standard repeated measures analyses were not used.
Instead, searching bouts for all females were pooled within treatments. Differences
among treatments in the relationship between arcsine-transformed values of
PCTHOST within a bout and cumulative host landings prior to the beginning of that
bout were examined with a weighted analysis of covariance adjusted for unbalanced
daia (SAS GLM; Freund and Littel, 1981; SAS Institute, 1982).

Changes in host-finding rates with experience could affect female reproductive
success in at least two ways. First, females that find hosts at higher rates might lay
eggs at higher rates. In the above enclosure experiment, I also recorded any ovipo-
sitions by females. Since the percentage of all landings (host and non-host) ending
in oviposition (PCTOVO) was correlated strongly with actual oviposition rate
(Spearman rank correlation, rs=0.97, p<0.0001, N=181) in the field, PCTOVO was
used to estimate oviposition rates in the enclosure. Changes in PCTOVO with
cumulative host landings were analyzed as described for PCTHOST.

Alternatively, finding hosts at higher rates might permit females to be more
selective about the plants on which eggs are deposited. In the following experiment,
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Table 1 Percent of all landings that were on hosts (PCTHOST) by females presented with Aristolochia
macrophylla (AM), A. reticulata (AR), A. serpentaria (AS) or all three species at once (ALL).
Percentages followed by the same letter were not significantly different in a two-way G-test
at an alpha level of 0.01.

Treatment No. Females No. Landings on PCTHOST
Hosts Non-hosts
AM 19 497 575 46.4 a
AR 34 585 952 38.1b
AS 18 353 1014 258 ¢
ALL 18 674 1663 289 c

I asked whether females that find hosts at higher rates allocate proportionately more
eggs to those plants on which their progeny are more likely to survive.

Low and high rates of host-finding were obtained by presenting females with 4.
reticulata at either of two densities, 20 or 60 plants. Within each density, plants varied
in one characteristic, phenological age, known to affect both oviposition behavior
and juvenile survival (Rausher and Papaj, 1983; Papaj and Rausher, 1987). Pheno-
logical age was manipulated by first cutting back plants to the root stock in order to
synchronize leaf growth. After emergence of new leaves, half of the plants were cut
back again. After several weeks, half of all plants bore mature foliage and half bore
young foliage. If pruning induced any aberrant physiological response in the plants,
it was not apparent in the behaviour of female butterflies: responses to plants pre-
pared in this manner were identical in all respects to responses to plants in the field
(Papaj and Rausher, 1987).

Thirty plants of each age were distributed randomly within the enclosure array.
The low-density array consisted of the same 60 plants as the high-density array, except
that 40 plants were always covered with a fiberglass-screen cage and rendered una-
vailable for contact and oviposition. Several times daily, cages were rotated to expose
20 different host plants. In this way, females in each treatment were eventually
exposed to the same complement of host plants at the same spatial positions. Treat-
ments were alternated over consecutive days.

As females searched within an array, I counted landings and ovipositions on host
plants in each age category as well as landings on non-host plants. Since females
avoid laying eggs on plants on which eggs are present (Rausher, 1979; Papaj, unpubl.
enclosure data), plants were cleared periodically of eggs. The low frequency of ovi-
positions on phenologically old plants required that results for all females be pooled
within density treatments and analyzed with non-parametric contingency tests.

RESULTS
Leaf-shape specialization and rate of host-finding. The percentage of landings that

were on hosts (PCTHOST) in each of the four treatments is shown in Table 1.
Overall, females presented with the broad-leaved A. reticulata or A. macrophylla
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found hosts at higher rates than females presented with the narrow-leaved A. ser-
pentaria or with all host species at once.

When females were presented with the broad-leaved A. macrophylla or A. reticu-
lata, the association between PCTHOST and RC was positive (4. macrophylla:
15=0.28, p<0.10, N=19; A. reticulata: Spearman rank correlation, rs=0.32, p<0.003,
N=93), suggesting that the stronger the preference for broad leaves the higher the
rate at which broad-leaved hosts were found. When females were exposed to the
narrow-leaved A. serpentaria, the association was negative (rs=-0.25, p<0.05, N=67),
suggesting that the stronger the preference for narrow leaves the higher the rate at
which narrow-leaved hosts were found. No association between PCTHOST and RC
was detected when females were presented with all host species at once (rs=0.03,
p<0.80, N=18).

PCTHOST within a trial increased with cumulative host landings for females
presented with either A. macrophylla or A. reticulata (Fig. 1A and B), but changed
less appreciably for females presented with A. serpentaria (Fig. 1C). PCTHOST
changed little with cumulative host landings for females presented with all hosts
species at once (Fig. 1A).

Analysis of covariance revealed a strong interaction between the change in
PCTHOST with cumulative host landings and the host species to which females were
exposed (Exposure x Cumulative Host Number effect, F(3581)=28.27, p<0.0001).
Contrasts of single-host vs. mixed-host results and each pair of single-host results
were made (SAS; Freund and Littell, 1981). The contrast between changes in
PCTHOST in single-host arrays and those in the mixed-host array was highly signi-
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Fig 1  Change in percent of all landings that were on hosts (PCTHOST) with cumulative host landings
in an enclosure array containing (A) A. macrophylla, (B) A. reticulata, (C) A. serpentaria and (D)
all host species. Shown are means and standard errors for bouts within a particular interval. Solid
line is slope estimated in simple linear regression model.
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Table 2 Percent landings that were on hosts (PCTHOST), percent of hosts on which femaies oviposited,
and mean clutch size for phenologicaily old and young A. reticulata plants at two different
densities in an enclosure array. Ovipositions on plants bearing previously laid eggs are not
represented in data for percentages of hosts on which females oviposited.

Host PCTHOST Plant % Ovipositions Mean Clutch
Density N % Age N % Size (%1 s.e.)
Old 32 438 7.68 (£1.40)

Low 1105 226
Young 72 55.6 6.12 (£0.86)
Old 141 326 5.46 (+0.64)

High 1537 38.1
Young 116 62.1 6.58 (+0.50)

ficant (F(1,581)=21.94; p=0.0001). In addition, changes in PCTHOST with experi-
ence in both A. macrophylia and A. reticuiata treatments were significantly greater
than those in the A. serpentaria treatment (F(1,581)=17.39, p<0.0001 and
F(1,581)=35.03, p<0.02 respectively).

Leaf-shape specialization and rate of oviposition. For females presented with A.
reticulata, the association between percentage of landings ending in oviposition
(PCTOVO) and RC was positive and significant (Spearman rank correlation,
1s=0.25, p<0.05, N=93). For femaies presented with 4. macrophylla, the association
between PCTOVO and RC was positive, but not significantly so (rs=0.19, p>0.10,
N=19). For females presented with 4. serpentaria, the association between PCTOVO
and RC was negative, but not significantly so (rs=-0.12, p>0.3, N=67). For females
presented simultaneously with all three host species, the association between PCTO-
VO and RC was not significant (rs=-0.04, p>0.8, N=18). In short, the rate at which
females laid eggs was associated only weakly with leaf-shape specialization.

PCTOVO within a trial changed inconsistently with cumulative host landings for
females presented with a single host species and not at all for females presented with
all host species simultaneously. Analysis of covariance explained very little of the
overall variance in the change in PCTOVO with cumulative host landings
(R =0.084). Although the Exposure x Cumulative Host Number term
(F(3,581)=8.95, p<0.0001) revealed a significant interaction between change in
PCTOVO with cumulative host landings and host treatment, contrasts failed to
reveal significant differences among treatments. In particular, females presented with
asingle host species exhibited no greater change in PCTOVO with experience overall
than did females presented with all host species simultaneously (F(1,581)=1.22,
p>0.20.2).

Host-finding and host selectivity. PCTHOST was substantially lower for females
searching in the low-density A. reticulata array than for females searching in the
high-density array (Table 2; G Test, p<0.0001). Females thus found hosts at higher
rates ‘at higher densities.

Females in the low-density array were less selective about plants on which they
laid eggs than females in the high-density array (Table 2). At high host density, almost
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74% of all eggs were laid on young plants, compared to just 53% at low density. This
difference was not due to a difference in clutch size on young and old plants: the
mean number of eggs laid per clutch on young vs. old plants did not depend on host
density (Table 2; Two-Way ANOVA, Density x Plant Age effect, F(1,168)=2.57,
p>0.1).

Apparently, the difference in selectivity at low and high host density was due
primarily to a difference in the tendency of females to lay eggs after landing on young
vs. old plants. At high host density, the propensity of females to lay eggs after landing
on young plants was significantly greater than on old plants (Table 2; G-test,
p<0.0001). At low host density, the propensity of females to lay eggs after landing
on young plants was not significantly different from that on old plants (Table 2;
G-test, p>0.1).

DISCUSSION

Advantage of specialization on leaf shape. When host species were presented singly,
females learned host leaf shape (Papaj, 1986a; Papaj, unpublished data). Current
results suggest that such learning was associated with increases in the rate at which
hosts were found. With respect to one host species, specialization on leaf shape was
associated with increased rates of oviposition. For that species as well as others,
increases in rates of host-finding may permit females to place more of their eggs on
plants bearing young foliage on which progeny are more likely to survive (Table 2;
Rausher 1983; Rausher and Papaj, 1983; Papaj and Rausher, 1987). Whether through
effects on oviposition rate or juvenile survival, specialization on leaf shape should
enhance a female’s reproductive success, at least in monophagous populations.

One possible way in which orienting even crudely to host leaf shape increases
host-finding rates in monophagous populations is simply stated: orientation to host
leaf shape permits a somewhat myopic butterfly to ignore some non-hosts on which
it might otherwise waste time in approaching and examining. This argument can be
stated formally in a simple model.

Suppose that the rate at which hosts are found by a female (Ry) increases with
host density to an asymptote as shown in Fig. 2A. This pattern is typical of ovipositing
B. philenor in the field (Rausher, 1983) and can be described by the well-known disc
equation (Holling, 1959):

Ry = aDy
H= T+aDuhn

in which Dy is the density of the host, hy is the handling time required to examine
a host (i.e., the handling time) and a is a constant which describes the "rate of
successful search". Ry levels off with increasing host density because as hosts are
found at higher rates, an ever greater proportion of time is spent examining host
plants and an ever smaller proportion is available for searching. Ry eventually
reaches an asymptote equal to the reciprocal of the handling time, hy.
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To quantify how wasting time on non-host leaves reduces the rate at which females
find hosts, I used a modification of the disc equation for the case in which a predator
searches for two prey species. In this case, one of the ’prey’ -- i.e., the non-host --
has no value and a correspondingly short handling time (hnH). The effect of time
wasted on non-host plants on Ry is illustrated by the solid lines in Fig. 2A. Even if
approaching, examining and leaving a non-host leaf takes just two seconds, RH is
reduced markedly. The more non-hosts occur in the habitat, the more Ry is reduced.

The advantage of specializing on host leaf shape can be demonstrated with the
modified disc equation, by reducing the density of non-hosts by the fraction whose
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Fig. 2 A. The effect of non-host density and specialization on leaf shape on the rate at which hosts are
found (RH) in single-host assemblages. Parameters were assigned the following values: hy=>5 min,
hnH=2 sec and a=0.4. To right of each curve is indicated non-host density. Solid lines indicates
leaf-shape generalist. Dashed line indicates specialist on leaf shape of host. Light grey area shows
advantage to specialist on leaf shape. B. The effect of specialization on leaf shape on RH in a
two-host assemblage where host species differ in leaf shape. Host A is assumed to outnumber
Host B by a margin of 4:1. Solid line indicates leaf-shape generalist. Upper dashed line indicates
specialist on leaf shape of Host A; lower dashed line indicates specialist on leaf shape of Host B.
Light grey area shows advantage to specialist on Host A; dark grey area shows disadvantage to
specialist on Host B. Parameters as in A.



leaf shape differs from that of the host. Suppose that the butterfly can resolve only
two categories of shape, broad and narrow. Suppose that half of the non-hosts in
the habitat are broad-leaved and half are narrow-leaved. As shown in Fig. 2A, a
butterfly that orients to the shape of its host’s leaves and, by doing so, ignores half
of all non-host plants finds hosts faster at a given overall host density than one that
does not. So long as there exist non-hosts with leaves different in shape from those
of the host, it pays to orient even crudely to shape. The exact payoff depends on the
density of both host and non-host plants as well as on the proportion of non-hosts
whose leaves resemble those of the host.

Disadvantage of interference. When host species were presented together in the
enclosure, females failed to adopt a preference for a particular host leaf shape,
switching back and forth as they alighted on hosts whose leaves differed in shape
(Papaj, 1986b). Successive encounters with different host species apparently inter-
fered with the butterfly’s ability to learn a particular leaf shape. The model presented
above suggests that, by preventing specialization on host leaf shape and thus increas-
ing time wasted on non-host leaves, interference with learning should reduce the
rate at which hosts are found. The fact that females found hosts at significantly lower
rates when all host species were presented at once in the enclosure than when two
of three host species were presented singly at the same overall density (Table 1) is
consistent with this prediction. By diminishing host-finding rate, interference with
learning presumably reduces a female’s reproductive success in the same way as
learning enhances it, by altering either her rate of oviposition or the survival of her
progeny.

Note that this cost of interference with learning has nothing to do with time wasted
in learning and relearning, as described by Lewis (1986) with respect to nectar-for-
aging butterflies and flower-handling. The cost put forward here is really the cost of
being a leaf-shape generalist and is borne regardless of level of experience. Inter-
ference-prone females may suffer an additional cost in learning and relearning leaf
shape, analogous to that assessed by Lewis (1986).

Advantage of interference. Insects prone to interference should clearly avoid host-
diverse assemblages if they have the opportunity to search for a single host at the
same overall density. If that is not an option, however, insects confused by the
diversity of host species may sometimes do better than those that are faithful to just
one host species.

Consider a habitat containing two host species, one broad-leaved and one nar-
row-leaved, in which half of the non-hosts are broad-leaved and half are narrow-
leaved. Suppose Ry for a leaf-shape generalist that lands indiscriminately with
respect to leaf shape is the same in the two-host habitat as in habitats containing
only one host species at the same overall density (Fig. 2). Ry for a specialist on the
shape of one host’s leaves depends on the density of that host relative to the other.
If one host species is sufficiently more abundant than the other, a specialist on the
common species finds hosts faster than the generalist (Fig. 2B): the decrease in Ry
due to ignoring the rare species is apparently offset by the increase due to avoiding
half of the non-hosts. A specialist on the rare species, however, does much worse
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than the generalist (Fig. 2B): the decrease in Ry due to ignoring the common host
exceeds greatly the increase due to avoiding half of the non-hosts.

Interestingly, when host species are equally abundant, leaf-shape generalists al-
ways hold the advantage, regardless of the density of hosts or non-hosts (Fig. 3A).
Under such circumstances, it should always benefit the butterfly if chance encounters
with the second host species interfered with any preference acquired upon encounter
with the first species.

Just as interestingly, it does not necessarily pay to specialize whenever one host
is more abundant than the other. Whether specialists are favoured over generalists
depends on the value of the constant a. If a is small enough, the generalist is at an
advantage even if one host species outnumbers another by a margin of 4:1 (Fig. 3B).
This may explain why butterflies were leaf-shape generalists in the mixed-host array.
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Fig 3 A. Difference in rate of host-finding (ARH) between leaf-shape specialist and generalist as a
function of overall host density and non-host density. Non-host density was varied between 0
and 20,000 in increments of 2,000. Dashed line indicates line of no advantage to cither specialist
or generalist. Parameters as in Fig. 2.-B. ARH in a two-host assemblage as a function of a, the
rate of successful search. Percentages refer to percentage of all hosts that are of type A. Dashed
line indicates line of no advantage to specialist or generalist. Overall host and nonhost densities
from enclosure experiment were used in calculations. Other parameters as in Fig. 2.
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Despite the overall reduction in rate of host-finding and even though broad-leaved
hosts outnumbered narrow-leaved hosts by a margin of 2:1, generalists would be
favoured over broad-leaf specialists so long as a did not exceed 0.3 (Fig. 3B). In
short, there are clearly circumstances when interference with learning, rather than
being a constraint which cannot be altered by natural selection, is functional and
potentially adaptive.

A feast of assumptions. The shortcomings of the Holling disc equation are well
known. It assumes that host density remains constant as the insect is foraging. Since
butterflies avoid laying eggs on plants that already contain eggs (Rausher, 1979), this
assumption is unrealistic. In effect, host density declines as the butterfly deposits
ciutches (except perhaps in the enclosure where eggs were removed regularly). The
disc equation also assumes that a is constant when, in fact, it usually declines with
host density (cf. Rausher 1983). It also ignores effects of satiation or, in this case,
of egg depletion. The modified disc equation assumes that host and non-host plants
are not patchy in distribution, but are intermingled throughout the habitat. This
assumption is unrealistic in the field (though probably not in the enclosure where
plants were distributed randomly).

None of these general criticisms of the Holling disc equation should jeopardize
our conclusions with respect to the advantages and disadvantages of specialization
on leaf shape. Other assumptions specific to the present model might, however. The
model assumes, for example, that a is not affected by experience. If butterflies formed
search images (sensu Guilford and Dawkins, 1987) in which experience increased the
probability of detecting a cryptic host once encountered, @ would increase with
experience. This would increase the advantage to specializing on leaf shape and
restrict the conditions under which interference with learning is useful to the insect.
This caveat notwithstanding, my model is perhaps most useful precisely because it
emphasizes changes in the probability of attacking ’false hosts’ given an encounter
rather than changes in the probability of attacking the actual host given an encounter.
Most previous models of foraging for cryptic prey emphasize the latter probability
(see Guilford and Dawkins, 1987).

Finally, the model puts emphasis entirely on how landing on non-hosts affects the
rate at which hosts are found. Reducing the time spent on non-host leaves might
affect fitness in other ways, e.g. by altering a female’s risk to predation. Avoiding
landings on non-host leaves may reduce attack by ground predators such as lizards
and spiders, increase attack by aerial predators such as dragonflies and birds, or both.
The payoff to specialization on leaf shape may depend on the balance of these risks.

Where’s the constraint? Regardless of these and other assumptions, the model is
useful if only because it challenges the intuitively appealing notion that the suscep-
tibility of memory to interference by novel events reflects a constraint on directional
selection. Given what appears to be a limitation in the ability of butterflies to resolve
leaf shape, absent-mindedness might well have selective value. With respect to
properties of memory, intuition may be an exceptionally misleading guide. The care-
ful reader will take note, though. In dismissing one constraint, we accept another.
The implication that the visual acuity of insects is under selective constraint appeals

99



once more to intuition, perhaps appealing more to this spectacled biologist than to
others.
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ABSTRACT

Single cell recordings from antennal olfactory cells in the boll weevil revealed receptors for three aggre-
gation pheromone components and six host piant odors with no overlap among receptors for each class
of odorant. While receptors for pheromones and host odors were equally distributed in males, a higher
percentage of cells in females responded to the aggregation pheromone. Distribution of the specific plant
odor receptors were similar for both males and females. Cells responsive to -caryophyilene, green leat
volatiles, and frans-B-ocimene, accounted for 80% of the receptors recorded in both sexes. Behavioral
tests showed that while these latter three odorants were only slightly attractive alone, when in combination
with the aggregation pheromone they enhanced its attractiveness nearly twofold.

Key words: single cell recording, aggregation pheromone, distribution of receptors, -caryophyllene, green
leaf volatiles, trans--ocimene, attraction.

INTRODUCTION

The relationship of insects to their host plants and conspecifics is interesting since
both pheromones and host odors (kairomones) interact in the olfaciory-mediated
behavior of the insect. The boll weevil is narrowly oligophagous and feeds only on
its host plant, cotton (Gossypium hirsutum L.), and closely related Malvaceae (Cross
et al, 1975). Upon feeding on their host plant, male boll weevils produce an aggre-
gation pheromone which is released in their frass (Tumlinson et al., 1969).

The role of plant volatiles in the behavior of the boll weevil has been a subject
of debate. Several investigators reported that the boll weevil was attracted to its host
plant by volatiles emanating from it, while others considered that the boll weevil
located its host plant by random flights (see references in Dickens, 1984). Other
investigators found various compounds to be attractive to boll weevils in laboratory
bioassays (see references in Hedin et al., 1973). Recently, a mixture of monoterpenes
emitted by blooming cotton was found to be attractive in laboratory bioassays, and
enhanced responses of the boll weevil to its aggregation pheromone in field tests
(Chang, 1986). Most recently green leaf volatiles were found to enhance response
of the boll weevil to its aggregation pheromone (Dickens, 1989a).



The relationship of the boll weevil to the cotton plant has been largely investigated
by chemists who have identified over 250 compounds from the plant, and by ento-
mologists who have monitored activity of selected chemicals in traps. I report herein
results of single cell investigations of the olfactory receptor system of the boll weevil,
and initial experiments to determine effects of key compounds on boll weevil beha-
vior.

MATERIALS AND METHODS

Insects. Adult A. grandis were obtained from a small laboratory colony annually
infused with feral insects. Upon emergence, insects were sexed and fed cotton
squares, when available, or an artificial diet (Lindig, 1979). Insects were not used
until substantial olfactory receptor maturation at four days postemergence (Dickens
and Moorman, 1987). For electrophysiological studies, groups of five insects of the
same sex were maintained on moist filter paper (Whatman™ #1) in Petri dishes
until use at four to eight days of age. For behavioral experiments, groups of fifty
insects of the same sex were held in paper cartons (ca. 0.5 liter) with screen tops.
Insects used in the behavioral experiments were six to thirteen days of age. All insects
were held in incubators at 26°C under a photoregime of 16 hours of light (ca. 700
lux) and 8 hours of darkness.

Chemicals. Odorous stimuli were selected based on their presence in the cotton
plant (Hedin et al., 1973) and their activity in an earlier electroantennogram (EAG)
study (Dickens, 1984). Compounds tested, their purity in parentheses, included:
hexan-1-ol (99), trans-2-hexen-1-ol (97), trans-2-hexenal (99), (-)-a-pinene (98), (-)-
B-pinene (80-90), myrcene (85), (-)-limonene (85), trans-B-ocimene (60), (-)-B-citro-
nellan (95), nerol (65), geraniol (90), linalool (99), a-bisabolol (92), B-bisabolol (83),
B-caryophyllene (90), and benzaldehyde (99). A mixture of monoterpenes [1R(+)-
a-pinene, 1S(-)-f-pinene, f-myrcene, R-(+)- d-limonene, and rrans-B-ocimene in a
ratio of 53:11:16:4:16] isolated from blooming cotton and found to enhance respon-
ses of boll weevils to their aggregation pheromone, grandlure, was also tested (Chang,
1986; J. H. Benedict, personal communication). Individual components of the
monoterpene blend were also tested. Grandlure, a mixture of compounds LILTIT+IV
in the ratio 3:4:3 was also tested. All grandlure components were 90% chemically
pure. Serial dilutions were prepared in hexane.

Single cell recordings. Single cell recording techniques are described in detail else-
where (Dickens and Mori, 1989). In brief, microelectrodes were constructed from
50.8 um diameter tungsten wire electrolytically sharpened to a tip of 1-2 um. The
recording electrode was positioned near either the proximal edge of one of the three
sensory bands encircling the club or the base of an individual sensillum just distal
to the sensory band region. The ground electrode was inserted in the distal end of
the scape. Action potentials were amplified by a Grass P-15 preamplifier, stored on
cassette tapes using a Teac R51-D data recorder, and afterwards photographed from
the oscilloscope with a Tektronix C-5C camera.
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Experimental protocol. Upon obtaining a single cell preparation, the first two
stimuli tested were volatiles emanating from 1 xg of grandlure, followed by volatiles
emanating from a crushed cotton square. These two stimuli served to determine
whether the cell was activated by the aggregation pheromone of the boll weevil and/or
volatiles emanating from its host and food source.

If the cell were activated by volatiles from the crushed cotton square or was not
activated by the pheromone, then presentation of 1 ug doses of other selected odor-
ants followed. Odorous stimuli were delivered as 1 1 aliquots placed on filter paper
(8 mm x 18 mm) inserted into glass cartridges (80 mm x S mm ID) oriented toward
the preparation from a distance of 1 cm. Molecules evaporating from the filter paper
were carried over the preparation by hydrocarbon-free air which also had been
filtered and dried. Stimulus duration was 0.5 sec with an air flow of ca. 1 liter/min.
Two or three minutes were allowed between each stimulation.

Behavioral experiments. Two field experiments involving an array of four traps
were performed. One trap was placed at each corner of a 20 m square. The two
treatments being tested simultaneously in this competitive arrangement were placed
alternately in the traps, i. €. the two traps baited with the same treatment were located
diagonally from each other. Odorants diluted in hexane were released from 2.2 ml
vials as 10 ug/ul dilutions using glass capillaries (Dickens and Mori, 1989). In one
test, two traps were baited with 1 mg of a 1:1:1 mixture of B-caryophyllene, trans-2-
hexen-1-0l, and frans-g-ocimene. The other two traps were left unbaited. In a second
test, one vial placed in each trap contained (*)-I (0.4 mg); a second vial contained
IT (0.3 mg) and III+IV (0.1 mg). The ratio of the pheromone components used in
these studies [I(4):1I(3):1II+1V(1)] approximated that of the natural pheromone as
identified from the frass produced by male boll weevils (Tumlinson et al., 1969). Two
of the traps also contained a third vial with 1 mg of a 1:1:1 mixture of 3-caryophyllene,
trans-2-hexen-1-0l, and trans-B-ocimene. Following transport to the ficld in a cooler,
the teflon-lined screw caps were removed from the vials and both caps and vials were
placed in the top of an aluminum film container (3 cm diam. x 4.3 cm height) that
had 5 holes (0.23 mm) drilled near its outer edge. The bottom of the can was then
screwed onto the top and the inverted film container was placed in the trap below
the screen funnel.

For each replicate, 100 insects (50 males + 50 females) were released along a 20
m line parallel to each side of the square at a distance of 20 m (400 insects total) at
1400 h. Traps were then immediately baited. In each test, traps were checked and
insects removed at 1530 h and 1700 h on the day of release, and before 0900 h the
next day (the time at which the test was terminated). Both tests were replicated three
times.

RESULTS

Single cell recordings. Receptors for both pheromones and host plant odors were
housed within sensilla in each of the three sensory band regions on the antennae of
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Table 1 Example of responses of receptor cells for plant odors in the boll weevil, Anthonomus grandis.

Odorant

Cell

Impulses/initial 400 msec

#1 #2 #3 #4 #5 #6
grandlure 4 2 3 3 2 3
crushed cotton square 23 2 1 13 3 4
trans-2-hexen-1-ol 1 2 6 68 8 2
monoterpene mixture 3 19 7 7 7 4
trans--ocimene 2 20 - 3 - 8
linalool 6 5 6 8 6 60
B-bisabolol 5 13 3 6 13 4
B-caryophyllene 35 8 5 4 5 1
benzaldehyde 2 10 24 6 - 12
spontaneous activity 3 S 3 i/ 5 2

both male and female A. grandis (Dickens, 1989b). Due to the fact that the sensilla
within the sensory bands are packed closely together, it was impossible to discern
individual hairs. However one might assume that accessible hairs were recorded at
random in both males and females with the result being that the number of cells
recorded for a given odorant represented a fair assessment of the insect’s olfactory
endowment for its detection. While receptors for pheromones and plant odors in
males were equally distributed, a higher percentage of cells recorded in females were

60°/o of total cells recorded

50
40 1
30 1
20 1
10 1

19 20

26

Males

Females

Distribution of olfactory endowment

B Pheromone cells
1D Unidentified ceils

3 Plant odor cells

Fig 1 Endowment of receptor cells for pheromones and host odors in male and female Anthonomus

grandis. Numbers in parentheses indicate actual numbers of receptor cells recorded.
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responsive to the aggregation pheromone than to plant odors (Fig. 1). It should be
pointed out that no overlap was noted in responses of the pheromone and plant
odor receptors.

Receptors for plant odors responded to one of six odorants with little or no
overlap among most receptors (Table 1). Cells responsive to green leaf volatiles and
linalool were strongly activated by volatiles emanating from 1 ug of their key odorant.
Receptors for B-caryophyllene, and benzaldehyde were moderately activated by this
dose. These four receptor types showed the greatest specificity for their key com-
pounds at this dose. Cells responsive to trans-3-ocimene and B-bisabolol were only
mildly activated at this dose and showed the least specificity.

Distribution of the specific plant odor receptors were similar for both males and
females (Fig. 2). B-caryophyllene receptors were the most frequently encountered
and accounted for more than 40% of identified receptors in both sexes. Receptors
for green leaf volatiles were the next most frequently recorded receptor type with a
slightly higher percentage of these receptors recorded in males (30.1%) than in
females (20%). Cells responsive to S-caryophyllene, green leaf volatiles, and rans-
B-ocimene, accounted for 80% of the receptors for plant odors recorded in both
sexes. Each of the other receptor types was encountered relatively infrequently.

Behavioral tests. Results of the initial field experiment showed that the combina-
tion of B-caryophyllene, trans-2-hexen-1-ol, and frans-B-ocimene at the dose tested

*l Total piant odor cells
50

(7)
(7

40 1

—
o
~

30
(3)
(2)

1) (1) 1
’S_| (0)

Males Females
Distribution of plant odor receptors

20

10 [OMONE

72

E 3_caryophyllene B2 benzaldehyde D B-bisabolol
M trans-B -ocimene G green leaf volatiles 3 linaloot

Fig. 2 Distribution of plant odor receptor cells in male and female Anthonomus grandis. Numbers in
parentheses indicate actual numbers of receptor cells recorded.
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Table 2 Mean number of boll weevils captured in three replicates of competitive field tests

Treatments Mean trap capture Sex ratio (M:F)
Unbaited trap 0

B-caryophyllene, trans-2-hexen-1-ol, trans--ocimene (1 mg) 1.3 3.0:1
grandlure (0.8 mg) 177 1.3:1
grandlure (0.8 mg) + S-caryophyllene, rans-2-hexen-1-ol, .

trans-B-ocimene (1 mg) 33.0 15:1

*P<0.05, paired r-test

attracted only a few weevils (Table 2). It is interesting that three of the four weevils
captured were males, the sex responsible for pheromone production.

The second field experiment showed that the relatively unattractive combination
of B-caryophyllene, frans-2-hexen-1-0l, and frans-$-ocimene when combined with
grandlure enhanced the attractiveness of grandlure nearly two-fold when in compe-
tition with grandlure alone.

DISCUSSION

The investment in olfactory receptor cells for both pheromones and host plant
odors by male and female boll weevils clearly demonstrates the importance of each
class of odorant in boll weevil behavior. The fact that females have a somewhat larger
investment in receptors for the male-produced pheromone is in accordance with the
need for the female to mate. Both males and females maintain a large investment
in host plant receptors, since males must locate their host plant for feeding and
pheromone production, and females must sense their host plant for feeding and
oviposition.

The lack of overlap in response spectra of pheromone and plant odor receptors
indicate that these two types of information pass along separate channels to the brain
as has been found for other Coleoptera (Mustaparta et al., 1979; Dickens et al.,
1984). The specialization of receptor cells for several host plant odors with diverse
chemical structures and common occurrence in plants is surprising. The paucity of
specialized receptors for B-bisabolol, a compound reported only from cotton and
closely related Malvaceae (Thompson et al., 1971), is difficult to explain. The fact
that each key host plant odor is widely distributed among plants indicates that the
boll weevil uses an odorous blend to detect its host plant as proposed for another
coleopteran (Visser and Avé, 1978).

Our behavioral tests demonstrate that a minimal blend of the three compounds
which activate 80% of the plant odor receptor cells in both sexes may be slightly
attractive in the field (Table 2). Once the host plant is located by a male, feeding
and pheromone production follow (Tumlinson et al., 1969). The three compounds,
which were slightly atttractive before, now enhance response of both sexes to the
pheromone nearly twofold (Table 2).
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In conclusion, host plant location by a narrowly oligophagous insect such as the
boll weevil involves a wide range of chemical structures detected by relatively spe-
cialized receptors. Once the insect locates its host plant and pheromone production
begins, the ensuing semiochemical blend is an enhanced attractant for other receiving
insects.
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ABSTRACT

The tobacco budworm moth, Heliothis virescens, has non-porous, trichoid sensilla and 2 kinds of uniporous,
contact chemosensilla on the ventral surface of its tarsi. Both types of chemosensilla respond electrophy-
siologically to sucrose, NaCl, KCl, and plant extracts. The sensilla exhibit differences in spike frequency,
amplitude, and shape in response to various compounds.

Key words: Heliothis virescens, electrophysiology, tarsi, contact chemosensilla, mechanosensilla.

INTRODUCTION

Adults of Heliothis virescens, the tobacco budworm (TBW), extend their proboscis
upon stimulation of tarsi or antennae with sugars (Ramaswamy, 1987). The ovipo-
sitor also has sugar sensitive sensilla (Ramaswamy and Hanson, unpublished). Gravid
females discriminate between host and nonhost plants for oviposition via chemosen-
sory, mechanosensory, and visual information from tarsi, ovipositor, and compound
eyes (Ramaswamy et al., 1987, Ramaswamy, 1988; Navasero and Ramaswamy, 1989).
Although a few studies have characterized the electrophysiological properties of
contact chemoreceptors (e.g., Waladde et al., 1985), the physiological basis of host
location by moths is poorly understood. This is a preliminary report on the morpho-
logy and electrophysiological responses to sugars, salts and plant extracts, of tarsal
sensilla of adult TBW involved in host discrimination.

PROCEDURES

TBW larvae were raised on a wheat germ diet. Adults were housed in an environ-
mental chamber at 14:10 L:D, 26°C, 75% RH and fed distilled water. Moths were
used in the studies within 24 h of emergence. Molar solutions of sugars and salts
(Sigma, St. Louis, MO) used in tests were made in glass distilled water.

Terminal leaves and flowers from 2 hosts of TBW (tobacco, cotton) and a non-host
(ground cherry; Physalis angulata L.) were excised, weighed, and extracted in meth-
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anol (1 ml/g fresh tissue weight) for 30 sec. Extracts were concentrated under N2 to
10% of their original volume, mixed with an equal part of 0.1 M NaCl, and filled
into the stimulating/recording electrodes.

The tip-recording technique (Frazier and Hanson, 1986) was used to measure
electrophysiological responses of chemoreceptors to sugars, salts and plant extracts.
A moth, with wings cut at the base, was restrained ventral side up with adhesive tape
in a cavity excavated in wax in a small glass petri dish. Its legs were restrained with
adhesive tape to expose only the ventral tarsal surface. The indifferent electrode was
a glass pipet, ca. 0.1 mm diam., containing 0.1 M NaCl and inserted into the thorax
of the moth. A similar glass pipet containing the stimulus in 0.05 M NaCl was slipped
over the sensillum tip. Signals were amplified by a baseline restoring preamplifier
and a bandpass amplifier and displayed on an oscilloscope. Signals were recorded
on magnetic tape for subsequent analysis and plotting (Hanson et al., 1986). Re-
sponses of sensilla on the last tarsomere of all 3 pairs of tarsi were measured.

Fig 1  Ventral surface of right hind tarsomere 5 of female Heliothis virescens. —> = Type A trichoid

nonporous sensilla; > = Type B contact chemosensilla; —® = Type C contact chemosen-
silla.
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RESULTS AND DISCUSSION

The ventral tarsal surface of TBW has 3 kinds of sensilla (Fig. 1). The trichoid,
non-porous (Type A; open arrow in Fig. 1) are robust, of variable length (length
range = 150-350 y; base range = 10-45 i), and have prominent longitudinal ridges.
They neither take up reduced silver nor respond to stimulation by the tip recording
method, suggesting they lack pores at the tip and may be mechanosensory. The
trichoid, uniporous B sensilla (length = 71.8+9.4 u; base = 4.8+0.6 «; arrowhead
in Fig. 1) are curved, less robust and lack ridges. They are more predominant at
lateral and distal margins of the tarsomere. The more robust, trichoid, uniporous C
sensilla (length = 42.1+3.9 y; base = 8.8+1.5 y; closed arrow in Fig. 1) have sharply
recurved tips, lack ridges, and are always arranged in a row off midline. The latter 2
types have single pores at the tip, take up reduced silver into the lumen and respond
to stimulation with chemicals in solution.

The B and C sensilla respond similarly to sucrose, NaCl, KCl, or plant extracts.
Three cells respond to NaCl with different spike amplitudes and narrow negative
phase (Fig. 2a). The 3 salt cells do not exhibit dose-dependent responses to NaCl
(Fig. 2¢), although spike frequency in the large cell of ca. 20% of the preparations
increases with increasing NaCl concentrations. The cells adapt to 0.5 M NaCl but
not to 0.1 M or lower concentrations (Fig. 2d). The salt spike increases in frequency
and changes in shape over time, and spike height increases with concentration. Two
cells, and perhaps a third, respond to KCI; possibly they are the same as those
responding to NaCl but with a different spike shape (Fig. 2b). The ability to perceive
salts may allow location of supplemental sources of salts, especially Na ™, because of
the extremely low amounts of Na* found in plants. Na™ affects longevity and fe-
cundity of some butterflies and survival of their eggs (Pivnick and McNeil, 1987),
which may be true also in moths.

Only one cell responds to sucrose with positive monophasic action potentials (Fig.
3a) which become bipolar with slow return to baseline at higher concentrations or
prolonged stimulation. Increasing concentrations of sucrose suppress the small NaCl
spike. Sucrose cells in both types of sensilla exhibit essentially maximal response at
0.05 M sucrose (Fig. 3b, ¢). By comparison, stimulation of the tarsi with 0.02 M
sucrose elicits proboscis extension in 50% of the individuals tested (Ramaswamy,
1987). The phasic sucrose response in both types of sensilla shows some adaptation
within 100 msec (Fig. 3a), and is almost completely adapted after 1 sec of stimulation.
It disadapts completely by 15 sec (Fig. 3a).

As a comparison, the 2 types of proboscis chemosensilla in TBW also exhibit a
phasic response when exposed to 0.05 M sucrose (Blaney and Simmonds, 1988).
There are no sexual differences in tarsal sensilla responses to sucrose, corroborating
behavioral responses of TBW (Ramaswamy, 1987). Monophasic spikes similar to
those in TBW were recorded from two other species of Lepidoptera. Tarsal receptors
of Pieris brassicae responded to glucotropaeolin tetramethylammonium salt (GTA)
with monopolar spikes (Ma and Schoonhoven, 1973); spike frequency increased with
concentration of GTA but not with increasing NaCl concentration, a phenomenon
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similar to the sucrose and NaCl response in TBW. Lateral styloconic sensilla of
Manduca sexta larvae also exhibit monophasic spikes when exposed to higher con-
centrations of quinine (J. L. Frazier, pers. comm.).

In preliminary studies, both types of sensilla responded to methanolic extracts of
plants. Patterns of response to tobacco, cotton or ground cherry extracts are different
(Fig. 4). Preliminary indications are that plant extracts stimulate salt cells. H. vires-
cens uses tarsal chemo- and mechanosensory cues in host discrimination (Rama-
swamy et al., 1987) and females may utilize ovipositor receptors to assess substrate
suitability for oviposition (Ramaswamy, 1989). Future physiological studies on these
sensilla should allow interpretation of their role in insect/host interactions.

Control

Tobacco

SUSS

Cotton

cherry

Fig. 4 Responses of Type B sensillum to 0.05 M NaCl ("Control") followed at 15 second intervals by
stimulation with methanolic extracts of tobacco, cotton and ground cherry. Note that methanol
was used also in the control and stimulus solutions.
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ABSTRACT

Leaf waxiness hampered movements of the aphid Lipaphis erysimi. Fewer aphids reached their normal
feeding sites on the underside of the leaves on waxy than on less waxy Brassica species. Leal hairiness
helped rather than hindered the aphids to move to the lower leaf surfaces.

L. erysimi is a serious pest on Brassica campestris and B. juncea grown as oilseeds in India. Plant breeding
to increasc waxiness of such oilseeds might reduce the aphid infestations, if performance of aphids
restricted to upper leaf surfaces or fallen to the ground is poorer than performance of aphid at their
normal feeding sites.

The movements of Brevicoryne brassicae, another pest of Brassica, was not affected by leaf surface char-
acteristics like waxiness and hairiness.

Key words: waxiness, hairiness, plant resistance, Lipaphis erysimi, Brevicoryne brassicae, Brassica.

INTRODUCTION

Successful plant utilization by herbivorous insects may depend on surface character-
istics of their host plants (Southwood, 1986). In Brassica crops there are several cases
where glossy, "waxless", plant types have been found less infested by the two aphids
Brevicoryne brassicae L. (the cabbage aphid) and Lipaphis erysimi Kalt. ssp. pseudo-
brassicae (the Indian mustard aphid) than the normal waxy ones (Thompson, 1963;
Way and Murdie, 1965; Srinivasachar and Malik, 1972; Chatterjee and Senguplta,
1987). However, it is not clear what are the causes for these differences. Characters
such as waxiness and hairiness can influence long- and close-range movements by
the insect as well as the suitability of the plant in terms of microclimate, food and
protection against natural enemies (Southwood, 1986).

In the present study, the movements of L. erysimi and B. brassicae were examined
on a number of Brassica species differing in waxiness and hairiness. After landing
on a plant aphids normally walk around and probe the plant surface. If the aphids
stay on the plant they walk 1o sites where, presumably, the conditions are favourable
for feeding and multiplication. Plant surface characteristics may, however, interfere
with such movements.
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MATERIAL AND METHODS

Test plants. Aphid behaviour was investigated on two different sets of Brassica
spp- The species in the first set were selected to differ in leaf waxiness. The leaves
of these plants were glabrous except for sparse hairs, mainly on leaf veins. The set
consisted of Brassica oleracea L. fodder marrow-kale cv. Tema, B. napus L. summer
oilseed rape cvs. Puma and Topas, B. campestris L. summer oilseed turnip rape cvs.
Tyko and Sonja, yellow sarson cv. YSB-9, toria cv. T-9 and B. juncea (L.) Coss and
Czern rai cv. Varuna. The plants in the second set all belong to the B. oleracea-group
(Gustafsson, 1982) and were selected to range in hairiness from densely pubescent
to glabrous. Two populations of B. villosa, B. incana, B. rupestris, one of B. macro-
carpa and B. oleracea cv. Tema were used in the tests. B. oleracea-type of plants
remained in the rosette stage whereas in course of time all the others started to
flower and set pods under the prevailing greenhouse conditions (temp.: 20-23 °C;
day length: 18 H by 400 W HQIE lamps; pot size: 8 x 10 cm ).

Aphid cultures. The aphids were reared in cages in the greenhouse, on the various
Brassica spp. used in the tests. B. brassicae had been collected on Brassica oilseeds
in Southern Sweden and L. erysimi on oilseeds in Haryana State, India, a few years
prior to this study.

Testing procedures. One plant of each Brassica cultivar or population in the set
was placed on a table in the green-house. Insect-trapping Stickem-Special® was glued
around the petiole of one expanded leaf per plant. This hindered the aphids to leave
the test leaf walking. A brown paper card (21 x 23 cm) with stickem glue around its
edges was placed below the selected leaf, to collect aphids falling off. Five aphids
were transferred to the upper side of each test leaf with a fine painting brush, 1-2
cm away from the leaf edge. The aphids’ positions after 2 hours were recorded. About
5% of the aphids were not found on the leaf lamina or on the paper card and were
excluded from the data analysis. Aphid behaviour was observed on both sets of plants
in the rosette-flower stage. Moreover the set of glabrous plants was also tested at a
time when all except cv. Tema were in the flower-pod stage. The aphids were then
placed on the upper leaves of the plant. For each set of plants, and plant age of
glabrous plants, there were 8 replicates with each of the two aphid species on 2-3
different plant specimens. In two of the replicates with young glabrous plants, ap-
terous females were tested. Nymphs with wingbuds were used in all the other tests.

In addition, the inhibitory effect of leaf waxes on movements by L. erysimi was
investigated in another series of trials. The upper side of a leaf of B. oleracea cv.
Tema leaf was wiped with a soft paper towel to remove as much of the surface waxes
as possible. Five aphids were transferred to such a leaf and another 5 to an adjacent,
intact leaf on the same plant. Aphid movements were recorded as before in 12
replicates on 3 different plants with nymphs having wingbuds and in 8 replicates on
2 different plants with alate aphids.

Plant surface characterizations. To estimate the waxiness of glabrous plants, all the
leaves equivalent to aphid-tested ones from 3 plants per variety were dipped in glass
beakers with 150-300 ml of chloroform for 10 seconds. The solvent was evaporated
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at room temperature and the residue weighed. To estimate leaf area, the dipped
leaves were spread on paper sheets and photocopied. The weight of the cut-out paper
leaves was transformed to leaf area.

Aphid-exposed leaves were cut off on the set of plants differing in pubescence
and hair density was estimated under a microscope. Five to ten randomly selected
0.25 cm?® or 1 cm? squares on the upper side of the leaves were examined; the smaller
area and sample number being used if hair density was high. The length of 3 hairs
per leaf was measured.

RESULTS

Waxiness. There were large differences in the amount of wax on the surface of the
glabrous Brassica plants. In young plants, B. oleracea had the highest amounts,
followed by B. napus, in its turn followed by B. campestris and B. juncea (Fig. 1a).
At flower-pod stage, the upper leaves were more waxy than the lower ones (Fig. 1b).
The species ranking in waxiness of lower leaves was the same as for young plants.
As for the upper leaves, cv. Sonja was exceptionally waxy among the B. campestris
cultivars and ranked even higher than B. oleracea and B. napus cultivars.

B.o.Tema
B.n.Topas
B.n. Puma
B.c.Tyko
B.c.T-9
B.j.Varuna
B.c. Sonja
Bc.YSB-9

a)

'8]I

0o 0.02 0.03 0.04 005
mg wax

B.c.Sonja
Bo.Tema
B.n. Topas
Bn. Puma
B.c. YSB-9
B.c. Tyko
Bo. Tema }
B, Varuna
B.n. Topas
Bn.Puma
Bc.T-9
B.c.YSB-9
B.c.Sonja

B.c. Tyko
Bj.Varuna
B.c.T-9

b)

|

0.00 0.02 004 006 0.08 0.0
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Fig 1 Amount of wax per cm? leaf of Brassica cultivars. B.o. = B. oleracea, B.n. = B. napus, B.c. = B.
campestris, B.j. = B. juncea. a) Leaves from plants in rosette-flower stage. b) Leaves from plants
in flower-pod stage. White bars = upper leaves; black bars = lower leaves.
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There was a significant, negative, correlation between the proportion of L. erysimi
that had moved to the lower side of the leaves and amount of wax on the leaf surface
of young plants (Fig. 2a). Even though B. oleracea, the plant with the most waxy
leaves, also had the highest incidence of aphids falling off the leaf (25%), no linear
relationship between waxiness and that type of aphid response was found. On older
plants there was no linear relationship between the movements of L. erysimi on the
upper leaves and leaf waxiness. In total, a higher proportion of aphids fell off in this
test series, 25% compared to 7% in the previous test with young plants (x = 32.8,
p < 0.001). The highest proportion of L. erysimi, 47%, fell off the most waxy leaves,
those of B. campestris cv. Sonja. Movements of B. brassicae were not linearly related
to waxiness of the Brassica plants (Fig. 2a).

There was a significant difference in L. erysimi distributions on the wiped and the
intact B. oleracea leaves. A higher proportion of aphids were found on the underside
of those leaves where the wax had been removed (Table 1). The pattern was similar
for alate females and nymphs with wingbuds.

8
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@ LeR=097 p<001

*/s aphids on leaf undersides
8

- ® B8bR=057 ns
000 O0M 002 003 004 005
120 mg wax b

®LeR=0.66 p<0.01
®BbR=0.28 ns

% aphids on leaf undersides

0 100 200 300 400
No. of hairs

Fig. 2 Relationship between a) waxiness (amount of wax/cm? leaf), b) hairiness (hairs/cm2 on leaf
uppersides) and proportion of aphids found on the underside of the Brassica leaves 2 hours after
the release. Le = L. erysimi, Bb = B. brassicae.
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Table 1 Distribution of L. erysimi on intact B. oleracea leaves and leaves where the wax had been removed.

alate females nymphs with wingbuds
leaf type intact wiped intact wiped
aphid position
% on upperside 825 60.0 75.0 36.2
% on underside 7.5 375 16.7 60.3
% not on leaf lamina 10.0 25 83 34
n 40 40 60 58
=112 =239
2x3 contingency table p<0.01 p<0.001

Hairiness. B. macrocarpa and B. oleracea leaves had scattered hairs on veins and
edges; B. rupestris had means of 10-31 halrs/cm B. villosa had 211-255; and B. incana
was variable carrying 6-364 hairs/cm? on leaf uppersides. The hairs were straight;
0.9-1.3 mm long on B. rupestris, 0.5-0.6 mm on B. villosa and 0.4-0.8 mm on B. incana.

Again L. erysimi was more sensitive than B. brassicae to the leaf surface charac-
teristics. There was a significant, positive, linear relationship between proportion of
L. erysimi that had moved to the underside of the leaves and hair density (Fig. 2b).

DISCUSSION

The movements of L. erysimi were hampered on waxy plant surfaces. Under natural
conditions, weather and natural enemies may interact with effects of leaf character-
istics on aphid movements to significantly affect the aphid performance. For example
rainfall drastically reduces the populations of L. erysimi (e.g., Singh and Singh, 1982)
and aphids on the upper sides of leaves are probably more easily washed off than
aphids on the leaf undersides. Wind does probably also dislodge more aphids on
slippery than on less slippery leaves. Aphids fallen to the ground may suffer from
predation by ground-dwelling predators and they may also have difficulties to find
new suitable host plants. Aphids staying on the upper leaf surfaces may experience
an unfavourably hot or dry microclimate (Willmer, 1986) and natural enemies may
detect aphids on leaf uppersides more easily. As the plants develop, L. erysimi
changes its feeding position from leaves to inflorescences. Aphids among the flower
buds of young plants are less easily dislodged by rain than aphids on branches and
pods of older plants (Singh and Singh, 1982). Further, cultivars with buds and flowers
densely packed, such as on B. campestris, are considered better for settlement by L.
erysimi than others (Rai and Sehgal, 1975). Unfortunately the results from the pres-
ent study on aphid movements do not give any further clues as to why certain glossy
plant types have been found less infested by both L. erysimi and B. brassicae thant
the normal, waxy ones.
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Hairs on the Brassica leaves hindered neither of the two aphids L. erysimi and B.
brassicae to reach the underside of the leaves. On the contrary, more L. erysimi were
found on the leaf undersides of pubescent leaves.

In India, L. erysimi is a very severe pest on B. campestris and B. juncea grown as
oilseeds (Bakhetia, 1987). Efforts are now being made in Sweden to develop waxier
B. juncea cultivars by hybridizations with B. oleracea. B. juncea already has some
other plant characters that cause L. erysimi populations to grow slower than on B.
campestris (Bakhetia, 1987). Ultimately these research and breeding efforts need to
be avaluated under the Indian field conditions.
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ABSTRACT

Plants may defend themselves against herbivores by attracting predators as bodyguards. Release of info-
chemicals to do so bears costs in terms of energy and eavesdropping risks. Therefore, selection pressure
on release of a bodyguard attracting synomone is expected to have a minimization component. Recent
evidence for herbivore induced release of a synomone provides an intriguing example of bodyguard
recruitment, in which release of the information is minimized. Features of this phenomenon are described
and costs for the plants are discussed.

Key words: Acarina, Phytoseiidae, Phytoseiulus persimilis, predators, tritrophic interactions, infochemicals,
synomone, indirect defence, induced defence, energetic costs, terpenes, methylene terpene,
phenol, evolutionary aspects, volatiles.

INTRODUCTION

One of the defence mechanisms of plants against herbivores is promoting effective-
ness of the herbivores’ natural enemies: natural selection will favour (1) plant geno-
types coding for traits that promote effectiveness of natural enemies and (2) predator
genotypes that are better able to use the opportunities offered by the plant (Price
et al., 1980). Mutualistic interactions between plants and their herbivores’ enemies
are therefore to be expected.

To promote effectiveness of predators, plants may provide shelter or alternative
food in times of prey scarcity (e.g., Pemberton and Turner, 1989; Hagen, 1986). This
may retain predators that are already present. In addition, plants may also produce
volatiles to attract their herbivores’ natural enemies as bodyguards (e.g., Williams
et al.,, 1988).

Apart from costs related to production of bodyguard attractants, this defence
mechanism also bears costs in terms of eavesdropping. Unauthorized users, such as
herbivore species that are not affected by the recruited bodyguards, may use the
released cues as a means of locating a food source. Thus, both energetic costs and
eavesdropping risks may constrain the duration of release of bodyguard attractants.
Recent investigations provide evidence for production of a bodyguard attracting

127



infochemical (sensu Dicke and Sabelis, 1988) by plants which only starts after occur-
rence of herbivore damage (Dicke et al., 1989).

DISCUSSION

Plant volatiles and their information value to bodyguards. A plant that relies on
predators as bodyguards for defence against herbivores will benefit from increasing
the effectiveness of these protectors. This may be done by signalling of the plant’s
presence. If it is accomplished before herbivore damage occurs, the plant must
provide the predator with some source of nutrition, e.g. in the form of pollen or
extrafloral nectar (e.g. Hagen, 1986). Several examples of predator recruitment be-
fore herbivore damage occurs are known (e.g., Read et al., 1970, Williams et al,,
1988). In all these examples the herbivores’ natural enemies are parasitoids. In some
instances a response towards odour of the plant’s flowers, whose nectar is fed on by
the parasitoids, has been observed (Shahjahan, 1974).

Attraction of predators may also occur through plant chemicals which end up in
the products of the herbivore. For example, frass of the herbivore may well contain
chemicals of plant origin which act as a kairomone. In some instances parasitoid
response was found to depend on the herbivore’s diet (Nordlund and Sauls, 1981;
Elzen et al., 1984). This may be due to either non-modified plant compounds or to
degraded plant compounds. Chemical analysis demonstrated that the former situ-
ation holds for the interaction between herbivorous larvae of the moth Heliothis
virescens and the parasitic wasp Campoletis sonorensis (Elzen et al., 1984).

Plant volatiles and their information value to herbivores. Herbivores also use plant
odours as infochemicals. This may occur in locating of suitable host plants, which is
the more common response (for review see Visser, 1986) or in avoiding unsuitable
host plants (Woodhead and Bernays, 1977; Gibson and Pickett, 1983). However,
non-volatiles are well-documented for their role in avoiding unsuitable host plants
(e.g., Schoonhoven, 1981). Thus, current evidence suggests that volatile plant info-
chemicals in plant-herbivore interactions are mostly to the detriment of the undam-
aged plant. It seems likely that herbivores in such cases spy on chemicals that the
plants release for other purposes, such as recruitment of bodyguards.

Plant volatiles and their information value to nearby plants. Plants may use volatile
pheromones from nearby conspecifics which have been damaged by herbivores (Bald-
win and Schultz, 1983; Rhoades, 1983, 1985), but Fowler and Lawton (1985)
criticized the results on methodological grounds. Recently, a convincing result has
been reported by Zeringue (1987), who showed that cotton plants which receive
odours of conspecifics infested with a pathogen start production of phenols which
hamper pathogen growth. Neither odour of cultures of the pathogen on agar, nor
odour of artificially damaged plants could elicit this reaction. The plants rely on
information about increased risks of pathogen infection, instead of producing
phenolic compounds constitutively. The success of this strategy depends on detecting
increased chances of infestation at an early stage. Unless neighbouring plants in
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nature show a high degree of relatedness it is unlikely that the infested plant would
produce the pheromone with the aim of informing conspecifics.

Costs of volatiles to plants. Chemicals used in defence have costs in terms of
production, transport, storage, prevention of autotoxication, and release. In addition,
there are also maintenance costs to synthesize enzymes needed in the above-men-
tioned processes. Calculation of overall costs is difficult, for several of the component
costs. Biosynthetic costs are the component that can be usually quantified most
reliably (Chew and Rodman, 1979). Intuitively, volatiles seem to constitute an extra
cost for plants, since they are lost upon release and thus have to be renewed more
often than non-volatiles. Several characteristics of volatile-release support this view:

(1) Plant volatiles are usually released in minute quantities and can only be
analysed with very sensitive collection and analysis techniques (e.g., Buttery et al,,
1984). The quantities released are in the ppm range, although upon damage, volatiles
are generally released in much higher quantities (e.g., Dicke, 1988).

(2) Several volatiles are only released upon damage. For instance, precursors may
be stored and degraded enzymatically when compartmentation is destroyed by her-
bivory, as is the case for production of volatiles from cyanogenic glycosides (Wood-
head and Bernays, 1977; Conn, 1979).

(3) Release may be dependent on time of the day. For instance, some flower
fragrances are produced exclusively during the day or the night, which is correlated
with activity of their pollinators (Altenburger and Matile, 1988; Harborne, 1988). It
would be a waste of energy for the plant to release volatiles while the pollinators
are inactive and it would only increase chances of being located by herbivores.

These characteristics indicate that it is worthwile for a plant to minimize its
volatile release because of energetic costs and risks of use by "unauthorized recei-
vers". The induced release of volatiles is a major means of reducing both types of
costs. This is known for plant-herbivore interactions (Woodhead and Bernays, 1977,
Harrison and Karban, 1986), but recently evidence was obtained that induced release
of volatile infochemicals also occurs in plant-predator interactions (see below).

Induced indirect defence in a system consisting of predatory mites, herbivorous mites
and their host plants. Spider mites are polyphagous herbivores that reach pest status
in many agricultural crops (see Helle and Sabelis, 1985a for review). They insert
their stylets in the leaves, inject saliva and ingest parenchymous cell contents. Spider
mites are particularly ravenous herbivores, overexploiting their food source in the
absence of predators. However, local populations are decimated, if discovered by
predators such as predatory mites (see Helle and Sabelis, 1985b for review). Long-
range dispersal by predatory mites occurs on wind currents. The aeronauts probably
cannot control where they land and thus, chances of landing in a spider-mite colony
or on a spider-mite infested plant will be small. However, after landing volatile
infochemicals are used in making foraging decisions such as whether to stay or take
off again, and where or how long to search (for review see Sabelis and Dicke, 1985).
Because predatory mites overexploit their prey locally, it may be envisaged that any
plant genotype that increases chances of predatory-mite invasion into spider-mite
colonies will have a relatively higher fitness than conspecifics without this ability.
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Much research has been done on a tritrophic system consisting of the predatory
mite Phytoseiulus persimilis, the spider mite Tetranychus urticae and its host plants.
Predatory mites distinguish between clean plants and spider-mite infested plants by
means of olfaction. The volatile allelochemical involved is mainly emitted from the
leaves after infestation. Upon removal of spider mites and their visible products,
previously infested leaves remained attractive to predatory mites for several hours,
whereas the spider mites removed from the leaves were not attractive (Sabelis and
Van de Baan, 1983; Sabelis et al., 1984a). The attractiveness is correlated with the
amount of feeding by spider mites (Sabelis and Van de Baan, 1983; Sabelis et al.,
1984a). Behavioural investigations in which the components of spider-mite infested
plants were separately tested in an olfactometer showed that the volatile allelochemi-
cal is a product of the interaction between spider mites and host plant (Sabelis et
al., 1984a). Chemical analysis revealed only compounds that are well-known from
the plant kingdom, that are not known to be produced de novo by animals (Dicke
et al,, 1989). The allelochemical is spider-mite species specific (Sabelis and Van de
Baan, 1983) but it is interesting to see that it is also plant-species specific (Taka-
bayashi and Dicke, in prep). For example, cucumber plants infested by two-spotted
spider mites are much less attractive than Lima bean plants infested by this herbivore
species (Takabayashi et al., in prep). Different mixtures of volatiles are emitted by
these plant species when infested by two-spotted spider mites. Four of the com-
pounds emitted by infested Lima bean plants are attractive: the terpenes linalool
and (E)-B-ocimene, the methylene terpene 4,8-dimethyl-1,3(E),7-nonatriene and the
phenolic compound methyl salicylate (Dicke et al., 1989), whereas only two of these
(B-ocimene and the methylene terpene) are emitted by infested cucumber plants
(Takabayashi et al., in prep).

Apart from this evidence for plant involvement in production of the allelochemical
(a synomone if plant-predatory mite interactions are regarded or a kairomone when
spider mite-predatory mite interactions are regarded; cf. Dicke and Sabelis, 1988),
behavioural investigations indicate that its production is not restricted to infested
leaves but occurs plant-wide: uninfested leaves of infested plants are more attractive
than uninfested leaves of uninfested plants. In these experiments adsorption of sy-
nomone to uninfested leaves of infested plants has been precluded (Dicke et al., in
prep).

Effect of induced infochemical on spider-mite behaviour. Tetranychus urticae is re-
pelled by leaves with a high density of conspecifics. The involved volatile infochemical
overlaps with the synomone which attracts predatory mites, in at least one compo-
nent: linalool (Dicke, 1986; Dicke et al., 1989). This interaction between spider mites
raises the question whether (1) predatory mites spy on spider-mite communication
or (2) spider mites leave as soon as the plant’s cry for help gets too loud. This is
essentially a question about who controls production and/or release of the chemicals.

1. The spider mites might control production of the infochemical to inform con-
specifics about local density, and thus about food quantity and prospects for com-
petition. But the spider mites would not need a volatile compound for this because
information can also be conveyed by non-volatile chemicals or by contacts between
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individuals, without the costs of volatiles or the associated risks of attracting preda-
tory mites.

2. The plant might control production of volatiles to recruit bodyguards. The
volatile nature of the chemicals is then indispensable for fast spread of the adver-
tisement: success of induced indirect defence depends heavily on rapidly recruited
defenders. In this case the spider mites would do best by using the volatiles as a
dispersing pheromone. It seems unlikely that the mites could avoid the feeding-de-
pendent release of the infochemical, unless they can make their feeding unrecogniz-
able for the plant.

These considerations suggest that the volatile infochemical primarily functions in
plant-predatory mite interactions and that the spider-mite response is secondary.

Bodyguard attracting synomone and spider mite extermination. Simulation models
of the local population dynamics of the system consisting of predatory mites, spider
mites and their host plants gave exceedingly bad predictions when the predators were
assumed to search at random as they do in prey-infested leaf areas. However if the
predators, upon leaving the prey-infested leaf area, are assumed to return immedi-
ately, the simulation models gave reasonably good predictions (Sabelis and Van der
Meer, 1986). Behavioural studies have demonstrated that the volatile-synomone
gradient present at the edge of the patch affects such returning behaviour (Sabelis
et al., 1984b) and that, even when starved, the predatory mite P. persimilis did not
take off on wind currents as long as the volatile infochemical was present (Sabelis
and Afman, 1984). Because the volatile synomone appears to be essential in spider-
mite extermination it is important to study the role of the plant in its production in
more detail, thus improving knowledge of this indirect inducible defence mechanism.

Costs of bodyguard recruitment. In a first attempt to estimate biosynthetic costs of
the synomone, Dicke and Sabelis (1989) reported a conservative estimate of 0.001%
of leaf production costs per day. This value may seem to be low, but biosynthetic
costs are but one of the costs made. Other costs may comprise €.g. maintenance costs
for synthesizing enzymes, or costs of transport and storage of synomone (precur-
sors). Moreover, even if overall costs are low indeed, their impact should not be
overlooked since, given conditions of exponential leaf growth, small costs in an early
phase may have large consequences for the production of reproductive tissue in the
end (Gulmon and Mooney, 1986). It is also important to note that production of
volatile infochemicals is much more expensive than production of non-volatiles,
because volatiles have to be renewed constantly.

The view that costs are not negligible is strenghtened by the fact that plants do
not produce the infochemical non-stop. Eavesdropping risks may be responsible as
well, but no evidence is available yet for this system.

When costs related to synomone production may be offset by saving the energy
for other fitness-related purposes and by the probability of settlement close to a
synomone producing plant, polymorphism is expected to occur under a wide range
of conditions (Sabelis and De Jong, 1988).
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Future investigations will concentrate on how plants contribute to synomone
production, on cost-reducing mechanisms that plants may employ and on the use of
the released information by each of the three trophic levels.
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ABSTRACT

The behaviour of an insect plays an important role in selecting or rejecting a plant for colonization. 3
types of behaviour are most important in this respect: orientation, feeding and oviposition . The role of
these responses of the sorghum stem borer Chilo partellus in determining the relative resistance or
susceptibility of three different cultivars to the pest has been investigated: susceptible IS 18363, tolerant
IS 18520, resistant IS 1044. The sequence in which different behavioural responses of the stem borer
determine the differences in its colonization of the above cultivars is as follows: (i) orientation of adults
(ii) oviposition, after arrival, on a plant; (iii) orientation of the emerging 1st instar larvae involving their
(a) arrest and settling on the plant within the whorl or dispersal therefrom, and (b) auracrion of the
dispersing larvae resulting in their arrival on another plant; (iv) feeding and development within leaf whorl
during 3 instars; (v) movement of late 3rd or early 4th instar larvae out of the whorl, followed by their
arrest and boring into the stem of the same plant or dispersal and attraction to another plant; (vi) feeding
and development during 4th-6th instars within the stem, leading to final emergence of adults to repeat
the above sequence. Differences have been observed between the test cultivars in respect of above
behavioural responses of C. partellus and their relative contributions to the susceptibility or resistance of
the cultivars have been elucidate.

Key words: Chilo partellus, sorghum, plant resistance, orientation, oviposition, attraction.

INTRODUCTION

The stem borer Chilo partellus (Swinhoe) is a major pest of sorghum in Africa and
southern Asia. Different cultivars of the crop differ in their susceptibility or resist-
ance according to their suitability for colonization. Behaviour is among those factors
which determine pest colonization and hence the susceptibility/resistance of a culti-
var to a pest. Saxena (1985) distinguished 3 broad categories of behaviour:
(i) Orientation which determines an insect’s arrival and stay on a plant due to
attraction and arrest, or its avoidance due to repulsion or lack of attraction,
(ii) feeding; and
(iif) oviposition.
Since it is an interaction of these responses, rather than any one of them in
isolation, that determines the resistance or susceptibility of a cultivar, it is important
to compare all these responses to the same cultivars. Our knowledge in this respect
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is quite limited. For example, the oviposition response of C. partellus to some
sorghum cultivars has been studied without comparing any other behavioural re-
sponse (Lal and Pant, 1980; Dabrowski and Kidiavai, 1983; Singh and Rana, 1984).
On the other hand, some information is available on the orientation of early larval
instars of C. partellus in reports on their pattern of movement on other cultivars
(Roome, 1980; Bernays et al., 1983; Chapman et al., 1983). But, these movements
have been studied under conditions for which no information on oviposition or
feeding is available. Feeding responses based on direct measurement of consumption
have hardly been compared among these cultivars. In order to cover these gaps in
our knowledge, the above mentioned behavioural responses of C. partellus 10 a
susceptible, a tolerant and a resistant sorghum cultivar have been compared and the
results are presented in this paper.

MATERIALS AND METHODS

These studies were carried out at the ICIPE’s Field Station at Mbita on the shores
of Lake Victoria in western Kenya. A culture of C. partellus was maintained on an
artificial diet (Ochieng et al., 1985). Three sorghum cultivars were used: IS 18363
(susceptible), IS 18520 (tolerant) and IS 1044 (resistant). The plants were grown in
the field as described later. The temperature during the field tests and the laboratory
tests was 24°-30°C with r.h. 60-80%, and 23°-26°C with r.h. 60-70%, respectively.

Oviposition responses. Methods were designed to avoid variation in the number
of eggs laid on different cultivars due to non-plant factors, e.g. female population,
mating status, fecundity, other physiological conditions and environmental factors
like temperature, humidity, light intensity, etc.

The tests were conducted in a 3-sector chamber (210 x 80 x 80 cm) with a glass-
walled central sector between, and continuous with, two terminal sectors walled with
wire mesh as described previously (Saxena, 1987). The roof was of glass and the
bottom was formed by the floor of the test arena. Three plants of one cultivar were
grown in a row within, and along the end-wall of, one terminal sector. Waxed paper
sheets were stuck on the end wall of the opposite terminal sector and served as the
’blank’, non-plant ovipositional substrate. Five 1-day-old, mated females were re-
leased in the central sector at dusk. The number of eggs laid overnight on the plants
and on the ’blank’ were recorded next morning. The tests were repeated 5 times with
different batches of insects.

Larval arrest and dispersal. The test plants were each infested 3-5 weeks after
emergence (WAE) with 20 neonate 1st instar larvae and 5-7 WAE with single, freshly
moulted 4th instar larvae in the field on outermost leaves of the whorls. Tests with
1st instar larvae were repeated 5 times, and those with 4th instar larvae on 30 plants
arranged in 3 replicates of 10 plants each. The larvae were observed for 1 hr and
then after 72 h (1st instar) or 24 h (4th instar), the plants were dissected. The
percentage of the introduced larvae that were still present were recorded and re-
flected larval arrest.
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In another test series, 10 neonate 1st instar larvae were released 10 each of 10
plants of: (i) the susceptible cultivar (IS 18363) in a row between two rows of an
equal number of plants of the resistant cultivar (IS 1044), or (ii) a row of the resistant
cultivar between two rows of the susceptible cultivar. The rows were 60 cm apart,
with 30 cm between plants. The plants were dissected after 24 h and the percentages
of larvae that remained were recorded. The tests were replicated 5 times.

Larval attraction. Sheets of filter paper (60 cm dia.) were spread flat around single
sorghum plants in the field. Forty neonate 1st instar, or 5 freshly moulted 4th instar,
larvae were released around a plant, 30 cm from its base. The percentages of larvae
that reached the plant and those that moved off the filter paper sheet in 30 min were
recorded; the former reflected the plant’s attractancy. Tests with 1st instar larvae
were replicated three times and those with 4th instar larvae 5 times.

In another series of tests with 1st instar larvae, the plants were grown in a 3 x 3
m plot consisting of 5 rows, spaced as above, planted parallel to the direction of the
prevailing wind. A rectangular tray (35 x 25 cm) with vertical edges of 10 cm on the
longer sides was placed 20 cm from the downwind end of the plot in line with the
central row of plants. Twenty neonate larvae were released across the tray, mid-way
along it. The percentages that moved towards the plants and away from them were
recorded. These tests were replicated 5 times with different batches of larvae. A
greater percentage of larvae moving towards plants, rather than towards the opposite
end, reflected the attractancy of the plants.

Larval feeding. Twenty 1st instar larvae were offered a 7-cm basal segment of a
leaf whorl, and single 4th instar larvae a 7-cm basal, middle or top internode segment.
The leaf area consumed in 72 h and volume of stem segments consumed in 24 h
were measured and compared among the cultivars. Each test was replicated 5 times.

RESULTS AND DISCUSSION

The sequence of various major colonizing responses of C. partellus 10 sorghum is
diagrammatically shown in Fig. 1. Steps 1-7 and 10-13 represent behavioural respon-
ses which we have compared among the test cultivars.

Oviposition responses. As shown in Fig. 1, the initial selection (steps 1 and 2) of
a plant by C. partellus, like many other lepidopterans, is done mostly by adult females
for oviposition. Differences in these responses to different cultivars can contribute
to their susceptibility or resistance. The number of eggs laid by the females on the
plants of each cultivar, offered alone, was significantly higher than that on the blank
substrate (Fig. 2). This indicates that all the cultivars were more suitable for ovipo-
sition than waxed paper, though the latter has been reported to be a suitable in the
absence of plants (Kumar and Saxena, 1985). However, the number of eggs was laid
on plants of the susceptible cultivar, and lowest for the resistant cultivar. Of the egss
laid on the plants, the percentage on the resistant cultivar was significantly lower
than for the other two. This suggests that a lower oviposition response of C. partellus
to IS 1044 can contributes to the higher resistance of this cultivar.
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Fig. 1  Sequence of responses of Chilo partellus leading to its colonization of sorghum plants. L1: 1st
instar larva; 1.3/4: late 3rd or early 4th instar larva.
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Fig. 2 Ovipositional responses of Chilo partellus to three sorghum cultivars (3-5 weeks old), each (P)
presented as a choice against waxed paper blank (B). The columns bearing different letters on
top differ significantly at P=0.05 (ANOVA/DMRT after arcsine transformation).
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Table 1 Arrest and dispersal of 1st instar larvae of Chilo partellus released on a susceptible and a resistant
sorghum cultivar grown in the field in a row between two rows of the other cultivar’

Cultivar” % Larvae recovered after 24 h (Mean=s.e. of 5 replicates each)
IS 18363 IS 1044

IS 18363 (susceptible) 46.8+2.0 Aa° 16.3%1.5 Ab

IS 1044 (resistant) 25.3+5.8 Bb 19.8+3.5 Aa

LAl plants 3-5 weeks old.

100 larvae released, 10 on each of 10 plants in the middle row.
Means in each column followed by a different capital letter, and means in each row followed by a dif-
ferent small letter, are significantly different at P=0.05 (ANOVA/DMRT after arcsine transformation).

Larval arrest, dispersal and attraction in the first instar. When the eggs hatch, the
emerging larvae move about in various patterns (Fig. 1, step 3) which may lead them
off the plant to disperse, or into the leaf whorl to settle and feed (steps 6, 7). The
proportion of larvae settling on a plant depends on its suitability for larval arrest,
which was high for IS 18363 and IS 18520 (Fig. 3) but was about one-third less on
IS 1044, and this could contribute to its resistance.

The larvae that disperse may arrive on other plants either by chance or as a result
of definite attraction (Fig. 1, steps 4, 5). The percentage of 1st instar larvae that
moved towards a plant in a 5-row plot was higher than that to single plants of the
same cultivar (Fig. 3). This was evidently due to a greater attractiveness of the
grouped plants. Nevertheless, the percentage of larvae attracted to IS 1044 was much
lower than towards IS 18363 in both situations, and would contribute to the resist-
ance of the former cultivar.

Of the 1st instar larvae released on IS 18363 plants grown row between two rows
of IS 1044, the percentage remaining on IS 18363 after 24 h was significantly higher
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Fig. 3 Arrest and attraction of 1st instar larvae of C. partellus by three sorghum cultivars (3-5 weeks
old). The columns bearing different letters on top for a given series of tests differ significantly
from one another at P=0.05 (ANOVA/DMRT after arcsine transformation).
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Table 2 Site of entry of 4th instar larvae of Chilo partellus into the stem of three sorghum cultivars’

Cultivar %0l arvae boring into different segments (Meani—s.e‘)2

i Basal Middle Top
IS 18520 40.0+5.8 Aa’ 23.3+8.8 Ab 33+33 Ab
IS 18363 46.6+8.8 Aa 23.3+£12.0 Ab 33+33 Ab
IS 1044 30.0+15.3 Ba 0 Bb 0 Bb

! 5.7 weeks old plants.
Means of 3 replicates of 10 larvae each released on the outermost leaf ot the whorl of each plant.
Means in each column followed by a different capital letter, and means in each row followed by a dif-
ferent small letter, are significantly different at P=0.05 (ANOVA/DMRT on arcsine transformation).

than of those that moved to IS 1044 (Table 1). However, a total of 63.1% of the
larvae was recovered on both cultivars but 36.9% was lost. On the other hand, when
the larvae were released on IS 1044 grown between two rows of the susceptible IS
18363, only 19.8% remained on the resistant plants whereas 25.3% emigrated to the
susceptible plants, the difference being not significant (Table 1), but the total re-
covery was only about 45%. These observations show that even if susceptible plants
are near resistant ones, larvae dispersing from the latter cannot all reach the sus-
ceptible plants.

Larval feeding in the Ist instar. The 1st instar larvae that settled within a leaf
whorl would feed (Fig. 1, step 7) on the leaves and make lesions. The area of these
lesions, serving as an index of feeding, was almost equally high for IS 18363 and IS
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Fig. 4  Consumption of leaves of three sorghum cultivars (3-5 weeks old) by 1st instar Chilo partellus
larvae. The columns bearing different letters on top differ significantly at P=0.05
(ANOVA/DMRT after log(x+1) transformation).
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Table 3 Consumption (in cu mm/larva/72 h) of stem tissues of three sorghum cultivars' by 4th instar
larvae of Chilo partellus

Cultivar Mean (£s.e.) for each stem segment” Mean (+s.e.) for all
segments
Basal Middle Top
IS 18520 185.7+28.1a" 219.2+349 b 1722529 b 192.4x221 b
IS 18363 2381+208 a 373.7£521 a 327.8+659 a 313.2+315a
IS 1044 80.4+26.4 b 101.3+13.2 ¢ 132.9+34.7 b 104.9+15.2 ¢

1'5-7 weeks old plants.
% Means of 5 larvae, each fed on a segment separately.
Means of 15 larvae, each fed on a stem segment separately.

Means in each column followed by different letter are significantly different at P=0.05
(ANOVA/DMRT on log transformed data).

18520 but about 25% less for IS 1044 (Fig. 4). Reduced feeding on IS 1044 would
also contribute to its resistance.

Larval arrest and attraction in 4th instar. When the larvae feeding within a leaf
whorl develop to late 3rd or early 4th instar, they move out of that feeding site and
may move out of that plant, or bore into its stem for further feeding (Fig. 1, steps
9-11). The percentage of the 4th instar larvae that bored into the stem of the same
plant was quite high for IS 18363 and IS 18520 but quite low, about 50% less, for
the resistant IS 1044 (Fig. 5).

However, the percentage of larvae arriving on single plants was quite low, reflect-
ing a lower attractancy of the cultivars for the 4th instar (Fig. 5) than the 1st (Fig.
3). Nevertheless, the attraction of the resistant IS 1044 was even lower than that of
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Fig. 5  Arrest and attraction of 4th instar larvae of C. partellus by three sorghum cultivars (5-7 weeks
old). The columns bearing different letters on top for test series differ significantly from one
another at P=0.05 (ANOVA/DMRT after arcsine transformation).
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the other cultivar (Fig. 5). This would affect their infestation by dispersing 4th instar
larvae.

Of the larvae that were arrested on a plant, the majority bored into the basal
region of the stem (Fig. 1, step 13 and Table 2). Even here, the percentage of larvae
boring into IS 1044 stem was significantly less than in the other cultivars, thereby
further reducing infestation on the resistant cultivar.

Larval feeding on stem in 4th instar. The consumption of stem tissues by the 4th
instar larvae also differed among basal, middle and top segments (Table 3). On the
whole, the consumption of IS 18363 was higher than that of IS 18520, and that of
IS 1044 lowest (about one-third of that for IS 18363) which would further reduce
the colonization level on that cultivar.

Relative contribution of different behavioural responses to resistance or susceptibility
of sorghum cultivars. Our observations show, therefore, that certain responses of C.
partellus to a sorghum cultivar may be higher in one cultivar than in another. Low
responses will tend to reduce, and high responses to raise, the level of colonization
of a particular cultivar. The differences in the colonization of various sorghum
cultivars, and hence their susceptibility or resistance to the stem borer, are deter-
mined by the relative contributions of all the responses of the insect. Such relative
contributions can be considered on the basis of a series of ratios between the response
to a cultivar and the response to a standard reference (or check) cultivar. IS 18520

is used here as the check since it is tolerant to the borer and is grown widely in the
study area, where it is known as ’Serena’.
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Fig. 6 Ratios between the responses of C. partellus to the susceptible (S) or resistant (R) cultivar and
those to the tolerant (T) check cultivar IS 18520.
ARR: larval arrest; ATT1: larval attraction to single plants; ATTS: larval attraction to grouped
plants in 5-row plots; FD: larval feeding on leaves by 1st instar and on stem by 4th instar; OVI:
oviposition. Dotted line shows the level of response to the tolerant check cultivar.
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The ratios representing relative levels of different responses of the stem borer are
shown Fig. 6 and can be categorised into 5 grades: < 0.4 (very low), 0.4-0.8 (low),
0.8-1.2 (medium), 1.2-1.6 (high), >1.6 (very high). The values of the ratios for the
check IS 18520 are set at 1.0 (medium grade). For IS 18363, 3 responses are in the
medium grade (Fig. 6) i.e. 1st instar larval arrest, feeding and 4th instar arrest. The
remaining responses are in the high grade and thus contribute to its greater suscep-
tibility to C. partellus than the check.

On the other hand, all the responses of the stem borer to IS 1044, except 1st instar
attraction to single plants, are low. Two of these, i.e. oviposition and 4th instar arrest,
are reduced to almost one-half of the check and will contribute most to its resistance.

The remaining responses are reduced by about one-third compared to the check and
will contribute rather less to the resistance of this cultivar.
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VOLATILE VERSUS NON-VOLATILE
ALLELOCHEMICALS IN BEAN PLANT-INSECT
INTERACTIONS
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ABSTRACT

Both volatile and non-volatile chemicals contribute to the parameters which determine plant-insect inter-
actions. However, the relative roles of such compounds in determining the botanical range of an insect’s
hosts have received limited study. Our investigations of some food legumes in these regards have shown
that the first line of chemical defense for the highly insect-resistant PI 227687 soybean involves volatiles,
and especially two repellents, 3-tetradecene and 1-dodecene. These volatiles make PI 227687 highly
resistant to both the extremely polyphagous cabbage looper (CL) as well as the oligophagous Mexican
bean beetle (MBB). Relatively non-volatile phenylpropanoid metabolites, and especially flavonoid anti-
feedants and antibiotics, in this PI constitute a secondary level of chemical defense. A less insect-resistant
soybean, commercial cultivar "Davis", proved atiractive to both insects but retained a phenylpropanoid-
based chemical defense which is lethal to oligophagous MBB larvae. A highly preferred host, lima bean,
was neither attractive nor repulsive to either insect, CL. or MBB. Thus, distinct defense chemistries are
involved in making a legume resistant to a polyphagous versus an oligophagous insect.

Key words: phytochemicals, Glycine max, Phaseolus lunatus, Trichoplusia ni, Epilachna varivestis, insect
behavior, attractant, repellent, tetradecene, dodecene, plant rejection, acceptance.

INTRODUCTION

The relative roles of volatile versus non-volatile chemicals in plant-insect interac-
tions have remained unclear. However, some insects are known to distinguish among
host and non-host plants based primarily on chemicals perceived at a distance from
the source (Gilbert et al., 1967; Feeny et al., 1970, Kamm and Buttery, 1983; Khan
et al., 1987; Liu et al., 1988, 1989). Others apparently chemically recognize a plant
only after arrival on it (Kennedy, 1977). The relative importance of chemical repel-
lents, deterrents and inhibitors versus attractants, arrestants and feeding excitants in
plant-insect interactions also is not clear, though Jermy (1966) and Gilbert and
Norris (1968) placed emphasis on deterrents and repellents.

The roles of volatiles versus non-volatiles in specifically influencing the botanical
host range of given insects have received little study. Results of such investigations
in some food legumes regarding the oligophagous Mexican bean beetle (Epilachna
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varivestis Mulsant) and the polyphagous cabbage looper, Trichoplusia ni (Hiibner),
are presented in this paper.

EXPERIMENTAL ASPECTS

Plants. The test soybeans (Glycine max (L.) Merr.) were plant introduction (PI)
227687, reported as relatively resistant to the extremely polyphagous cabbage looper
(CL) (T. ni) (Luedders and Dickerson, 1977; Khan et al., 1986a, 1986b) and the
oligophagous Mexican bean beetle (MBB) (E. varivestis) (Van Duyn et al., 1971;
Chiang et al., 1986; Rufener II et al., 1986); and "Davis", a commercial cultivar shown
to be more susceptible than PI 227687 to CL (Khan et al., 1986a, 1986b) and MBB
(Chiang et al., 1986) feeding. The lima bean (Phaseolus limensis Macfady) variety
was "Henderson", one of the more preferred hosts of CL (Shorey et al., 1962) and
MBB (Flander, 1984). The highly uniform growing conditions for the plants in the
University of Wisconsin-Madison Biotron and in the U.W.-Mad. greenhouses were
detailed by Chiang et al. (1986, 1987) and Liu et al. (1988, 1989).

Trapping of volatiles. Fully expanded trifoliolate leaves (100 g) from soybean or
lima bean (fresh or frozen) were placed in a modified 1000 ml erlenmeyer-flask
chamber with ground-glass openings-fittings. A Tenax trap consisting of a Pyrex tube
packed with 0.17 g Tenax-GC as a 0.5 cm diam. by 9 cm long column was used to
collect the volatiles as they were sucked through the column in previously cleaned
and dried air. Further details of such collections are given by Liu et al. (1988, 1989).

Extraction and fractionation of plant non-volatiles. Individual leaves that had been
stored in methanol at -20°C in darkness were homogenized for 3 min in 50 ml of
100% methanol using an Omni-mixer. The resultant homogenate was filtered
through Whatman No. 1 filter paper. The total filtrate per sample was rotaevaporated
to dryness in a 50 ml pear-shaped flask in a 50°C water bath. Extractables were
redissolved in 50 ml of a mixture of double-distilled (dd) water, ethyl acetate and
ethanol (25:30:5); and then partitioned four times in an excess of ethyl acetate, dd
water and ethanol (50:1:5) in a separatory funnel. Combined ethyl acetate fractions
per sample were rotaevaporated to dryness. Such dried extractables were redissolved
in 10 ml ethyl acetate. This was dried under a nitrogen stream in a preweighed
sealable vial, sealed and stored at -20°C in a desiccator until used for HPLC. For
other details see Neupane and Norris (1990).

Bioassays of plant volatiles. Behavioral responses of CL and MBB female adults
to plant volatiles were studied in an open-ended horizontal glass-tube arena (Liu et
al., 1988, 1989). Each open end was covered uniformly with either a treated or control
filter-paper disk. The assay tube was divided into quadrants. Each arena had a
centered side wall opening for introduction of the assay insect. A single female adult
was thus placed in the center of the assay arena. With a stopwatch, insect orientation
and movement were recorded in seconds, according to quadrant.

Bioassay of plant non-volatiles. To assay chemicals in intact leaves, disks (12 mm
diam.) were cut from each test leaf with a No. 6 cork borer. Two leaf disks, one from
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Table 1 Responses of CL and MBB female adults to volatiles from soybean and Lima bean leavesa

CL°

Treatment? c side t side t-¢®
I PI 227687 723 2797 -44.6
IL Davis 212 78.8 +57.6
IIL Henderson 51.3 48.7 -2.6 NS
Iv. Solvent control 50.8 49.2 -1.6 NS
V. Filter-paper control 51.8 48.2 -3.6 NS

MBB’

Treatment® ¢ side t side t-c°
L. PI 227687 60.9 39.1 218
IL Davis 39.7 603 +20.6"
111 Henderson 494 50.6 +1.2 NS
Iv. Solvent control 489 511 +2.2 NS
V. Filter-paper control 52.5 475 -5.0 NS

®Data are the mean times, as percentages, that insects spent in each half (side) (i.e., ¢ = control and
t = treated) of the assay arena.

reatments consisted of 40 ul of hexane extractables of plant volatiles obtained by Tenax trapping
plus 50 u1 of white oil (I-III), solvent control was 40 ul of hexane plus 50 u1 of white oil (IV), and V
was only filter paper.
“In each replication one female adult T. ni was assayed for 300 s (5 min).
In each replication one female E. varivestis was assayed for 1800 s (30 min).
“Differences between means followed by a single asterisk are significantly different at P = 0.05 level (t-
test); double asterisks, P = 0.01 level; NS, not significant.

a candidate non-host plant and the other from the host control (lima bean), were
each secured with a 2.5 cm insect pin opposite one another, 2 mm apart, in the center
of a petri-dish arena. Each petri dish (9 cm diam.) contained a 3 mm bed of paraffin
covered by a clean piece of Whatman No. 1 filter paper. One third-instar CL larva
(previously starved for 2 h) was placed into the prepared petri-dish arena and allowed
to make a free choice in feeding at 27+2°C and 65+10% RH. Each assay was run
6-8 h. See Chiang et al. (1986) for modifications of this assay for adult or larval MBB
feeding tests.

To assay extracted non-volatiles or pure compounds, such chemicals were applied
to disks (see above) cut from leaves of the preferred host "Henderson" lima bean
grown in the greenhouse at 27+5°C under natural light. The abaxial surface of one
of each pair of leaf disks was treated with 20 ul of the given extractables or pure
chemical; and the other, with just 20 ml of solvent as a control. Other aspects of the
bioassays were given above.

The area eaten (cmz) in a leaf disk by the insect was measured using an automatic
area meter (Model LI-3100, LI-COR, Lincoln, NE., U.S.A.)

Purification and identification of plant volatiles. Qualitative and quantitative ana-
lyses of the Tenax-GC trapped plant volatiles were conducted by HPLC using an
Ultrasphere (25 cm long, 4.6 mm diam.) column of 5 um diam. silica particles and
a variable-wavelength UV spectrophotometric detector. Analyses were also per-
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Fig. 1 Behavioral effects of different dosages of commercially obtained (a) tetradecene (0.05%) or (b)
dodecene (0.015%) on cabbage looper adult females. All dosages of both compounds, except 20
ul dodecene, gave differences significant at P<0.05 or better (t-test).
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formed using capillary GLC alone, and capillary GLC-MS. See Liu et al. (1988, 1989)
for further analytical details.

Purification and identification of plant non-volatiles. Qualitative analyses of plant
non-volatiles were especially accomplished using TLC on silica plates. Details of
procedures are given by Khan et al. (1986a) and Sharma and Norris (1990). Quali-
tative and quantitative determinations were made by HPLC (Sharma and Norris,
1990; Neupane and Norris, 1990). Chemical structures were established based espe-
cially on capillary GLC-MS (Sharma and Norris, 1990).

RESULTS

Plant volatiles. Hexane extractables eluted from Tenac-GC trappings from the
highly insect-resistant PI 227687 soybean were significantly (P<0.05 or 0.01) (Table
1) repellent to both gravid 7. ni adult females and sexually mature E. varivestis adult
females. Such volatiles from the less insect-resistant commercial soybean cultivar
"Davis" were highly (P<0.01) attractive to both CL and MBB adults (Table 1). Such
odors from the highly preferred host "Henderson" lima bean were "behaviorally
neutral" to both adult female insects (Table 1).

The major components which make PI 227687 volatiles repellent to CL and MBB
are 3-tetradecene and 1-dodecene (Fig. 1). The attractive "Davis" volatiles lack the
two repellents found in PI 227687, and have 4-hexen-1-o0l acetate, 2,2-dimethylhex-
anal and 2-hexenal as major components. The "behaviorally neutral” "Henderson”
lima bean volatiles proved more complex both qualitatively and quantitatively than
those of either soybean (Liu et al., 1989).

Plant non-volatiles. The identified flavonoids, daidzein, coumestrol and glyceollins;
and one purified but yet unidentified flavonoid (TLC Rf 0.19); Sharma and Norris,
1990) are among the antifeedants and antibiotics in soybean plants against T. ni
larvae (Khan et al., 1986a; Sharma and Norris, 1990). Extractables which include
such flavonoids are also antifeedants and antibiotics to E. varivestis larvae. The
amounts of such flavonoids in soybean plants are alterable by certain environmental
stresses (e.g., insect herbivory or some classical sulfhydryl reagents; Neupane and
Norris, 1990).

DISCUSSION

Presented results reveal parameters within a plant species, G. max, for chemically
distinguishing an evolved resistance to an extremely polyphagous insect, T. ni, from
such to an oligophagous one, E. varivestis. Human creation of the genome which
yields the commercial soybean cultivar "Davis" clearly indicates that the genetic
regulation of volatile-based chemical resistance to insects in G. max is separate from
that of relatively non-volatile-based (e.g., flavonoid-based) chemical resistance to
insects in this plant species. This separateness allowed plant breeders to make,
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apparently unknowingly, "Davis" attractive to adult female E. varivestis, but deadly
to feeding larvae of this species. This plant "death trap” for an economically import-
ant insect species reveals some of the potential for bioengineering plant resistance
based on phytochemistry.

ACKNOWLEDGEMENTS

This research was supported by the College of Agricultural and Life Sciences,
University of Wisconsin, Madison: and in part by funds from U.S. Hatch Project No.
3040 and CRGO/USDA Research Grant No. 88-37153-4043.

REFERENCES

Chiang, H. S., D. M. Norris, A. Ciepiela, A. Oosterwyk, P. Shapiro and M. Jackson
(1986): Comparative constitutive resistance in soybean lines to Mexican bean
beetle. Entomol. exp. appl. 42, 19-26.

Chiang, H. S., D. M. Norris, A. Ciepiela, A. Oosterwyk, P. Shapiro and M. Jackson
(1987): Inducible versus constitutive PI 227687 soybean resistance to Mexican
bean beetle, Epilachna varivestis. J. Chem. Ecol. 13, 741-749.

Feeny, P., K. L. Paauwe and N. J. Demong (1970): Flea beetles and mustard oils:
Host plant specificity of Phyllotreta cruciferae and P. striola adults (Coleoptera:
Chrysomelidae). Ann. Entomol. Soc. Amer. 63, 832-841.

Flander, R. V. (1984): Comparisons of bean varieties currently being used to culture
the Mexican bean beetle (Coleoptera: Coccinellidae). Environ. Entomol. 13, 995-
999.

Gilbert, B. L., J. E. Baker and D. M. Norris (1967): Juglone (5-hydroxy-1,4-naph-
thoquinone) from Carya ovata, a deterrent to feeding by Scolytus multistriatus. J.
Insect Physiol. 13, 1453-1459.

Gilbert, B. L. and D. M. Norris (1968): A chemical basis for bark beetle (Scolytus)
distinction between host and non-host trees. J. Insect Physiol. 14, 1063-1068.

Jermy, T. (1966): Feeding inhibitors and food preference in chewing phytophagous
insects. Entomol. exp. appl. 9, 1-12.

Kamm, J. A. and R. G. Buttery (1983): Response of the alfalfa seed chalcid, Brucho-
phagus roddi, to alfalfa volatiles. Entomol. exp. appl. 33, 129-134.

Kennedy, J. S. (1977): Olfactory responses to distant plants and other odor sources.
In: H. H. Shorey and J. J. McKelvey (eds), Chemical Control of Insect Behavior,
Theory and Application. John Wiley and Sons, Inc., New York.

Khan, Z. R., D. M. Norris, H. S. Chiang, N. E Weiss, and A. S. Oosterwyk (1986a):
Light-induced susceptibility in soybean to cabbage looper, Trichoplusia ni (Lepi-
doptera: Noctuidae). Environ. Entomol. 15, 803-808.

Khan, Z. R., J. T. Ward and D. M. Norris (1986b): Role of trichomes in soybean
resistance to cabbage looper, Trichoplusia ni. Entomol. exp. appl. 42, 107-117.

150



Khan, Z. R., A. Ciepiela and D. M. Norris (1987): Behavioral and physiological
responses of cabbage looper, Trichoplusia ni (Hiibner), to steam distillates from
resistant versus susceptible soybean plants. J. Chem. Ecol. 13, 1903-1915.

Liu, S.-H., D. M. Norris and E. Marti (1988): Behavioral responses of female adult
Trichoplusia ni to volatiles from soybeans versus a preferred host, lima bean.
Entomol. exp. appl. 49, 99-109.

Liu, S.-H., D. M. Norris and P. Lyne (1989): Volatiles from the foliage of soybean,
Glycine max, and lima bean, Phaseolus lunatus: Their behavioral effects on the
insects Trichoplusia ni and Epilachna varivestis. J. Agr. Food Chem. 37, 496-501.

Luedders, V. D. and W. A. Dickerson (1977): Resistance of selected soybean geno-
types and segregation populations to cabbage looper feeding. Crop Sci. 17, 395-
397.

Neupane, F. P. and D. M. Norris (1990): Iodoacetic acid alteration of soybean
resistance to the cabbage looper (Lepidoptera: Noctuidae). Environ. Entomol. (in
press).

Rufener I1, G. K., R. B. Hammond, R. L. Cooper and S. K. St. Martin (1986): Mexican
bean beetle (Coleoptera: Coccinellidac) development on resistant and susceptible
soybean lines in the laboratory and relationship to field selection. J. Econ. Ento-
mol. 79, 1354-1358.

Sharma, H. C. and D. M. Norris (1990): Antifeedant and antibiotic effects of flavo-
noids in insect-resistant PI 227687 soybean to cabbage looper, Trichoplusia ni. J.
Chem. Ecol. (in press).

Shorey, H. H,, L. A. Andres and R. L. Hale, Jr. (1962): The biology of Trichoplusia
ni (Lepidoptera: Noctuidae). I. Life history and behavior. Ann. Entomol. Soc.
Amer. 55, 591-597.

Van Duyn, J. W., S. G. Turnipseed and J. D. Maxwell (1971): Resistance in soybeans
to the Mexican bean beetle. 1. Sources of resistance. Crop Sci. 11, 572-573.

151






Symp. Biol. Hung. 39, 1990

OLFACTORY RECOGNITION OF PLANTS BY INSECT
PESTS: DROSOPHILA AS A MODEL SYSTEM

J. Carlson and C. Woodard

Department of Biology
Yale University
New Haven, CT 06511, USA

ABSTRACT

Drosophila melanogaster is considered as a model system for study of insect olfaction. As an illustration
of its potential value in investigating olfactory function, a simple method of isolating mutants defective in
olfactory behavior is described, and a description of one particular mutant, ozal, is presented. This mutant
is defective not only in olfactory response but also in the electrophysiology of its visual sysiem. Genetic
analysis indicates that the two abnormalities are likely to be caused by the same mutation. This relationship

between olfactory and visual response suggests a powerful approach to further investigation of olfaction
in this insect.

Key words: Drosophila melanogaster, genetics, olfactory mutants.

INTRODUCTION

An understanding of the mechanisms by which insects recognize their plant hosts
may be useful in designing new means in pest control. Olfaction is known to be
central to the process of host recognition for many insects, yet little is known about
the molecular mechanisms underlying olfactory function. A detailed understanding
of the means by which plant compounds stimulate signals in the insect olfactory
system and the means by which these signals are processed to generate behavioral
responses might suggest improved methods for controlling harmful insects.

DROSOPHILA AS A MODEL SYSTEM FOR STUDY OF OLFACTION

Drosophila is a significant pest for a variety of crops (Fitz-Earle and Holm, 1983),
primarily in that it acts as a vector for undesirable microorganisms. It exhibits a
strong olfactory response to a variety of volatile chemicals at both the larval and
adult stages (Siddiqi, 1987; Monte et al., 1989), and it exhibits associative learning
when presented with olfactory and other stimuli (Quinn et al., 1974). The anatomy
of its olfactory sytem has been characterised in some detail (e.g. Venkatesh and
Singh, 1984; Stocker et al., 1983), and physiological responses can be characterized
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either by electroantennogram or by single unit recording (Venard and Pichon, 1981;
Siddiqi, 1984).

Perhaps the greatest advantage of Drosophila as a model system for study of insect
olfactory function, however, is the feasibility of performing genetic and molecular
analysis. The small size, short life cycle, and ease of culturing Drosophila melanogaster
have made it a favored organism for genetic analysis, and over the past 75 years an
enormous number of mutant strains have been isolated and constructed (Lindsley
and Grell, 1968). These include not only mutants displaying visible defects in external
morphology, but aiso mutants exhibiting a wide variety of behavioral and physiologi-
cal defects (Hall, 1982).

The richness of Drosophila genetics, along with its small genome size and its easily
visible polytene chromosomes, have made Drosophila a convenient organism to study
at the molecular level. Techniques now exist to allow cloning of essentially any gene
which can be identified by mutation (Pirrotta, 1986). The large number of genes
which have been cloned and characterized at the molecular level now includes genes
encoding receptors, components of second messenger pathways, and ion channels.

The power of Drosophila genetics and molecular biology in analysing sensory
svstem function has already been amply demonstrated by the case of the visual system.
Benzer (1967) designed an elegant test of visual behavior and used it to isolate a set
of mutants defective in visual function. Among a variety of mutants isolated in this
and other assays of visual behavior, a number have been found to be defective in
visual physiology, and several of these genes defined by these mutations have been

Fig. 1  The trap assay. Ten flies are placed in the Petri dish along with a trap containing an olfactory
attractant. The trap is constructed from a microfuge tube and two micropipette tips. The number
of flies in the trap in counted as a function of time. (From Woodard et al., in press).
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molecularly cloned. An example of such mutant is norpA, which is behaviorally blind
and which fails to undergo normal retinal depolarization (Pak, 1979). The convenient
genetic and molecular technology available for investigation of Drosophila allowed
the cloning of the norpA gene (Bloomquist et al., 1988). Nucleotide sequence analysis
showed it to be homologous to phospholipase C, thereby providing strong evidence
that phototransduction operates by means of the IP3 second messenger system, of
which phospholipase C is a key component (Bloomquist et al., 1988; see also Yoshio-
ka, 1985).

The success of using behavioral genetics in analysing the Drosophila visual system
has encouraged others to use it for investigation of the olfactory system. Among the
earliest advances in this direction were those of Rodrigues and Siddiqi (1978), who
isolated a number of olfactory mutants using a Y-maze assay. This assay, while
attractive in a number of important ways, also suffers some practical and theoretical
difficulties as a means of isolating mutants of Drosophila defective in olfactory at-
traction response. We have therefore developed another assay, an olfactory trap
assay, designed to be convenient for genetic analysis (Woodard et al., in press).

A SIMPLE MEASURE OF OLFACTORY RESPONSE

The olfactory trap assay is compact and simple. It consists of a Petri dish, a
microfuge tube, and two plastic disposable micropipette tips (Fig. 1). An olfactory
attractant, such as Drosophila culture medium or a pure chemical such as ethyl
acetate, is placed in the microfuge tube. The end of the microfuge tube is then cut
off, and a truncated pipette tip is placed with its small end inside the tube. A second
truncated pipette is placed over the first, with the small end pointed in the opposite
direction. This trap is then placed inside an agarose Petri dish along with 10 flies.
In order to reach the attractant, the flies must crawl through the pipette tips. The
pipette tip with the small end outside makes it difficult for the flies to enter the trap;
the pipette tip with the small end inside makes it difficult for the flies, once entered
to exit. Response is scored by counting the number of flies in the trap as function
of time. The number of trapped flies is a good measure of the entry rate, since the
exit rate is very low.

A series of experiments indicated that the response is in fact driven by olfaction
(Woodard et al, in press). First, if no olfactory stimulus is placed in the traps,
response is very low. (The dimensions and geometry of the trap were designed in
part to make it unlikely that flies would enter the trap at random, in the absence of
olfactory input; perhaps because of the difficulty of the task, flies do not respond
quickly, and the assay is usually carried out over a period of approximately 60h.)
Second, flies give similar response in light and in the dark, indicating that the
response does not depend on visual input. Finally, following surgical removal of the
third antennal segments, which are the primary olfactory organs of the fly (Barrows,
1907; Venard and Pichon, 1981), flies fail to respond.
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A MUTANT DEFECTIVE IN OLFACTORY RESPONSE

A screen for mutants defective in response to the attractant ethyl acetate yielded
a set of six mutants, called the oza mutants (ota = olfactory trap abnormal). Among
these is the mutant oral, which is X-linked and which was induced by the chemical
mutagen ethyl methane sulphonate (Fig. 2a). A priori, all that is known about ofa
mutants such as oral is that they fail to respond in the trap assay — they could be
defective at the sensory level, or other levels. One means of characterizing such
mutants further is physiological analysis.

A detailed analysis of antennal physiology of oral mutants is currently in progress;
an analysis of visual system physiology has been completed and shows a clear defect
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Fig. 2 (A) Trap assay responses of ozal and Canton-S control. n=20 groups of 10 tested flies for oral;
n=77 groups for control. Values indicate the mean (+SEM) number entering the trap after 60h
in response to 0.5% ethyl acetate. (B) Response of y cv otal flies (n=10), their sibling y cv oral
flies carrying Dp(1;f)LJ9 (n=10), and control y flies (n=10). The cv marker does not affect
response.
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(Fig. 3a,b). otal exhibited defective retinal depolarization in all of 30 individuals
examined. The characteristic "on" and "off" transients, which arise in wild-type from
post-synaptic activity in the lamina (Goldsmith and Bernard, 1974; Coombe, 1986),
are also absent in otal. Thus otal is defective in the physiology of at least one sensory
system. To asses the specificity of the otal physiological defect, a test of a giant fiber
system physiology (Wyman et al., 1984) was also conducted. This test, which requires
normal function of at least four defined types of neurons, normal transmission at
five synapses, and normal electrical response of two muscle types, revealed no ab-

Fig 3  Electroretinogram (ERG) recording of: (A) wild-type. Note sustained receptor potential and
"on" and "off" transients; (B) otal, marked with y and cv; (C) y cv otal carrying Dp(I;f)LJ9. An
artifact of the triggering system has been partially removed from the photographs.
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normality in otal. These results argue that otal does not contain a very general

neural or motor defect; rather, they argue that the mutant contains a more specific
defect.

GENETIC ANALYSIS OF THE otal MUTANT

The otal mutant thus displays a defect in olfactory behavior as well as a defect in
visual system physiology. Are these two effects a consequence of a single mutation,
or has otal coincidentally acquired two independent abnormalities? Genetic map-
pings allows localization of the mutation causing each effect; if the two effects can
be mapped to the same chromosomal position, then they are likely to be caused by
the same mutation.

Genetic mapping by recombination analysis allowed the visual defect to be lo-
calized approximately to position 43 on the meiotic recombination map of the X
chromosome (Fig. 4). This position is within region 12 of the cytogenetic map of the
X chromosome, a map based on the pattern of bands seen in the giant polytene
chromosomes of the larval salivary gland. Dp(1;f)LJ9, a small segment of the normal,
wild-type X chromosome extending from a position within region 12(12A6-10) on
one end to a position within the adjacent region 13(13A2-5) on the other hand, was
crossed into the oral stock, and otal males containing this small segment were found
to have normal visual physiology (Fig. 3). Not only does Dp(1;f)LJ9 restore normal
visual physiology, but, as shown in a separate experiment, it also restores normal
olfactory behavior (Fig. 2b). We conclude that the mutations responsible for both
effects are contained within the corresponding segment of the otal X chromosome.
Since this segment is small, it is unlikely to contain two independent mutations; it
is much more likely that both effects are due to a single mutation.
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Fig 4 Recombinational map (top line) and cytogenetic map of the X chromosome showing approximate
location of otal and Dp(1;)LJ9.
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CONCLUSIONS

The genetic analysis described above provides strong evidence that the otal gene
is required for both visual and olfactory response. The finding of commonality bet-
ween the two systems offers considerable promise for the dissection of the olfactory
pathway, in light of the large accumulation of information concerning the Drosophila
visual system. For example, testing of defined visual system mutants in olfactory
assays may implicate well-defined genes in olfactory function. Since many of these
genes have been characterized not only genetically, but also have been cloned and
characterized at the molecular level, their implication in olfactory function might
readily provide a great deal of information about olfaction.
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ABSTRACT

Three current hypotheses to account for ecological patterns of chemical resistance in plants are outlined
and some of the relevant background research is reviewed briefly. Recent models that incorporate the
apparency and resource availability hypotheses as axes of a habitat templet have considerable value in
predicting overall patterns of defense allocation between habitats. One drawback to such models, however,
is the difficulty of incorporating components of apparency that are unrelated to the habitat variables. A
possible route towards the formulation of a more general model might be to consider the impact of habitat
quality on resistance in terms of its effects on tissue value and apparency.

Key words: Apparency, tissue value, resistance, defense, habitat quality, habitat templet, qualitative resist-
ance, quantitative resistance, mutualism, tannins, life history, resource availability.

INTRODUCTION

A plant trait may be said to confer resistance to a pathogen or herbivorous animal
if its presence reduces damage to the plant by deterring attack or by impairing the
growth, survival or reproduction of the attacker. Resistance may be "constitutive",
based on the presence of resistance traits prior to attack, or "induced" as a result of
interaction between a plant and its attackers (Levin, 1971).

The different forms of plant resistance have been reviewed extensively (eg. Levin,
1976; Chapman and Bernays, 1977; Hedin, 1983; Rosenthal and Janzen, 1979; Max-
well and Jennings, 1980). They can be grouped into three categories, namely physical
resistance, nutrient deficiency and chemical resistance, each representing a major
hurdle faced by insects in their colonization of plants (Southwood, 1972). To these
kinds of resistance should be added the association of plants with natural enemies
of the organisms that attack them — the "third trophic level” (Price et al., 1980).
These predators, parasites and pathogens play a major role in limiting populations
of herbivores, especially of invertebrates, and hence in reducing plant damage (Hair-
ston et al.,, 1960). Their presence may be an essential complement to forms of
resistance that reduce herbivore growth rates (Moran and Hamilton, 1980; Damman,
1987). Many plants produce extrafloral nectaries and other traits that enhance the
effectiveness of natural enemies (Janzen, 1966; Bentley, 1977) and association with
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such enemies appears, in some cases, to have replaced former chemical resistance
(Rehr et al., 1973).

Thirty years after Fraenkel (1959) gave new emphasis to the hypothesis that plant
secondary compounds evolved as a means of protection through "reciprocal adaptive
evolution" between plants and their enemies, the hypothesis remains controversial
(eg. Jermy, 1984, 1988; Bernays, 1987; Bernays and Graham, 1988). While some
resistance traits, such as thorns and spines and the traits associated with ant mutual-
ists (Janzen, 1966), clearly serve a primarily defensive function in plants, the role of
predation pressure in the evolution of chemical resistance can usually be discerned
with much less confidence.

Secondary compounds serve many functions in plants (eg. Seigler and Price, 1976;
McKey, 1979) and the resistance they confer may sometimes be incidental to these
other functions (Bernays and Graham, 1988). Nevertheless there is much circum-
stantial evidence to support Fraenkel’s coevolutionary interpretation of phytochemi-
cal diversity (eg. Ehrlich and Raven, 1964; Janzen, 1973; Feeny, 1977, 1990;
Rosenthal and Janzen, 1979; Berenbaum, 1983a; Futuyma, 1976, 1983).

Rather than discussing further the roles of predation in the origins and diversifi-
cation of secondary compounds, this paper rewievs briefly some hypotheses concern-
ing patterns of ecological convergence in the functional categories and amounts of
chemical resistance in plants.

QUALITATIVE AND QUANTITATIVE RESISTANCE

Chemical defenses can be broadly grouped into two ecological categories, "quali-
tative" and "quantitative", on the basis of their modes of action and their vulnerability
to biochemical counteradaptation by herbivores (Feeny, 1975). The distinctions bet-
ween these categories will be illustrated with examples and some historical back-
ground.

Blau et al. (1978) demonstrated unambiguously that plant leaves contain particu-
lar compounds that are toxic when ingested by insect herbivores that share the same
habitat. They showed that allylglucosinolate (sinigrin) from cruciferous plants was
lethal at or below natural concentrations to larvae of the black swallowtail butterfly,
Papilio polyxenes, which normally feed on plants of the Umbelliferae. The compound
was not toxic, even at elevated doses, to larvae of the butterfly Pieris rapae (Blau et
al,, 1978), an adapted specialist whose feeding and growth on typical cruciferous food
plants is affected primarily by plant nitrogen content rather than by glucosinolates
(Slansky and Feeny, 1977). In parallel studies with compounds from umbelliferous
plants, Berenbaum (1978, 1981a) showed that xanthotoxin, a linear furanocoumarin
was toxic to larvae of the southern armyworm, Spodoptera eridania, but innocuous
to the umbellifer-feeding larvae of P. polyxenes.

I described the resistance provided by compounds such as glucosinolates and
furanocoumarins as "qualitative”, since their effects can be overcome, probably at
trivial cost, by appropriate physiological or biochemical adaptation (Feeny, 1975).
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The effectiveness of such "toxins" (Rhoades and Cates, 1976) is assumed to depend
largely on their individual chemical uniqueness and on the idiosyncratic historical
constraints of ambient herbivores and pathogens that restrict any one species to
tolerating or perceiving as non-deterrent (cf. Bernays, 1987; Jermy, 1988) only a
fraction of the compounds in its environment. Being mostly small molecules, subject
to rapid biochemical turnover (cf. McKey, 1974, 1979), qualitative defense com-
pounds can often be translocated easily among plant tissues and have also been
described as "mobile" defenses (Coley et al. 1985).

The young foliage of oak leaves, Quercus robur, in England is often attacked heavily
by insects of many species, but the mature leaves typically receive little damage. |
found that caterpillars of the winter moth, Operophtera brumata, one of the spring
defoliators, were unable to grow normally or survive when fed late-spring oak leaves,
but growth on such leaves was comparable to that on early-spring leaves if the
powdered leaves were incorporated in a plain agar diet (Feeny, 1970). This suggested
that leaf toughness is an important component of the resistance of older oak leaves.
Low nitrogen content was considered to be another likely component of resistance
since mature oak leaves contain only half the concentration of nitrogen that is
present in young leaves (Feeny, 1970).

I also found that the growth of winter moth larvae on an artificial diet was reduced
when tannins, extracted from September oak leaves, were added to the diet (Feeny,
1968). Hydrolyzable tannins are present in oak leaves throughout the season while
condensed tannin, absent from the young leaves, becomes the major tannin in mature
foliage (Feeny and Bostock, 1968; Feeny, 1970). When casein or nettle-leaf protein
was exposed to the purified oak tannins at pH 5.0 (the pH of macerated oak leaves)
and the resulting complexes subjected to trypsin digestion at pH 9.2 (the pH of the
winter moth midgut), protein digestion was reduced substantially — the effect being
greater with condensed than with hydrolyzable tannin (Feeny, 1969). In view of these
results, and more general envidence of the ability of tannins to precipitate proteins
and inhibit enzymes (Pridham, 1963; Goldstein and Swain, 1965), I suggested that
interference with digestion was responsible for reduced growth by larvae on tannin
diets and that the declining availability of nitrogen to insects feeding on mature oak
leaves is further reduced by the increasing content of tannins (Feeny and Bostock,
1968; Feeny, 1969).

The poor food quality of mature tree leaves for the larvae of leaf-chewing insects
has been shown in other studies (reviewed by Scriber and Slansky, 1981; Raupp and
Denno, 1983; see also Coley, 1983; Damman, 1987) and seems to represent a fun-
damental ecological barrier to rapid growth (Scriber and Feeny, 1979). Food quality
is reduced in ways that are generalized and dose-dependent in their action, and that
cannot be overcome at trivial cost by specific counteradaptation. In addition to
toughness and low nitrogen or water content (cf. Scriber, 1977), components of such
"quantitative resistance" (Feeny, 1975) may include deficiencies of other nutrients
and the presence of intractable substances such as resins and silica (Scriber and
Slansky, 1981; McNaughton and Tarrants, 1983). Most of the world’s plant foliage
remains unavailable for use as human food because of its quantitative rather than
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qualitative resistance (Feeny, 1977). The secondary compounds contributing to quan-
titative resistance are usually not turned over or translocated easily and have thus
been described as "immobile" defenses (Coley et al., 1985).

I originally included tannins within the category of quantitative resistance because
it seemed that their antidigestive effects would be difficult for herbivores to overcome
(Feeny, 1975). However, all attempts to demonstrate interference by tannins with
food digestion by insects have so far failed (Fox and Macauley, 1977; Bernays, 1978,
1981; Reese et al., 1982; Berenbaum, 1983b; Martin and Martin, 1984). Tannins may
have deterrent effects (Bernays, 1981; Reese et al., 1982), and hydrolyzable tannins
can be toxic (Bernays, 1978; Berenbaum, 1983b). Many insects, however, are able to
tolerate tannins with no ill effects and hydrolyzable tannins, at least, may even act
as phagostimulants (Bernays, 1981). The potential antidigestive properties of tannins
appear to be avoided in several ways, including hydrolysis of hydrolyzable tannins in
the gut (Bernays and Chamberlain, 1980), maintainance of an alkaline gut pH (Feeny,
1969; Berenbaum, 1980), adsorption and retention of tannins by the peritrophic
membrane (Bernays and Chamberlain, 1980), and inhibition of protein-tannin inter-
action by surfactants in the gut (Martin and Martin, 1984).

It no longer seems likely that the reduced growth of winter moth larvae that I
observed on tannin diets (Feeny, 1968) resulted from antidigestive effects. Nor is it
probable that the tannins were acting as toxins, since histological examination revaled
no passage of tannins through the peritrophic membrane (Feeny, 1970). More likely,
the slow growth resulted from inhibition of feeding rate (cf. Reese et al., 1982), a
parameter that was unfortunately not measured in my study.

ECOLOGICAL PATTERNS OF PLANT DEFENSE

a) Tissue value hypothesis. Levels of toxins such as glucosinolates and furanocou-
marins are by no means uniform throughout the tissues of plants containing them.
The highest concentrations are often found in young leaves and in developing fruits
and seeds, while older foliage typically contains lower levels of the compounds (eg.
McKey, 1979; Berenbaum, 1981b). The drop in leaf concentrations is unlikely to be
a simple consequence of dilution during leaf expansion since many of these com-
pounds are known to be in a constant state of biochemical turnover (Seigler and
Price, 1976). A more reasonable hypothesis for intraspecific variation in toxin con-
centration was advanced by McKey (1974) in terms of resource allocation. Since the
compounds are believed to be expensive, in terms of energy and nutrients, the
amounts present in particular tissues should reflect the value of those tissues to the
plant. By "value" is meant the contribution made by those tissues to plant fitness or,
put another way, the reduction in plant fitness that would occur if the tissues were
lost. Other things being equal, a given biomass of young foliage would be expected
to have greater value than the same mass of older foliage that has lower potential
for future productivity and that is also relatively deficient in valuable nutrients.
Though the higher concentrations of toxins associated with the more valuable, pro-

166



tein-rich tissues may not be sufficient to prevent attack by adapted specalist insects,
they appear to be effective in warding off attack by generalists (eg. Berenbaum,
1981b).

Many factors affect the costs of secondary compounds and hence their patterns
of allocation (McKey, 1979). Plants are subject to a variety of physiological con-
straints that vary with the availability of resources and hence alter the relative costs
of different types of defense (Mooney et al., 1983; Bryant et al., 1983). A plant’s
carbon/nitrogen balance, in particular, influences the relative costs of carbon-based
and nitrogen-based defenses. Plants adapted to high light intensities in nutrient-poor
habitats, for example, are likely to have a relative surplus of carbon and hence to
deploy carbon-based defenses (Bryant et al., 1983). Unless constrained by other
factors, plants should maximize the benefits conferred by secondary compounds
relative to the costs of reclaiming or replacing them (McKey, 1979). Quantitative
resistance traits, for example, are typically immobile and cannot be reclaimed from
senescent leaves; they should therefore be allocated to long-lived tissues. By contrast,
one would expect plants to allocate easily reclaimable defenses to short-lived tissues
(McKey, 1979). It may be no coincidence that qualitative resistance generally consists
of such mobile compounds since mobility and avoidance of autotoxicity in the plant
may parallel in fundamental biochemical ways the vulnerability of such compounds
to physiological counteradaptation by herbivores (McKey, 1979).

b) Apparency hypothesis. To account for the different kinds and levels of defense
in crucifers and oak trees, I suggested that allocations to defense in plants might
reflect the extent to which the plants typically escape from herbivores (Feeny, 1975).
Crucifers and other herbaceous plants, being ephemeral in space and time, might be
relatively hard for adapted enemies to find and hence could be expected to survive
with low levels of qualitative defense — enough to ward off generalist feeders and
non-adapted insects. The size and persistence of oak trees, by contrast, would render
them easy for enemies to find; their foliage should therefore be defended by sub-
stantial quantitative resistance, effective against most potential enemies (Feeny,
1975). Qualitative resistance might not long survive the prolonged exposure to
possible counteradaptation (cf. Southwood, 1972).

Similar arguments for different allocations to defense in relation to successional
status were advanced by Cates and Orians (1975), who supported their hypothesis
with the results of feeding trials using generalist slugs. Meanwhile, McKey (1974)
suggested that a plant’s defense allocation should reflect not only the value of a
tissue but also its "vulnerability" — the probability that the tissue would be success-
fully attacked in the absence of chemical defense. He pointed out that the young
foliage of trees that flush their leaves synchronously may escape attack through
"phenological protection” and hence be able to survive with little chemical defense.
More elaborate hypotheses relating chemical defense to plant "apparency” or "pre-
dictability and availability" were advanced simultaneously by Feeny (1976, 1983) and
Rhoades and Cates (1976), respectively (cf. Fig. 1).

Fundamental to the apparency hypothesis is the trade-off between resistance and
escape that is reflected in the life histories of all organisms. Escape may take various
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forms, including escape in space, escape in time, escape in numbers, mimicry and
crypsis.

A significant practical problem with the apparency hypothesis is the difficulty of
measuring apparency. This may require a more sophisticated understanding of the
behavior of foraging herbivores than can readily be gained.

¢) Resource availability hypothesis. The apparency hypothesis was tested by Coley
(1983, 1987) in light gaps within a lowland rain forest in Panama. Saplings of the
many different tree species populating such light gaps could be divided into two
categories. The "pioneers” or "light-gap specialists” are intolerant of shade; they
germinate when the light gap forms, grow rapidly and must reach the canopy ahead
of their competitors or perish in the attempt. By contrast, the "persistents” are able
to tolerate shade and also exist throughout the closed forest at various stages of
growth. It seemed likely that the persistents, by virtue of their slow growth and
broader distribution in the forest understory, might be more apparent to herbivores
than are the pioneer species and hence should have higher levels of defense in their
foliage.

Region of L
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/7
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"excess"
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Resistance —-»

Fig 1  Graphical representation of the apparency hypothesis (after Feeny 1983). Populations at ecological
and evolutionary equilibrium with their enemies are considered to lie within the diagonal zone,
representing a range of trade-offs between apparency and resistance. Those in the region of
inadequate resistance should tend to become less apparent and/or more resistant. Those with
"excess" resistance may tolerate higher levels of apparency or would be expected to reduce allo-
cation to resistance. For any given level of apparency, the model suggests that the equilibrium
level of resistance should reflect tissue value.
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In most of the tree species (22 pioneers and 24 persistents) studied by Coley
(1983), the young foliage was grazed at higher rates than the old foliage. The dif-
ference was correlated with changing toughness and content of water and nitrogen,
as expected, though levels of tannins and total phenolics were higher in the young
leaves. Also in accord with expectations was the finding that the mature foliage of
pioneer saplings was grazed six times more rapidly than that of persistents and that
persistents contained less nitrogen and water, were tougher and contained more
phenolics, including tannins, than did pioneers. However, by examining patterns of
damage distribution on natural trees and on saplings transplanted at various den-
sities, Coley (1983) was unable to find any evidence that the saplings of persistents
and pioneers differed in their apparency to insects.

Coley’s results led her to formulate another hypothesis, based on habitat quality,
to account for interspecific differences in plant resistance. According to this "resource
availability hypothesis” (Coley et al., 1985), plants adapted to favorable habitats (such
as light gaps) can grow fast enough to survive the relatively high levels of damage
resulting from low levels of defense. Plants that typically occupy unfavorable habitats
are limited in their productivity, cannot grow so fast and must rely on greater resist-
ance to herbivores. Coley (1983) showed that pioneer saplings produced more leaves
per unit time than did persistents and that the natural life span of these leaves was
shorter. A given amount of damage would thus have less impact on a pioneer since
it results in a smaller percent loss of the plant’s net primary production. The overall
leaf value of pioneers is thus lower, and the tissues should therefore be less well
defended.

The resource availability hypothesis, elaborated further by Coley et al. (1985),
proposes more generally that the availability of resources in the environment is the
major determinant of both the amount and type of plant defense. When resources
are limited, plants with inherently slow growth are favored and the slow growth in
turn favors high levels of defense. The hypothesis is consistent with Janzen’s (1974)
interpretation of the high levels of defenses occurring in the foliage of tropical trees
growing on nutrient-poor sites.

d) Reconciliation of hypotheses. There is widespread agreement that many patterns
of variation in the life histories of organisms can be predicted rather well in terms
of two primary environmental variables, namely adversity and disturbance (Grime,
1977; Southwood, 1977; Coley, 1987). Since the habitat-quality hypothesis for plant
defense allocation refers primarily to the adversity (resource availability) axis, while
the apparency hypothesis is relevant to the disturbance axis, Southwood et al. (1986)
and Coley (1987) have suggested that the predictions of the two hypotheses can be
integrated in terms of the habitat templet model (see also Southwood, 1988). Thus
ephemeral herbaceous species, the "ruderals" of Grime (1977), are predicted to have
low levels of resistance on the basis of both high resource availability and low
apparency (Fig. 2). At the other extreme, plants occupying stable but adverse envi-
ronments (Grime’s "stress tolerators") maintain high levels of resistance by virtue of
low availability of resources and high apparency. In the stable, undisturbed habitats
occupied by Grime’s "competitors", the high levels of defense predicted on the basis
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of low disturbance are offset by the low predictions derived from high levels of
resource availability (Fig. 2). It is in these productive and stable habitats that biol-
ogical interactions among species are likely to be best developed (Greenslade, 1983;
Southwood, 1988). These would certainly seem to be the habitats in which plants
may gain protection most dependably from mutualistic associations with natural
enemies. Habitats that are simultaneously highly adverse and disturbed were believed
by Grime (1977) to be essentially uninhabitable by plants (Fig. 2).

The habitat templet model has considerable value as an aid to predicting general
patterns of defense allocation in different environments. One problem with the
model, however, is that apparency is not related simply to disturbance. In com-
munities subject to high fire frequency, for example, plants of disturbed habitats may
actually be more apparent to herbivores than are plants of late successional stages
(P. Marks, personal communication). Another drawback of the model is its failure
to take into account differences in apparency that occur within a habitat or that may

<«+— Productivity
Adversity —

Resistance Resistance
Medium High
Qualitative(mobile) Quantitative
Mutualisms (immobile)

—

Uninhabitable

Apparency
<— Disturbance

Resistance
Low
Qualitative
(mobile)

Fig. 2 Habitat templet model of plant resistance in relation to habitat adversity and disturbance (after
Grime 1977, Greenslade 1983, Southwood et al. 1986, Southwood 1988, Coley 1987).
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be otherwise unrelated to disturbance. Two species of Aristolochia, for example,
occur together as herbaceous perennials in the longleaf pine forests of southeast
Texas. Both are exposed to high levels of attack by their chief herbivore, the pipevine
swallowtail butterfly, Bartus philenor (Rausher, 1978; Rausher and Feeny, 1980). One
species is able to survive because the toughness and low nutrient content of the
mature leaves render them resistant to Battus larvae (Rausher, 1981a). The leaves
of the other species, however, do not toughen and they remain vulnerable to Batfus
at all stages of growth. This species apparently survives in the habitat by virtue of
its different, grass-like leaf shape that renders the plants less apparent to ovipositing
Bartus females (Rausher, 1978, 1981b). The different trade-offs between resistance
and escape adopted by the two Aristolochia species are not readily explicable in terms
of resource availability but are consistent with the apparency hypothesis.

It may be impossible to devise a model that incorporates all the factors that
influence ecological patterns of plant defense. As yet, however, I remain unconvinced
that such patterns cannot be explained on the basis of tissue value and apparency or
vulnerability (sensu McKey, 1974).

Coley et al. (1985) have shown clearly that resource availability has a major
influence on plant growth rate. The fast growth rates found in favorable habitats are
associated with short leaf lifetimes and low leaf value, while the slow growth rates
found in adverse habitats are associated with long leaf lifetimes and high leaf value
(Coley, 1983, 1987). The observed defense levels (low in favorable habitats, high in
unfavorable ones) would thus seem to be in accordance with an interspecific version
of the tissue value hypothesis. They may also be in accord with predictions on the
basis of apparency. Though the short-lived leaves of fast-growing plants often suffer
higher rates of damage than do the leaves of slow-growing plants, the total lifetime
damage of long-lived leaves may actually be greater (Southwood et al., 1986). Fur-
thermore, since measurements of damage are uncertain estimates of apparency, we
cannot be confident that the prolonged exposure of persistent leaves in unfavorable
habitats would not result in catastrophic damage if the leaves were less well defended.
To the extent that plants can escape from herbivores and pathogens by fast growth,
resource availability, through its influence on growth rate, may alter the relative
dependence of plants on resistance and escape.
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ABSTRACT

A broader synthesis than is now available at the population dynamics level of plant-insect herbivore
interactions and three-trophic-level systems will be achieved by recognizing continua of interactions. The
continua include the range from latent to eruptive species of insect herbivores, the range from favorable
hosts being vigorous to stressed, population dynamics on vegetation ranging from early to late succession,
and the range in insect species that are lightly to heavily impacted by natural enemies. The extremes of
these continua seem to be correlated mechanistically with latent species favored by vigorous plant growth
in early succession, with little impact by natural enemies. Eruptive species seem to be favored by mature,
old, or stressed plants in late succession, where natural enemies can become abundant.

The mechanistic explanation for these patterns invokes a flow of effects from evolved and primitive
characteristics of species that limit plant resource exploitation, the Phylogenetic Constraints. In response
to these, a species evolves a set of adaptations that minimizes constraints, the Adaptive Syndrome. In turn,
these evolved characters largely dictate the ecology, including population dynamics, of the insect herbivore,
which become Emergent Properties of the system. Such scenarios are presented for the latent shoot-
galling sawfly, Euura lasiolepis, and contrasted with the eruptive Eastern spruce budworm, Choristoneura
fumiferana. This new view of insect herbivore population dynamics provides a basis for broad comparative
studies on species ranging from latent to eruptive. Emphasis is on female behavior and natality in response
to plant resource quality. This view may prove to be an alternative paradigm to the commonly used
life-table approach which has emphasized proximate ecological factors, especially mortality, without an
evolutionary and behavioral perspective.

Key words: Adaptive syndrome, Choristoneura fumiferana, continua of interaction, emergent properties,
eruptive species, Euura lasiolepis, female behavior, latent species, life tables, natality, natural
enemies, phylogenetic constraints, plant resource quality, plant stress, plant vigor, shoot-galling
sawfly, spruce budworm, three-trophic-level systems, vegetational succession.

INTRODUCTION

A general theory on plant-herbivore interactions must address the now evident
continua of dynamical responses of insect herbivores to plant resources, both in time
and space. These continua include the following:

1. The range in herbivore population dynamics from species with latent or none-
ruptive popultions, to species which commonly erupt.
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2. The range in herbivore population responses from positive on old or stressed
plants to negative, and in some associations the strong positive association between
vigorous plant growth and herbivore attack and survival.

3. The range in patterns of population dynamics over the landscape, from early
successional patches to extensive mature forest.

4. An additional continuum involves responses of natural enemies to these con-
tinua, ranging from being unimportant in population dynamics to playing a signifi-
cant role in regulation.

Can one general conceptual framework encompass all this variation? Here [ make
the beginnings of an attempt to do so. Ultimately, I believe a successful synthesis
could act as a major focus for future development of this field.

Progress in examining aspects of the for continua above has been mixed. The study
of differences between latent and eruptive species has become more focused in recent
years, with real progress made in how comparative approaches can yield important
insights (e.g. Rhoades, 1985; Hanski and Otronen, 1985; Hanski, 1987; Mason, 1987,
Nothnagle and Schultz, 1987; Wallner, 1987; Myers, 1988; Price et al., 1990). How-
ever, there is no synthesis yet on the fundamental differences between latent and
eruptive species, although much interest in the subject exists. A major limiting factor
has been the shortage of detailed studies on latent species.

The second continuum needing integration into a general theory is the role of
plant vigor and stress, and the range of responses by insect herbivores. Even recently
Mattson and Haack (1987a) had to state that the evidence for a link between plant
water stress and insect outbreaks was largely circumstantial. However, we know that
there is some kind of link between conditions that include plant stress and insect
outbreaks, and the literature is well reviewed (e.g. Mattson and Haack, 1987a, b;
Heinrichs, 1988). The mechanistic approach advocating six lines of influence from
stressed plants to insect behavior and physiology (Mattson and Haack, 1987b) should
provide the focus needed for understanding the role of stress. Much less attention
has been paid to insect herbivores that are favored by vigorous plants or vigorous
plant parts, and I hope our review (Price et al., 1990) will generate wide recognition
that many herbivore species respond negatively to plant stress. White (1978, p. 77)
stated that "Most sorts of herbivores have become adapted to feeding only on the
highly nutritious ’flush’ tissue produced by plants during periods of fast growth."
Therefore, we need to understand better the patterns of herbivore use on the range
of resources supplied by plants.

A landscape view of vegetational pattern and insect herbivore population dyna-
mics should also play a role in the development of general theory. The theory of
plant apparency generated by Feeny (1975, 1976) and Rhoades and Cates (1976)
provided a major stimulus to research on plant-herbivore interactions partly because
it adopted a landscape perspective for understanding pattern. The alternative hypo-
thesis on resource availability to plants as the major determinant of pattern in plant
defenses also emphasizes landscape (Coley, 1983; Coley et al., 1985). But the theory
has not developed to the point where superimposed on these patterns is an under-

178



standing of how insect herbivores respond to these patterns at the level of their
population dynamics.

The role of natural enemies in insect herbivore population dynamics, the fourth
continuum, is very hard to generalize about, and therefore difficult to integrate into
general approaches. The main problem is a prevalence of correlational studies lack-
ing experimental tests of mechanisms (Price, 1987). Nevertheless, we do know of
cases in which insect herbivores are kept very rare by natural enemies, and the cases
in which enemies play almost no role in the host population dynamics. A continuum
of effects from very strong to very weak exists. Strong effects by parasitoids exist in
Europe on the mountain-ash sawfly, Pristiphora geniculata (Eichhorn and Pschorn-
Walcher, 1978). It escaped its natural enemies in Canada, became epidemic, but
when the association was reestablished, regulation at low densities prevailed (Qued-
nau, 1984). Other such cases exist. Moderate impact probably prevails in bark beetle
systems in which natural enemies may influence the height of peak populations, but
not the driving forces and general patterns of eruptions (Berryman, 1982). Very weak
effects of natural enemies are seen in the shoot-galling sawfly, Euura lasiolepis, in
which galls become too large for small pteromalid parasitoids to attack effectively
(Price and Clancy, 1986; Price, 1988) or too hard to penetrate for a larger ichneu-
monid (Craig et al., 1989b). More research should be devoted to identifying pattern
in the range of responses of natural enemies to insect herbivore populations.

Integration of these four continua may be advanced by a new perspective we have
proposed (Price et al., 1990), which is developed in the next section.

PHYLOGENETIC CONSTRAINTS, ADAPTIVE SYNDROMES, AND
EMERGENT PROPERTIES

We have argued that there is a flow of influence from primitive evolved characters
that are in some way limiting to exploitation of plants, to adaptive responses that
minimize the limiting characters, to the ecological performance of the species at the
behavioral and physiological level, and ultimately to the population dynamics of the
species. The limiting primitive characters we call the Phylogenetic Constraints. The
adaptive responses to these constraints we call the Adaptive Syndrome, and these
evolved characters influence profoundly many other characters, including the popu-
lation dynamics, which we call Emergent Properties (Price et al., 1990). This is an
unconventional view because it argues that much of the population dynamics of an
insect herbivore species is dictated by ancient phylogenetic constraints, and the
proximate ecological factors that researchers have concentrated on over the past
50-60 years or so are largely results of evolved characters, not causes of the dynamics.
This is such a departure from conventional views that I would like to think of it as
an alternative paradigm that must now compete for support with the conventional,
strongly ecological and proximate view that has prevailed since population dynamics
studies were initiated about 100 years ago (e.g. Howard, 1987). The conventional
view was embodied in the development of life tables which summarized well mortality
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factors impinging on a cohort of insects, but were less effective in capturing the role
of female behavior and natality, especially in response to plant resource variation
(Price et al., 1990).

Two examples will serve to illustrate the flow of influence from phylogenetic
constraints to adaptive syndrome, to emergent properties. The first is on the shoot
galling sawfly, Euura lasiolepis. It is a latent species with populations varying over
less than two orders of magnitude in any one site (Price et al., 1990). The second
example is on the Eastern Spruce Budworm, Choristoneura fumiferana, an eruptive
species, varying in population size between three to five orders of magnitude when
moving from endemic to epidemic levels.

The saw-like ovipositor of sawflies is an ancient characteristic found in the first
fossil sawflies in the Triassic period, 225 million years ago. This is a phylogenetic
constraint because it limits oviposition to internal parts of plants which must be soft
and easily penetrated (Fig. 1). In addition, for galling species like Euura lasiolepis
rapidly developing meristems are conducive to gall development (Weis et al., 1988).
Hence, females attack rapidly growing shoots and are very selective in oviposition
(Craig et al., 1986). Eggs and larvae must survive at the oviposition sites, reinforcing
female selectivity for shoots resulting in high survival among progeny (Preszler and
Price, 1988; Craig et al., 1989a). This linkage between survival of progeny at the site
of oviposition, the female’s ability to evaluate resource quality, and therefore, natural
selection for high quality site use, becomes the core of the adaptive syndrome of the
species (Fig. 1). Additional evolved traits in the syndrome include high specificity in
host plant species use by both females and larvae, and the oviposition of single eggs
between bouts of searching for rare long shoots, so that synovigenic ovaries are
adaptive. Eggs are produced gradually during the life of the insect (Flanders, 1950;
Jervis and Kidd, 1986). Euura is an arrhenotokous species, making sex ratio control
by the female possible in response to plant quality, when coupled with oviposition
of single eggs, and resource evaluation by the female.

The emergent properties then follow almost inevitably from the evolved basis of
the plant-hebivore interaction. High quaility resources are rare and limiting (Fig. 1),
and females compete at low densities for high quality sites (Craig et al., 1989c). As
aresult larvae do not compete, resources are not overexploited, and herbivore impact
on plant fitness is generally low (Sacchi et al., 1988). A population can persist for
many years on a willow clone if rapidly-growing-shoot production is sustained. But
the population has a clearly defined carrying capacity, based on the density of long
shoots, with strong and rapid negative feedback on population growth imposed by
competition for oviposition sites. The population is constrained, with latent popu-
lations prevailing almost indefinitely (Fig. 1).

Natural enemies have a weak effect on populations of Euura. Because populations
are so stable, functional and numerical responses by enemies are absent or difficult
to detect. On high quality shoots, galls become large and limit access to small
parasitoids (Price and Clancy, 1986; Price, 1988). Galls also toughen too rapidly to
allow extensive access by larger parasitoids, limiting their efficacy (Craig et al.,
1989b). In caging experiments over three generations, Euura populations did not
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Table 1 Examples of insect herbivores that probably exhibit latent population dynamics (sources are in
Price et al., 1990).

Herbivore species Host plant Feeding Plant resources Female adult

genus location tatus selects larval

feeding site
1. Euura exiguae Salix in shoot gall young, vigorous yes
2. Euura mucronata Salix in bud galll young, vigorous yes
3. Pemphigus betae Populus in leaf gall large leaves yes
4. Diplolepis spinosa Rosa in shoot gall young, vigorous yes
5. Rhynchites betulae Betula in leaf roll young plants yes
6. Dioryctria ponderosae Pinus in shoot young plants, large shoots yes
7. Rhyacionia frustrana Pinus in shoot young plants yes
8. Eucosma gloriola Pinus in shoot young plants yes
9. Pissodes strobi Pinus in shoot young plants yes
10. Pissodes terminalis Pinus in shoot young plants yes

differ significantly among treatments of uncaged, caged without parasitoids, and
caged with parasitoids (Woodman and Price, 1990). Therefore, the scenario for this
latent species relating to natural enemies is justified (Fig. 1).

In fact, Euura lasiolepis is probably one of the best studied latent species available
for developing a continuum approach to insect herbivore population dynamics. Typi-
cally, latent species have been ignored because they are not economically important,
and are frequently difficult to study because of low population levels (Mason, 1987).
But it does seem to be representative of many herbivores that attack vigorous plant
growth, many of which are endophytic, where females oviposit at the site in which
eggs and larvae must survive (Price et al., 1990) (Table 1).

A contrasting scenario exists for the Eastern Spruce Budworm, Choristoneura
fumiferana, which is eruptive (Fig. 2). The phylogenetic constraint, basic to the genus
Choristoneura, is that females oviposit on well developed foliage which is not the
foliage larvae will eventually feed upon. In addition, larvae commonly disperse on
silken threads, and begin feeding in the following year on buds, male flowers, and
newly flushing leaves (Morris, 1963; Mattson et al., 1988). Females, therefore, cannot
evaulate foliage quality for larvae. Under such conditions larvae evolve with the
capacity to survive on a wide variety of foliage conditions within a plant population
and species, and a generalized feeding capability develops (Fig. 2).

The emergent properties for such an eruptive species are then extensive (Fig. 2).
For a generalized herbivore, foliage is abundant and carrying capacities are conse-
quently high, especially in mature forests. The system is permissive of high popula-
tions, in contrast to the constraining system for the latent species Euura lasiolepis.
Sooner or later the full range of permitted population densities will be observed,
and eruptions will occur. This scenario explains how eruptions can occur, not why
they occur. An eruption can result in food shortage for larvae, death of trees, and
an insect herbivore population crash. With large fluctuations in density, epidemic
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Table 2 Examples of insect herbivores that exhibit eruptive population dynamics (sources in Price et

al,, 1990)
Herbivore species Host plant Feeding Oviposition site selection and
genus location larval feeding linkage

Operophtera brumata Quercus On leaves Poor. Females wingless, lay eggs in winter
when foliage is absent.

Porthesia dispar Quercus etc. On leaves Poor. Oviposition on bark, females do not fly,
larvae disperse passively.

Malacosoma disstria Populus On leaves Poor. Oviposition on bark, larva feeds
following spring.

Alsophila pometaria Quercus elc. On leaves Poor. Females wingless, oviposition in winter,
passive dispersal of larvae.

Neodiprion swainei Pinus On leaves Poor. Female poor flyer, proovigenic with

heavy load of eggs, oviposition on young
needles, larvae feed on old needles.

Orgyia pseudotsugata Pseudotsuga On leaves  Poor. Clusters of 150 eggs laid on female’s
cocoon, larvae disperse passively.

Phryganidia californica Quercus On leaves Poor. Female weak flyer, 60 eggs per mass not
neccessarily on leaves larvae will feed on.

Coloradia pandora Pinus On leaves Poor. Eggs in clusters on needles or bark.
Most feeding in second year of life cycle.

Paleacrita vernata Ulmus etc. On leaves Poor. Females wingless. Eggs under bark, be-
fore foliage is available.

Lambdina punctata Quercus On buds  Poor. Eggs laid in leaf litter, and under bark

& leaves  scales.

diseases and other natural enemies are likely to show positive correlations with
density, although cause and effect are hard to disentangle (Ewald, 1987; Price, 1987).

These contrasted scenarios for latent and eruptive species do not explain all
aspects of the continuum from latent to eruptive in population dynamics. For
example, all species of Choristoneura are not eruptive, and all populations are not
eruptive within species with eruptive populations. Refinement of these broad sce-
narios is needed. However, many eruptive species share with the budworm the dis-
location between female oviposition and larval feeding site (Table 2). So the scenario
for spruce budworm captures many elements of the eruptive population type.

The ability to use this approach of phylogenetic constraints, adaptive syndromes,
and emergent properties, for synthesizing the four continua of interaction discussed
in the introduction, can be developed now in the next section.

CORRELATIONS AMONG CONTINUA IN PLANT-HERBIVORE
INTERACTION

The sawfly and budworm examples probably represent the two extremes in popu-
lation dynamics from very latent to very eruptive. They also illustrate ends of the
continuum from herbivores that attack very vigorous plants and plant parts, to those
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that show little or no discrimination of plant quality, and may respond positively to
old and/or stressed plants. For species attacking woody plants, they also represent
herbivores on early successional and late successional stages of vegetation. Regarding
natural enemies, the sawfly illustrates one extreme of little or no enemy impact on
population dynamics, and the budworm at least illustrates the correlation between
high larval densities and high densities of parasitoids and predators (Morris, 1963;
Clark et al., 1979; Holling, 1988).

Thus, at these rather extreme positions on the four continua, the characteristics
within a species appear to be strongly correlated, making it simpler to synthesize
what may seem to have been rather disparate aspects of insect herbivore systems.
The generality of these patterns appears to be supported by the examples of latent
species in Table 1, and eruptive species in Table 2, and additional examples in Price
et al. (1990).

A realistic view of the primaeval terrestrial temperate landscape must include
broad expanses of mature forest, interspersed with patches of recent disturbance in
which young and vigorous regeneration occurs. Disturbance results from tree falls,
fire, flooding, land slides, epidemic disease and herbivory, and the like. The latent
population species type seems to be associated with disturbance vegetation in which
growth is juvenile and vigorous, and the eruptive population species type apparently
predominates in mature forest, if we restrict our perspective to natural woody-plant
systems, and exclude agricultural systems. Eruptive species on woody plants generally
occur in broad stands of mature forest, wherein, for species adapted as generalists
on plant quality, very high carrying capacities exist.

The challenge that I see now is to test the extent to which the middle of these
continua can be filled in, and the species of insect herbivore that belong between
the extremes of the very latent and very eruptive. Real synthesis will be achieved
only when the full range of the four continua are complete, and many species placed
on these continua. Other factors will need to be considered also. For example, all
relatives of eruptive species do not reach epidemic densities. Why? I have not been
able to address this question yet. Are there general approaches to investigating
differences between eruptive and latent species that are closely related, or must we
study idiosynchrasies of the species and depart from a general conceptual framework
and theory? Many questions need resolution.

However, I think there are some important points that are inherent in the scena-
rios for latent and eruptive species and the continua they exist on. They illustrate
contrasting patterns in the population dynamics of the species. Many of these may
need more study before species can be placed on the continua of interaction. The
first is the role of plant resource quality and its distribution in insect herbivore
population dynamics. For Euura lasiolepis, and probably for many other gallers and
shoot borers, this seems to be of paramount importance in setting an apparently low
carrying capacity for the herbivore population. Thus the dynamical properties of
these kinds of herbivores are tightly regulated by plant resource quality. This may
not be so for eruptive species where quantity of forest growth and maturity, providing
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large standing crops of food, are probably more important than foliage quality (e.g.
Clark et al,, 1979).

The second point is the importance of female behavior and its influence on natality
in the population. Again, in the latent species we have studied, female behavior in
response to plant resource quality is a major key to understanding population dyna-
mics (Preszler and Price, 1988; Craig et al., 1989a). Life table construction requires
modification when the plant-herbivore interaction influences natality so profoundly
(Preszler and Price, 1988; Price et al., 1990). Female oviposition behavior of eruptive
species may be much less critical because decisions appear to be less important. The
first life tables for the spruce budworm (Morris and Miller, 1954) may well have
captured the essential information on natality, even though ignoring female behavior,
because females are so unselective relative to those of latent species. But female
behavior and natality do in general need more study in relation to insect herbivore
population dynamics.

The third contrast is in the role of intraspecific competition in population dyna-
mics. Females of latent species probably compete for oviposition sites, and if these
are rare, competition will be important even at low densities (e.g. Craig et al., 1989c).
As a result, larvae do not compete. Females of eruptive species probably do not
compete for oviposition sites because they are relatively undiscriminating in site
choice. As a result, larvae are likely to become dense, and shortage of food causes
competition. An interesting point is that if we study communities of latent species
and concentrate on larval interactions, interspecific competition may not be appar-
ent, even though spacing of larvae by females has played an important role. This
view needs more study in the context of the apparent weakness of competition in
insect herbivore communities (Lawton and Strong, 1981; Strong et al., 1984). Strong
et al. (1984) noted the infrequency of intraspecific competition as an important factor
in phytophagous insect life table analysis, but a new concentration on female com-
petition for high quality oviposition sites is needed in my opinion.

The fourth contrast between latent and eruptive species is in the way they relate
to vegetational dynamics. They may well mimic the reproductive strategies of the
plants themselves. The minute seeds of willow disperse widely and colonize newly
disturbed ground. Young vigorously growing plants in new sites are ideal for shoot-
galling sawflies, so long distance dispersal by sawflies may well be an integral part
of the adaptive syndrome of the species, even though a small proportion of a popu-
lation may be involved. Given enough stability, mature forest tends to replace itself
by seeds with limited dispersal. Insect populations can persist in such stable settings
with a high carrying capacity, with reduced needs for dispersal, and flightlessness
becomes a common feature of forest insects (e.g. Table 2).

Patterns in herbivore use of vegetation also extend the concepts of plant apparency
(Feeny, 1976, Rhoades and Cates, 1976) and resource availability in plant defense
evolution (Coley, 1983; Coley et al., 1985). Rapidly growing plant species frequently
grow in early successional habitats, have relatively low levels of chemical defense,
but can readily compensate for damage by regrowth in high resource environments.
I argue that on these plants latent species of insect herbivores will predominate. In
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low resource conditions, plant species with slow growth will prevail, with high levels
of chemical defenses, and these will occur commonly in late stages of vegetational
succession (Coley et al., 1985). This is where the eruptive insect herbivores on woody
plants tend to be concentrated.

This concept of the continua of interactions among plants and their insect herbi-
vores needs much filling in and, no doubt, refinement to include the wide variety of
insect herbivores, plant-herbivore interactions, and three-trophic-level systems seen
in nature. More comparative experimental approaches to insect population dynamics
will certainly be needed to test the reality of relevant adaptive syndromes and emer-
gent properties. Current studies in my research group on gallers, leaf miners and
external leaf feeders are generally supportive of the mechanistic links between phy-
logenic constraints, adaptive syndromes and emergent properties. These views do
offer an alternative to the current paradigm of insect herbivore population dynamics
which has emphasized mortality imposed on cohorts in ecological time in the absence
of an ultimate view of why such susceptibility to mortality should occur. Whether a
more evolutionary view, as proposed here, will compete successfully for paradigmatic
status in the development of insect herbivore population dynamics remains to be
seen.
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ABSTRACT

Many ecologist studying herbivory have regarded the plant as a virtually unlimited food resource for insects
with the implication that intra-specific competition for this resource is rare and that predation and
parasitism are the major regulatory factors. However, in this paper, evidence for wound-induced changes
in plants following insect feeding is briefly reviewed, including discussion of the reasons why insects avoid
damage. It is concluded that wound-induced effects lead to large numbers of small meals by invertebrate
herbivores; these higher movement rates and more dispersed feeding involve the relative avoidance of
young leaves and therefore have implications for the plant’s fitness and the insects’ survival.

Key words: wound-induced changes, insect movement, foraging, ecology.

INTRODUCTION

In 1983, Edwards and Wratten drew attention to the fact that at the end of the
growing season in temperate regions the leaves of many woody and herbaceous plants
typically bear large numbers of small holes, with defoliation of complete leaves being
rare. However, when leaves are collected at the end of the season and analyses of
these patterns are attempted, there is no obvious statistical null hypothesis with
which to compare the apparent over-dispersion of damage. Since 1983, however,
field and laboratory evidence involving insect behaviour has accumulated which
suggests that most of these holes may be the result of the decision-making processes
by foraging insects. In other words, the animals ’decide’ where and for how long they
will feed. Many ecologists studying herbivory have regarded the plant as a virtually
unlimited food resource for insects, with the implication that intra-specific compe-
tition for this resource is rare and that predation and parasitism are the major
regulatory factors (Hairston et al., 1960; Strong et al., 1984; Fowler and Lawton,
1985).  The present paper will address three questions concerning insect feeding
behaviour which are relevant to this ecological debate:

1. If it is true that foliage is present in such abundance why do the observed feeding
patterns occur? i.e. what factors lead insects to abandon leaves after small amounts
of feeding?
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2. What is the behavioural basis of these patterns?

3. What are the consequences of such behaviour for the plant and for the herbi-
vore?

The fact that the insects seem to take large numbers of small meals rather than
a small number of large ones could be at least partially explained by any one of
several processes, some of which are documented:

— evolved behaviour to avoid visually-hunting vertebrate predators by moving
away from small amounts of damage (Heinrich, 1979);

— evolved behaviour to avoid detection by predators or parasitoids which respond
to the plant chemicals associated with damage, leading again to the herbivores’
moving away from such damage;

— background heterogeneity within and between leaves leadmg to foraging in-
sects’ continually abandoning low quality sites;

— diurnal rhythms in the herbivores’ behaviour as an evolved adaptation to avoid
foraging predators or parasitoids.

— interrupted meals brought about by successful or unsucessful predator or para-
sitoid attacks.

In this paper we are concerned principally with heterogeneity in food quality which
is induced by the process of feeding; we examine the evidence that induced responses
can cause insects to take large numbers of small meals, with higher levels of insect

movement as a consequence, which can have implications both for plant fitness and
herbivore survival.

WOUND-INDUCED CHANGES: SMALLER MEALS AND HIGHER
MOVEMENT RATES

Evidence of wound-induced changes in leaves has grown in recent years and has
been demonstrated in a wide range of plant species. The rate and scale of these
changes can range widely from those confined within the leaf to those affecting the
whole plant (Edwards and Wratten, 1983; Bergelson and Lawton, 1988). There is
clear evidence that even small amounts of grazing may have rapidly developing
consequences for the quality of the plant tissue in the vicinity of damage. Initially,
results of this type were derived from visual assessments of insect damage at a range
of distances from experimentally-imposed holes in leaves (e.g. Gibberd et al., 1933).
More recently, Croxford et al. (1989) used computer analysis of composite video
images to demonstrate the way in which Lepidoptera larvae avoided damaged parts
of leaves of cotton and soybean. In the field, Silkstone (1987) demonstrated that
leaves that had received small amounts of artificial damage in the spring received
less grazing by natural herbivores in the subsequent months. Also, a higher propor-
tion of these previously damaged leaves escaped all subsequent natural grazing than
did the controls. These laboratory and field results could help to explain the often
apparently highly dispersed patterns of grazing within and between leaves. A problem
of interpretation of these results is that the avoidance of damaged areas by insects
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may be a consequence of one or more of the processes listed in the introduction
above. However, several lines of evidence eliminate the possibility that insects are
merely avoiding physical damage and point towards the animals’ avoiding chemically
induced leaves or parts of leaves:

1. responses differ between plant species in the same community (Edwards et al.,
1986);

2. there is a clear seasonal effect in that tree leaves damaged in the summer or
later show a much reduced effect compared with leaves damaged in the spring
(Wratten et al., 1984);

3. the age of the leaf influences the strength of the wound-induced change; young
leaves appear to show the effect much more strongly than do old leaves on the same
shoot (Edwards et al., 1990);

4. the effect of the damage on foraging larvae declines with time following damage
(Gibberd et al., 1988);

3. the effect is often transmitted in some way to adjacent, undamaged leaves which
are also relatively protected (Wratten et al., 1984; Edwards et al., 1985);

6. the changes in insect behaviour often correlate with measured chemical changes
in the leaf (Tallamy, 1985; Chiang et al., 1987);

7. many of the documented cases of hebivores’ moving following small meals
concern conspicuous aposematic species; predator avoidance is less necessary in
these groups, yet they still move away from damage (e.g. Edwards and Wanjura,
1989).

There is thus good evidence that wound-induced chemical changes are involved
in the avoidance by insects of damaged leaves, though the behavioural basis of such
avoidance is rarely studied. Such behavioural information is needed to help deter-
mine the significance of the insects” avoidance of damaged tissue for insect fitness.

INSECT BEHAVIOUR IN RELATION TO WOUND-INDUCED CHANGES
IN LEAVES

Some herbivorous insects show elaborate and complex behavioural traits associ-
ated with feeding. Two examples are the trenching behaviour of Epilachna borealis
(Coleoptera; Coccinellidae) adults and larvae in relation to induced cucurbitacin
levels (Tallamy, 1985), and the cessation of feeding by some Lepidoptera and Hyme-
noptera which then sever the leaf at the petiole and in some cases gnaw the petiole
stump (Edwards and Wanjura, 1989). A plausible explanation for such behaviour is
that it is a way of avoiding or minimising the consequences of wound-induced changes
in the foliage on which the insect has fed (Edwards and Wanjura, 1989) or on which
it is about to feed (Tallamy, 1985). The evolution of the elaborate behaviour invol-
ving leaf removal after small amounts of feeding suggests very strong selective press-
ures on herbivores. Given these extreme behaviours which are seen in a few insects,
it seems highly likely that other insects also have behavioural responses to wound-
induced changes, although these may be less obvious and require novel and detailed
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Tablel  The numbers and sizes of meals taken by larvae of Orthosia stabilis Dennis and Schiffermiiller
on previously-damaged and undamaged shoots of birch (Betula pubescens Ehrh.). Ten per cent
of each leaf lamina was removed in the field using a hole punch. Twenty-four hours later,
shoots were collected and two third-instar larvae were allowed to forage on each shoot for
twenty-four hours. xz= 19.9; p<0.001

Control Damaged
No. small meals (<1% of leaf area) 21 55
No. large meals (>5% of leaf area) 90 61

methods to detect them. In recent work at Southampton we have begun to explore
the consequences of small amounts of damage for insect foraging behaviour. The
parameters we study include:

1. the duration of the feeding bout,

2. the number of feeding initiations,

3. the number of small meals compared with the number of large meals,

4. the distance moved between feeding bouts,

5. the size distribution of feeding initiations,

6. the proximity of feeding to initial damage.

Recent work (Table 1) has shown just how many initiations insects make, espe-
cially when feeding on foliage with small amounts of initial damage. The experiments
which generated the data in Table 1 also involved time-lapse video recordings of
foraging larvae and revealed a large number of initiations by these larvae which led
to no substantial feeding, especially on the damaged leaves. On these leaves larvae
fed chiefly from the edge and it was clear that in many cases the leaves were rejected
after the larvae had taken only a very small amount from the tips of some of the leaf
teeth. Also, a significantly higher proportion of previously damaged leaves received
no grazing whatsoever, providing evidence for early rejection of leaves which was
suspected to have occurred in the Silkstone (1987) fieldwork. Work in progress uses
time-lapse video of insects on whole plants, cut shoots and on diets. In the latter
case, artificial leaves made from diet and containing a range of levels of secondary
plant compounds can be offered to larvae in a grid and the movements and ’giving-up
times’ of the foraging larvae can be recorded via the video.

CONSEQUENCES OF WOUND-INDUCED CHANGES FOR THE PLANT
AND THE INSECT

These have been reviewed recently by Edwards et al. (1990). For the plant, the
fact that the yougest leaves show the strongest wound-induced change following
damage has the effect in some experimental systems of driving larvae away from the
shoot tip. In plants which are competing for light, this deflection of grazing away
from the fast-growing shoot-tips may confer upon the plant a higher competitive
ability. However, there may also be consequences for insect fitness; a recently pub-
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lished simulation model (Wratten et al., 1988) attempted to generate the patterns
of movement of larvae on damaged and undamaged plants. It revealed possible
adverse consequences for these herbivores in terms of a greater development time
and a greater mortality rate associated with movement. In the model these effects
lead to substantial reductions in herbivore populations over a relatively short, (i.e.
within- generation) time period. Some recent experimental work has also shown that
wound-induced changes in foliage quality can cause reductions in populations of
phytophagous arthropods (Croft and Hoying, 1977; Karben and Carey, 1984; West,
1985; Faeth, 1985, 1986; Harrison and Karban, 1986). Possible reasons why some
studies have led to no such reductions in population levels (such as that of Fowler
and Lawton, 1985) are discussed in Edwards et al. (1990). More experimental data
are certainly needed from the laboratory and the field to continue to explore the
hypothesis that intra-specific competition amongst insect herbivores may be much
more common than previously suspected. If it is a common phenomenon, and one
which is mediated by a reduction in host plant quality following insect feeding, then
the ideas of Dempster and Pollard (1981), Dempster (1983) concerning the “ceiling
model’ of herbivore population dynamics will receive further support.
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ABSTRACT

Emory oak trees in central Arizona show widely varying degrees of resistance to attack by a dominant
leafmining species, Cameraria sp. nov. Distribution of larvae of the leafminer is higly clumped among
trees, within trees (on shade leaves), among leaves (on large leaves), and within leaves (on the proximal
1/2 of the leaf). Clumping is particularly perplexing because survival of co-occurring larvae is reduced via
cannibalism. Those larvae surviving in multiply-mined leaves have reduced body size and thus fecundity.
Variation in either nutritional or "defensive" chemistry does not explain variation in leafminer distribution
or survival at various spatial scales. Experiments indicate that distribution of suitably-sized leaves influen-
ces initial colonization, aggregation, and subsequent survival of leafminers. Mean leaf size is a good
predictor of tree resistance.

Key words: Cameraria, folivory, induced responses, leafminers, natural enemies, parasitoids, predators,
structural damage

INTRODUCTION

Changes in plants following folivory have been proposed as defenses against herbi-
vores by inhibiting their growth and development and reducing fecundity (Fowler
and Lawton, 1985; Raupp and Tallamy, 1989). Physical and chemical changes in
plants induced by folivores may also indirectly affect herbivores by altering attack
rates of natural enemies (Price, 1986; Price et al., 1980; Niemeld and Tuomi, 1987).
The "induced defense via natural enemies" hypothesis (IDNE) proposes that induced
changes increase natural enemy attack by 1) slowing development of insects so they
are exposed longer to natural enemies, 2) increasing herbivore movement so that
insects are more apparent to natural enemies, or 3) providing chemical or structural
cues for natural enemies to locate insects (Heinrich and Collins, 1983; Vinson et al.,
1987).

Despite its intuitive appeal, current support for the IDNE hypothesis is scarce.
For example, Bergelson et al. (1986) and Bergelson and Lawton (1988) found that
artificial leaf damage increased movement of casebearing caterpillars on birch, but
increased predation did not ensue. Similarly, Hawkins (1988) showed that attendant
damage to birch leaves did not increase parasitism of the leafminer, Coleophora
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serratella. However, Faeth (1985, 1986) showed that collateral damage to oak leaves
increased rates of parasitism for the leafminer, Cameraria sp. nov., as well as death
from premature leaf abscission.

I test the IDNE hypothesis here via a field experiment where structural changes
in leaves induced by folivory are simulated but chemical changes are controlled. This
experiment is the reciprocal of Faeth and Bultman’s (1986) experiment where chemi-
cal induction (increased tannins) was mimicked while controlling for structural cues
that might be used by natural enemies to locate leafminers.

MATERIAL AND METHODS

Study system. Cameraria sp. nov. is a monophagous, univoltine leafminer of Quer-
cus emoryi. Adults emerge from puparia within leaves in the spring as leaves are
abscised, mate and females oviposit on newly expanded leaves. Eight larval instars
feed within leaves from April or May to the following spring. Further details of the
biology of the leafminer and oak is in Faeth (1986).

Field Experiment. To test the effect of physical changes in leaves on natural enemy
attack, undamaged and unmined oak leaves were collected at Oak Flat, Arizona on
2 June 1988. One-half of the leaves were hole-punched (3 to 4 holes along one edge
of each leaf). All the leaves were sprayed with Sprayon TFE ®. TFE is a long-lasting
fluorocarbon telomer which dries on contact, is chemically inert, stable over a wide
range of temperatures, and seals the leaf with a very thin coat. Structural differences
between sealed undamaged and damaged leaves were thus preserved but any dif-
ferences in induced volatile or contact chemicals were eliminated.

Sealed leaves were carefully tied with thread to the petiole of mined, but otherwise
undamaged, leaves on four oak trees at Oak Flat on 7 June 1988. Scaled leaves
overlapped the upper surface of the mined leaf but did not obscure the mine. I
alternated tethering of control and experimental leaves as suitable leaves with viable
second instar leafminers were encountered within trees. Sample sizes of both control
and experimental leaves within trees were: Tree A, n = 35; Tree B, n = 50; Tree C,
n = 125; Tree D, n = 40. Tethered leaves overlapped, and provided a continuous
surface with mined leaves; a searching parasitoid landing on a sealed leaf could
continue search on the mined leaf without flight. Similarly, secaled damaged leaves
should present at least some of the same visual cues to predators as a mined leaf
with folivore damage.

Control and experimental mined leaves were collected at the end of the mining
period (20 March 1989) and returned to the laboratory. Some leaves could not be
found and some were excluded from analyses if the tethered leaf was no longer
overlapping the mined leaf. Final sample sizes for control and experimental leaves,
respectively, were: Tree A, 24 and 22; Tree B, 35 and 35; Tree C, 107 and 83; Tree
D, 29 and 29. Survival, incidences of attack by natural enemies, and death for other
reasons were determined for leafminers by inspecting and dissecting each mine.
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Further information on ascertaining specific causes of death is in Faeth (1986) and
Faeth and Bultman (1986).

Cameraria is parasitized by more than 20 hymenopteran species; the majority of
parasitism is caused by Paraleurocerus bicoloripes (Girault) (Hymenoptera: Encyrti-
dae), several species of Sympiesis: S. conica (Provancher), S. stigmata (Girault), and
S. acrobasidis (Miller)), Closterocerus trifasciatus (Westwood), C. Sp. near cinctipennis
(Ashmead), Pnigalio metacomet (Crawford), and Chrysonotomyia sp. (Hymenoptera:
Eulophidae) and Chelonus (Microchelonus) sp. and Cotesia sp. (Hymenoptera: Bra-
conidae). The biology of the known species and that of species closely related to the
unknown species indicates that all are generalist parasitoids of leafminers, barkmi-
ners, casebearers, gallformers, leaftiers, leafrollers, or strictly external-feeding in-
sects. Most predation is caused by the arboreal ant, Pseudomyrmex apache, a
generalist predator. Included in the predation category are incidences of host feeding
by adult parasitoids. Parasitism and predation were considered as one category on
statistical analyses because the question of interest is how natural enemies generally
respond to structural damage.

RESULTS

Attack by natural enemies of leafminers with attached, damaged leaves was sig-
nificantly greater than that of leafminers with attached, intact leaves (Table 1, Fig.
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Fig. 1  Fates of leafminers in experimental (leaves with sealed, damaged leaves attached) and control
(leaves with sealed, undamaged leaves attached). Bars are means and standard errors (with sample
sizes above bars) of four trees. Untransformed percentages are shown; percentages were angularly
transformed for ANOVA. 199



Table 1  Analyses of variance of rates of survival, death from natural enemies and other moriality
(angularly-transformed) of leafminers in control and experimental leaves within four trees.

Source of Sum of df Mean E p
variation squares square
Survived
Treatment 21851 1 21851 12.56 <0.05
Error 104.34 6 17.39
Natural Enemies
Treatment 269.58 1 269.58 31.27 <0.01
Error 51.73 6. 8.62
Other mortality
Treatment 0.38 1 0.38 0.08 >0.50
Error 26.41 6 4.40

1). Most of the mortality from natural enemy attack was from parasitoid attack
(85.6% of total natural enemy attack) rather than from predation (14.4%). Mortality
caused by factors other than natural enemies did not differ significantly between
experimentals and controls (Table 1, Fig. 1).

Survival of leafminers with attached, damaged leaves was significantly less than
those with attached, intact leaves (Table 1, Fig. 1). This decline in survival of leaf-
miners tethered to damaged leaves appears to be due to the increase in attack by
natural enemies, since other mortality factors do not vary between experimental and
control leaves (Table 1, Fig. 1).

A preliminary experiment conducted in the previous season (1987-1988) corro-
borate these results. Parasitism rates were significantly greater for leafminers with
attached, damaged leaves than those with attached, undamaged leaves (control,
21.7%, n = 143 mines; experimental, 35.2%, n = 108 mines, x = 5.63, df = 1,
p<.05). However, in this experiment, I used paraffin to seal leaves through which
some volatile compounds may penetrate and some phenolic compounds can be found
(D. W. Clark, pers. comm.), and the experiment was conducted within a single tree.

DISCUSSION

Physical damage as a consequence of previous folivory can alter attack by natural
enemies on leafminers. Past studies of the impact of induced responses on the third
trophic level, i.e., natural enemies, have produced conflicting results. Some show no
effect (Fowler and MacGarvin, 1986; Bergelson et al., 1986; Bergelson and Lawton,
1988; West, 1985; Hawkins, 1988), while others show induced responses increasing
natural enemy attack (Faeth, 1985, 1986). None of these studies, however, attempted
to separate effects of chemical and structural changes in leaves that accompany
folivory on natural enemy attack.

My results indicate that physical damage without induced chemical changes in-
fluence rates of parasitism. Previous experiments in this system demonstrated that
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induced chemical changes (primarily tannins or tannin degradation products) also
increased rates of parasitism attack (Faeth and Bultman, 1986). However, in that
study overall survival was not altered; increases in parasitism were counterbalanced
by decreases in other mortality. Elevated tannins may have protected larvae from
entomopathogenic bacteria and fungi. Here, increases in attack by natural enemies
resulted in lower survival, suggesting that physical damage by folivores can negatively
influence population dynamics of Cameraria via changes in frequency of attack by
the third trophic level.

If damage-mediated attack by natural enemies influences population dynamics of
leafminers, then one would expect the leafminer to exhibit countermeasures. Indeed,
this leafminer (Faeth, 1988) and others (Faeth 1985, 1986; Simberloff and Stiling,
1987) avoid ovipositing on folivore-damaged leaves. Although increased mortality
due to premature leaf abscission (West, 1985; Faeth, 1987), reduced leaf area (Faeth,
1989), or direct effects of induced chemistry (West, 1985) can also decrease survival
of leafminers feeding in folivore-damaged leaves, increases in natural enemy attack
may serve to reinforce such behavior.

Hawkins (1988) warned that while the notion of parasitoid-mediated competition
among folivores is intriguing, it is still largely uncorroborated. At least for Cameraria,
structural changes due to folivory do appear to influence natural enemy attack and,
consequently, survival. The parasitoids of Cameraria appear to be mostly generalists,
attacking a variety of folivorous insects (only P. bicoloripes has exclusively leafmining
or barkmining hosts) and therefore might be expected to respond to nonspecific leaf
damage. Folivorous insect species with specialized natural enemies may be less af-
fected by presence of other folivores if their natural enemies respond only to physical
and chemical cues associated with the host itself and their species-specific feeding
patterns.
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ABSTRACT

Research with cucumber has shown that restricted (non-systemic) infection of a cotyledon or the first
true leaf with certain fungi or viruses will induce persistent, systemic resistance to later challenges by a
wide range of fungal, viral, and bacterial pathogens. We tested the hypothesis that restricted inoculation
of cucumber with the anthracnose fungus Colletorrichum lagenarium or with tobacco necrosis virus would
induce partial, systemic resistance to three generalist herbivores: the twospotted spider mite (Tetranychus
urticae), the fall armyworm (Spodoptera frugiperda), and the greenhouse whitefly (Trialeurodes vaporario-
rum). We also studied the behavioral response of the cucurbit specialist Diabrotica to immunized plants.
Results suggest that pathogen-activated induced resistance has little or no effect on plant suitability for
herbivores. Similarly, wounding failed to induce systemic resistance to pathogens. Evidence for independ-
ent mechanism of induced resistance to pathogens or herbivores is discussed.

Key words: Colletotrichum lagenarium, Tetranychus urticae, Spodoptera frugiperda, Diabrotica undecimpunc-
tata, Trialeurodes vaporariorum, cucumber, tobacco mosaic virus, pathogen-herbivore interac-
tion, activated resistance, feeding preference, population growth, larval growth, oviposition.

INTRODUCTION

Immunization is the foundation of preventative medicine against infectious disease
of humans and animals, but its potential as a means of protecting plants has only
begun to be explored (Mclntyre, 1980; Kogan and Paxton, 1983; Kuc, 1987). Experi-
ments with cucurbits, tobacco, and other plants have shown that restricted (non-sys-
temic) infection of a cotyledon or lower leaf with certain pathogens will induce
persistent, systemic resistance to a wide range of fungal, viral, or bacterial agents.
Immunization of cucumber, watermelon, or muskmelon with the anthracnose fungus
Colletotrichum lagenarium (C. lag.) or tobacco necrosis virus (TNV) protects these
plants against at least 13 unrelated diseases (Kuc, 1987). The mechanism involves a
chemical signal, as yet uncharacterized, which is produced at the site of induction
and systemically translocated, sensitizing the plant to respond rapidly to infectious
agents. The response in cucurbits involves enhanced phytoalexin accumulation and
lignification at the site of challenge, a 50-fold increase in chitinase, and two- to
three-fold increases in B-glucanase and peroxidase (Boller, 1985; Kuc, 1987). Pro-
tection lasts at least 4-6 weeks, can be extended through fruiting with a booster
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inoculation, and has been demonstrated in the field (Kuc, 1987). Activation of sys-
temic resistance by simple chemical substances (Dubrava et al. 1988; Gottstein and
Kuc, 1989) underscores the potential practicality of immunizing plants by field
spraying or seed treatment.

There is some evidence that restricted infection with a plant pathogen can also
induce partial, systemic resistance to herbivores. In separate experiments, immuni-
zation of tobacco with a non-systemic mosaic virus resulted in 11% reduction in
reproduction of the aphid Myzus persicae and 16% reduction in growth rate of
hornworms reared on systemically protected leaves (Mclntyre, et al., 1981; Hare,
1983). Possible effects of pathogen-activated resistance on suitability of other plants
for herbivores are unknown. We report here the results of ongoing experiments
involving interactions between pathogen-activated resistance and arthropod herbi-
vores of cucumber.

MATERIALS AND METHODS

Culture of host and pathogens. Cucumber plants, Cucumis sativus L. cv. Wisconsin
SRM-58, a bitter variety, were grown in the greenhouse using methods outlined by
Dean and Kuc (1986). Culture of C. lag. and TNV was as described by Dean and
Kuc (1986) and Jenns and Kuc (1977), respectively.

Inoculations and challenges. Systemic resistance to pathogens was induced by
rubbing the abaxial surface of leaf 1 with a cheesecloth pad dipped in TNV inoculum,
which gave well-defined, local lesions within a few days. Plants were immunized when
the first leaf was fully expanded and the second leaf was about two-thirds expanded.
Since rubbing results in minor abrasion, we included controls rubbed with distilled
water as well as non-rubbed controls. All herbivore experiments began 7 days after
immunization. Induction of systemic resistance to pathogens was confirmed by ex-
cising leaf 4 at the start of each experiment. Excised leaves were placed in plastic
boxes (30 x 40 cm) lined with moist germination paper, and challenged on the
abaxial surface with thirty, 10 u1 drops of a C. lag. conidial suspension (10* spores
ml?) (Gottstein and Kuc, 1989). Number and diameter of fungal lesions were deter-
mined after 7 days.

Population growth of twospotted spider mite. Three teneral, mated female mites,
Tetranychus urticae Koch were placed on the adaxial surface of leaf 3 of 1mmumzed
or control plants and confined within a ring (5 cm diam.) of Tangle- trap® adhesive.
Such rings were found not to interfere with induced, systemic resistance to C. lag.
within the enclosure (unpublished data), nor do they affect the suitability of cucum-
ber leaves for mites (Gould, 1978). There were 10 single plant replicates per treat-
ment; the experiment was repeated twice. Female survival was recorded daily; total
progeny were counted after 8 or 9 days.

Fall armyworm growth and survival. Newly-molted second instar Spodoptera fru-
giperda (J. E. Smith) from a lab colony were held in individual petri dishes (15 cm)
on moist filter paper and fed excised leaves from immunized or control plants. Larvae
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Table 1  Systemic resistance to Colletotrichum lagenarium in cucumber induced by inoculation with
tobacco necrosis virus, and lack of effect on mite population growth.

Treatment C. lagenarium lesions (mm®) No. progeny per female per day Total mite population
Experiment 1

TNV 164+45 a 5.4+0.5 ab 193+17 a
Water 948+129 b 6.4+0.5 bc 203*x14 a
Control 881+150 b 48+05 a 166+20 a
Experiment 2

TNV 64+21 a 52+06 a 183+17 a
Water 736+97 b 47+0.5 a 168+20 a
Control 973+6.3 b 3.6+0.6 a 180+18 a

Table 2 Systemic resistance of cucumber to Colletotrichum lagenarium induced by inoculation with
tobacco necrosis virus, and lack of effect on fall armyworm.

Treatment  C. lagenariumn lesions  Larval weight gain Days to pupation Pupal weight (mg)

(mm (mg)
TNV 49+6 a 342+27 a 245x10a 194+6 a
Water 450+33 b 318+26 a 253+09a 197+7.6 a
Control 432+32 b 306+29 a 25.7+0.7 a 190+73 a

All data are means £SEM. Means within a column followed by the same letter do not differ signifi-
cantly (ANOVA followed by Tukey's test, a= 0.05)

were initially provided the third leaf, followed by freshly-excised upper leaves at 4
day intervals until they had pupated. Larvae were weighed every 5 days; days to
pupation and pupal weight were noted. There were 18 replicates per treatment, each
consisting of a single larva fed foliage from a separate plant. Plants had grown 12 to
15 leaves by the end of the experiment. Removal of leaves above the inducer leaf
does not reduce systemic protection of remaining upper leaves (Kuc, personal com-
munication).

Feeding preference assays. Leaf discs (2 cm diam.) were cut from the third leaf of
immunized or control plants and offered to newly-molted 4th instar fall armyworms
or 3-4-day old adult spotted cucumber beetles, Diabrotica undecimpunctata howardi
Barber in choice tests. Six discs (3/treatment) were arranged alternately on moist
filter paper in petri dishes (10 cm). A single insect was placed in each dish and
allowed to feed for 24 h. Consumption (mg dry weight) was determined gravimetri-
cally from wet and dry weights of original and remaining leaf tissue, using represen-
tative discs from the same leaves as standards.

Oviposition tests with greenhouse whitefly. TNV-immunized and control plants
were paired on the greenhouse bench and enclosed cages (60x45x45 cm) covered
with fine organza screen. Trialeurodes vaporariorum (Westwood) were aspirated from
tobacco plants and about 300 (mixed sex) were released into each cage. Leaf 3 was
excised and challenged with C. lag. at the same time. Cages were removed after 96
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h and oviposition response was determined by cutting eight discs (2 cm diameter)
from leaf 4 of each plant and examining them with a binocular microscope. The
experiment was repeated 3 times, with 10, 10, and 5 replicates, respectively.

RESULTS

Plants that had been immunized with TNV on leaf 1 showed significant systemic
resistance to C. lag. when challenged after 7 days. The average reduction in the area
of fungal necrosis relative to water-rubbed controls was 83 and 91%, respectively, in
the two mite experiments (Table 1), which supports the earlier findings of Jenns and
Kuc (1977). Rubbing itself did not reduce the number or size of necrotic lesions.
There were no significant differences in mite population growth on TNV-immunized
plants relative to water-rubbed or non-rubbed controls (Table 1). Similarly, we found
no significant differences in larval weight gain, length of developmental period, or
pupal weight of fall armyworms reared on foliage from TNV-immunized versus
control plants, even though the expression of C. lag. symptoms was reduced by 89%
on leaves from the same plants (Table 2).

Neither fall armyworms nor adult cucumber beetles discriminated between leaf
discs from plants that had been immunized with TNV or control plants. Mean
consumption (mg dry weight) by armyworms in the first trial was 1.5+0.2 vs. 1.3%0.1
(t=0.68, P=0.53, 4 df) and by cucumber beetles was 0.4+0.04 vs. 0.4+0.1 (1=0.02,
P=0.98, 4 df), for TNV-immunized vs. controls, respectively. In the second trial with
cucumber beetles, consumption averaged 0.5+0.1 for both treatments. Reduction in
area of fungal necrosis resulting from challenge with C. lag. averaged 97% on TNV-
immunized plants.

Similarly, adult whiteflies did not discriminate between TN V-immunized and con-
trol plants for oviposition (number of eggs/mm” in the three trials averaged 9.8+1.9
vs. 9.8+1.2, 109+1.5 vs. 10.6%1.9, and 12.2+4.8 vs. 11.8+2.3 for immunized vs.
control plants, respectively; all P-values 20.9). Reduction in area of fungal necrosis
averaged 93, 84, and 55% for immunized plants relative to controls (all differences
significant at P<0.001), confirming induction of systemic resistance to C. lag..

DISCUSSION AND CONCLUSIONS

The non-specificity of pathogen-activated antimicrobial defenses of plants has
fueled speculation that immunization could provide the added benefit of suppression
of arthropod pests in the field (see McIntyre, 1980; Kogan and Paxton, 1983; Hare
1983). As reported previously by Jenns and Kuc (1977), we found that immunization
(i.e., restricted inoculation) of leaf 1 of cucumber with TNV provided consistent,
systemic resistance to later challenge by the anthracnose fungus C. lagenarium. How-
ever, unlike earlier reports with tobacco, immunization of cucumber with this non-
systemic virus neither increased nor decreased susceptibility or palatability of upper
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leaves to arthropod herbivores. We have obtained similar results in other experi-
ments in which C. lag. was used as the inducing agent (Ajlan, unpublished data). The
general nature of the pathogen-activated resistance response in cucumber apparently
does not extend to arthropod herbivores.

Wounding of leaves of squash or zucchini has been implicated in induction of
cucurbitacins and shifts in the suitability of non-damaged leaves for herbivores (Tal-
lamy, 1985), although in related work we were unable to demonstrate systemic effects
of wounding on palatability of cucumber to fall armyworms (a generalist) or to
Diabrotica, which responded positively to similar wounding of zucchini (Tallamy,
1985). Neither wounding nor previous feeding by mites was found to induce resist-
ance to C. lag. The mechanisms and specificity of activated resistance in cucurbits
may differ in response to induction by phytopathogens or herbivory.
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ABSTRACT

Host plant relationships of two monophagous Ceutorhynchus species (Coleoptera: Curculionidae) were
studied in the laboratory: C. constrictus feeding on garlic mustard (Alliaria petiolata), C. inaffectatus feeding
on dame’s violet (Hesperis matronalis). Both species were stimulated to feed by glucosinolates, but in C.
constrictus this effect was difficult to demonstrate. Other still unidentified feeding stimulants were present
in extracts from the host plants. The role of glucosinolates and other compounds in recognition of host
plants by these weevils is discussed.

Key words: Ceutorhynchus constrictus, C. inaffectatus, Alliaria petiolata, Hesperis matronalis, Cruciferae,
Coleoptera, Curculionidae, host plant recognition, feeding stimulants, Gestalt, plant extracts,
glucosinolates, sinigrin, glucotropaeolin, glucomatronalin.

INTRODUCTION

Many crucifer specialist insects are stimulated to feed or oviposit by glucosinolates
(Fig. 1) (Chew, 1988; Nielsen, 1988; Stidler, 1986 and references therein). Glucosi-
nolates form a homogenous group of sulphur containing glucosides which are char-
acteristic of the plant family Brassicaceae (Cruciferac) and a few other families
(Fenwick et al., 1983). By enzymatic reactions in the plants the glucosinolates may
be hydrolysed to simpler compounds, e.g. isothiocyanates, thiocyanates or nitriles
(Fenwick et al., 1983). Volatile isothiocyanates are known as attractants for several
crucifer specialist insects, but they are usually inactive or less active than the non-
volatile glucosinolates in stimulating feeding and oviposition (Nair and McEwen,
1976; Tanton, 1965).

The specific responses to glucosinolates might allow the insects to recognize plants
belonging to the Cruciferac among other plants, which do not contain these com-
pounds. But crucifer specialist insects are able to discriminate between different
members of the crucifer family, and this discrimination may depend on responses to
other compounds than the glucosinolates. Glucosinolates from several non-host
plants were as potent feeding stimulants as glucosinolates from host plants to two
Phyllotreta species (Coleoptera: Chrysomelidae) (Nielsen, 1978; Nielsen et al.,
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1979a). Similar results were obtained with Ceutorhynchus assimilis Payk. (Coleoptera:
Curculionidae) (Larsen et al., 1985). The presence of other feeding and oviposition
stimulants than glucosinolates in the host plants has been demonstrated by Nielsen
et al. (1979b) and Schoni et al. (1987) and two of these compounds have been
identified (Nielsen et al., 1979b).

These findings support the idea that insects perceive and respond to characteristic
mixtures of compounds forming a stimulatory blend or a chemical Gestalt which is
typical for the host plant(s) (Dethier, 1982). The number of compounds contributing
to a stimulatory blend is unknown and may be different in different insects. Mono-
phagous insects seemed to be particularly suitable for studying these aspects because
they are supposed to perceive sharp "images" of their host plants (Schneider, 1987),
and because all important compounds are supposed to be present in a single plant
species. The genus Ceutorhynchus (Coleoptera: Curculionidae) is especially rich in
monophagous species (Dieckmann, 1972). The present study includes two species
which are reported to utilize only a single host plant in large parts of Europe: C.
constrictus Marsh. feeding on Alliaria petiolata (Bieb.) Cavara and Grande (garlic
mustard) and C. inaffectatus Gyll. feeding on Hesperis matronalis L. (dame’s violet).

METHODS AND MATERIALS

Plants and beetles were collected at natural sites. Extracts were made from stem
leaves of the two host plants with boiling 70% methanol. The 70% methanol extract
was evaporated to a small volume and separated between water and chloroform in
a separation funnel. The water phase (Fraction 1) containing most of the biological
activity was further separated on a series of ion-exchange columns in capillary pi-
pettes and four groups (fractions) were obtained:

HO
/S- Glucose /S—Glucose
=CH- - HO CH,-C

N-oso; N—OSOa'
Sinigrin Glucomatronalin
/S—Glucose Aplose~y /S—Glucose
CH,—C HO -CH,—C
\ ’ N\
N-050, N-0S0;
Glucotropaeolin 3-0-apiosylglucomatronalin

Fig. 1 Structures of some glucosinolates from Alliaria petiolata and Hesperis matronalis
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Table 1 Feeding responses of two Ceutorhynchus species on pea leaf discs treated with various fractions
containing the water soluble compounds from their host plants.

Fraction Typical content Stimulatory activity
11 uncharged compounds e.g. sugars and flavonoids +++2 0°
12 strong cations e.g. metal ions and amines 0 0
13 weaker cations e.g. most amino acids 0 0
14 anions e.g. glucosinolates (+) +++

? from leaves of Alliaria petiolata towards C. constrictus
® from leaves of Hesperis matronalis towards C. inaffectatus

1) neutral compounds,

2) strong cations,

3) weak cations, and

4) anions (Table 1).

Details of the extraction and separation procedure are given by Nielsen et al.
(1989). Prior to bioassays the fractions were dissolved in water (1 ml per 0.1 g dry
leaf material).

A leaf disc test was used to measure the feeding stimulatory activity to C. con-
strictus. Leaf discs of pea were dipped in a solution of the test compound or fraction
(test discs) and presented to the weevils together with leaf discs treated with the
solvent (control discs) (Nielsen et al., 1989). A similar assay was used for C. inaffec-
tatus, but pieces of pea stem (pod attraps) were used instead of pea leaf discs (Larsen
et al., 1985). Experiments lasted 24-40 hours. The feeding stimulatory activity was
then measured by comparing the amount eaten on test and control treatments.

RESULTS AND DISCUSSION

Both monophagous species were stimulated to feed by the 70% methanol extracts
from their respective host plants and the stimulatory compounds were found to be
mainly water soluble (Nielsen et al., 1989, and in prep.). When the water soluble
compounds were separated into four fractions, characteristic differences were found
between the two monophagous species (Table 1). The major stimulatory activity
towards C. constrictus was found in Fraction 1.1 from Alliaria petiolata. This fraction
contained the uncharged compounds and very little activity was found in Fraction
1.4 containing the glucosinolates. In contrast Fraction 1.4 from Hesperis matronalis
was the only stimulatory fraction for C. inaffectatus (Table 1).

The lack of a positive response to the glucosinolate fraction in C. constrictus was
very surprising. The major glucosinolate in stem leaves of A. petiolata is sinigrin,
while only trace amounts of glucotropaeolin (Fig. 1) are present (Nielsen et al,
1979a). Leaf discs of pea treated with a pure solution of sinigrin were also not fed
upon by C. constrictus confirming the negative results obtained with the glucosinolate
fraction from garlic mustard leaves (Nielsen et al., 1989). Sinigrin was then tested
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in various combinations with other fractions and subfractions from garlic mustard
leaves. In most of these tests, no effect of sinigrin could be demonstrated, but when
combined with one particular subfraction of Fraction 1.1, a clear synergistic effect
was found (Nielsen et al., 1989). Therefore, sinigrin is not a feeding stimulant when
presented alone, but it contributes to a stimulatory blend found in garlic mustard
leaves.

Efforts to identify the compounds which act synergistically with sinigrin have lead
to the partial identification of a flavone glycoside. The compound is very similar and
perhaps identical, to saponarin which has previously been tentatively identified from
garlic mustard leaves (Paris and Delaveau, 1962), but a final structure elucidation
has not yet been possible.

Although the flavone glycoside also seems to contribute to the stimulatory blend,
mixtures of this compound and sinigrin are still much inferior to Fraction 1.1 in
stimulating feeding in C. constrictus. Therefore, the stimulatory blend found in A.
petiolata seems to contain more than these two compounds.

Only one of the four fractions obtained from H. matronalis leaves (Table 1) was
stimulatory to C. inaffectatus when presented alone. This fraction (Fraction 1.4)
contained the negatively charged compounds (anions), e.g. the glucosinolates. Leaves
of H. matronalis turned out to contain a number of unidentified glucosinolates. The
major constituents were glucomatronalin (3,4-dihydroxybenzylglucosinolate) and a
3-0-apiosyl derivative of this compound (Fig. 1) (Larsen et al., in prep.). The latter
compound proved to be a very potent feeding stimulant for C. inaffectatus and so
were a few other complex glucosinolates from H. matronalis. A number of simple
glucosinolates without a glycosidic linkage in the side chain were much weaker
stimulants (Larsen et al., in prep.). The complex glucosinolates from H. matronalis
have not been reported from other plant species and the specific responses to these
compounds might allow C. inaffectatus to recognize this plant among other crucifers.

A series of combination experiments were performed in order to examine whether
other stimulatory compounds were present in H. matronalis. Until now one other
fraction — a subfraction of Fraction 1.1 (Table 1) — has been found which stimulate
feeding when presented together with the glucosinolates from H. matronalis. Fraction
1.1 was itself inactive probably because it contained both stimulatory and inhibitory
compounds which were separated by the subsequent purification steps. The stimu-
latory activity from Fraction 1.1 could be traced through several purification steps,
but the identity of the active compound(s) is still uncertain.

CONCLUSIONS

Feeding in both monophagous weevils is enhanced by different classes of com-
pounds from their host plants including the glucosinolates. Therefore, host plant
recognition seems to depend on responses to stimulatory blends and not only to
single compounds from the host plants. The number of compounds contributing to
these mixtures is unknown, but it seems to be possible to identify them one by one
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from the extracts. Further studies should elucidate how compounds interact in the
blend and whether it is possible to define a chemical Gestalt which would allow the
insects to recognize their host plants.
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ABSTRACT

Potted rosettes of the biennial Centaurca maculosa (Compositae) were grown under 8 different stress
treatments with each of the following factors being either present or absent: a) root herbivory by the moth
Agapeta zoegana (Lep.: Cochylidae) and the weevil Cyphocleonus achates (Col.: Curculionidae), b) com-
petition with the grass Festuca pratensis and ¢) nitrate shortage. We studied effects of these treatments
on biomass allocation, concentrations of mobile and storage carbohydrates and nitrogen in aerial- and
below-ground tissue, and on parameters of reproduction. Plants responded to the specific factors at
different hierarchical levels, suggesting that the plant’s potential to compensate varies greatly depending
on the intensity, the pattern and timing of the stress applied. Competition with grass severely reduced
both early and late components of plant fitness, i.e. parameters of growth and reproduction, respecively.
Nitrogen shortage, applied as a single stress factor, had no effect on these parameters, except to reduce
nitrogen concentration of leaves and seeds. The level of available nitrogen in the soil, however, seems
greatly to influence the compensatory capacity of C. maculosa, when infested by herbivores. This produces
effects from overcompensation through partial compensation up to probable damage by the herbivores
to plants under nitrogen stress. Plants responded to root herbivory by accumulating carbohydrates in the
leaves and increasing the allocation of nitrogen and biomass to the roots, thus adjusting the carbon/nutrient
balance by restoring their optimal shoot/root ratio. These results support predictions of economic theory,
that plants should adjust allocation so that all resources equally limit growth.

Keywords: Centaurea maculosa, resource allocation, root herbivores, plant competition, nitrogen, multiple
stress, compensatory growth, reproduction.

INTRODUCTION

The impact of root herbivores on plant fitness and on population and community
structure has received very little attention by ecologists, despite the fact that they
appear to have an important role (Andersen, 1987; Brown and Gange 1989). Data
from diverse ecosystems indicate that more than 50% and up to 90% of the net
primary production is commonly allocated to subterranean parts, of which up to
30% may be removed by subterranean herbivores in herbaceous plant communities
(Bazzaz et al., 1987; Andersen, 1987). Subterranean herbivory was found to be more
often chronic than acute, especially on plants, whose roots serve as storage organs
and contain increased carbohydrate and nutrient concentrations (Andersen, 1987).

215



Three possible strategies appear to have evolved in plants to cope with herbivory:
1) chemical or other deterrents to feeding (e.g. Feeny, 1976; McKey, 1979),
2) compensatory growth through modification of the plant metabolism
(McNaughton, 1983) and
3) an excess of functional capacity resulting in a degree of tolerance (Harper,
1977; Lovett-Doust, 1980; Andersen, 1987)

Chemical defence may be advantageous when herbivory is acute, but of unpre-
dictable occurrence, while compensatory growth and tolerance can be assumed to
be adaptations to environments with low levels of sustained herbivory. Root herbi-
vores can disrupt the plant’s functional integrity by reducing the absorption, accu-
mulation and translocation of nutrients and by interfering with production of growth
regulators (Brouwer 1983; Crawley, 1983; Andersen, 1987). Root herbivory generally
leads to reduced shoot growth and compensatory root growth, thus adjusting for a
favorable shoot/root ratio (McNaughton, 1983; Brouwer, 1983; Miiller, 1989a). How-
ever, such compensation can be offset by the presence of additional stress factors
(Bloom et al., 1985).

In a given environment, plant fitness can be expected to be maximized by opti-
mizing the pattern of resource allocation to maintenance, growth, defence and re-
production (Hartnett and Abrahamson, 1979; Bazzaz et al., 1987). Relatively little
is known about plant responses to multiple environmental stress, although most
natural environments are stressful in several respects (Chapin et al., 1987). Hence,
to understand the impact of herbivory on plant performance, additional interacting
variables, such as the effect of neighbouring plants as well as the availability of water
and nutrients for the plants have to be considered. An economic view using cost-
benefit analysis and trade-offs in terms of the effects on overall plant performance
as measured by growth and reproduction greatly improved the understanding of
resource allocation patterns and of the plant’s substantial homeostatic capacities for
resource imbalances in the environment (Bloom et al., 1985; Chapin et al., 1987).

In this paper, we present some results of experiments with potted plants to study
the separate and joint effects of 1) two root herbivores, the moth Agapeta zoegana
(Lep.: Cochylidae) and the weevil Cyphocleonus achates (Col.: Curculionidae), 2)
interspecific competition with the grass Festuca pratensis, and 3) nitrogen shortage,
on the performance of the diploid monocarpic (normally biennial) Centaurea macu-
losa (Compositae). In particular, we investigated differences in the effect of intensity,
timing and pattern between the three stress factors and their combinations on com-
ponents of growth and reproduction, and analysed its underlying physiological mech-
anisms. The main goal of this study is to describe the average reaction norm of C.
maculosa to root herbivory as modified by several other stress factors.

METHODS

Species. Centaurea maculosa ssp. rhenana (Boreau) is widely distributed in Europe
(Dostal, 1976). In Eastern Europe, the species occurs in continental xeric plant
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associations, but reaches its highest densities in its western distribution area at sites
disturbed by human activities, such as ruderal sites or in abandoned or overgrazed
pastures (Miiller, 1989b). During surveys carried out in Central and Eastern Europe,
we found 21 insect species associated with its roots, including the two specialist
feeders A. zoegana and C. achates (Miiller et al., 1989). Larvae of A. zoegana mine
in the root cortex during autumn and spring, whereas the gall-inducing C. achates
feeds in the central part of the tap-root and probably stresses the plant most severely
during summer (Miiller et al., 1988; Miiller, 1989b). Both species were successfully
established in North America for the biological control of C. maculosa (Miiller and
Schroeder, 1989). Festuca pratensis (Gramineae) is commonly associated with C.
maculosa in its natural habitats in Europe and has a potential in reseeding pro-
grammes in North America as forage species and competitor of C. maculosa.

Experimental design and analysis. One-liter pots containing one C. maculosa ro-
sette (grown from seeds collected from a field population in Eastern Austria in 1986
and sown in January 1987) were randomly assigned to one of 8 treatments resulting
from a completely randomized 2x2x2 factorial design with either of the the three
main factors being either present or absent: a) root herbivory by A. zoegana and C.
achates, b) competition with the grass F. pratensis, and c) nitrogen shortage. Details
of the treatments are given in Fig. 1. Each treatment was replicated 9-30 times,
depending on the success of herbivore infestations. All plants produced seeds in 1988
and subsequently died. Half of the plants of each treatment were harvested on May
24, 1988, inspected for herbivory, separated into aerial- and subterranean tissue,
freeze-dried and weighed. Carbohydrates (glucose, fructose, sucrose, starch and fruc-
tans) were analyzed using standard enzymatic methods (Bergmeyer, 1984) and a
colorimetric assay specific for fructose (Nakamura, 1968). The nitrogen concentra-
tions were assessed by a CHN analyzer (Haereus). In order to measure fecundity of
the remaining plants, mature flower heads were regularly cut before they shed their
seeds. On August 19, 1988, these plants were harvested, again separated into aerial-
and subterranean tissue and oven dried at 65°C to save the seeds, but values were
corrected to 65°C. The flower heads were dried at 40°C to determine dry weight
allocation to reproduction. All seeds were then removed from the heads and the
weight of a maximum of 50 randomly selected seeds per plant measured to estimate
mean seed weight and the total number of seeds per plant. One sample per plant
containing 3 randomly selected seeds was analysed by a CHN analyzer to assess the
nitrogen concentration of the seeds.

Untransformed data were subjected to a series of one-way and 3-way analyses of
variance to assess effects of treatments and factors, respectively. As the departures
from normality of the residuals for this additive model were not large, significance
tests should be valid (Sokal and Rohlf, 1981). A more detailed analysis of the data
will be presented elsewhere.
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Fig 1
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Synopsis of separate and joint effects of root herbivory, plant competition and low nitrate
availability on components of growth and reproduction in C. maculosa, expressed as percentage
of controls (fertilized plants experiencing no herbivory and no competition). a) single effects of
stress factors b) combined effects of stress factors. The factors are: Root herbivory - 5 first instar
larvae of A. zoegana were transferred onto the rosettes between July 22 to August 8, and during
September, the plants were exposed to one C. achates female until a maximum of 2 oviposition
aitemps were recorded; plant competition - 3 seedlings of F. pratensis were transplanted to each
pot on April 22; nitrogen stress - controls were fertilized with 10 mg N/pot/week as CaNO3 from
April to July 1986 to reach nitrogen levels comparable to natural conditions (Ellenberg, 1977);
stressed plants got the same amount of CaCl to equalize Ca supply; each treatment was repli-
cated 9-30 times;  significantly different from the controls at the 5% level (Fisher PLSD)



Table 1 Chemical components of leaves and roots of C.maculosa grown under 8 different stress condi-
tions and harvested on May 29, 1988 (cf. Fig. 1 for details of treatments)

Treatment leaf starch root fructans leaf nitrogen root nitrogen
(ug/mg dw) (ug/mg dw) (% of dw) (% of dw)

Control 8.72 142.81 2.19 0.77

G: Grass competition 5.68 142.71 2.10 0.95

H: Herbivores 15.78 69.67" 2.07 1.20°

N: Nitrogen stress 9.09 130.13 2.04 0.89
G+H 11.92 71.44° 1.65* 126"
G+N 9.71 139.92 185 1.05
H+N 14.05 92.44" 1.74* 1.14*
G+H+N 18.88" 92.66* 1.65* 1.41*

: Significantly different from controls at the 5% level (Fisher PLSD)

RESULTS

An overview of effects of the different combinations of stress factors on compo-
nents of plant fitness is given in Fig. 1. As a single stress factor competition with
grass reduced most severely both the aerial- and subterranean biomass. Surprisingly,
low nitrogen availability in the soil showed no significant effect on biomass (Fig. 1a).
In the absence of competition with grass, herbivores reduced shoot- and total biomass
only under nitrogen stress (Fig. 1b, 2a). Roots probably compensated partially under
nitrogen stress, but greatly overcompensated under good nutrient conditions (Fig.
2b). Competition with grass alleviated the stimulating effect of N-fertilization on
root- and shoot-biomass of infested plants (Fig. 2). Multiple stress reduced biomass
below the level achieved by each factor alone and effects were generally additive
(Fig. 1b).

Herbivores greatly affected the plant’s physiological parameters (Table 1). On the
one hand starch concentrations in the leaves were significantly increased in plants
infested by herbivores (3-way ANOVA) and the fructan concentration in the roots
was reduced. On the other hand, the N-concentration of the leaves was significantly
reduced, but that of the roots increased, as compared to controls. The high concen-
trations of fructans in the leaves (1.2-7.6% dw) did not vary between the treatments,
but may be correlated with the bolting stage of plants at the time of harvest (Steinger
and Miiller, in prep). Nitrogen availability in the soil seems to have a central role
as limiting factor, as the negative effect of the herbivores on the nitrogen concen-
tration in the leaves was counterbalanced by N-fertilization. In the presence of
competition with grass, however, N-fertilization had no effect on the nitrogen con-
centration of infested plants (Table 1). The herbivore impact on plant performance
becomes evident when the shoot/root ratio is considered (Table 2). Herbivores
strongly reduced the shoot/root ratio, especially at the end of the flowering period,
when only the treatments involving herbivory had a significant effect (Table 2).
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Table 2 Biomass allocation of Centaurea maculosa grown under 8 different stress conditions (cf. Fig. 1
for details of treatments)

Treatment shoot ratio flower heads (% of plant
May 24 Aug. 19 dw)

Control 417 9.30 40.00

G: Grass competition 259" 9.12 37.17

H: Herbivores 2.93 4.50° 34.11

N: Nitrogen stress 3.89 9.06 32.99

G+H 2.52" 2.68* 28.28*

G+N 341 932 33.32

H+N 212 4.77* 28.45*

G+H 1.68° 3.23¢ 25.17*

g Significally different from controls at the 5% level (Fischer PLSD)

Control plants invested 40% of their biomass in flower heads and seeds. Both ni-
trogen stress and herbivory significantly reduced allocation to reproductive tissues.
Plants under maximum stress allocated only 25% of their biomass to reproduction.
All treatments significantly reduced the number of flower heads and seeds per plant,
with the effect of competition by grass being most pronounced (Fig. 1). Mean seed
weight was only susceptible to nitrogen stress. Surprisingly, the combined effect of
competition and herbivory was found to reduce greatly the number of seeds per
plant, but to increase slightly the mean seed weight (Fig. 1). Additional nitrogen
stress, however, reduced the latter by 17%. Grass competion and nitrogen stress
significantly lowered the nitrogen content of the seeds, but this parameter was sig-
nificantly increased by the root herbivores (3-factorial ANOVA). At maximum stress
level the nitrogen concentration of the seeds reached only 82% of the controls.

DISCUSSION

The potential of a species to compensate for specific stress factors may shed light
on a plant’s evolutionary history, as a species is assumed to have optimized its
resource allocation pattern with respect to the range of environments it most fre-
quently encountered in the past.

The parameters measured in this study can roughly be arranged from early to late
components of plant fitness (Fig. 1). Under the conditions studied, C. maculosa
seems to be relatively susceptible to competition, as components of both growth and
reproduction were greatly reduced in a grass neighborhood (Fig. 1). The fact that
competition with grass reduced the shoot/root ratio (Table 2) in spring indicates that
the effect of grass was mainly mediated through subterranean competition (Crawley,
1983; McNaughton, 1983) probably by depleting soil nutrients and water. Reduced
total biomass may also have been due to the grass restricting the rooting zone
available in the pots, i.e. to competition for subterranean space (Robbins and Pharr,
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1988; Miiller, 1989a). Nitrogen shortage, applied as a single treatment, surprisingly
did not reduce biomass and reproductive parameters, except the N-concentration of
the seeds. However, significant interaction terms between nitrogen stress and the
other stress factors were found for most of the variates. Availability of nitrogen seems
to influence greatly the compensatory capacity of C. maculosa, when infested by
herbivores. Root herbivores stimulated overcompensation of root growth when ni-
trate was abundant, but only undercompensation was seen under nitrogen stress (Fig.
2). In this case, increased allocation of N to the roots subsequently also limited shoot
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Fig 2. Biomass of C. maculosa grown under 8 different stress conditions at the end of the growing
season (August 19, 1988) (cf. Fig. 1 for details of treatment) a) aerial biomass b) root biomass
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growth, resulting in an accumulation of starch in the leaves (Table 1), which is
commonly observed in N-stressed plants (Rufty et al., 1988). Compensatory root
growth took place partially at the expense of the stored fructans in the roots. Com-
petition with grass depressed the compensatory growth induced by herbivores.

The application of economic theory to plant physiological ecology suggests that
plants should adjust allocation so that all resources equally limit growth, i.e. by
allocating new biomass to the acquisition of the resources that most strongly limit
growth (Bloom et al., 1985). Our results seem to support this prediction. Nutrient
stress, imposed indirectly by root herbivory, led to an accumulation of carbohydrates
(starch) in the leaves. Plants responded by increasing allocation to root growth, thus
adjusting the carbon/nutrient balance by restoring the optimal shoot/root ratio. Par-
ameters of growth and reproduction can be considered as functional units, arranged
in a hierarchical system (White, 1984; Marshall, 1989). Our study showed that the
level at which the plant responded was dependent on the intensity, the pattern and
the timing of stress applied. The consequences for the distribution of C. maculosa
of such differential reactions to specific stress factors as well as more detailed analyses
of these data and of parallel field experiments will be presented elsewhere. A better
understanding of plant reactions to multiple stress and its consequences for popu-
lation ecology will help to make more realistic predictions about the impact of
biological control agents on weed populations.
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Abstract

In South Siberia larch gall midge (Dasyneura rozkovi Mamaev et Nikolski) forms
large artichoke-like galls on the buds of larch (Larix siberica Led.). The success of
infestation deals with the physiological ability of bud meristemic tissue to promote
growth of normal galls (Issaev et al., 1988). This ability varies from bud to bud and
individual larches possess different but rather stable percent of susceptible buds. The
ratio of resistant buds, which are unable to form normal galls, is the key factor
affecting gall midge mortality. Thus, the major mortality factor on trees with suscep-
tible buds is intraspecific competition during the last larval instar. In resistant buds
the young larvae die on the bract scales before reaching the bud apexes or on the
apexes when unable to initiate gall development. Young larvae also die in abortive
galls that do not reach half of the size of normal galls.

Differences between larches also affect the ratio of the two chalcid parasites of
the midge. The mortality of first and second instar larvae in abortive galls causes the
death of Tetrastychus chakasicus which attacks the early instar midge larvae. The
second chalcid Torymus isaevi oviposits on later instars avoiding high mortality in
abortive galls.

The variability between individual host trees and limited dispersal of female
midges force gall midge demes to adapt to the individual characteristics of their
hosts. This initiated the selection of midge genotypes that reach the bud apexes
synchronously with the critical period of development on that particular tree. This
shift in larval development can be attained by changes in the emergence and activity
thresholds of ovipositing females. Adaptations of this type may be surprisingly rapid.
Thus, in 17 generations gall midge colonized the crowns of four larch species on
experimental plantation and the dynamics of adult emergence was observed to differ
between species. Adaptations to specific individual hosts have been reported for
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scale insects (Edmunds and Alstad, 1978) and the observed shifts in D. rozkovi
emergence indicate that these midges also form isolated demes adapted to individual
host phenology.
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ABSTRACT

Evidence was sought for species-specificity in eucalypt-feeding chrysomelids, and the observed preferences
were correlated with leaf waxiness and toughness. The distribution of eleven species of adult chrysomelids
was monitored throughout a season on eight species of eucalypts. All beetle species had more than 50%
of their numbers restricted to two species of eucalypt. Four patterns emerged: (i) six chrysomelid species
were associated with E. viminalis and E. macarthurii, (ii) two species with E. bridgesiana and E. melliodora,
(iii) two species with E. bicostata and E. bridgesiana, and (iv) one species with E. aggregata. Leaf toughness
was measured with a penetrometer, and the leaves of E. pauciflora were significantly tougher than those
of other species. Only 2% of all beetles occurred on this species. The effect of leaf waxiness was measured
with a tenaxometer, which recorded a beetle’s ability to cling to different surfaces. Beetles of all species
were unable to cling to leaves that are coated with a waxy bloom. Excluding Chrysophtharta m-fuscum,
only 3% of beetles occurred on E. bicostata, the eucalypt with the most heavily glaucous leaves. C. m-fuscum
has overcome the problems of waxy foliage by several adaptations which enable it to colonize a habitat
virtually unavailable to most other species. This has resulted in strong species specificity, with 95% of C.
m-fuscum restricted to the two most waxy species, E. bicostata and E. bridgesiana.

Key words: Chrysomelidae, Eucalyptus, host-specificity, leaf toughness, leaf waxes, Paropsis, Chrysophtharta,
host range.

INTRODUCTION

In many species of chrysomelids, both larvae and adults feed on the foliage of the
same plant species. This provides the opportunity for a higher degree of specializa-
tion between insect and host than may occur in insects where adults and larvae have
different nutritional requirements (Strauss, 1988). In Australia, larvae and adults of
many species of Paropsis and Chrysophtharta (Chrysomelidae) feed on the young
foliage of Eucalyptus. Eucalypts are evergreen sclerophyllous trees that usually exist
in stable associations of 2 to 4 species, rather than in monospecific stands (Pryor,
1959). Many insect groups, including chrysomelids, have been shown to exhibit host
preferences within such associations of co-dominant eucalypts (Burdon and Chilvers,
1974; de Little and Madden, 1975; Morrow, 1977), and thus must discriminate bet-
ween species on a local scale.
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Leaves of different plant species differ in physical characteristics as well as chemi-
cal composition. Plant chemistry is generally considered to be the predominant factor
influencing the feeding behaviour of phytophagous insects. Eucalypt leaves are rich
in volatile oils, tannins and phenols (Macauley and Fox 1980; Simmons and Parsons,
1987), so it is almost certain that interspecific differences in secondary compounds
will play a major role in determining the host range of eucalypt-feeding insects.
However, if physical hurdies have to be overcome by insects before feeding can occur,
then these may result in an effective first line of defence against phytophagous insects.
Physical factors that may protect leaves from herbivores include waxes (€.g. Stork,
1980a), trichomes (e.g. Schillinger and Gallun, 1968), toughness (e.g. Tanton, 1962)
and shape (e.g. Fox and Morrow, 1981).

It has been suggested that the waxy bloom on juvenile leaves of some eucalypt
species deters colonization by adult chrysomelids (Edwards, 1982). This possibility
was investigated further in the present study, together with the consideration that
leaf toughness may also influence the host range of chrysomelids. Interspecific dif-
ferences in the physical characteristics of leaves were compared with observed pat-

terns of host specificity of a chrysomelid community in a mixed species plantation
of young eucalypts.

METHODS

Host plant associations of chrysomelids. Seven surveys were made between Novem-
ber, 1987 and May, 1988 on two adjacent plots of eucalypts at Crookwell, New South
Wales. One plot contained Eucalyptus viminalis (number of trees = 24), E. aggregata
(n = 24), E. macarthurii (n = 21) and E. bicostata (n = 21), and the other E.
bridgesiana (n = 23), E. mannifera (n = 21), E. melliodora (n = 23) and E. pauciflora
(n = 17). Trees were 3 m apart and each plot measured 24 x 24 m. The trees were
3 years old, and the mean height of each species ranged from 93 cm to 214 cm. On
each survey all adult chrysomelids of the 11 most abundant species were counted on
every tree. Specimens of all described and undescribed species have been lodged with
the Australian National Insect Collection in Canberra.

Leaf toughness and water content. A penetrometer similar to that described by
Feeny (1970) was used to compare leaf toughness of the 8 species of eucalypts. The
spindle of the penetrometer was flat ended with a diameter of 3 mm. Water was
added at a constant flow rate to a plastic bottle placed on the spindle, and the weight
that was required to penetrate the leaf was converted to pressure (g/mz). A stem was
selected from a tree of each species, and half of every leaf on the stem was used to
measure toughness, and the other half to measure water content after 48 h at 60°C.
For those species with paired leaves, only one leaf from each pair was measured.
The foliage on each stem ranged from fully expanded old leaves to young partially
expanded leaves. Young leaves with a width of less than 6 mm were too small to be

tested for toughness. Surveys of leaf toughness were done in mid-summer (January)
and in late autumn (May).
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Table 1  Distribution of adult chrysomelid beetles in a plantation of 3-year old eucalypts at Crookwell,
NSW. Results represent the totals of 7 surveys between November 1987 and May 1988. Groups
of chrysomelid species showing similar host preferences are enclosed by dotted lines.

Chrysomelid Distribution of beetles on eucalypts (%) Total
species 'E.vim E.mac E.mel E.bri E.bic E.agg E.man E.pau % (n)
C. inconstans 48 29 1 8 1 9 2 2 100 (1413)
C. decolorata 29 23 6 9 1 9 19 4 100 (1090)
P. charybdis 34 42 0 4 4 12 2 2 100 (232)
P. porosa 19 38 2 19 11 8 2 1 100 (184)
C. nobilita 38 41 0 S 2 9 5 0 100 (155)
P. 'nr. delivdlei’ 14 49 0 11 7 9 7 3 100  (150)
C. variicollis 8 2 69 9 1 6 4 1 100 (211)
C. ‘antique gold’ 12 0 41 21 0 ) 12 9 100 a7
C. m-fuscum 1 2 1 65 30 0 1 0 100 (568)
P. aegrota 16 22 1 29 24 5 8 0 100 (276)
C. ‘fluoro green’ 5 2 0 1 0 91 1 0 100 (345)
27 23 6 16 6 14 6 2 100 (4,701)

*E. vim = E. viminalis, E. mac = E. macarthurii, E. mel = E. melliodora, E. bri = E. bridgesiana, E.
bic = E. bicostata, E. agg = E. aggregata, E. man = E. mannifera, E. pau = pauciflora.

Effect of leaf waxes on beetle adhesion. A tenaxometer similar to that described by
Stork (1980b) was used to measure the force with which adult chrysomelids pulled
across the surface of eucalypt leaves. The tenaxometer consisted of a Harvard
isometric force transducer (0-50 g) coupled to a Tolshin Electron®chart recorder
(1 mv - 2 v). A wire glued with Bostik® to the back of each beetle was attached 1o
the force transducer by a cotton thread. A beetle was placed on a horizontal leaf and
allowed to pull at right angles to the force transducer until consistent peaks were
obtained on the chart recorder. The highest peak of each trace was converted to
mass pulled. Eight males of Chrysophtharta m-fuscum, C. variicollis, Paropsis cha-
rybdis and P. 'nr. delittlei’ were weighed and tested on two eucalypts with non-waxy
leaves (E. pauciflora, E aggregata) and two with waxy leaves (E. bridgesiana, E. bicos-
tata).

Rearing trials. The two chrysomelid species that showed most host specificity in
the field (C. m-fuscum and C. fluoro green’) were reared cn all eight foliage types
in the laboratory at 23°C : 15°C, 12hL : 12hD. Eggs were collected in the field and
two replicates of ten newly-hatched C. m-fuscum larvae and three replicates of 10 C.
fluoro green’ 1arvae were caged on sprigs of fresh foliage. The foliage stem was placed
in water and the foliage replaced twice a week. Survival and duration of development
to the prepupal stage, and prepupal weight were used to compare the suitability of
each foliage type for the two chrysomelid species.
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Table 2 Leaf toughness of eight species of eucalypts at two times of the year, measured on the leaf with
the highest water content on each branch.

Species Leaf toughness (gmm )

summer autumn mean
E. pauciflora 82.7 97.9 90.3
E. bridgesiana 62.4 66.9 64.7
E. melliodora 40.0 71.3 55.7
E. aggregata 60.0 47.2 53.6
E. bicostata 49.5 50.9 50.2
E. mannifera 412 59.3 50.3
E. viminalis 455 393 42.4
E. macarthurii 284 313 299

RESULTS

Host plant associations of chrysomelids. Almost 5,000 chrysomelid beetles were
counted during the surveys, and four patterns of host-plant associations were recog-
nized (Table 1). The first six chrysomelid species listed in Table 1 had more than
50% of individuals on E. viminalis and E. macarthurii.

More than 50% of C. variicollis and C. ‘antique gold’ were found on E. melliodora
and E. bridgesiana, with the former eucalypt species being particularly favoured
(69%) by C. variicollis.

C. m-fuscum and P. aegrota had more than 50% of individuals on E. bridgesiana
and E. bicostata, the two eucalypts with a conspicuous waxy bloom on their leaves.
This association was particularly strong for C. m-fuscum, with 95% of all beetles
being recorded on the two waxy-leafed eucalypts. Of the other nine chrysomelid
species, only 3% of individuals were found on the two waxy-leafed eucalypts, and in
fact six species had two or fewer individuals on the eucalypt with the densest waxy
bloom, E. bicostata.

C. 'fluoro green’ showed the strongest host preference of all the chrysomelids, with
91% being found on E. aggregata. In general, E. aggregata was avoided by the other
chrysomelids, with less than 2% of individuals being recorded on this species. Overall,
the eucalypt on which the lowest number of beetles was recorded was E. pauciflora,
which has thick leathery leaves.

Leaf toughness and water content. Leaf toughness increased and water content
decreased as leaves aged, that is in leaves more distant from the shoot tip. This
relationship occurred for all species, and is shown in Fig. 1 for a species with tough
leaves (E. pauciflora), a species with intermediate leaves (E. bicostata) and a species
with soft leaves (E. viminalis). In summer, in all species except E. macarthurii and
E. mannifera, there was a slight decrease in water content in the very youngest leaves
(Fig. 1 - summer). These leaves were very small and presumably contained a high
ratio of cell wall to cell contents. In autumn there was no decrease in water content
of the youngest leaves (Fig. 1 - autumn), except in E. aggregata and E. bridgesiana.
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Table 3 The ability of male chrysomelid beetles to cling to different Eucalyptus leaves. Results are expressed
as weight pulled in grams.

Chrysomelid Weight of Weight (g) pulled on Weight (g) pulled on
species (n) beetles mg non-waxy foliage waxy foliage
(X£SD) E. paucifiora  E. aggregata  E. bridgesiana  E. bicostata
C. m-fuscum (8) 29.34+ 3.96 2.33%0.55 2.12+0.55 0.79+0.38 0.04+0.05
C. variicollis (8) 57.11x7.70 3.60+0.66 3.73+0.79 0.57+0.25 0.15+0.05
P. 'nr. delinlei’ (8) 129.50+20.42 5.71x1.76 4.75+1.66 0.76+0.27 0.40+0.45
P. charybdis (8) 134.23+12.00 6.38+0.63 6.03+1.03 1.57+0.95 0.35+0.44

Presumably in autumn the youngest leaves on each stem were more mature than the
youngest leaves on stems collected in summer.

The correlation between leaf toughness and water content, and the seasonal
change in this relationship made it difficult to compare directly leaf toughness bet-
ween species. For those stems that showed a decrease in water content in the youn-
gest leaves (Fig. 1 - summer), the leaf with the highest water content was selected
to compare toughness between species. It was considered that this leaf represented
a comparable stage of development for each species, and was well within the range
of leaves eaten by chrysomelid adults and larvae. For those stems that did not show
a decrease in water content in the youngest foliage (Fig. 1 - autumn), the youngest
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Fig 1  Relationship between toughness and water content of leaves on stems of three species of eucalypt,
measured in summer and autumn. Lines connect the measurements for successive leaves on each

stem. For E. pauciflora (W) all leaves were sampled, while for E. bicostata ( ® ) and E. viminalis
( x ) one leaf of each pair was sampled.
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leaf that was measured with the penetrometer was selected for interspecific compari-
sons of toughness. The leaf toughness measurements determined by these criteria
are presented for all species in both seasons in Table 2. E. pauciflora had the toughest
foliage on both occasions, and on average was between 1.4 and 3.0 times tougher
than the other species.

Effect of leaf waxes on beetle adhesion. The mean weight of the Paropsis beetles
was three times that of the Chrysophtharta beetles. On the non-waxy foliage of E.
pauciflora and E. aggregata the Paropsis beetles pulled approximately twice as strong-
ly as the Chrysophtharta (Table 3).

All species were able to pull much more strongly on the non-waxy foliage than
on the waxy foliage (Table 3). The beetles were unable to obtain a grip on the waxy
leaves, and their feet repeatedly slipped on the leaf surface. This was followed by
considerabie grooming to clean fragments of wax from the tarsal pads. Paropsis pulled
7.7 times more strongly, and Chrysophtharta 7.6 times more strongly on non-waxy
than on waxy foliage.

Laboratory rearing. Prepupal weight and survival of C. m-fuscum larvae were ap-
proximately equal on E. macarthurii, E. mannifera, E. bridgesiana and E. bicostata
(Table 4). Development was significantly faster on the first three species than on E.
bicostata, even though E. macarthurii and E. mannifera were not colonized in the
field, and E. bicostata was a preferred host (Table 1).

C. fluoro green’ prepupae were heaviest, had the highest survival rate and fastest
development on E. aggregata (Table 5), the host on which this species occurred in
the field (Table 1). No larvae survived to the prepupal stage on E. pauciflora or E.
bicostata, and most died during the first instar. Larvae repeatedly fell off E. bicostata,
and were replaced each day until they died.

DISCUSSION

The results indicate that differences in host plant utilization patterns of chrysome-
lids can, in part, be correlated with variations in the physical attributes of eucalypt
leaves. This finding does not reduce the probability of plant chemistry being a major
factor in determining the host range of eucalypt-feeding chrysomelids.

E. pauciflora had the toughest leaves and the fewest insects. Although this may
not be a causal relationship, the observation that adults and larvae of chrysomelids
can feed on E. pauciflora in the field (Strauss and Morrow, 1988, unpub. obs.),
indicates that the foliage is nutritionally adequate and is not toxic, at least in the
short term. Therefore the low number of chrysomelids on E. pauciflora is presumably
the consequence of adult beetles avoiding E. pauciflora, or remaining on the foliage
for only a short time.

Ohmart et al., (1985) found that leaf toughness was a major cause of mortality of
P. atomaria larvae reared on E. blakelyi, particularly for early instar larvae. Thze
toughness of E. blakelyi, at which significant larval mortality occurred was 62 g/m”.
The results from the present study indicate that the toughness of young E. pauciflora
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Table 4 Prepupal weight, survival and developmental period of C. m-fuscum larvae on foliage of eight
Eucalyptus species in the laboratory (23°C : 15°C, 12hL : 12hD). Each treatment consisted of
2 cohorts of 10 larvae (n = 20).

Foodplant Prepupal weight Larval survival Duration of larval
X+SD (mg) (%) development X+SD
(days)

E. macarthurii 43.0+6.6 55 15.0+2.5°

E. mannifera 39.7+6.5° 80 15.9+2.7%

E. bridgesiana 38.8+6.1* 60 165+1.9%

E. bicostata 40.6+7.0° 70 21.8+2.8°

E. viminalis (49.5+7.6)" 10 19.0+1.4°

E. melliodora - 0 =

E. pauciflora - 0 -

E. aggregata - 0 .

* ® Consecutive pairs of means in each column that are followed by different superscripts are signifi-
cantly different, t = test, P<0.05

The two larvae that survived in this treatment were both females. Since females were heavier than
males, this treatment cannot be compared with the others, in which the sexes were approximately
equally represented.

foliage is well above this level (90 g/mz, Table 2). In the laboratory, most larvae of
C fluoro green’ and C. m-fuscum reared on E. paucifiora died during the first instar,
the stage when they would be most susceptible to leaf toughness.

Six chrysomelid species were most abundant on E. viminalis and E. macarthurii,
the eucalypts with the softest leaves (Table 2). The oil profiles of these two eucalypts
are markedly different (J. Murrell, pers. comm.), so it is likely that their physical
suitability for these six chrysomelids is of more consequence than chemical differen-
ces. The fact that chrysomelid larvae and adults almost invariably feed only on the
soft young foliage of eucalypts also supports the contention that leaf toughness may
be an important variable in determining niche breadth.

The waxy bloom on the leaves of E. bridgesiana and E. bicostata prevented adult
chrysomelids from obtaining a grip on the leaf surface (Table 3). Since trees are
colonized by flying adults, this phenomenon may confer considerable protection on
species with waxy leaves. Additionally, many chrysomelids lay their eggs while cling-
ing to the flat surface of the leaf. Thus good adhesion to the substrate is essential.
Larger insects such as Christmas beetles (Scarabaeidae: Anoplognathus) are not as
constrained by the nature of the leaf surface, since they are large enough to grip the
leaf edge, the petiole and/or stem with their long opposable claws while feeding
(Carne et al,, 1974).

In light of the above result, the field distribution of C. m-fuscum was surprising,
since it occurred almost exclusively on the waxy-leafed E. bridgesiana and E. bicostata.
Adults of C. m-fuscum, were hampered by surface waxes as were the other chry-
somelid species (Table 3), indicating that C. m-fuscum has no special modifications
of the feet for overcoming the slipperiness of the leaf surface. However it seems
likely that behavioural and physical adaptations enable C. m-fuscum to occupy a
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Table 5 Prepupal weight, survival and developmental period of C. ’fluoro green’ larvae on foliage of eight
Eucalyprus species in the laboratory (23°C : 15°C, 12hL : 12hD). Each treatment consisted of
3 cohorts of 10 larvae (n = 30).

Foodplant Prepupal weight X+SD Larval survival Duration of larval
(mg) (%) development X+SD
(days)

E. aggregata 67.3+8.9° 83 15.0+2.0%

E. mannifera 58.9+8.7° 69 18.4+0.9°

E. melliodora 58.9+9.4° 53 17.8+2.0°

E. macarthurii 56.1+7.0° 24 17.2+2.3°

E. bridgesiana 523+32° 10 25.7+2.1°

E. viminalis 50.2+9.9° 27 21.3+2.9

E. pauciflora - 0 -

E. bicostata - 0 -

2564 Consecutive pairs of means in each column that are followed by different superscripts are signifi-
cantly different, t = test, P<0.05

niche that is largely unavailable to other chrysomelid species. These modifications
are 1o be discussed in detail elsewhere, but include oviposition behaviour, selection
of resting sites, size, colour and microsculpture on first instar larvae.

P. aegrota was also abundant on the waxy-leafed eucalypts, E. bridgesiana and E.
bicostata (Table 1). P. aegrota lays its eggs on the edge of the leaf. By straddling the
leaf edge during oviposition, P. aegrota females may prevent themselves from slipping
off the leaf. P. aegrota larvae are often seen resting on stems of the plant with their
abdomens flexed upwards, behaviour that may reduce the chance of slipping from
leaves or becoming contaminated by wax. When C. fluoro-green’ was reared on E.
bridgesiana and E. bicostata in the laboratory, the larvae repeatedly slipped off the
foliage, and became entangled in wax. In contrast, C. m-fuscum larvae did not slip
off the foliage. P. atomaria larvae performed extremely poorly on the juvenile foliage
of E. bicostata (Carne, 1966), perhaps for the same reasons as for C. fluoro green'.

In spite of the strong preference of C. m-fuscum for E. bridgesiana and E. bicostata
in the field, in the laboratory it performed as well on E. macarthurii and E. mannifera

as on the preferred hosts, in terms of larval survival and prepupal weight, and in
fact developed faster on one of the non-hosts (Table 4). This indicates that in
no-choice experiments a broad range of hosts is acceptable to C. m-fuscum. This is
not an unusual result. P. atomaria and C. agricola larvae also performed better in
the laboratory on non-preferred than on preferred hosts (Carne, 1966; de Little and
Madden, 1975). To speculate on the significance of this is academic, since (i) survival
and development rates in the field may differ from those in the laboratory, due to
natural enemies and other factors, and (ii) eggs and larvae of C. m-fuscum were never
found on the non-hosts. This suggests that discrimination between host plants is
effected by ovipositing females. In summary, it appears that the strong host pref-
erence of C. m—fuscum is the result of it having overcome the physical difficulties
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associated with colonizing waxy-leafed species, rather than a close physiological
relationship between it and its hosts.

In contrast, the very strong host preference of C. fluoro green’ for E. aggregata
was not correlated with physical attributes of the foliage, and may well be a conse-
quence of physiological adaptations. In the field, E. aggregata was largely avoided by
the other chrysomelids, but 91% of C. ’fluoro green’ were found on this species. In
the laboratory, larval performance of C. 'fluoro green’ was best on the preferred host,
E. aggregata, for the three parameters measured (Table 5), while survival of C.
m-fuscum was zero on E. aggregata (Table 4). It seems probable that E. aggregata
is protected against most chrysomelids by its leaf chemistry, but not against C. fluoro
green’, which may be able to tolerate or detoxify the offending chemicals.

Determining the degree of host specificity of eucalypt-feeding insects has gener-
ated considerable interest at a theoretical level, particularly in relation to its possible
role in maintaining the stable associations that exist between co-dominant eucalypt
species (Burdon and Chilvers, 1974; Morrow, 1977). However there are also practical
benefits to be derived from determining the host preferences of eucalypt insects and
in understanding the processes involved. Increasingly, eucalypts are being replanted
on farms and degraded land in Australia, and grown in plantations for pulp and
timber production in Australia and overseas. Even-aged monospecific stands create
a greatly increased risk of substantial insect damage. Chrysomelids have already
caused problems in plantations in Tasmania and New Zealand (Greaves, 1966; Styles,
1970). While damage has been severe in both localities, it has been observed that
the glaucous juvenile foliage of E. nitens and E. globulus has been virtually untouched
by chrysomelids (Edwards, 1982; Ohmart pers. comm.). If differences such as this
can be interpreted in terms of the physical and chemical properties of eucalypts that
affect the host range of insects attacking the trees, then informed management
decisions can be made regarding the species to be planted and the selection of
resistant varieties.
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ABSTRACT

The importance of components of apparency for the two growth forms (rosette and stem) of A. petiolata
is evaluated, and the term "intraspecific (developmental)" apparency is proposed.

Key words: rosette-plant, stem-plant, biennial cycle, Pieris napi, P. brassicae, Anthocharis cardamines, Ceu-
torhynchus spp., architectural complexity, herbivore load, plant distribution, intraspecific (de-
velopmental) apparency, herbivorous guilds, herbivore impact.

INTRODUCTION

The theory of plant apparency has had a stimulatory impact on the development of
plant antiherbivore strategies, since the term was introduced by Feeny (1975, 1976),
and by Rhoades and Cates (1976). The theory was further elaborated (Feeny, 1983),
but at the same time also criticized (e.g. Fox, 1981; Crawley, 1983) both on theoretical
and experimental grounds. As the theory is generally well-known and is also reviewed
(Feeny, this volume), here only certain aspects are discussed.

In short, the term expresses the probability by which a plant species or individual
is thought to be discovered by herbivores, which in turn is connected with a set of
complex characters. In order "to go unnoticed”, plant species may employ different
strategies in space and time.

"Apparency”, among others, depends on architectural complexity (Lawton and
Schroder, 1977), leaf/flower colour, chemical constituents, neighbouring species’
similar characters within the plant community, rate/speed of growth, "timing" of vital
processes, such as flowering, etc. To treat such an all-inclusive term that combines
each important attributes of a plant’s life is the more difficult, as we still know very
little about the stimuli guiding herbivorous insects to their host-plants.

From community ecological point of view, diversity of a phytophagous insect guild
on any given plant species is supposed to be proportional to the available niches,
what in turn to a large extent depends on plant structural characters, i.e. architectural
complexity (Moran, 1980; Lawton, 1983). Furthermore, depending on the insect’s
body size the fractal dimensionality of a plant species may vary considerably (Morse
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Table 1 ~Components of apparency contributing to differences in strategies followed by the two growth-
forms of Alliaria petiolata.

Rosette-form (unapparent) Stem-form (apparent)

Late, but durable (predictable) Early, but ephemeral

Vegetative growth only Vegetative and reproductive growth

Low apparency, low architectural complexity High apparency, high architectural complexity
Slightly lower phytophage diversity, and lack Slightly higher phytophage diversity, presence of
of pollinators, nectarium-visitors, etc. flower and silique consumers

Low damage compensation ability High damage compensation

Clumped occurence Random distribution

Defense against generalists' Less defended against generalists

! Larvae of an extreme polyphagous noctuid, Mamestra brassicae, in preliminary experiments, consumed
ca. three times more of the stem-plant leaves in comparison with those of rosette-plants

et al., 1985; Lawton, 1986). Apparency and its components, most likely, are tempor-
ary attributes of a plant species because of changes in the plant’s chemistry, size,
architecture, etc. as it grows. Therefore, only an average apparency of a species is
probable [see another definition of average apparency with Fox (1981)].

The classical objects for apparency studies have been the cruciferous species
(Feeny, 1977; Courtney, 1985; Chew, 1988, and others).

In order to study quantitative features of plant-insect interaction from the aspect
of apparency, I have chosen a member of this family, the garlic mustard, Alliaria
petiolata.

MATERIALS AND METHODS

The study area was a ca. 2 x 1 km size forest edge (main species: Quercus cerris,
Carpinus betulus, Sorbus spp., Prun