Insect-hostplant relationships constitute the basic problem of insect pests in food
crops. In order o protect these crops by more subtle methods than merely using
insecticides, a more thorough knowledge is needed of the factors leading to an
interaction between two organisms which are so diverse as insects and plants.
Various aspects of ‘this relationship, such as food and oviposition-site selection
behaviour, sensory processes in plant recognition, long term effects of plant on
insects, plant gall formation, nutritional requirements and the developing of
artificial diets for phytophagous insects and the principles and practice of plant
breeding for insect resistance have been discussed in this book by many leading

scieatists in these fields from all parts of the world. Althogether, this volume con-

tains 28 invited papers presented at the 2nd International Symposium on Insect
and Host Plant.
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OPENING ADDRESS

Ladies & Gentlemen,

Words cannot express how glad we feel to welcome you on this opening session
of the second Wageningen Symposium on Insect and Hostpiant.

Our 1957 Symposium was nearly exclusively European, and we are pleased to
note that members from 4 continents are participating this time. Other meetings in
this field have been organized on the occasion of the International Congresses of
Entomology in Amsterdam, Vienna and London, and several of us have taken an
active part in their organisation.

1t is to be regretted that some friends had to decline our invitation: Prof. Hans
Joachim Miiller and Prof. Klaus Schreiber from the Deutsche Demokratische Repu-
blik, Prof. Stanley Beck from Wisconsin, U.S.A. and Prof. Aasger Thorsteinson
from Winnipeg, Canada. , !

We had great hopes to have in our midst Prof. R. H. Painter, and it was with
deep regret that we received the message of his death on December 23, 1968.
Painter was both a practical worker and a productive publicist in the field of crop
plant resistance. In fact, he had grown to become the *Grand old Man” in this
field, and during his industrious life he not only selected numerous resistant varie-
ties, but, by example and advice, helped to promote research in several continents.
We all will miss the presence of his amiable personality.

Needless fo say, the Dutch group of workers in the field of insect-plant
relations feels honoured that so many qualified workers not only reacted favourably
to our invitation, but did so in an enthusiastic way. It was more than time that
this conference should take place, and we have very much to tell each other.

Within the last few years many links have been established between fields
originally remote such as sensory physiology, insect dietetics, and host selection
behaviour. Within a few years time our knowledge of the function of sense organs
and of the basis of host selection behaviour has remarkably increased by the use
of artificial diets. Our knowledge of nutritional requirements, sensory perception
and selection behaviour has improved our picture of the causes underlying the
susceptibility of some plants to insect attack and the nature of resistance factors.

The perfection of physical separation techniques such as chromatography allows
us to detect. isolate and identify traces of scent and taste substances, thus contrib-
uting greatly to research in plant resistance.

In addition, new ecological data are constantly increasing our knowledge. In
this way, a system of scientific interactions is established which may direct our
research towards a common goal,
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A hostplant is an organism parasitised and predated upon by an insect, and
sometimes forms part of an intricate symbiosis.

Plants and insects have been in association for some 400 mxlhon years, and it is
known from intercontinental displacements of weeds that insects may be indis-
pensible in regulating the numbers of some, and perhaps of a great many plant
species. The role of animals in the ecology of the plant is often neglected, but
can hardly be overemphasized. The natural flora has been adapted to living with
insects for such a long time that some plant species take insects as part of their
diet, and others apply feeding and reproductive behaviour of insects in the ecology
of their pollination.

We may be sure that in the system, constiluied by hostplant, phytophagons
insects and entomophagous predators, limits may be set by each of the three
partners depending on the circumstances.

In the course of the years, remarkable changes have taken place in our approach
towards these problems. From “Botanical Instinct” and “Hopkins’ host selection
principle” to modern ethological thinking and experimental induction of hostplant
acceptance. From field observations and screentests to electrophysiology, gas-
chromatography, and electronmicroscopy. From unitarian “QOdd substance” ideas
via “Dual Discrimination™ te the wealth of sensory information provided by plant
chemicals and their synergisms.

In view of the necessity of limiting the use of insecticides, interest in crop plant
resistance and in plant attractants and repellents has recently increased and is
getting a world-wide attention. The mechanisms involved have served their function
throughout evolutionary times. The fact that most plant species are resistant against
most of the phytophagous insect species Is a constant source of encouragement and
inspiration to those involved in the fascinating field of crop plant resistance,

It is a pleasure to mention here that this Symposium is sponsored by the Land-
bouwhogeschool. Additional funds were provided by the Nederlandse Entomologi-
sche Vereniging, the Organization for Applied Scientific Research, T.N.O. and the
Koninklijke Nederlandse Akademic van Wetenschappen.

During the sessions and the evening discussions of this Symposium, we all will
have ample time for exchange of thoughts, mutual information and renewal of
friendships.

Welcome to Wapgeningen!

J. de Wilde
L. M. Schoonhoven.



EVALUATION OF OUR THOUGHTS ON SECONDARY
PLANT SUBSTANCES

G. FRAENKEL
Department of Entomology, University of Illinois, Urbana, Illinois, U.5.A.

The paper presents and evaluates modern concepts about the role of the secondary plant
substances in the host selection of phytephagous insects. It deals with the following main
topics: A, The role of nutrients in host selection. B. The concept of utilization in this context.
C. The role of the secondary substances as attractants., D, The role of the secondary sub-
stances as repellents. The conclusion is reached that host selection is principally guided by
the presence andjor absence of secondary substances, and that gualitatively and quantitatively
nutrients can play only a very minor part, if one at all, in this context.

The all-importance of the role of secondary plant substances in the hostplant
selection of insects is so obvious to me that it seems a trite undertaking to present
once more what I hope to be a convincing argument. There is here neither the time
nor need to give a historical account of the development of this concept. The
modern area of our thinking probably started with the symposium on “the physio-
logical relations between insects and their hostplants” held at the International
Congress of Entomology in Amsterdam, 1951 which was organized by our present
host, J. de Wilde, and had contributions by three of those assembled in this room
{Dethier, Fraenkel, Kennedy). There can be hardly an entomologist today who
does not know that host selection is the very heart of agricultural entomology, and
that the secondary plant substances are the clue to this problem.

I would be surprised if this notion had made much impression on the thinking
of botanists and agriculturists, in spite of the revived interest in chemical taxonomy
(Swain, 1963; Alston and Turner, 1963; Hegnauer, 1962—66), and I know for
ceriain that the army of biochemists and organic chemists who are engaged in
unravelling the structure and metabolic function of these compounds, is totally
unaware of and disinterested in the reasons for their existence.

This makes it the more surprising to me what criticism, almost bordering on
animosity, certain statements in an article of mine on the “raison d’étre of the
secondary plant substances™ (19359) has created in the minds of some of the
foremost workers in the field. I mention here specifically the reviews by Thorstein-
son (1960), Beck (1965), and Kennedy (1965).

We shall have much opportunity during this symposium to discuss this problem
from all possible angles, and all I can do in the short time available is to emphasize
certain aspects and developments. I shall confine myself strictly to the absolute or
relative importance of these substances on host selection, which implies as much
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selection of the right host as avoidance of the wrong host. The question is not
what the insect is capable of doing under given and often artificial conditions, or
what other factors, like nutrients, color, texture also play a réle, but whether we
can dispose of the notion of the secondary substances playing a central role in this
insect-plant relationship.

Much emphasis has been given by certain authors to terminology expressing the
mode of action of certain compounds, like the terms attractant, repellent, deterrent,
arrestant, phagostimulant, rejectant, biting or swallowing factors. In my opinion
these terms have often been used without proper definition and experimental
support and it is high time that the workers in the field paid more attention to
this parameter of inquiry. For the purpose of the present discussion I shall largely
disregard these behavioral aspects and use the terms attractants and repellents (or
deterrents) in & very general colloquial sense without considering the precise under-
lying behavioral reactions.

The main topics to be discussed in the following are:

A. The role of nutrients in host selection.

B. The concept of utilization in this context.

C. Role of the secondary plant substances as attractants.

D. Role of the secondary plant substances as repellents,
A. The role of nutrients in host selection.

Some workers seriously think that all host selection simply boils down to the
presence of the necessary nutrients in the right proportions, coupled with the
absence of repellents. The difference between oligophags and polyphags would
then simply be that the latter are repelled by fewer substances.

The importance of common nutrients as attractanis has been shown by many
workers, but was especially emphasized by Thorsteinson (1960). As a recent
example I mention here data by Hsiao & Fraenkel (1968a) on the attractant role
of sucrose, lecithin, alanine and serine for Leptinotarsa. In my view the question is
not so much whether they play such a role — and I do not dispute this notion —
but whether this can explain host selection.

The role of the common nutrients in the context of host specificity was already
fully discussed in my 1951 (1953) paper. The qualitative nutritional requirements
of all insects are by and large the same, and differ only litile from those of higher
animals. The substances in question are constituents of all living cells, and espe-
cially cells as well nutritionally balanced as those of green leaves. Therefore all
teaves should have a full complement of the necessary nutrients. Thirty to forty
such substances (according to whether one counts the amino adids individually,
and making allowance for the discovery of new factors) are involved in the
nutrition of insects. Theoretically they could occur in an infinite number of
combinations and proportions and thus could well be the basis for host selection.
There are however compelling reasons against such a notion, and furthermore it
would ‘be very difficult to prove this notion.

1. The guantitative composition of a plant varies enormously at different times
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of the season or even the day, with different conditions of light, soil, age, and even
the effect of the feeding insects (Aphids), and yet host selection is relatively dittle
affected by these variations. It was shown long ago by Evans (1938) that covering
growing cabbages with a black cloth which cut out 80%, of the light did not
affect the development of Pieris caterpillars. Cibula et al. (1967) stated that the
age of potato or other solanaceous plants at different times of the growing season
affected development of Leptinotarsa only relatively little.

2. If one concludes that a particular nutrient in a cerfain plant determines host
selection at a particular titer it would then be necessary to show that changes in
the amount of that substance as they might arise under different cultural or climatic
conditions would fundamentally alter host selection.

3. Changes in composition are always complex and never affect only one
nutrient. Therefore one would have to consider the effect of a particular change in
the context of the whole spectrum of factors.

In considering the role of nutrients the question here is not so much whether
they cause the insect to grow more or less well, but whether they determine host
selection. 'lraditionally aphids are mostly cited as examples for the decisive role
of nutrients in insect attack. In a much quoted investigation on the pea aphid only
3 resistant and 3 susceplible strains were tested, and feeding also took place on
the resistant strains, albeit with less success (Maltais & Auclair, 1962; Auclair,
1963). The susceptible strains had higher contents of homoserine, glutamine and
asparagine. The authors should have at least shown whether changes in these con-
tents would have altered the susceptibility of these strains.

I therefore believe that the presence and distribution of nutrients has little or no
effect on host selection. It appears that Beck (1965) and Kennedy (1965) largely
concur with this view. ,

B. Utilization and host selection (see the review by Waldbauer, 1943).

A statement in my 1959 publication to the effect that all plants are equally
nuiritious and could equally well serve as food provided the insects ate enough of
them has found much criticism. This statement is untenable in this extreme formu-
lation. It should have contained the clause “provided no adverse chemical or
mechanical factors are operating”. Furthermore, the expression “equally™ should
have been tuned down to “more or less”, since it would be illogical to expect that
extreme changes in nutrients would leave the insect entirely unaffected. These
modifications however now seem 1o me almost self-evident, and do not affect the
core of the argument. When these sentences were written very little was known
about utilization and as good as nothing about rate of consumption,

To test the above assertion the food uptake of an insect on different plants
must be measured and considered in relation to growth. With polyphagous insects
this is easy enough, since they have many different hostplants on which they can
be tested. This was done in the work of Soo Hoo & Fraenkel (1966) with Prodenia
eridania on 18 different plant species, belonging to 13 families. With an oligopha-
gous insect a similar investigation was made by using the trick of reducing and
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TABLE 1

The utilization of normally accepted (tomato) and not normally accepted (Arctinum, Verbascum)
food by Protoparce sexta affer maxillectomy. Data from Waldbauer (1964).

Tomate  Arctium minus Verbascum thapsus

Digestibility % 50 41 31

Efficiency of conversion % 56 48 38

Consumption index 3.2 2.7 3.2

Weight gain mg 100 Al 46
TABLE 11

Prodenia eridania. Utilization of the jfood during the fifth instar.
{Data from Soo Hoo & Fraenkel, 1966.)

digesti- efficiency consump- duration  weight

Food plant tested bility of tion  of instar gain efficiency
) conversion  index (days) mg (dry) of growth
%

Leguminosae

Phaseolus lunatus 61.9 48.6 1.7 2.2 8.5 44+

Phaseolus vulgaris ’ 70.3 54.1 1.5 2.3 101 R
Malvaceae

Abutilon theophrasti 49.5 29.1 22 3.6 8.4 -
Compositae

Taraxacum officinale 60.0 51.5 1.8 2.1 12.1 + 4+ +
Scrophulariaceae

Antirvhinum majus 64.9 16.2 1.2 5.6 4.6 + 4+
Ulmaceae

Ulmus pumila 43.8 24.9 1.6 5.4 6.4 + +
Violaceae

Viola spec. 53.0 18.8 1.2 4.4 3.8 +
Solanaceae

Solanum tuberosum 59.8 56.8 1.5 2.0 i1.7 -+ +

Lycopersicon esculentum 63.7 34.7 2.4 2.4 10.7 +4++

Nicandra physaloides 65.9 29.8 1.0 4.5 7.1 —

altering the host specificity by maxillectomy (Waldbauer, 1964, with Manduca
[= Protoparce] sexia). The results of these tests (Table I and II) are difficult o
interpret and do not bear out the above assertion that plants can equally well serve
as food provided they are eaten in sufficient amounts, The success of a given plant
not only depends on the quantity eaten, but alse on digestibility, and degree of
utilization (conversion). All these factors can vary enormously on different hosts.
These variations could be due to unbalanced nutritional composition, deficiency in
a nutrient or nutrients, slow feeding, mechanical factors, and some of these
variables could be affected by adversely acting secondary substances. In spite of
these differences in digestibility, conversion and consumption different non-host
plants were eaten and development took place with greater or lesser success which
shows that there could have been neither a serious lack of nutrients, nor a sericus
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imbalance. All adverse effects could have been due to secondary plant substances
though this had not been demonstrated in the investigations cited.
C. The role of the secondary substances as attractants.

Most of the past work in this area was devoted to the search for specific attrac-
tants, while the role of the repellents has been relatively neglected. Yet, the role
of a secondary substance as a specific attractant has been always difficult to prove,
and in many important cases has never been convincingly demonstrated (Bombyzx,
Protoparce, Leptinotarsa). Why has the search for specific attractants so often
led to failure?

1. Insects may accommodate to the wrong plant when hungry (see page 480).

2. Under pressure insects may feed on a synthetic diet in the entire absence
of specific attractants (David & Gardiner, 1966a and b).

3. The substances in question may be labile or lost during isolation.

4. Several substances may be involved, either to enhance each other, or at
different stages in the feeding chain. The work of Hamamura (1965) and others
has claimed the existence of many primary and secondary substances, which affect
feeding of Bombyx mori (Table III).

TABLE IIE

Bombyx mori. Substances claimed as “aftractants”. The substances in iialics
are secondary plant substances.

Hamamura; Olfactory Biting Swallowing “Co-factors”

(196%) factors factors factors
citral sitosterol cellulose sucrose
linalyl acctate Isoquercitin phosphate inositol
terpinyl acetate morin silica silica
linalol

Watanabe: B, v hexenal, o, B hexenal

{1958)

Kato &

Yamada (1966) chlorogenic acid (possibly a growth factor?)

Nayar &

Fraenkel long-chain n-aliphatic alcohols of CagHs=O av. comp.

(1962a) a sterol similar to sitosterol

With some insect species, depending upon the behavior of their larvae {e.g.,
whether or not they wander off the plant) it may be that both the ovipositing
female and the feeding larvae have the ability to recognize the hostplant. With
other species where the larvae do not normally leave the plant (for instance tree
feeders) the larvae may have a reduced ability to recognize the host. In the two
of the insects mentioned above (Protoparce and Leptinotarsa) it may well be that
the adult discriminates the foodplant better than the larva. Bombyx mori is a
rather exceptional case, having been domesticated for thousands of years. It ovi-
posits on any substrate, and the larva can accommodate to many unrelated plants,
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It would be interesting to study the host selection of what is believed to have been
its ancestor, Bombyx mandarina, larva and adult.

Despite all these difficulties many secondary substances have now been shown
to be specific atiractants. I shall limit myself to the literature after my 1959 paper.

a. Gustatory substances.

1. Mustard oil glucosides and cabbage insects.

This remains the outstanding example of such a specific relationship. Nayar &
Thorsteinson (1963) showed Piutella 1o respond to 9 different glucosides which
had been isolated from various cruciferous plants. Wensler (1962) showed that the
cabbage aphid, Brevicoryne brassicae, did not feed on Vicia faba leaf, except
when the leaf was treated with sinigrin through the petiole. The discrimination
only occurred after probing; hence the stimuli were received through the stylets.

2. In the feeding of the aphid, Acyrthosiphon spartii (Koch), on Sarothamniis
scoparius the alkaloid spartein was identified as the specific attractant (Smith,
1957). '

3. Hypericin in Hypericum hirsutum is the specific feeding stimulant for the
beetle, Chrysomela brunswicensis (Rees, 1966). {See pp. 565-583 of this symposium.)

4. The spotted cucumber beetle, Diabrotica undecimpunctata howardi Barb., is
specifically attracted by bitter substances, cucurbitacins, in cucumber, melon and
squash {Chambliss & Jones, 1966).

5. The extensive work by Matsumoto (1962) in Japan on the vegetable weevil,
Lisiroderes costirostris obliguus (Klug), showed the oil of Umbelliferae and
mustard oil glucosides to be specific attractants. Cumarin also attracts in lower,
and inhibits in higher doses.

6. The specific attractant for the Mexican bean beetle, Epilachna varivestis,
which feeds on members of the genus Phaseolus, are the cyanogenic glucosides
linamarin and lotaustrin (Nayar & Fraenkel, 1962b).

7. The specific attractants for the Catalpa moth, Ceratomia catalpae, which feeds
on the leaves of the Caiglpa tree are catalposides (Nayar. & Fraenkel, 1963),

b. Olfactory substances.

In the case of specific olfactory substances which are recognized from a distance
most objections which have been raised against a corresponding role of gustatory
substances do not apply. The question of nutrients as attractants does not enter
here. Very clear-cut results have been obtained in the trapping of Scolytidae by
volatile terpenes extracted from the bark. Rudinsky (1966) gives extensive data
about the trapping of different bark beetles by different terpenes. The extensive
work by Kangas, ef al. (1967) with the bark beetle, Blastophagus piniperda, indi-
cated e-terpineol as the specific attractant substance, while no activity was demon-
strated with pinene or liminene.

Compared with the search for specific aftractant gustatory substances that for
olfactory substances has been in the past very much neglected.

¢. Oviposition.

Here again we have a situation where host selection occurs uncomplicated by
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feeding reactions in those groups of insects where these two activities are separated.
The best example are Lepidoptera. (See also Yamameoto, this symposium.)

1. Plutella maculipennis lays eggs on plastic surfaces, especially if they are
rough, but the addition of allylisothiocvanate greaily increases the number of epgs
laid. Mustard leaf juice is still more effective. Although the coumarin in Melilotus
sp. tends to inhibit egg-laying, there is more oviposition with added allylisothio-
cyanate. Hence oviposition is regulated by chemical attractants and repellents
{Gupta & Thorsteinson, 1960).

2. The extensive work of Straatman (1962) with Papilionaceae indicates the
role of specific volatile atiractants in oviposition. Troides priamus richmondensis
Gray whose normal host is Aristolochia praevenosa, also lays eggs on A. elegans,
an introduced plant on which the larvae do not develop. Oviposition is obviously
stimulated by the presence of an attractant.

3. Here it is relevant to recall an old observation by Ilse (1941) on the attrac-
tion of butterflies by colors. When they are in the egg-laying mood they settle on
green or blue-green papers, and then exhibit a drumming reaction with their fore-
legs. This could be the means by which olfactory stimuli are perceived.

4, The potata beetle oviposits on certain solanaceous plants, like S, nigrum or
Datura meteloides as well or better than on potato, although the two former are
not foodplants. They must have the same specific attractant (Hsiao & Fraenkel,
1968b) (Table IV).

TABLE 1V

Oviposition preference of the Colorado potato beetle for solanaceous plants. Each figure
represents total egg-deposition of 10 females for a period of 5 consecutive days.
Data from Hsiao & Fraenkel (1968¢).

Percent distribution of eggs

on plant 1 on plant 2 Total eggs deposited
S. tuberosum 49.7% 8. tuberosum * 50.3 2974
S. tuberosum 60.8 8. dulcamara * 392 2778
S. tuberosum 329 S, nigrum %* 67.3 1915
S. tuberosum 100 Capsicum annuum *% 0 3003
S. tuberosum 51.8 Datura meteloides ** 48.2 2090
8. tuberosum 56,7 Lycopersicon esculentum * 43.3 2729
§. tuberosum 77.8 Nicandra physalodes ** 222 2606
S. tuberosum 78.8 Petunia hybrida ** 21.2 2585
S. tnberosum 35.0 Physalis subglabrata ** 15.0 1753

* Suitable for growth and development.
** Not suitable for growth and development.

5. The mating behavior of the Polyphemus moth shows a somewhat related
mechanism in that mating does not take place unless volatile substances from oak,
the food normal larval food, are present. Trans-20-hexenal is the active compound
(Riddiford, 1967).

It has often been commented that the judgment of host selection is made by the
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female during oviposition rather than by the feeding larva. It seems surprising
that most investigators have concentrated their efforts on the feeding stages, to the
detriment of egg-laying behavior, !

d. Sensilla specifically stimulated by atiractant compounds.

The presence of sensilla which are specifically stimulated by attractants is a
new and most exciting aspect of host selection which has only very recently come
to the forefront. Since nearly all the experts in this area are here (Dethier, Schoon-
hoven, Rees, Ishikawa) my remarks on their work can be very brief,

Pieris brassicae: The lateral sensillum styloconicum on the maxillae possesses
a chemosensory cell which is sensitive to mustard oil glucosides (Schoonhoven,
1967).

Chrysomela brunswicensis: Most of the sensilla, innervated by 4 or 5 nevrones,
have a cell which is highly sensitive to hypericin at levels which are met in the
foodplant Hypericum hirsutum (Rees, 1966).

Leptinotarsa decemlineata: No receptors were found for specific attractants, but
some react to alkaloid deterrents (Stileckow, 1959). This conforms to the general
fack of success in the search for specific attractants in this species.

Bombyx mori: Apparently it does not possess recepfors for an attractant, but
has unspecific receptors for bitter and deterrent substances (Ishikawa & Hirao,
1966) (see the remarks on Bombyx above).

Manduca sexta: There is no evidence for the existence of specific attractants,
nor for specific repellent receptors (Schoonhoven & Dethier, 1966).

Since we have now positive evidence for the occurrence of specific stimulant
receptors in two insects, Pieris and Chrysomela, we can regard this with some
confidence as the general mechanism for the detection of specific compounds. In
tact, such a mechanism would have to be postulated if we believe in the existence
of such substances.

e. Induced feeding.

Several investigators have in the past few years successfully changed the host
specificity of an insect by a process of accommodation or conditioning to a new
host. David & Gardiner (1966a and ©b) grew Pieris brassicae during 4 instars on
4 different diets, fresh cabbage, an artificial diet alone or with the addition of dried
cabbage or sinigrin, and transferred them to the other diets during the 5th instar.
Their responses after transference were very much influenced by the diet on
which they had spent the first 4 instars. Since all these diets contain sinigrin or
no secondary substance the alteration in the responses to test diets could not be
due to secondary substances. In the work of Stride & Straatman (1962) in Australia
Papilio aegeus were first placed on a normal host, Citrus or other Rutaceae, or
abnormal host (parsley: Perroselinum sativum, Camphor laurel: Cinnamonum
camphora). In each case feeding was reduced when they were transferred to
another host. This could mean that they had become conditioned to secondary
substances in the initial host. :

The most interesting work by Jermy et al, (1968) on Manduca and Heliotis allows
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us to draw clearer conclusions about the role played by sécondary substances in
such accommodation cxperiments. Manduca when first raised on potato, tomato or
tobacco (all Solanaceae) or an artificial diet and then transferred to the other diets
exhibited a change in food preference in favor of the initial diet. Heliotis (a poly-
phagous insect) was first raised on 4 plants of different families and later trans-
ferred to the other plants. In all cases the food preference was changed. No induc-
tion was possible with plants outside the insect’s normal host-range. It would be
difficult to assume that the new preference was due to common nutrients, because
this would imply that the insects came to prefer a less nutritious plant. It seems
most likely that in Heliotis conditioning takes place to secondary substances. (In
fact Schoonhoven’s work has already demonstrated such a mechanism.) This scems
possible also in the case of Mandrca which in all probability reacts to a common
“solanaceous” attractant, and where, by analogy with investigations on Leptino-
tarsa, alkaloids in certain solanaceous plants like nicotine, tomatine, demissin,
nicandrenone could normally act as repellents.

f. The advantage of choice experiments in the search for specific attractants.

As already mentioned there has been a singular lack of success in the search
for specific attractants in the hostplant of the potato beetle, which could be due
to any of the factors enumerated on page 477. However, we have good indirect
evidence about the existence of this hypothetical attractant. Leptinotarsa grew
almost equally well on the non-solanaceous and non-hostplants Asclepias syriaca
and Lactuca sative as on potato. However, in a choice experiment it greatly
preferred potato to these other plants (Table V) (Hsiao & Fraenkel, 1968c). Very
similar experiments were reported by Ritter (1967). This clearly shows that the
normal host preference is not due to commen nutrients — since they develop about
equally well on the non-hostplants — but must be due to a specific attractant.
D. The role of secondary substances as repellents.

The notion of the all-importance of repellent secondary substances in host
selection is now widely accepted. Polyphagous insects are considered to develop

TABLE V

Feeding preference of 4th instar polatc beetle larvae when given a choice between potato
and one other plant. Five newly molted larvae were used in each test.
Data from Hsiao & Fraenkel (1968c).

Percent of total leaf area consumed (mm®)
on plant [ on plant 2 Leaf area consumed
Solanum tuberosum 50.1 Lycopersicon esculentum *  49.9 1773
Solanum tuberosum 99.1 Petunia hybrida *%* 09 1936
Solanum tuberosum 91.2 Solanum nigrum *¥ 8.8 1412
Solanum tuberosum 92.4 Asclepias syriaca * 7.6 1632
Solanum tuberosum 100.0 Capsella bursa-pastoris * 0.0 1945
Solanum tuberosum 100.0 Lactuca sativa * 0.0 1779
Solanum tuberosum 82.5 Cirsium vulgare ** 17.5 1468

* Suitable for growth and development.
** Not suitable for growth and development.
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on all plants which do not contain such repellent substances, while in oligophagy
the specific attractant can only lead to success in the absenee of repellent sub-

stances.
1. Leptinotarsa decemlineata (Hsiao & ¥Fraenkel, 1968b) (Table VI). Fifth

TABLE VI
Growth of 4th instar potato beetle larvae during 24 hours on a basic diet with the qddition
of 4% leaf powders or extracts. Data from Hsigo & Fraenkel (1968h).

Growth on Average weight gain (loss) per larva (mg)
freshleaf leaf powder cther cxtract water extract residue

Solanum tuberosum + 4+ 33.0 249 324 23.7
Solanum nigrum — 262 27.1 31.2 15.4
Nicotiana rustica toxic —3.8 17.8 —3.8 16.3
Nicandra physalodes — 3.9 12.6 0.3 10.5
Asclepias syriaca 4 4 327 225 29.6 26.4
Lactuca sativa + 4+ 334 28.1 28.0 27.5
Morus alba - 258 30.5 20.8 233
Quercus alba —_ —5.2 22.8 —2.4 19.3
Glycine soja — —2.0 274 —1.4 26.4
Platanus orientalis — —33 11.7 1.3 12.0
Basic diet + + 22.0

instar larvae were raised on an artificial diet on which they showed good, but not
optimal growth. To this diet were added 58/s of leaf powders or equivalent amounts
of extracts from 17 solanaceous and 67 non-solanaceous plants. With the addition
of most non-food plants growth was greatly reduced or entirely suppressed. Since
the basic diet alone was highly nutritious the detrimental effects could only have
been in consequence of the addition of repellent secondary substances. No repellent
effects could be demonstrated with S. nigrum or Morus alba. In this case the
deterrent substances could have been labile or present in too low concentrations.
By using extracts in place of powders it was shown thaf the deterrency resided
usually in the water fraction. These conclusions were corroborated by using
authentic alkaloids from solanaceous plants derived from foodplants or non-food-
plants. An investigation similar in scope, method, and results was also reported on
a grasshopper, Melanoplus bivittatus (Harley & Thorsteinson, 1967).

2. The role of hormono-mimetic substances in plants,

The startling recent developments concerning the presence of ecdysone or juvenile
hormone or their analogues in plants (about which we shall hear more in the paper
by Sldma) has led to speculation about the raison d’8tre of these substances and it
has been suggested that the presence of such a compound makes the plant more
or less immune to insect attack (Robbins ef ai., 1968). If such an effect resulting
from ordinary contact and feeding is confirmed we would have here a novel
mechanism of the repellent nature of secondary plant substances.

3. Plant substances as defense agents for insects.

For some time speculations were made about another role of secondary sub-
stances inasmuch as they did not only protect the plants against insect attack, but
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could also give a similar profection fo insects against predators if they were
accumulated in the insect body and suitably employed in the insect’s defence.
Such phenomena have now been at long last discovered. The best-known example
concerns the Monarch butterfly, Danaus plexiphus 1., and a grasshopper, Poekilo-
cerus bufonius Klug, which feed on Aristolochia species, plants well-known for
the presence of cardiac glucosides. It was shown in a series of investigations (v. Euw
et al., 1967; Reichstein, 1967; Reichstein et al.,, 1968) that these substances are
taken into the insect body with the food, accumulated in glands and used in
protective secretions against, for instance, birds (Brower et al., 1968). A similar
relation has now been established between Semecio alkaloids and the Cinnebar
moth, Callimorpha jacobaea (Aplin et al., 1968). Thus a defense agent for the
plant also becomes a defense agent for the insect. Such an action is only possible
if the insects in question are not themselves adversely affected by these substances.
It would also follow that these substances make these plants repellent to other
insects; this has not vet been demonstrated.

Final considerations.

The evidence which I have presented here on the role of secondary plant sub-
stances makes it for me abundanily clear that host selection is guided by the
presence or absence of secondary plant substances, and that qualitatively or quan-
titatively nutrients can play oniy a very minor role, if one at all, in this context.
This conclusion is, however, contradicted by several authors, e.g., Schoonhoven
(1968), who makes the following very clear statement: “Monophagy and oligo-
phagy could then very well be based on a fairly subtle combination of a number
of common plant components, combined with the absence of several secondary
substances.” In support of this view it would be necessary to show that all plants
which are not foodplants, are either non-nuatritious, or contain a repellent principle,
or both. There seems to be no clear-cut evidence that the presence or absence, or
relative proportion of common nutrients plays a part in host selection.

In my view the evidence for the importance of the secondary substances in host
selection is so overwhelming as to need no further proof. We shall have much
opportunity in the course of the symposium to discuss this notion.

Supported in part by U.S. Public Health grants AT0(533-18, and Career Award
5-K06-GM-18, 495,
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ZUSAMMENFASSUNG
BEWERTUNG UNSERER VORSTELLUNGEN UBER SEKUNDARE
PFLANZENSTOFFE

Die Arbeit bringt und beurteilt moderne Auffassungen ilber dic Rolle der seckundiren
Pflanzeninhalisstoffe bei der Wirtswahl phytophager Insekten. Sie enthilt die folgenden
’ Hauptabschnitte: A. Die Rolle der Nihrstoffe bei der Wirtswahl, B. Die Auffassung der
Ausnutzung in diesem Zusammenhang. C. Die Rolle der sekundiren Pflanzenstoffe als Attrak-
tants. D. Die Rolle der sekundidren Pflanzensfoffe als Repellents. Es wird die SchluBfolgerung
gezagen, daB die Wirtspflanzenwah! grundsiitziich von der Gegenwart und/oder dem Fehlen
sekundiirer Pflanzenstoffe bestimmt wird, und N#hrstoffe, wenn iiberhaupt, in diesem Zu-
sammenhang, quantitativ und qualitativ nur eine sehr untergeordnete Rolle spielen k&nnen.
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LABORATORY OBSERVATIONS ON LOCUST RESPONSES
TO WIND-BORNE GRASS ODOUR

BY

1. 8. KENNEDY ' AND J. BE. MOORHOQUSE *?
Anti-Locust Research Centre, London, England

Starved desert locust ‘hoppers’ respond to wind-borne grass odour by turning and moving
upwind toward the odour source. The conclusion from previous work, that this orientation
reaction depends on unequal olfactory stimulation of the two anfennae (osmotropotaxis), has
been re-cxamined in further experiments. “Agitating” hoppers, by handling them singly or by-
tumbling a crowd of them together just before releasing them in a wind tunnel, induced rapid
upwind movement by both starved and fed hoppers even in the absence of grass odour.
Repeated agitation led to increasing locomotor excitability accompanied by increasing upwind
bias. Bilateral antennectomy depressed activity, but agitated antennaless hoppers also moved
upwind with and without grass odour, provided they were very starved. Vaselining or amputa-
fing one antenna, or fixing the two antennae in a crossed-over position, impaired but did
not prevent upwind-orientated movement in response to grass odour. It is concluded that
the normal upwind movement in response to grass odour is noi osmotropotaxis but anemo-
taxis: the grass odour activates the insects and at the same time switches on their positive
orienfation reaction {o the wind itself. A “repellent” edour alse activaies the insects and induges
anermotaxis, which is now negative, Thus a variety of stimuli which excite locomotor activity
sinultaneously switch on anemotaxis, either positive or negative.

The problem of how a walking insect orients its path toward a distant source of
wind-borne plant odour has been counsidered solved, in principle, since the work
of Fliigge (1934) and Kalmus (1942) on Drosophila spp. According to this classical
theory the insect orients upwind toward the odour source not by means of direc-
tional cues in the olfactory stimulation it receives, but rather by means of direc-
tional cues from the wind itself, that is, anemotactically (anemotropotaxis). The
olfactory stimulation serves to “switch on”, centrally, the orientation to wind, or
(Kalmmus, 1942) to accelerate an anemotactic response that was already evident
before the onset of olfactory stimulation.

However, the first detailed study of such behaviour was that of Haskell, Paskin
& Moorhouse (1962) who arrived at a very different conclusion from their work
on the orientation reactions of desert locust “hoppers” in a wind tunnel. Starting
always with hoppers that had settled down to quiescent “basking” on the floor of

1 Present address: A.R.C. Insect Physiology Group, Imperial College Field Station, Silwood
Park, Ascot, Berks., England.

% Present address: C.S.LR.O., Division of Entomology, P.O. Box 109, Canberra, A.C.T.,
Australia. '







