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STELLINGEN 

1. De vondst van een smaakcel gevoelig voor vraatremmende stoffen in 
Leptinotarsa decemlineata larven verschaft een fysiologische basis voor de 
hypothese dat de aanwezigheid van vraatremmende stoffen in potentiele 
voedselplanten beslissend is bij de selectie van voedselplanten door dit 
insect. 

Jermy T., 1961. On the nature of the oligophagy in Leptinotarsa decemlineata Say 
(Coleoptera: Chrysomelidae). Acta Zool. Acad. Sci. Hung. 7: 119-132; Dit 
proefschrift. 

2. Bij onderzoek aan structuur-activiteitsrelaties voor series van vraatremmende 
stoffen is het essentieel de verschillende mechanismen die kunnen leiden tot 
vraatremming te onderscheiden en de bioassays hier op aan te passen. 

Dit proefschrift. 

3. Het begrip 'Central Inhibitory State' is theoretisch en dient, met name wat 
betreft de fysiologische oorzaak, nader te worden omschreven om de 
waarde van dit begrip in het begrijpen van de voedselplantkeuze door 
fytofage insecten te kunnen inschatten. 

Dethier V.G., R.L Solomon & L.H. Turner, 1968. Central inhibition in the blowfly. J. 
Comp. Physiol. Psychol. 60: 144-150; Jermy T., 1971. Biological background and 
outlook of the antifeedant approach to insect control. Acta Phytopath. Hung. 6: 253-
260. 

4. Wanneer drimanen als 'warburganaP en 'polygodial' als behorend tot de 
meest actieve vraatremmende stoffen worden beschouwd is dit niet 
veelbelovend voor het gebruik van vraatremmende stoffen als vervangers 
van insecticiden in de gewasbescherming. 

Warthen Jr. J., 1990. Insect feeding deterrents, Part A: Insect feeding deterrents 
(1976-1980). In: E.D. Morgan & N.B. Mandava (eds), CRC Handbook of natural 
pesticides. Vol VI, Insect attractants and repellents. CRC Press, Boca Raton, Inc., 
pp. 23-82; Dit proefschrift. 

5. Gezien de veelvoud aan afweerstrategieen van planten in de natuur is het 
niet verwonderlijk dat bij gebruik van uit de natuur afgeleide 
gewasbeschermingsmaatregelen doorgaans combinaties nodig zijn voor de 
gewenste bescherming tegen insecten. 

6. Over de smaak van insecten valt te twisten. 
Dit proefschrift. 

7. ContinuTteit in onderzoek is voor veel wetenschappers alleen mogelijk door 
het regelmatig te onderbreken voor het werven van fondsen. 

8. Het toekomstperspectief van wetenschappers in Duitsland is niet veel beter 
dan in Nederland, en wordt getypeerd door de aspecten 'graue Haare und 
finanzielle Fragen' 

Nach A. Jourdan, 1998. 



9. Gezien het lage percentage vrouwen in hogere wetenschappelijke functies 
houdt de creativiteit van veel wetenschappers op zodra het moet komen tot 
een herverdeling van arbeid en zorg. 

10. De onderbelichting van vrouwen-topsport door de media wijst er helaas op 
dat we nog steeds in een mannenwereld leven. 

11. De gemoedstoestand van een 'internet-surfer' wordt vooral bepaald door de 
snelheid van zijn computer. 

M. de Waal. Maakt internet echt depressief? De Volkskrant, 5 September 1998. 

12. Bij mensen die tijd hebben om over 'onthaasting' mee te praten valt de 
stress kennelijk wel mee. 

13. De gedachte dat je na de dag van de promotie voldaan achterover kunt 
leunen houdt je in de periode ervoor overeind. 

Stellingen behorende bij het proefschrift 'Antifeedants against insects: a behavioural 
and sensory study'. 

Lindy Messchendorp, Wageningen, 23 oktober 1998. 



Voorwoord 

Wetenschap is iets wat je over het algemeen niet alleen doet. Dat is bij mij ook zeker 
niet het geval geweest en daarom wil ik in dit voorwoord nog graag even op een rijtje 
zetten welke personen hebben bijgedragen aan het tot stand komen van dit boekje en 
aan wie ik dank verschuldigd ben. 

Allereerst heeft dit onderzoek van het begin af aan deel uitgemaakt van een 
gezamenlijk project met de vakgroep Organische Chemie, genaamd "Vraatremmende 
stoffen voor insecten: chemie, biologie en toepassing". Op de vakgroep Organische 
Chemie werden de vraatremmende stoffen gesynthetiseerd, terwijl wij op de vakgroep 
Entomologie deze stoffen toetsten op hun activiteit. De hoofdrolspelers in dit geheel 
waren Rinie Bouwman, Edwin klein Gebbinck, Rieta Gols en ikzelf. Hen wil ik bedanken 
voor de altijd prettige en vriendelijke samenwerking. Rieta, veel van het in dit boekje 
beschreven werk is door jou uitgevoerd, en ik wil je dan ook speciaal bedanken voor al 
die jaren directe samenwerking, waarin je het steeds weer klaarspeelde om toetsen nog 
efficienter en sneller uit te voeren, en waarin je ook nog jezelf wist te ontplooien in het 
entomologische onderzoek. Edwin, jouw doorzettingsvermogen, grote inzet en -kunde 
hebben er voor gezorgd dat we toch nog een groot aantal stoffen hebben kunnen testen 
waarvan de synthese zeer-veel-staps en bijzonder veel moeilijker was dan aan het begin 
was ingeschat. Rinie, jij hield het hoofd koel en bezorgde ons vooral in het begin van het 
projekt veel variaties op de drimaan terpeno'iden. De begeleiding van dit onderzoek lag in 
handen van Ben Jansen, /Ede de Groot, Andre Stork, Joop van Loon en Louis Schoon-
hoven. Zij hebben mij altijd gesteund en van goede adviezen voorzien, waarvoor mijn 
hartelijke dank. Joop, jij stond altijd klaar om over het onderzoek te discussieren en 
stimuleerde me om me in de interessantere aspecten verder te verdiepen. Louis, jouw 
ervaring en interesse in dit onderzoeksgebied waren bijzonder hulpzaam, en vaak wist je 
me nog de betere stukken uit eerdere literatuur aan te reiken. Tot slot was het project 
gefinancierd door de Stichting voor Technische Wetenschappen, en voorzien van een 
gebruikerscommissie die, buiten de al genoemde mensen, bestond uit Paul Harrewijn, J. 
Henfling, A. Kerkenaar, C. Mombers en J. Moskal. De vele vergaderingen waren altijd 
erg gezellig en er werden vaak goede hints gegeven voor verder onderzoek; mijn 
hartelijke dank daarvoor. 

Naast de directe medewerkers van het project zijn er nog vele mensen zonder wie 
dit onderzoek niet mogelijk geweest zou zijn. Te noemen zijn de mensen van de 
insectenkweek, Leo Koopman, Andre Giddink en Frans van Aggelen, die ons altijd vele 
rupsen en kevers bezorgden. De medewerkers van Unifarm, die ons steeds van gezonde 
planten voorzagen. De administratieve medewerkers van de vakgroep, Ans Klunder, Riet 
Tilanus, Truus de Vries en Ineke Kok, die op elk moment zeer snel van alles organiseer-
den. Wim Frentz, ik wil je bedanken voor je niet aflatende technische ondersteuning en 
je altijd goede humeur. I would like to thank the hungarian student Peter Perczel, for his 
contribution in the development of the biotest for aphids. Hans Smid wil ik bedanken voor 
de samenwerking in het Coloradokever-smaakzintuig project: je produceerde prachtige 
foto's waarvan de mooiste uiteindelijk is opgenomen in een zeer mooie publicatie. Ook is 



dank verschuldigd aan Gerrit Gort voor de hulp bij de statistische verwerking van de 
gegevens in hoofdstuk 3. Verder dank ik alle medewerkers van de vakgroep Entomolo-
gie, de mensen van Duo-tone voor het helpen bij het realiseren van wilde creatieve 
ideeen, de bibliotheek, de Gecombineerde diensten, het kantinepersoneel: fijn dat jullie 
er altijd waren om bij te springen. 

De sfeer op de vakgroep Entomologie is altijd erg goed en heeft bijgedragen aan 
een prettige werkomgeving. Vele gelegenheden worden aangegrepen om gezamenlijk te 
schaatsen, hardlopen, uitbundig te vieren, enz. enz., wat zorgt voor een vriendschappe-
lijke sfeer, ook buiten het werk. Op het persoonlijke vlak ben ik altijd gesteund door 
vrienden en familie. Ik wil mijn ouders bedanken, die mij de mogelijkheid hebben 
gegeven om te studeren. Er zijn vele vrienden die ervoor zorgen dat we genieten van het 
leven. Voelt jullie vooral aangesproken! Herman, jouw naam kan niet ongenoemd blijven, 
ook in dit stukje werk is jouw bijdrage onbeschrijfbaar: bedankt! 
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1 

General introduction 

Antifeedants against insects: a condensed story 

It is not difficult to guess the meaning of the word 'antifeedant'; a substance that, in 
some way, stops insects from feeding on plants, without killing them (Ascher, 1970/71). 
The first antifeedants were identified already in the 1930's (e.g. Metzger & Grant, 1932; 
Guy, 1936). Antifeedants were originally isolated from plants that were known as being 
unpalatable for many insect species. Antifeedants are also called 'feeding inhibitors' 
(Jermy, 1966) or 'feeding deterrents' (Dethier ef a/., 1960). During the past decades, 
many researchers have been working on antifeedants, thereby producing many papers. 
What makes insect antifeedants so interesting? 

Antifeedants can attract researchers' interest for several reasons. Firstly, simply 
because they were identified in plants. Biologists are interested in the 'why' and 'how' 
questions of all natural events, originating from a general interest in all 'living things' and 
the products that are produced in nature. Regarding antifeedants, specific questions can 
be asked, such as: 

why do they occur in plants? (what is their function?) 
which role do they play in the interaction between insects and the plants on which 
the insects feed and live? 
how do they exert their effects? 
which role have they been playing in the evolution of insects and plants? 

Research emanating from such questions is called 'fundamental research'. 
A second reason why probably many researchers are interested in antifeedants is 

their possible economical value; substances that stop insects from feeding could be used 
to protect agricultural crops against feeding injury and thereby increase the yield. The 
interest in alternatives for crop protection is growing, especially because for environmen­
tal reasons conventional insecticides are refused more and more. Research emanating 
from this kind of interest is called 'applied research'. 

This thesis describes research on 'terpenoid' antifeedants against several insect 
species. The interests underlying this study were partly of 'applied' and partly of 
'fundamental' nature. We were interested in estimating the potential effectiveness of the 
antifeedants tested. We compared the feeding inhibiting effects of specific molecular 
structures. We were also interested in how antifeedants influence the behaviour of 
insects and how insects perceive antifeedants through their sensory taste system. 
Answering these questions could help in understanding the role of antifeedants in insect-
plant interactions, and in estimating the potential antifeedant efficacy of candidate 
compounds (Bernays & Weiss, 1996). In this chapter, some aspects of the research field 
on antifeedants are introduced. 



chapter 1 

The role of antifeedants in insect-plant biology 

When inspecting plants from closeby, very often insects and traces of insect feeding will 
be met with as well. This is not surprising, when it is realized that by far the highest 
number of organisms belong to the class of insects, and that about half of all insect 
species feed on plants (May, 1988). The fact that plants, despite all these herbivorous 
insects, still grow abundantly worldwide, indicates that they can deal with feeding insects 
very well. In fact, plants are shown to possess an enormous variety of mechanisms to 
defend themselves against insects, or even profit from them. On the other hand, insects 
show a spectacular diversity in the way they are adapted to different plant species, to 
profit as much as possible from them, or to overcome defence mechanisms. 

In the research field of insect-plant interactions all questions are studied concer­
ning the influences that insects and plants exert on each other during their lives. As 
these can be very diverse, research diverged in many directions. Examples are nutrition­
al value of plants for insects, resistance (or defence mechanisms) of plants against 
insects, feeding- ovipositing- or mating behaviour of insects on plants, host plant 
specialisation of insects, sensory recognition of plants by insects, pollination of plants by 
insects or predators attacking plant feeding insects (for further reading e.g. Miller & 
Miller, 1986; Rosenthal & Berenbaum, 1991; Bernays, 1989-1994; Bernays & Chapman, 
1994; Chapman & De Boer, 1995; Schoonhoven et al., 1998). 

Antifeedants are generally considered to play an important role in insect-plant 
interactions, especially in host plant recognition and host plant specialisation of herbivor­
ous insects. In this respect, herbivorous insect species can roughly be classified into 
three categories i.e. monophagous, oligophagous or polyphagous. Monophagous insects 
feed on only one, or a few related plant species, oligophagous insects feed on a number 
of plant species, mainly belonging to the same family (the large white butterfly, Pieris 
brassicae and the Colorado potato beetle, Leptinotarsa decemlineata, both subject of 
research in this thesis, fit into this category) and polyphagous insects feed on many 
different plant species belonging to different families (the green peach aphid, Myzus 
persicae and the cotton aphid, Aphis gossypii, both examined in this thesis, belong to 
this group). The majority of all herbivorous insect species though, are oligophagous and 
specialize on only a few plant species. How do insects recognize their host plant(s) out 
of a tremendous offer of different plant species? 

In the beginning of this century, it was shown for the first time that the recognition 
of host plants by herbivorous insects is largely directed by chemical information. It 
appeared that, when insects encounter plants while searching for food, chemical 
information obtained from the plant is decisive in either accepting or rejecting it as food 
plant. Verschaffelt (1910) showed that larvae of Pieris species would only feed on plants 
containing or treated with glucosinolates, chemicals typically occurring in their host 
plants. Glucosinolates are so-called 'token stimulants' for Pieris species in recognizing 
their host plants. Later, other researchers (e.g. Jermy, 1966) found that insects would 
only feed on plants that contain no or little antifeedants; host plants are recognized by 
their lack of antifeedants. Since the presence of 'token stimuli' in many host plants could 
not be demonstrated, it seems plausible that in nature antifeedants play a major role in 
insects' decisions on whether or not to feed. 
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Finally, the question remains how so many insect and plant species could evolve 
during evolution. Several evolutionary theories have been proposed, in which antifeed-
ants play a prominent role. In rough lines, the role of antifeedants can be explained as 
follows: Most antifeedants belong to the class of secondary plant chemicals. This means 
that they have no function in the production of primary, vegetative and reproductive parts 
of plants. Many secondary plant chemicals, among which insect antifeedants, play a role 
in the defence of plants against natural enemies, such as fungal- and bacterial diseases 
or herbivores (van Genderen et al., 1996). The presence of secondary compounds in 
plants is generally believed to increase the fitness of plants, i.e. the chance to success­
fully reproduce, although the production of secondary compounds does have metabolic 
costs as well (for costs of terpenoid accumulation see e.g. Gershenzon (1994)). Because 
antifeedants are thought to play a major role in host plant selection, it is probable that 
they also have been playing an important role in the evolution of insect-plant relation­
ships, and especially in the host plant specialisation of insect species. It can be reasoned 
that plants producing antifeedants exert effects on insects that negatively influence 
reproduction, and in contrast, positively influence insects that adapt to antifeedants by 
avoiding them or by developing other mechanisms to overcome the negative effects of 
antifeedants. Negative effects of antifeedants can be postingestive, toxic effects, or 
furnishing plants with a to the insect unacceptable taste. These effects cause an 
increased time spend on food searching, resulting in slower growth and increased 
vulnerability to predators. Plants producing antifeedants thus provide diversifying 
pressure on insects, allowing them to form new species. This reasoning could be 
reversed as well, by proposing that insects provide diversifying pressure on plants, by 
reducing the fitness of the most vulnerable plants. 

How do antifeedants influence the feeding behaviour of herbivorous insects? 

The term 'antifeedant' applies to all chemical compounds that inhibit feeding in insects. 
However, there are different 'mechanisms of action' through which feeding inhibition can 
be established, divided into two categories: 
1) antifeedants that inhibit feeding through sensory perception, i.e. compounds 

having an unpalatable taste to insects. 
2) antifeedants that inhibit feeding by postingestive, toxic effects resulting in sick 

insects without appetite. 
During the first decades of antifeedant research, antifeedants were mainly considered to 
act through sensory perception (e.g. Jermy, 1966; Wright, 1967; Chapman, 1974). Later 
on, it was established that plant compounds can inhibit feeding through postingestive 
effects as well (e.g. Berenbaum, 1986; Mordue & Blackwell, 1993; Frazier & Chyb, 1995; 
Glendinning, 1996). 

Antifeedants can act through one, or both of these types of mechanisms of 
action. However, for the majority of identified antifeedants, the mechanism(s) of action 
are not yet elucidated. The mechanism of action of antifeedants varies between insect 
species. 
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Taste perception of antifeedants 

Many researchers are interested in questions as 'how do insects recognize their host 
plant(s) with their sensory taste system' and 'how does the sensory taste system 
respond to antifeedants'. Knowing the answers to these questions could help in under­
standing how the behaviour of insects is influenced by the chemical composition of the 
plants, and in understanding the reason why many insects specialize on a few, or only 
one host plant. During the past decennia, knowledge of the sensory perception of 
antifeedants has expanded enormously, thanks to the invention of innovative techniques. 
However, the majority of the research on the sensory taste perception of antifeedants 
has been restricted to only several insect species, and is dominated by studies on 
lepidopterans (caterpillars of butterflies), followed by e.g. studies on orthopterans 
(grasshoppers and locusts), coleopterans (beetles), hemipterans and homopterans (e.g. 
aphids). Consequently, the present theories on host plant recognition and host plant 
specialisation by insects are based on studies of a limited number of insect species. 

Figure 1 schematically shows how insects decide whether or not to feed on the 
basis of information they perceive about the chemical composition of a plant: 
After having approached a potential food plant, herbivorous insects mostly start palpating 
the leaf surface, followed by taking some test bites and eventually feeding. In the case of 
a non-host plant, or when a plant is treated with antifeedants, initiation of feeding stops 
at some moment during this process because sensory information on the unpalatable 
food source is received by the brain (central nervous system), where a rejection 
response is generated. Which physiological processes occur during the short time 
between palpating the plant and the rejection response? 

Taste organs 
For many insect species it is known that their sense of taste is located in conically 
formed, hair like structures (so-called 'taste hairs': Figure 1), or papilla like structures on 
the mouthparts. Ablation experiments, in which part of the sensory organs were operatio­
nally removed, have given useful information on the sensory organs that are involved in 
mediating feeding behaviour. For instance in P. brassicae larvae, Ma (1972) showed that 
the sensilla on the maxillary galea and in the mouth cavity are the relevant sensilla in 
directing feeding behaviour (Figure 2). 

Insect species can vary considerably in the amount of chemosensory sensilla they 
possess. It is known that orthopterans possess numerous chemosensory sensilla on the 
maxillary palps and galea (between tens and thousands) and that lepidopterous caterpil­
lars in general possess eleven sensilla on the palps and four sensilla on the galea 
(Chapman, 1995). Furthermore, contact chemoreceptors have been found on the legs 
and ovipositor of various insects as well. These can play a role in feeding, but can also 
have other functions, such as regulating oviposition behaviour (e.g. Roessingh et al., 
1992). In fluid-feeding insects, such as aphids, the chemosensory taste organs are 
organised quite differently. Aphids pierce their stylets into the plant tissue and feed on 
phloem sap. It is generally assumed that the most important sensory taste organ is 
located in the cibarial cavity (Wensler & Filshie, 1969; Tjallingii, 1995). No taste organs 
have been found on the legs and labium of aphids until now (Tjallingii, 1978), but Pickett 
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Figure 1. Schematic representation of the neural processes mediating feeding behaviour in herbivorous 
insects. 
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et al. (1992) mention that contact chemosensilla on the terminal processes of the 
antennae may be important in feeding behaviour as well. 

Neural coding of antifeedancy 
The chemosensory taste hairs contain sensory taste receptor cells of which the dendrit­
es, while feeding, come into contact with plant chemicals (Figure 1). These plant 
chemicals enter the taste hairs through a small pore at the tip. Upon this, electrical 
signals ('action potentials') are produced by the sensory taste receptor cells. In many 
insect species, taste sensilla possess four taste receptor cells, together with one 
mechano receptor cell (but sensilla with more or fewer receptor cells do also occur). In 
1955, Hodgson et al. invented a 'tip-recording technique', that made it possible to directly 
measure the electrical signals through a stimulus solution containing an electrolyte and 
the plant chemicals under investigation. 

By use of the tip-recording technique a sensitivity range of the taste receptor cells 
in taste hairs was established for several insect species. In most species studied, one of 
the four cells is sensitive to sugars (the 'sugar cell') and a second to inorganic salts (the 
'salt cell'), although the sensitivity range of these cells differs among species. The 
sensitivity of the remaining two cells varies considerably between species and is tuned to 
e.g. amino acids or deterrents (the 'deterrent cell'). Also cells specifically tuned to 'token 
stimulants' have been identified. For instance in P. brassicae cells sensitive to glucosinol-
ates were found (Schoonhoven, 1967). The latter discovery provided a physiological 
basis for the concept of host plant recognition through 'token stimulants' by specialist 
herbivorous insects. 

After action potentials are generated in the different sensory taste cells the 
sensory information is sent to the brain via a sensory nerve. This information, the 
ensemble of electrical signals from sensory taste cells, is called the 'neural code'. 
According to Boeckh (1980), three possible neural coding principles can be recognized: 
1) Labelled line coding, meaning that the information from one specific receptor cell can 
elicit specific behaviours, such as initiation of feeding, or a rejection response; 2) Across-
fibre pattern coding, meaning that the information to the brain is contained in the 
'response pattern' of several receptor cells with different sensitivity spectra and 3) 
Temporal pattern coding, meaning that information on the stimulus quality is passed on 
through action potential interval patterns, or adaptation rates. In most cases, chemosen­
sory codes in insects are a combination of these three coding systems (Schoonhoven et 
al., 1992). 

Neural coding of antifeedancy varies considerably among insect species 
and antifeedants have been shown to affect sensory responses in at least five different 
ways (Schoonhoven, 1982): 1) stimulation of 'deterrent cells' tuned to diverse plant 
compounds that deter feeding; 2) stimulation of receptor cells with a broad sensitivity 
spectrum that includes secondary plant compounds; 3) inhibition of the response of 
receptor cells that are sensitive to feeding stimulants; 4) changing across-fibre patterns 
by stimulating some receptor cells and inhibiting others and 5) evoking irregular impulse 
patterns, often at high frequency (so-called 'bursts'). 

By using the 'tip-recording technique', researchers measure the neural code of 
various solutions with antifeedants, plant chemicals, mixtures of chemicals or of plant 
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juices. In this way, they try to find the neural code for acceptable- and unacceptable 
food. With such knowledge, one could screen many potential antifeedants by recording 
their electrophysiological response in a relatively short time, thereby circumventing 
laborious behavioural tests. 

Figure 2. Line drawing of the head of a caterpillar seen from below with enlargements of an antenna (A) 
and a maxilla. MP = maxillary palp; LS and MS = lateral and medial sensilla styloconica. 

Membrane receptors and cellular signal transduction mechanisms 
After having entered the insect taste hair through the pore at the tip, antifeedant 
molecules interact with the dendrite membrane through as yet hardly known mecha­
nisms. Most researchers believe that in insects receptor cell stimulating molecules 
interact with 'membrane receptors', although to date only two types of presumable 
receptor proteins binding to sugar have been found in flies (Ozaki et a/., 1993). Because, 
as mentioned above, antifeedants can affect sensory responses in at least five different 
ways, and because a large number of antifeedants with highly differing molecular 
structures exist, it is likely that antifeedants can interact with the dendrite membrane of 
receptor cells through multiple mechanisms. Additionally, from electrophysiological 
studies it is known that deterrent receptors often exhibit very broad sensitivity spectra 
(e.g. the medial deterrent receptor in P. brassicae (Ma, 1969), which suggests that they 
either possess many different membrane receptors or that different antifeedants interact 
in different ways with the dendrite membrane. Several mechanisms have been proposed 
for the interaction of antifeedants and feeding stimulants with the dendrite membrane 
{e.g. Wieczorek, 1976; Ma, 1981; Lam & Frazier, 1987; Fritz era/., 1989; Mullin et al., 
1994). The concept of membrane interactions is very important for researchers that 
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search for highly active insect antifeedants. Different antifeedants interacting in the same 
way with the dendrite membrane may reveal a relationship between the molecular 
structure of an antifeedant and it' s feeding deterring activity (a so-called 'structure-
activity relationship' (= SAR)), so that prediction of the effectiveness of new compounds 
would become possible. On the other hand, if indeed many different membrane interac­
tion mechanisms exist, the chances for successfully developing SAR's for antifeedants 
decreases. 

When antifeedant molecules in some way have interacted with the dendrite 
membrane of receptor cells, cellular transduction mechanisms are initiated. These result 
in a change in receptor membrane potential, leading to e.g. the generation of action 
potentials in cells sensitive to deterrents or inhibition of the action potential generating 
mechanisms in cells sensitive to feeding stimulants. On the nature of the cellular taste 
transduction events in invertebrates very little information is available. However, they are 
generally assumed to parallel those in vertebrate receptors (for further reading see e.g. 
Brand et al., 1989). Only few articles deal with invertebrate taste transduction mechan­
isms, e.g. on the role of cyclic GMP as 'second messenger' in the excitation of the sugar 
receptor cell in the fly Phormia regina (Amakawa et al., 1990). Recently, more work has 
been done on invertebrate olfactory transduction mechanisms (e.g. Raming et al., 1993; 
Wegener et al., 1997; Breer, 1997). 

Processing of sensory information in the Central Nervous System 
Feeding behaviour is ultimately directed by the Central Nervous System (CNS). Here, 
information from not only the chemical taste organs, but also from other body parts and 
from environmental factors is processed. Many factors can play a role in the direction of 
insect feeding behaviour, such as developmental state, degree of satiety, foodplant on 
which the insect was reared, temperature or light (Lewis & van Emden, 1986). This 
means that the behavioural response on antifeedants depends not only on its taste or 
postingestional effects, but also on additional factors, that should be standardized when 
comparing the response to an array of antifeedants. 

There is no restricted area in the insect brain where information from taste 
receptors is processed, such as does occur for olfactory information (Hildebrand, 1995). 
Most axons from taste receptor cells directly project to the suboesophageal ganglion 
(Altman & Kien, 1987), that on its turn is connected to the brain. It is thought that major 
processing of taste information occurs in the suboesophageal ganglion (Blaney & 
Simmonds, 1987). A few models have been proposed for the processing of information in 
the CNS. Schoonhoven & Blom (1988) developed a 'labelled line' processing model on 
the basis of behavioural and electrophysiological experiments with P. brassicae larvae. In 
this model, action potentials originating from the cells responding to sugars, amino acids 
and glucosinolates (feeding stimulants) counteract action potentials originating from the 
deterrent cells, resulting in a positive or negative balance for the proceeding of feeding. 
However, this model will only work for insects that have taste receptor cells with very 
specific sensitivities. In many insects with a large number of taste sensilla (such as 
locusts and grasshoppers) the sensilla appear to be sensitive to a broad range of 
compounds from different classes e.g. sugars and salts. An example is the desert locust 
Locusta migratoria, in which the sensilla on the palps are sensitive to both fructose (a 
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feeding stimulant) and sodium chloride (a feeding deterrent), but differ in their relative 
sensitivities to these compounds. Blaney (1975) showed, by using analysis of variance 
on experimental data on the response of 20 sensilla, that the total output of these 20 
sensilla, when stimulated with either fructose or sodium chloride, was distinguishable. 
This would indicate that the brain integrates complex information from many receptor 
cells on the quality of the food experienced to more simple information. Recently, with a 
multiple receptor model on taste discrimination in the blowfly, Nakao et al. (1994) 
showed that the discriminability of an individual taste receptor on the labellum or legs of 
the blowfly can be improved by the integration of 33-212 receptor cell responses at the 
central level, which confirms this hypothesis. 

Influence of experience on the behavioural response to antifeedants 

Many studies have shown that the behavioural response of insects to antifeedants can 
change after the first moment of exposure. Instances of a declining sensitivity, i.e. 
habituation, as well as an increasing sensitivity, i.e. sensitization, are known. Also 'food 
aversion learning' occurs in some insect species, meaning that the sensitivity to antifeed­
ants increases over repeated exposures, separated by intervals of several hours to 
several days. The neural mechanisms responsible for these processes are unknown 
(Szentesi & Jermy, 1990; Bernays, 1995). 

Figure 3. Molecular structures of (A) isoprene unit, (B) polygodial and (C) clerodin. 

Origins of terpenoid antifeedants 

The antifeedants studied in this work are all 'terpenoid' compounds or related derivatives, 
which means that their molecular structure is composed of several isoprene units (Figure 
3 (A)). Drimanes are sesquiterpenes, composed of 3 isoprene units, and have a bicyclic 
structure. The first sesquiterpene dialdehyde isolated from plants (from Polygonum 
hydropiper, or 'water-pepper') was polygodial (Figure 3 (B)) (Barnes & Loder, 1962). 
Kubo et al. (1976a) showed that polygodial and other drimane sesquiterpenes exhibited 
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antifeedant activity against larvae of Spodoptera littoralis and S. exempta. A/eo-clero-
danes are diterpenes, composed of 4 isoprene units. The first neoclerodane with a fully 
established structure was clerodin (Figure 3 (C)), isolated from Clerodendron infortuna-
tum ('Indian bhat tree') (Harada & Uda, 1978; Rogers et al., 1979; Luteijn, 1982). Kubo 
et al. (1976b) showed that clerodin and other A/eoclerodanes exhibited antifeedant 
activity against larvae of S. littoralis and S. exempta. A clear introduction to the biosyn­
thesis of secondary plant compounds is given by van Genderen et al. (1996). 

Practical use of antifeedants in crop protection 

I already mentioned people's interest in antifeedants because of their potential use in 
crop protection. However, until now very few antifeedants have been successfully 
exploited commercially. Examples are products obtained from the indian neem tree, 
Azadirachta indica, that are highly effective in inhibiting feeding and can be obtained 
commercially in many countries (Schmutterer, 1995). 

In The Netherlands, commercial sale of neem products for crop protection is still 
not allowed, because Dutch legislation on the use of chemical crop protection agents 
demands that all product ingredients are known, which can not be guaranteed when 
natural products are used. This is one of the reasons why organic chemists in the past 
decennia started to develop synthetic methods to obtain antifeedant compounds. 
Presently, many antifeedant compounds can be synthesized, such as polygodial, 
warburganal and other drimanes. All antifeedant compounds tested in the research 
described in this thesis were synthesized at the Laboratory of Organic Chemistry in 
Wageningen. 

Synthetic antifeedants have some other advantages above natural products when 
their use in crop protection is aimed: they are readily available and large quantities can 
be provided; they can be delivered in pure form or in mixtures of which all ingredients 
are known (so that all ingredients can be tested in toxicity tests, that are required before 
crop protection agents can be admitted for use); also simple molecules, derived from 
natural antifeedants ('analogous derivatives'), can be synthesized and tested for their 
antifeedant effects, thereby possibly creating new, cheap antifeedant products. 

Synthetic analogues of natural antifeedants can also be used to study the 
structure-activity relationship (SAR) of antifeedants in insects, by testing the antifeedant 
effectiveness of compounds with only slightly different molecular structures, e.g. 
structures differing on only one, or a few substituents. Studying the SAR of antifeedants 
can provide more insight in the question of how antifeedant molecules interact with the 
dendrite membrane of sensory taste cells when generating a food rejection response. 

Outline of the thesis 

In the research described in this thesis the effects of terpenoid antifeedants and related 
derivatives on the behaviour of several insect species were studied. The SAR of the 
compounds tested was investigated. Furthermore the perception of the antifeedants by 
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the different insect species, and long-term effects of the antifeedants were studied. 
Aspects that received special attention in the studies were the neural coding of 

antifeedancy in the different insect species (i.e. do they stimulate 'deterrent cells', inhibit 
cells sensitive to feeding stimulants, evoke irregular activity in all receptor cells or disturb 
the temporal pattern of firing in receptor cells?) and the occurrence of habituation or 
sensitization after some time of exposure to the drimanes (i.e. do these phenomena 
occur, and are they related to possible toxicity of the antifeedants?). Knowledge on these 
aspects could assist in estimating the potential efficacy of the antifeedants against 
insects, and in enlightening the role of antifeedants in host plant selection. 

In chapter 2 research on behavioural and sensory effects of drimane antifeedants 
on larvae of the large white butterfly Pieris brassicae L. (Lepidoptera: Pieridae) is 
described. P. brassicae is an oligophagous insect, of which the caterpillars feed on a 
number of plant species, mainly belonging to the Cruciferae family (Feltwell, 1982). 
The aim of the work was to find a 'neural code' for antifeedancy by drimanes in P. 
brassicae. P. brassicae is used as a model insect for studying the sensory taste system 
in insects. The sensitivity spectra of its different sensory taste cells are known in 
considerable detail and hypotheses have been proposed on the function of the different 
taste organs in directing feeding behaviour. This makes P. brassicae a suitable insect for 
studying the perception of feeding deterrents. 

In chapter 3, the mechanisms through which drimane antifeedants inhibit feeding 
in P. brassicae larvae are unravelled further. The temporal aspects of the feeding 
inhibiting effects of several drimanes are studied with aid of detailed, 1 min interval, 
behavioural observations. 

Chapter 4 deals with research on behavioural and toxic effects of drimane 
antifeedants on larvae of the Colorado potato beetle, Leptinotarsa decernlineata. L 
decemlineata (Say) (Coleoptera: Chrysomelidae) is an oligophagous insect feeding on 
several solanaceous plants. This insect has a remarkable history, as it suddenly 
expanded its host range with potato plants around 1840. After this, it spread rapidly 
throughout the United States and in 1922, also entered Europe. Nowadays the Colorado 
potato beetle is a major pest of potatoes worldwide, and has evolved resistance to 
virtually every insecticide used against it (Bishop & Grafius, 1996). 

Research on the perception of drimane antifeedants in larvae of the Colorado 
potato beetle is described in chapter 5. Although the sensory taste system of Colorado 
potato beetle has been studied extensively, no sensory taste cells specifically tuned to 
feeding deterrents had been found, so that it was unclear how these insects perceive 
feeding deterrents. 

Chapter 6 presents research on nymphs of two polyphagous aphid species, the 
green peach aphid Myzus persicae (Sulzer) and the cotton aphid Aphis gossypii (Glover) 
(Homoptera: Aphididae). Both species are important pests on many crops throughout the 
world, especially A gossypii, which rapidly exhibits resistance against many insecticides. 
Because aphids do not ingest leaf material but feed on plant juices by penetrating plants 
with their stylets, a different approach is needed to study their feeding behaviour. 
Research is described on behavioural effects of drimane antifeedants and the putative 
location of sensory taste organs through which these aphid species perceive antifeed­
ants. 
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Chapter 7 reports on feeding inhibiting effects of several drimanes on a number of 
insect species, i.e. larvae of Spodoptera exempta, S. exigua, Mamestra brassicae, P. 
brassicae and L. decemlineata and nymphs of Locusta migratoria. 

In chapter 8, the feeding inhibiting effects of a group of analogous derivatives of 
partial structures of neo-clerodanes are examined. Behavioural effects are reported for 
larvae of P. brassicae and L. decemlineata and nymphs of M. persicae. 

Finally, in chapter 9 the main conclusions of the studies are discussed and 
prospects for future research are given. 
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Behavioural and sensory responses to drimane antifeedants 
in Pieris brassicae larvae 

Abstract 

15 Drimane compounds were tested for their feeding inhibiting activity in larvae of Pieris brassicae L. 
(Lepidoptera: Pieridae) when applied to leaf material of the hostplant Brassica oleracea L. The antifeedant 
efficacy of the drimanes was related to their molecular structure in order to identify important functional 
groups. Of the drimanes tested, those with a lactone group on the B-ring were the most effective feeding 
inhibitors. Additionally, the sensory responses to 13 of the drimanes were measured. Neural activity was 
evoked in the deterrent cell in the medial sensillum styloconicum. Also, inhibition of sensory responses to 
feeding stimulants was found. Results of behavioural and electrophysiological tests were correlated in an 
attempt to elucidate the sensory code underlying feeding inhibition by drimanes in Pieris brassicae. It was 
concluded that the response of the deterrent cell in the medial sensillum styloconicum contributes 
significantly to inhibition of feeding behaviour in larvae of Pieris brassicae. 

Introduction 

In many herbivorous insect species the decision to accept or reject a food plant is 
strongly influenced by the absence or presence of antifeedants in the plant tissue 
(Jermy, 1966; Bernays & Chapman, 1994). Therefore, great interest is shown in antifee­
dant compounds that could be applied to plants and give protection against feeding by 
insects. 

Several authors have documented that drimanes, originally isolated from plants 
e.g. from Polygonum hydropiper (Barnes & Loder, 1962) inhibit feeding to various 
degrees in several insects, e.g. Heliothis and Spodoptera species (Kubo et al., 1976; Ma, 
1977; Blaney et al., 1987), aphids (Gibson et al., 1982; Pickett et al., 1987; Asakawa et 
al., 1988) and Pieris brassicae (Schoonhoven & Yan, 1989). 

Electrophysiological studies on the effects of drimanes showed that these 
compounds stimulate 'deterrent cells' to various degrees in several insects, e.g. Heliothis 
and Spodoptera species (Blaney et al., 1987) and P. brassicae (Schoonhoven & Yan, 
1989). When mouthpart sensilla of caterpilars were stimulated with drimanes for one or 
more min continuously, interference with subsequent responses of receptor cells 
sensitive to feeding stimulants was found and irregular firing in several neurons occurred, 
e.g. in Spodoptera exempta (Ma, 1977), Manduca sexta (Frazier, 1986) and P. brassicae 
(Schoonhoven & Yan, 1989). 

During the past decades much work has been done on screening potential 
antifeedant compounds for their effectiveness using time-consuming behavioural assays, 
which require large quantities of the test compounds. To develop tests that are less time-
consuming and that require smaller quantities of test compounds, more insight in the 
sensory code underlying feeding inhibition in insects will be needed. In the present paper 
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15 synthetic drimanes were applied to leaf material of Brassica oleracea, a hostplant of 
P. brassicae, and tested for their feeding inhibiting activity on fifth instar larvae in a dual 
choice situation. The sensory responses to 13 drimanes were also measured and 
correlated with behavioural responses, in an attempt to elucidate the sensory code 
underlying feeding inhibition by drimane antifeedants in larvae of P. brassicae. Also the 
relation between molecular structure and feeding inhibiting activity was studied in order 
to identify those functional groups on the drimane structure that were important for 
inhihbitory activity. 

Materials and methods 

Insects. Larvae of P. brassicae were reared on cabbage plants (Brassica oleracea var. 
gemmifera cv. Titurel) in L16:D8 at 22±3°C and r.h. 40-70%. For the experiments 24-72 
h old fifth instar larvae were used. 

Antifeedants. The 15 drimanes were synthesized at the Department of Organic Chemis­
try, Wageningen Agricultural University (Jansen, 1993; C.T. Bouwman, unpubl.) (Figure 
1). Because of limited solubility in water the drimanes were first dissolved in ethanol after 
which distilled water or 5 mM KCI in distilled water was added, to obtain a final ethanol 
concentration of 2%. For the behavioural tests drimane concentrations of 1 and 5 mM in 
distilled water were used. A detergent (Tween-80, 2%) was added to promote an even 
distribution of the solution on the leaf discs. Distilled water with 2% ethanol and 2% 
Tween-80 served as the control solution. For electrophysiological tests drimanes were 
dissolved in ethanol and diluted with 5 mM KCI to final drimane concentrations of 0.1 and 
0.5 mM, in 2% ethanol. Five mM KCI with 2% ethanol served as control solution. 

Dual choice tests on leaf discs. Six cabbage leaf discs (area 3.80 cm2/disc) were arran­
ged circularly in a glass petri-dish. The upper surface of alternate discs was painted with 
10 uJ drimane or control solution, after which they were left to dry for 30 minutes. Larvae 
were placed individually in petri-dishes in a climatic chamber at a temperature of 25 °C, 
illuminated with 2 fluorescent tubes (36 W) at a distance of 5-50 cm. After three hours of 
ad libitum feeding the remaining disc areas were measured with a leaf-area meter 
(Hayashi Denko Co. Ltd., Tokyo, Japan). The areas consumed were determined by 
subtracting the remaining areas from the mean area of 3 reference discs on which no 
feeding had taken place during the test and that served as shrinkage controls. An anti-
feedant index (A.I.) was calculated: A.I. = (C-T)/(C+T), (area consumed from control 
discs (C) minus area consumed from treated discs (T))/(total area consumed), ranging 
from -1 (feeding stimulation) to +1 (feeding inhibition). Drimanes became available at 
intervals and were immediately tested after delivery, so that tests were performed over a 
time span of 1.5 years. Within this period each drimane was tested one to four times. 
Not all drimanes could be tested repeatedly because of limited availability. Wilcoxon's 
matched pair signed rank test was used to assess significance. The efficacy of the 
various antifeedants tested at 5 mM was compared by the nonparametric Kruskal-Wallis 
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Figure 1. Molecular structures of the 15 drimanes that were tested for their antifeedant activity. Trivial 
names: (1) isodrimenin, (8) isotadeonal, (6) muzigadial, (9) polygonal, (5) warburganal, (7) polygodial, (10) 
isopolygonal. 

one-way analysis by ranks followed by a multiple comparison procedure (Conover, 
1971). 

Electrophysiology. The tip recording technique as described by Hodgson et al. (1955) 
and modified by van Loon (1990), was used to record responses to the various stimuli 
from the sensilla styloconica on the maxillary galea. Larvae were starved for 1 to 3 hours 
before the experiments in order to improve the signal to noise ratio in the recordings. 
Isolated insect heads were mounted on a silver wire electrode which was connected to 
the input probe of an amplifier (Syntech UN-03b, Hilversum, The Netherlands). Stimulus 
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solutions were provided in glass capillaries (tip diameter c. 30 urn) connected to ground 
to serve as reference electrode. Amplified signals were digitized (DAS 16 Metrabyte Co. 
AD conversion board) and sampled into a computer (Intel 486 DX) memory at 10 or 16 
kHz sampling frequency. Many insects showed an irregular delay (up to 500 ms) in their 
electrophysiological response to the drimanes. Therefore, impulses during the first 1.5 s 
(in stead of the usual 1.0 s) of stimulation were counted with the aid of Sapid Tools 
computer software (Smith et al., 1990). The spikes were sorted visually by the experi­
menter on the basis of shape and temporal pattern of firing. 

The medial and lateral maxillary sensilla styloconica were stimulated with solutions 
of 13 compounds to investigate the sensory response. Each compound was tested on 1 -
3 days with 3-20 larvae per test. 

To test whether drimane antifeedants exerted shortterm effects (within the first 1.5 
s of stimulation) on the response of receptor cells sensitive to feeding stimulants, glucose 
or glucotropaeolin was mixed with a drimane antifeedant. Compound 4 was used after it 
had been established that it was one of the best antifeedants. 

Correlation of behavioural and sensory responses. To investigate a possible relationship 
between neural input and feeding inhibition, the responses of the deterrent cell to 13 
drimanes were correlated with the corresponding antifeedant indices using weighted 
means of the repeated tests. The results of the behavioural tests using 1 mM and 5 mM 
drimane solutions were related to the outcome of the electrophysiological tests performed 
with 0.1 mM and 0.5 mM solutions respectively, because it is assumed that the drimanes 
applied to the leaf discs would be diluted c. 10 times by the leaf contents. 

Results 

Behavioural response. Five drimanes significantly inhibited feeding at 1 mM (Table 1A). 
Of the 15 drimanes tested at a concentration of 5 mM, 12 showed significant feeding 
inhibitory effects (Table 1B). The ranking order of effectiveness is different for the two 
concentrations tested. The most potent antifeedants were structures with a lactone group 
on the B-ring (compounds 1, 2, 3 and 4, although 4 had a relatively low effect at 1 mM). 

Sensory response to pure antifeedants. The deterrent cell in the medial sensillum 
styloconicum (Ma, 1972; Blom, 1978; Schoonhoven & Yan, 1989) was excited by stimu­
lation with drimane solutions (Figure 2). This is concluded from the fact that two spike 
types were recognizable in responses to mixtures of a drimane with either sucrose or 
glucotropaeolin. The latter compounds are known to evoke monocellular responses from 
the sugar cell and the glucosinolate cell respectively (Schoonhoven, 1987). The respon­
ses of the deterrent cell ranged from c. 20 to c. 150 impulses / 1.5 sec (Table 2). 
Compound 6 evoked the strongest response from the deterrent cell at both concen­
trations (0.1 mM and 0.5 mM). As in the behavioural tests, the ranking order of response 
intensity from the deterrent cell is somewhat different for the two concentrations tested. 
The control solution evoked only low and irregular activity. The lateral sensilla styloconica 
did not respond to the drimanes. 
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Table 1. Results of the standard dual-choice test on leaf discs. Behavioural responses are expressed as antifeedant 
index (A.I.) = (C-T)/C+T), C = area eaten from control discs, T = area eaten from treated discs. Results of 
repeated experiments are given separately, ranking from the highest results on the left to the lowest results on the 
right: (A) 1 mM treatment, (B) 5 mM treatment. 

Compound 

(A) 1. 
8. 
6. 
2. 
3. 

12. 
11. 
5. 
9. 
7. 
4. 

13. 
10. 
14. 
15. 

(B) 1. 
2. 
4. 
3. 
7. 
6. 

10. 
12. 
8. 
9. 
5. 

11. 
14. 
15. 
13. 

a 

a 

b 

be 

bed 

bed 

bed 

cd 

i 

de 

ef 

fg 

fg 

fg 

g 

A.I. (s.e.) n 

0.493 (0.13)" 11 
0.452 (0.08)" 12 
0.444 (0.12)" 7 
0.305 (0.12)* 19 
0.182(0.14) 17 
0.172 (0.09) 20 
0.150(0.13) 20 
0.192(0.13) 11 
0.223(0.11) 12 
0.101 (0.10) 20 
0.087 (0.16) 12 
0.069(0.10) 20 
0.062(0.10) 12 
0.019 (0.09) 20 

-0.001 (0.06) 19 

0.881 (0.08)" 11 
0.821 (0.08)" 12 
0.603 (0.06)" 19 
0.732 (0.09)" 12 
0.616 (0.07)" 20 
0.558 (0.10)" 12 
0.632 (0.11)" 12 
0.483 (0.19)* 12 
0.452 (0.12)' 12 
0.482 (0.13)" 12 
0.374(0.12) 19 
0.269 (0.09)" 20 
0.116(0.11) 20 
0.139(0.09) 20 
0.016 (0.08) 20 

A.I. (s.e.) n 

0.468 (0.11)" 11 
0.408 (0.09)" 19 
0.203(0.14) 12 
0.231 (0.11) 18 

0.159(0.11) 12 
0.113 (0.07)* 20 

0.025(0.19) 12 

0.765 (0.05)" 20 
0.577 (0.16)" 12 
0.584 (0.07)** 20 
0.449 (0.12)" 15 

0.289(0.14) 12 
0.459 (0.09)" 19 
0.443 (0.07)" 20 
0.340 (0.08)" 20 
0.265 (0.09)" 20 
0.103(0.12) 20 

-0.043 (0.14) 20 

A.I. (s.e.) 

0.229 (0.14) 
0.204 (0.14) 
0.105 (0.12) 
0.213 (0.08)* 

0.104 (0.11) 
0.089(0.13) 

0.763 (0.05)" 

0.444 (0.08)" 

0.318 (0.09)* 
0.365 (0.09)* 

0.203 (0.09)* 

n 

11 
12 
12 
19 

19 
12 

'20 

'20 

'20 
*20 

20 

A.I. (s.e.) n weighted mean 

0.397 
0.363 
0.292 

0.127 (0.08)* 20 0.213 
0.182 
0.172 
0.150 
0.142 
0.136 
0.101 
0.087 
0.069 
0.044 
0.019 
-0.001 

0.881 
0.777 
0.593 
0.564 
0.544 
0.558 
0.461 
0.409 
0.415 
0.393 

0.117(0.11) 20 0.238 
0.186 
0.116 
0.048 
0.016 

s.e. = standard error of mean; n = number of replicates; * p<0.05, ** p<0.01, Wilcoxon's matched pair 
signed rank test; multiple comparison: after Conover (1971), based on a Kruskal-Wallis one-way analysis by 
ranks (p<0.05), means not accompanied by identical letters are significantly different. 

Inhibition of sensory response to feeding stimulants. Compound 4 mixed with glucotro-
paeolin depressed the response of the lateral and medial glucosinolate sensitive neurons 
significantly compared with glucotropaeolin alone (Figure 3A,B). When admixed with 
sucrose, compound 4 did not significantly inhibit the response of the sugar sensitive 
neurons, although the responses of the medial sugar cells to the mixture varied consida-
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rably: in some individuals the response to sucrose was almost completely inhibited while 
in others no noticeable decrease occurs (c.v. (coefficient of variation) = c. 50%) (Figure 4 
A,B). Conversely, the response of the deterrent cell to these mixtures is slightly enhan­
ced (Figures 3C and 4C), which may be ascribed to as yet unknown peripheral interacti­
ons. 

Correlation of behavioural and sensory responses. Feeding inhibition correlates signifi­
cantly with the response of the deterrent cell (rho = 0.59, P < 0.005, Spearman's rank 
correlation test: Figure 5). 

Figure 2. First 1.5 second of the response of the medial deterrent cell to compound 4, concentration 0.5 
mM. 

Discussion 

The drimanes with a lactone group on the B-ring appear to be the most potent antifee-
dants at 5 mM. It is clear that different substituents on the A-ring can result in varying 
antifeedant activity (compare for instance compounds 5 and 6 or compounds 9 and 13 at 
5 mM), although the absence of the two methyl substituents on C4 does not influence 
the efficacy of compound 2 when compared to compound 1 at 5 mM. As described by 
Schoonhoven (1988), chiral differences appear to cause differences in effect on feeding 
behaviour (compare e.g. compounds 2 with 3, or compound 11 with 12 at 5 mM, 
although not in compounds 7 and 9 compared to compounds 8 or 10 (5 mM), respective­
ly. We note a large variability in outcome of the behavioural tests performed on different 
days (Table 1), as was reported before (Bernays & Wege, 1987). Since most of the 
drimanes do not exert a significant feeding inhibiting effect at 1 mM, it is clear that these 
drimanes are not potent antifeedants for P. brassicae. 

Because previous research showed that the maxillary sensilla styloconica play an 
important role in mediating feeding behaviour (Ma, 1972; Blom, 1978), an attempt was 
made to derive the neural code underlying feeding inhibition by drimane antifeedants in 
P. brassicae. The positive correlation between feeding inhibition and response of the 
deterrent cell suggests that the latter exerts a direct inhibitory effect on the feeding 
center of the CNS. However, the strongest feeding inhibitors (compounds 1, 2, 3 and 4), 
do not evoke the strongest response from the deterrent cell; this suggest that other 
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Table 2. Sensory responses of the deterrent cell to stimulation with (A) 0.1 mM and (B) 
0.5 mM drimane solution, expressed as imp (numbers of impulses in the first 1.5 seconds 
of stimulation). Results of repeated tests are given separately, ranking from the highest 
results on the left to the lowest results on the right. 

Compound 

(A) 6. 
9. 
1. 
2. 
5. 
7. 
8. 

14. 
11. 
10. 
4. 
3. 

15. 

(B) 6. 
2. 

10. 
11. 
5. 
7. 
8. 

14. 
9. 
3. 
1. 
4. 

15. 

control 

imp (s.e.) 

137.0 (12.6) 
92.0 (15.3) 
82.3 (8.7) 
77.8 (6.7) 
57.3 (6.6) 
47.7 (9.2) 
39.3 (11.1) 
37.0(14.1) 
29.0 (7.0) 
25.9 (10.3) 
21.4 (3.5) 
24.0 (5.8) 
17.2 (6.6) 

147.3(11.5) 
126.0 (5.3) 
95.5 (9.6) 
74.5 (10.6) 
88.8 (6.9) 
68.5 (7.1) 
96.7 (10.4) 
65.4 (8.0) 
85.6(8.1) 
68.9 (8.2) 
60.0 (5.4) 
85.5 (8.4) 
23.4 (7.4) 

3.3 (1.1) 

n 

6 
5 

20 
19 
12 
13 
10 
7 
8 
8 

17 
15 
5 

8 
19 
8 
8 

12 
13 
7 
9 
5 

15 
13 
6 
5 

10 

imp (s.e.) 

137.0 (5.5) 

75.0(11.6) 
40.6(4.1) 

19.1 (15.4) 
4.3 (1.5) 

116.0(10.9) 
120.0 (12.6) 

46.3 (7.2) 

31.0(8.2) 

45.0 (10.9) 
44.0 (6.0) 

43.8 (4.4) 
17.1 (3.0) 

n 

6 

8 
7 

15 
13 

6 
6 

7 

6 

7 
7 

17 
13 

imp (s.e.) 

42.9 (3.7) 

105.0 (25.9) 
81.8 (5.7) 

n weighted 
mean 

137.0 
92.0 
82.3 

7 69.9 
51.2 
47.7 
39.3 
37.0 
29.0 
25.9 
21.4 
20.7 
7.9 

3 128.8 
6 116.3 

95.5 
74.5 
73.1 
68.5 
66.4 
65.4 
61.9 
61.0 
60.0 
54.7 
18.9 

s.e. = standard error of mean; n 
ethanol. 

number of replicates; control: 5 mM KC1, 2% 

mechanisms (sensory or post-ingestive) are also involved in feeding inhibition. 
Luo ef a/. (1995) described a significant correlation between behaviour and 

responses of the medial deterrent cell for three triterpenoids (azadirachtin, salannin and 
toosendanin) and a commercial product (Margosan-O). This relationship is comparable to 
our results presented in Figure 5 except at a 100 times lower concentration. Thus 
antifeedant compounds of two different classes (sesquiterpenes and triterpenoids) show 
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