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Voorwoord 

Het boekje voor U vormt de neerslag van mijn promotieonderzoek naar 
verbindingen met insect antifeedant activiteit aan de voormalige 
Landbouwuniversiteit Wageningen. Naast de organische synthese is het vooral 
de wisselwerking met biologische aspecten geweest die dit onderwerp voor mij 
tot op de dag van vandaag zo boeiend heeft gemaakt. Achterom kijkend blijken 
de jaren dan ook voorbij gevlogen te zijn. 
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ik veel dank verschuldigd aan Andre Stork, die onverstoorbaar talloze 
onverwachte probleempjes uit de weg wist te ruimen en zo het werk aan de 
hydroxy-lactonen en de butenolides mede vorm heeft gegeven. Als lab- en 
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uitslaande brand op weg was. As an Erasmus exchange-student, Magalie Bourgois 
has also made her contibution to this Ph.D. Thesis, for which I am most grateful. 
Ben Jansen ben ik erkentelijk voor de inventieve oplossingen die hij wist aan te 
dragen om een syntheseroute vlot te trekken wanneer die dreigde vast te lopen 
en voor zijn bereidheid de handen uit de mouwen te steken wanneer 
meedenken alleen niet meer voldoende mocht zijn. Aede de Groot bood mij de 
mogelijkheid dit promotieonderzoek uit te voeren. Ik ben hem dankbaar voor de 
grote mate van vrijheid die hij heeft geboden, voor zijn niet aflatende 
belangstelling in het onderzoek, voor zijn aandrang om een punt te zetten en 
voor zijn geduld wanneer dit toch weer een komma werd. 

Dit onderzoek was onderdeel van een gezamenlijk project van de 
vakgroepen Organische Chemie en Entomologie, met als doel de synthese en 
biologische evaluatie van modelverbindingen met insect antifeedant activiteit. 
De biotoetsen van de diverse stoffen zijn op bekwame wijze uitgevoerd door 
Lindy Messchendorp en Rieta Gols, onder begeleiding van Joop van Loon en 
Louis Schoonhoven. Ik ben hen zeer erkentelijk voor de prettige en open 
samenwerking en voor het enthousiasme waarmee zij hun bewondering voor 
de wereld der insecten met ons wilden delen. In dit verband wil ik ook de leden 
van de gebruikerscommissie van de Stichting voor Technische Wetenschappen, 



P. Harrewijn, J. Henfling, A. Kerkenaar, C. Mombers en J. Moskal, danken voor 
hun interesse en betrokkenheid bij dit project. 

Naast deze direkte medewerkers aan het onderzoek zijn er nog velen 
geweest die elk op eigen wijze aan dit proefschrift hebben bijgedragen. 
Waardevolle ondersteuning werd geleverd door Pim en Elbert (glc), Maarten, 
Cees, Hugo en Rien (massa en element-analyse), Bep (NMR), Pleun en Ronald 
(magazijn), Gert en Jurrie (glasblazerij), Hannie (hygiene) en Elly, Ien en Ineke 
(secretariaat). Het onverwachte verlies van Bart Geurtsen (beheer) en Sies van 
der Kerk (onverwoestbaar humeur en kritische kanttekeningen op velerlei 
gebied) is nog steeds pijnlijk voelbaar. Marc en Adri waren altijd beschikbaar 
voor discussies over chemische en andere zaken en hebben daarmee op ideale 
wijze als klankbord gefungeerd. Ook Dennis, Wiet, Romano, Roel en Tommi 
hebben hieraan hun steentje bijgedragen. Dank ook aan de overige, niet met 
name genoemde mensen van de vakgroep Organische Chemie, voor de 
vriendschap en kollegiale samenwerking waardoor een sfeer ontstond waarin 
het goed vertoeven was. 

Tot slot wil ik mijn ouders en Anja bedanken voor hun belangstelling, 
steun en begrip tijdens mijn studie en mijn promotieonderzoek. Zonder jullie 
was het nooit zo ver gekomen. 

Edwin 



Aan mijn Ouders 
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Chapter 1 

An Introduction 
to Insect Antif eedants 

Abstract: Compounds with the ability to reduce or inhibit insect 
feeding have continued to attract attention for more than 60 years. In 
this period, thousands of plant species have been screened for the 
presence of antifeeding metabolites, several hundreds of compounds 
with antifeedant activity were reported and numerous investigations 
into their biological effects were carried out. Nevertheless, many 
questions regarding the chemical, biological and practical aspects of 
insect antifeedants are still open, and as a result commercial 
application of these compounds has until now been limited to a few 
examples. In this chapter an introduction into the field of insect 
antifeedants is presented and some aspects of their biological mode of 
action and practical application are discussed. 
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An Introduction to Insect Antifeedants 

1.1 - Some Historical Landmarks in Antif eedant Research 

As a result of millions of years of attack by phytophagous insects, plants have 
developed an intricate defence system to protect themselves from insect 
predation. Apart from physical characteristics of the plant material, such as hairs 
or spikes or a waxy surface layer, this system often involves the use of secondary 
plant metabolites with various characteristics, such as insecticidal or insect 
growth-regulatory activity, insect repellency or compounds with the ability to 
prevent or reduce insect feeding, generally named 'insect antifeedants'.1 

The use of parts or extracts of insect-resistant plants for the benefit of man 
has been recognized long ago. For instance, leaves and fruits of the tropical Neem 
tree (Azadirachta indica), well-known for its medicinal and insecticidal 
properties, have been in use in India and Sri Lanka for hundreds of years to 
protect books, clothes and stored foods from insect damage.2 In Europe, the 
botanical insecticides rotenone and pyrethrum were introduced for agricultural 
use already around 1850.3 Although unknown at the time, all these compounds 
or plant parts are now known to display antifeedant activity4 against various 
insects, though this antifeedancy is not always their prime mode of action. 

Scientific interest in the application of antifeedants in insect control can be 
traced back to the late 1920s, when Indian scientists used aqueous suspensions of 
ground Neem kernels to repel the desert locust (Schistocerca gregaria);5 in 1937 
Volkonsky discovered that leaves of the Neem tree contained chemicals that 
strongly inhibited feeding of this locust.6 In the same period also a number of 
favorable laboratory and field tests were reported with various other synthetic 
(in)organic compounds or plant extracts with insect deterrent or repellent 
properties against pest insects.7 However, due to the successes of the first 
neuroactive insecticides8 in crop protection at that time, research into such 
'Vergallungsstoffe' in the next decades remained limited to sporadic examples. It 
was not until the disadvantages of the early modern insecticides became apparent 
in the late 1950s and led to a search for new methods of insect control, that the 
unique properties of antifeedants were recognized by Jermy9 and others10 and 
renewed interest in their application in agriculture arose. 

Initially, much of the attention was focussed on the application of various 
commercially available fungicides, based on copper or tin. Already in the 1930s 
some fungicides of the copper oxide type were known to discourage insects from 
feeding on treated foliage.113 Also, some organotin compounds had been in use 
since 1929 as mothproofing agents, due to their insecticidal and insect deterring 
properties.10b However, none of these early reports led to a practical application 
of an insect antifeedant in agriculture and the subject was largely forgotten until 
the antifeedancy of some triphenyltin-based fungicides was incidentally 
rediscovered by Ascher and coworkers in the early 1960s.10a~d Other reports of 
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antifeeding fungicides followed and eventually this research culminated in the 
first effective large-scale application of insect antifeedants, such as fentin 
(PhaSnOH) or copper(II)hydroxide, against the notorious Colorado potato beetle, 
Leptinotarsa decemlineataA2 

At about the same time, researchers at the American Cyanamid 
Corporation developed the triazene AC24,055 (10) (Figure 1.3),3-13 the first 
synthetic insect antifeedant for agricultural use. This compound deterred several 
chewing insects from feeding on leaves, but was ineffective against piercing-
sucking or boring insects. Because of this limited spectrum of activity, 
development and registration of AC24,055 was halted in 1961, but taken up again 
in 1964, following the emergence of the resistant cotton bollworm, Heliothis zea, 
in the southern states of the USA. 

Broad interest in antifeedants from natural sources arose in the early 1960s, 
following an observation by the German entomologist H. Schmutterer that, 
during a locust plague in the Sudan, Neem trees were the only green things left 
standing.5 On closer investigation he noticed that, although the locusts settled on 
the trees in swarms, they always left without feeding. Already in 1962 succesful 
field trials were carried out with antifeeding Neem kernel suspensions in 
India.5-14 Led by the belief that such natural pesticides could be ideal crop 
protection agents, especially in developing countries that often cannot afford to 
import modern synthetic pesticides, literally hundreds of studies have since then 
appeared in the literature, dealing with various aspects of Neem-based pesticides 
and their application.15 '16 Among the various antifeeding metabolites that have 
been isolated from this tree is the most powerful and versatile antifeedant 
known to date, the tetranortriterpene azadirachtin (8) (Figure 1.1). Although the 
isolation of this highly complex compound was already described in 1968,17 its 
full structural elucidation was not completed until 17 years later.18 Azadirachtin 
is a potent antifeedant against a broad range of pest insects, sometimes highly 
active at concentrations as low as 10~6 M. Furthermore, the compound displays 
toxic and growth-regulatory effects against many of these insects and also often 
interrupts insect reproduction. At the same time, azadirachtin appears to have no 
serious adverse effects on either benificial insect species or vertebrate organisms. 
Due to these properties, azadirachtin can be regarded as a near-perfect example of 
an ideal insect antifeedant. Although pure azadirachtin is not commercially 
available in the quantities required for practical application, a number of 
formulations based on Neem seed oil have been developed, with an azadirachtin 
content ranging from 0.09% to 30%.19 After a trial period since 1985 on 
ornamentals and non-food crops only, some of these formulations are now 
registered for broad agricultural application in the USA.19 
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Figure 1.1: A small selection from the diverse array of natural products, isolated 
from various natural sources, for which insect antifeedant activity has 
been reported. [From ref. 20, 21, 22 (5) and 23 (9).] 

Stimulated by the successes with the Neem tree, in a continuing effort 
since the early 1970s thousands of plant species24 have been screened for the 
presence of antifeeding metabolites, yielding a bewildering array of hundreds of 
antifeeding compounds from the most diverse chemical classes, such as phenols, 
anthrachinones, carbohydrates, amino acids, alkaloids, coumarins, terpenes and 
many others.20 Insect antifeedants have also been obtained from less obvious 
sources, such as algae or fungi. Although especially the class of terpenoid 
antifeedants21 contains some promising representatives, in general these natural 
products were usually not sufficiently active against economically relevant pest 
species and/or only available from their sources in too limited quantities to 
warrant further development. As a result, few of them have been tested in the 
field and, apart from azadirachtin, none has, to my knowledge, ever reached the 
phase of registration. 
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Antifeedants of synthetic origin have largely remained an area of purely 
academic interest. Apart from the isolation and structure elucidation of 
antifeedants from natural sources, the main contribution of organic chemistry to 
the study of antifeedants has been the synthesis of various derivatives of these 
natural compounds, in order to facilitate studies of the structure-activity 
relationships (SAR) within series of related antifeedants or to improve the 
stability of the natural products. Although a number of natural antifeedants, 
especially from the class of terpenes, have been prepared via total synthesis,25 

usually the employed synthetic routes are too long and complex for these 
approaches to be of much practical value. 

S X HOH2C 

OH J o' ° HO OH 

16 17 18 

Figure 1.2: Some synthetic antifeedants derived from natural products (16,17) 
or designed de novo (18). [From ref. 26-28.] 

A more promising approach towards obtaining practical synthetic antifeedants 
would seem to be simplification of natural antifeedants while retaining the 
desirable biological properties (Figure 1.2). The viability of this principle has been 
demonstrated in cases where the simplified analogs (16,17) of azadirachtin (8) 
and limonin (9), respectively, were shown to have retained (part of) their insect 
antifeedant activity in laboratory assays.26-27 Alternatively, new antifeedants 
might be designed de novo, based on knowledge of the molecular interaction of 
allelochemicals with the insects' chemosensory system. For instance, Frazier and 
Lam synthesized the antifeeding carbohydrate-derivative (18) on the basis of a 
SAR of the interaction of glucose with the sugar-sensitive chemoreceptor of the 
tobacco budworm, Heliothis virescens.2^ Unfortunately, the agrochemical 
industry has shown only limited interest in the development of antifeedants for 
crop protection and, apart from some products which happened also to display 
some insect antifeedant activity (Figure 1.3), the only recent example of an 
industrial synthetic antifeedant is pymetrozine (15),29 a potent antifeedant against 
sucking insects which was accidentally discovered and is presently under 
development worldwide for the control of aphids. 
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Figure 1.3: Some examples of synthetic agrochemicals which (also) display insect 
antifeedant activity (Their prime agricultural application is placed 
between brackets) [From ref. 13, 71, 77, 30 (13,14) and 29, respectively]. 

1.2 - Definition of Terms 

Compounds that disrupt insect feeding are generally named insect antifeedants,1 

a term which has been defined by Munakata31 as 'a chemical that inhibits feeding 
but does not kill the insect directly, the insect often remaining near the treated 
plant material and possibly dying through starvation'. The terms 'feeding 
deterrent', 'rejectant' and 'feeding or gustatory repellent' are often used 
synonymously for such substances.32 

The multitude of terms used to describe this activity reflects the complexity 
of insect feeding behaviour, which generally includes scanning of the leaf surface 
with the sensory apparatus, followed by taking the first bite(s) to further evaluate 
the leaf contents ('nibbling'), and finally continuous feeding. Each of these 
separate phases can in principle be disturbed, leading to overall reduction or even 
inhibition of feeding. Primary antifeedants15 are compounds that disrupt the 
phases of scanning or nibbling through interaction with the insect's 
chemoreceptors; a further discrimination between 'suppressants' (substances that 
suppress biting activity) and 'deterrents' (compounds that prevent continuous 
feeding) has been suggested.32 Secondary antifeedants,15 on the other hand, are 
compounds that have to be consumed in sufficient quantity before they reduce 
food intake due to some post-ingestive toxic effect. 
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The definition of antifeedancy is further complicated by the fact that it is 
often unknown which phase of feeding is interrupted or what the exact mode of 
action is. Also, some antifeedants have been found to act by a combination of 
both deterrency through chemoreception and toxic effects after ingestion. 
Furthermore, many insect species upon contact with antifeedants do not remain 
near the treated plant material but instead embark on a search for a more 
palatable food source, which may induce the use of the incorrect term 
'repellency'.33 Finally, death through starvation is only observed with the most 
potent antifeedants; less active compounds are usually only able to delay or 
reduce the phase of continuous feeding, especially when no untreated food is 
available to the insect. 

In this thesis I will adopt the standard of most authors34 '35 to use the term 
'insect antifeedant' or 'feeding inhibitor' to denote any substance that when 
contacted, prevents or interrupts feeding activity without directly killing the 
insect. It is important to stress that this term does not imply a specific mode of 
action. In my view, the terms 'feeding deterrent' or 'primary antifeedant' should 
be exclusively reserved for antifeedants which have been shown to act through 
interaction with the insect's chemoreceptors, since especially the term 'deterrent' 
is generally used in this fashion in discussions of host-plant acceptance 
behaviour by insects. On the other hand, compounds that after prolonged contact 
or ingestion are found to reduce or inhibit feeding, but do not necessarily induce 
a preference for untreated diet over treated diet, should be called 'secondary 
antifeedants', since their activity apparently is not based on direct 
chemoreception but is instead mediated through some post-ingestive toxic effect. 

1.3 - Biological Techniques for the Detection of Antifeedancy 

1.3.1 - Screening using Insect Feeding Bioassays 

Insect feeding bioassays are the most direct method for the initial evaluation of 
the antifeedant activity of a test compound, which can be either a single chemical, 
a mixture of chemicals or even a whole (plant)extract. In such assays the test 
compound is applied onto, or mixed with, a suitable substrate that is palatable for 
the test insect. The amount of insect feeding on the treated substrate after a period 
of time, relative to the amount of feeding on untreated substrate, is taken as a 
measure of the antifeeding potency of the test compound. 

The experimental setup of the assay can be widely varied in order to suit 
the specific needs of the test insect species.32 Chewing insects can be presented 
with natural food {e.g. leaf discs or twig sections), dried food {e.g. wheat flour 
wafers) or artificial substrate {e.g. filter paper, glass fiber discs or styropor lamellae, 
made palatable with sucrose). Discs or plugs of agar or pressed cellulose can be 
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used for insects that need to tunnel into the substrate while they feed. Sucking 
insects can be tested on artificial medium, enclosed in parafilm sachets, while 
solutions of the test compound in water are employed for drinking insects. Other 
relevant parameters (such as light, temperature and relative humidity; 
developmental stage, physiological condition and age of the test insect; duration 
of the assay) need to be carefully controlled in order to yield reproducible results. 
Obviously, all these parameters must be mentioned in the experimental protocol. 
Also, since chemicals often only display antifeedant activity against some insect 
species, the species used in the assay must be described as accurately as possible, 
including the conditions under which it was reared or, for insects collected in the 
field, the geographic location where it was found. 

test insect 

substrate (leaf disc or articifial diet) 
containing the test compound 

untreated substrate, acting as control 

petri dish 

Figure 1.4: A schematic example of the experimental setup of a two-choice feeding 
bioassay. One or more insects are placed in an enclosed environment 
containing an equal amount of treated and untreated substrate. The insects 
are allowed to feed on the substrates for a period of time and are then 
removed. The antifeedant activity is determined by comparing the amounts 
eaten from both types of substrate (See also Figure 1.5). 

Feeding assays have found widespread application in the screening of 
candidate chemicals, in monitoring the purification of crude plant extracts with 
antifeedant activity36 and in the study of structure-activity relationships within 
series of structurally related antifeedants. Unfortunately, a lack of standardization 
has developed in the literature regarding virtually all experimental parameters 
and procedures. As a result the comparison of antifeedancy data from different 
research groups is often difficult, if not impossible, even in cases where the same 
insect species was used.3? 

Several applications of the basic principle are in use, of which the two-
choice or dual choice feeding assay and the no-choice feeding assay are the most 
common. In the two-choice assay the preference of an insect for untreated 
substrate over treated substrate is recorded by allowing the insect to choose 
between treated and untreated substrate to feed upon. In the no-choice assay, the 
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insects are presented with either treated or untreated substrate, and the 
antifeedant activity is determined by comparing the amounts of feeding in both 
separate situations. Both test procedures have their advantages. The dual-choice 
assay is usually the more sensitive in detecting antifeedancy, since in this 
situation the insects can avoid compounds that are less palatable,32 and the 
difference between treated and untreated substrate is thus largest. In a no-choice 
assay, insects often start feeding even on a less palatable substrate after some time; 
this behaviour is called (short-term) habituation and the compounds that are able 
to delay feeding for only a short period (usually some hours) are classified as 
'relative antifeedants',38 in contrast to 'absolute antifeedants' that inhibit feeding 
permanently. However, the no-choice situation is considered to be more 
representative for the actual situation that would occur upon application of an 
antifeedant in the field.32 

2.3.2 - Can Feeding Bioassays Help to Discriminate Between Primary 
and Secondary Antifeedancy? 

Feeding bioassays are 'end-point' assays, i.e. assays that record the cumulative 
result of insect behaviour over a period of time. Therefore, these assays cannot 
easily discriminate between different modes of action of a compound that all 
result in reduction or inhibition of insect feeding. 

At first sight it might seem that a two-choice assay should be able to 
establish this difference, since antifeedants acting through feeding deterrency 
obviously should elicit a significant activity in this situation, contrary to 
secondary antifeedants that do not, by definition, induce a preference for 
untreated substrate over treated substrate and are therefore not a priori expected 
to show activity in a two-choice assay. Nevertheless, literature examples show 
that secondary antifeedants can display antifeedant activity in two-choice 
situations.39 '40 This can be rationalized by assuming that in such cases the insects 
fed normally on untreated substrate, but stopped feeding on either treated or 
untreated substrate for several hours after having consumed a small amount of 
treated substrate containing a high concentration of the toxin.41 

Obviously, no-choice assays are equally unable to establish a clear 
difference between primary and secondary antifeedants since, by definition, both 
should reduce or inhibit insect feeding in this situation. 

When results of two-choice and no-choice assays are compared however, 
clues regarding the mode of action of the antifeedant can sometimes be obtained. 
For instance, when only treated substrate is available, the deterrent action of a 
primary antifeedant may not always be sufficiently strong to stop the insect from 
feeding for the entire duration of the assay; this leads to a lower antifeedant 
activity in the no-choice situation, relative to the corresponding two-choice assay 
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(see (19) in Figure 1.5). With secondary antifeedants however, this short-term 
habituation is less likely to occur since continued consumption of such a 
compound should make its toxic action more pronounced. In order to become 
tolerant to toxicants the insect must undergo physiological adaptations, for 
instance by increasing its metabolic activity through increased levels of 
detoxifying enzymes, which usually requires continuous exposure for a 
prolonged period (days). 
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Feeding assays with Colorado potato beetle: 

choice vs. 
two-choice no-choice no-choice 

AI + SE AI ± SE b ' SI ± SE ° 

19 25.2 ±4.8 7.315.3 4.3 ±9.1 

20 8.4 ±3.6 51.0 ±7.8 62.6 + 2.3 

Applied concentration: 300 ppm. 

Figure 1.5: The effect of two natural 19-nor-clerodane diterpenes on the feeding 
behaviour of 4th-instar larvae of the Colorado potato beetle (Leptinotarsa 
decemlineata), as determined in two-choice, no-choice, or choice vs. no-
choice feeding bioassays (Selected examples; see ref. 39 for full details and 
discussion), (a) Average antifeedant index AI = [(C-T)/(C+T)] xl00% in 
which T is the amount consumed from the treated discs and C is the 
control disc consumption, both in a two-choice situation; SE is the 
standard error, (b) AI = [(C-T)/C]xl00%, with C and T determined in a 
no-choice assay, (c) Average suppression index SI = [(C-T)/C]xl00% in 
which T represents the total consumption from treated and control discs in 
a two-choice situation, while C is the consumption in a no-choice control 
assay containing only untreated discs. 

Also, since secondary antifeedants after ingestion (temporarily) inhibit 
feeding of both treated and untreated substrate alike, the cumulative 
consumption of both treated and untreated substrate in a two-choice assay should 
be smaller than the amount eaten from the untreated substrate in the 
corresponding no-choice situation. Upon encountering primary antifeedants in a 
two-choice assay however, the insect can turn to untreated substrate to feed upon 
and the total amount of feeding in this case should therefore not be significantly 
different from the normal consumption, provided that the assay duration is 
sufficiently long for the insect to make up for the delays in its feeding behaviour 
caused by the unpalatable compound. A choice vs. no-choice feeding assay42 (see 
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Figure 1.5) can be used in such cases to distinguish between these two modes of 
action of an antifeedant. Other experiments, in which the growth rate of an insect 
in relation to the food consumption rate is studied both with and without 
antifeedants in the insects' diet, can also be useful in such investigations.39 

1.3.3 - Direct Observation of Insect Feeding Behaviour 

The experimental setup of the no-choice feeding bioassay can also be used for 
direct observation of the effect of antifeedants upon the insects' feeding 
behaviour. In such feeding behaviour observation experiments the insect activity 
is classified (e.g. feeding, searching or resting) at regular intervals during a 
prolonged period of time. Also, the duration of the meals can be recorded. For 
sucking insects such as aphids, visual observations can be supplemented with 
electronic monitoring using the electrical penetration graph (EPG) technique,43 in 
which the signals created when the insect inserts its stylet into the plant material 
are recorded. Comparison of the behaviour in the presence or absence of an 
antifeedant can help to distinguish between a pre-ingestive or post-ingestive 
mode of action of a compound (Figure 1.6). Also, direct observation may yield 
some insight into which particular phase of the feeding behaviour is affected.44 
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Figure 1.6: A representative example of a feeding behaviour observation experiment, 
demonstrating the effect of I3C on the temporal feeding behaviour of 6th-
instar larvae of the fall armyworm, Spodoptera frugiperda. Statistical 
analysis of a number of such experiments (n=16) showed that the larvae, 
in the presence of I3C, had a lower number of meals and spent more time 
in long (>60 min) non-feeding pauses than the control caterpillars. 
However, the frequency distribution of the individual meal durations did 
not differ from control experiments, indicating that the reduction in total 
consumption was not due to feeding deterrency. [Adapted from ref. 87.] 
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1.4 - Antif eedancy through Sensory Chemoreception 

1.4.1 - Chemoreception of Feeding Deterrents 32,45,46 

Insects can taste compounds through the interaction of these compounds with 
so-called chemoreceptors or sensilla, receptor organs that are specialized in the 
perception of non-volatile molecules. Taste receptors are found on the 
mouthparts of insects and sometimes also on the tarsi (lower legparts) and occur 
in the form of short pegs or hairs. These sensilla often contain three or four taste 
cells with long dendrites that are exposed to the environment through an 
Opening at the tip of the sensillum. The taste cells can detect various chemicals, 
such as water, sugars, salts, amino acids or more complex plant metabolites, and 
subsequently produce nerve impulses. Contrary to the taste buds of vertebrates, 
the axons of insect chemoneurons are directly connected to the central nervous 
system (CNS), without any intervening synapses.47 In the CNS, the various 
impulses are evaluated and a decision regarding the feeding behaviour is 
reached. 

pore 

- sensillar fluid 

axon to CNS 

Figure 1.7: Schematic structure of an insect chemosensillum. Although only two taste 
cells are displayed here, often three or four neurons are found in a single 
taste hair. [Adapted fiom ref. 61.] 

Electrophysiological techniques can be used to study the interaction of 
single compounds or mixtures with chemoreceptors at the cellular leveU In such 
electrophysiological bioassays the electrical signals are recorded that are created 
when a single sensillum is brought into contact with a solution containing a test 
compound. Sometimes the impulses from individual neurons in a sensillum 
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can be distinguished on the basis of amplitude, shape and spike frequency of the 
generated action potentials, thus allowing the study of separate taste cells. 
Through such experiments can be identified which specific sensilla (or even 
which individual neurons) are sensitive to a specific test compound. Also, the 
nature of the effect of the compound on the chemoreceptor, i.e. stimulation or 
inhibition of the neuron(s), can be established. 

Several types of taste cells responding to different kinds of stimuli have 
been identified in insects. Many insect species were found to have specialized 
cells primarily involved in the detection of specific feeding stimulants, 
appropriately named the 'sugar cell', 'water cell', 'amino acid cell', etc. Also, so-
called 'broad spectrum cells' have been identified, which can detect a range of, for 
instance, secondary plant metabolites. Some insect species have one or more 
'deterrent cells' that are specialized in detecting feeding deterrents. 

Figure 1.8: Example of an electrophysiological bioassay, showing the nerve action 
potentials of the deterrent cell in a maxillary taste hair of a larva of the large 
cabbage white butterfly (Pieris brassicae). Upper trace: Recorded response 
upon stimulation with an aqueous solution of azadirachtin (10~3 M) and 
NaCl (10"3 M); lower trace: control with NaCl only. [ref. 48.] 

Unfortunately, the practice of insect chemoreception is more complicated 
than these simple names suggest. For instance, the 'sugar cell' of the 
Boettcherisca fleshfly is not only sensitive to carbohydrates, but also to amino 
acids and fatty acids.49 Similarly, primary antifeedants do not always limit their 
action to specific 'deterrent cells', but often interact with the insects' sensory 
system via several cell-types and in various ways. According to a classification by 
S c h o o n h o v e n , 3 2 at least five modes of action of feeding deterrents on 
chemoreceptors can be distinguished: 

(i) Stimulation of a deterrent receptor. In several insect species, mainly 
belonging to the order of Lepidoptera, specialized deterrent cells have been 
described, which are usually insensitive to feeding stimulants but are 
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stimulated upon contact with various classes of feeding deterrents. For 
instance, the large cabbage white butterfly (Pieris brassicae) was found to 
have deterrent neurons in both its medial and lateral sensilla, responding to 
phenolic acids and flavonoids (both) and to azadirachtin (medial only).50 

(ii) Stimulation of broad spectrum receptors. In these cases a feeding deterrent 
was found to stimulate (see iii) the activity of one or more cells, that also 
responded to feeding stimulants, especially secondary plant compounds. 

(iii) Inhibition of specific phagostimulant receptors, either momentarily or 
after a latency period. Several examples exist in which pure antifeedants or 
plant extracts with antifeedant activity were found to reduce or inhibit the 
activity of the 'sugar cell' in various insects. Similar effects have been 
described for other receptors, responding to inositol or salts. Often the 
inhibition is reversible and disappears after removal of the deterrent. 

(iv) Stimulation of the activity of some cells while simultaneously inhibiting 
the activity of others, thereby changing an intricate and subtle 'sensory code' 
(see below). This is obviously a very complex process, consisting of a 
combination of the mechanisms described under (i)-(iii). 

(v) Disruption of the activity of some specific cells, or even of all 
chemoreceptors, by evoking highly unnatural impulse patterns, often with 
high spike frequencies and emitted at intervals ('bursting') or even 
continuously. Conversely, substantial decreases in the total sensory activity 
have also been described. 

Often a feeding deterrent acts via a combination of two or more of these neural 
reactions. Also, temporal actions, such as sensory adaptation (i.e. a decrease of the 
neural activity upon prolonged contact of a compound with the receptor) of one 
or more of the neurons involved, may further complicate the mode of action of a 
specific deterrent on the sensory system. 

Through comparison of the results of electrophysiological assays with the 
feeding behaviour of the insect, as observed in feeding assays and feeding 
behaviour observational experiments, the relation between the insects' 
chemoreception of a food source and the resultant feeding behaviour can be 
investigated. A basic assumption in such studies is that there exists a direct 
relationship between the various impulses generated by the different neurons 
and the feeding behaviour, a 'neural' or 'sensory code'. Unfortunately, 
unravelling this code often turns out to be a difficult task. The number of sensilla 
involved can differ considerably between different insect groups, from only four 
to six sensilla in Lepidopterous larvae51 to several thousand sensilla at the 
mouthparts of locusts.52 Furthermore, the neural response is usually more or 
less compound-specific, thus different compounds with antifeedant activity may 
act on different neuron(s). Conversely, this means that different sensory codes 
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may still result in the same feeding behaviour. Also, the presence of mixtures of 
compounds at the chemoreceptor membrane can have effects not predictable 
from the individual responses to the pure compounds.453 '46 

Due to this complexity, the present knowledge of sensory coding principles 
does not yet allow reliable predictions of the feeding behaviour on the basis of 
neural activity for most insect species. For a number of Lepidopteran insect 
species however, some promising correlations between neural activity and 
feeding behaviour have been obtained.46 Several of these caterpillars require the 
combined input of only eight taste neurons for chemosensory host-plant 
acceptance. The feeding inhibition induced by antifeeding compounds was found 
to be strongly correlated with the firing rate of some deterrent neurons. For 
instance, the antifeedant effect of a Neem extract on Pieris brassicae larvae was 
mediated solely via the medial deterrent receptor; the inhibitory effect of some 
Neem compounds on the activity of the sugar and glucosinolate cells of 
P. brassicae did not play a significant role in it's feeding behaviour.53 Similarly, 
the antifeedancy of drimane sesquiterpenes on P. brassicae54 and of azadirachtin 
and related compounds on Sp. littoralis larvae55 has also been correlated with 
deterrent cell activity. 

2.4.2 - Molecular Mode of Action of Feeding Deterrents 

The current understanding of the molecular mechanisms involved in the 
detection of molecules at the dendritic membrane of insect taste cells is still 
fragmentary. The basic premise is that, as in the signaltransduction mechanisms 
of neurons in the central nervous system of vertebrates and insects, the stimulus 
molecules upon contact with a receptor site on the polarizable mebrane elicit 
some reaction that changes the polarization of the membrane and thereby leads 
to the formation of an action potential. The interaction with the membrane is 
supposed to be more or less specific, depending on the molecular characteristics 
of both the stimulus and the receptor site, thus enabling molecular recognition of 
specific stimuli by the sensory system. 

During electrophysiological studies on the 'sugar cell' of the blowfly, 
Phormia regina, four different receptor sites for the detection of sugars have been 
identified: a pyranose site, a furanose site, a D-galactose-sensitive site and a site 
reacting to 4-nitrophenyl-cc-glucoside.56 Similarly, three different receptor sites 
have been found on the sugar-neurons of Boettcherisca flies.49 Furthermore, 
different receptor sites on deterrent cells have been reported for several 
caterpillar species.46 Given the fact that many other insect taste cells are also 
sensitive to different types of stimuli with apparently unrelated molecular 
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structures, it seems likely that the dendritic membrane of insect chemoreceptor 
neurons commonly contains multiple types of receptor sites. 

Regarding the interaction of feeding deterrents with the dendritic 
membrane, several mechanisms can be envisaged. Stimulation of deterrent cells 
by structurally highly diverse antifeedant molecules might be mediated through 
a range of specific receptor proteins, that are specialized in recognizing classes of 
antifeedants with a high degree of molecular similarity. Alternatively, limited 
numbers of 'broad-spectrum' receptor proteins might be involved. Interaction of 
feeding deterrents with neurons that are also sensitive to feeding stimulants may 
result from the presence of receptor proteins, specifically tuned to recognize 
feeding deterrents, or might arise from interaction of the deterrent molecule with 
the receptor proteins involved in detection of the feeding stimulants, either 
through direct binding or via allosteric binding sites on such proteins. Also, it has 
been suggested that some feeding deterrents may act on the chemoreceptor 
membrane via rather non-specific association with the phospholipids that make 
up the membrane, thereby disturbing the normal membrane structure and 
changing ion conductivities.57 

The present knowledge of molecular interactions at the chemosensory 
membranes does not allow us to discard any of these possibilities. However, as 
Schoonhoven et al pointed out,45a the fact that specific neurons are often 
stimulated by deterrents with highly diverse molecular structures while, at the 
same time, specific deterrent molecules can have different effects on different 
neurons, seems difficult to reconcile with the concept of one or a few types of 
deterrent receptor proteins. Thus, it seems likely that the molecular action of 
feeding deterrents is mediated through various biochemical transduction 
mechanisms, depending on the kind of antifeedant, the type of neuron and the 
species of insect involved. 

A number of different models have been proposed to account for the 
molecular action of specific (kinds of) feeding deterrents. Several authors have 
postulated that membrane-bound a-glucosidases might constitute the receptor 
protein of the pyranose-site on the 'sugar cell' of the blowfly, Phormia regina.^>59 
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This receptor-site is thought to be connected to an ion-channel in the dendritic 
membrane, either directly60a or via a second messenger mechanism involving 
c-GMP acting on a protein kinase.60b Interestingly, polyhydroxyalkaloids as 
castanospermine (21) or DMDP (22) (Figure 1.9), which are known to inhibit 
a-glucosidases, were found to be potent feeding deterrents for a number of insect 
species. In experiments with larvae of the African armyworm, Spodoptera 
littoralis, these compounds were shown to stimulate neurons sensitive to 
deterrents but also to reduce the response of neurons sensitive to sugars, 
suggesting a possible relation between their deterrency and glucosidase-inhibitory 
modes of action.61 Alternatively, since DMDP (but not castanospermine) was 
found to reduce the neural response to fructose (23) rather than to glucose, this 
compound might (also) act by blocking a putative furanose-site on the 'sugar cell' 
due to its structural resemblance to fructofuranose (23). 

Another model of a potential taste-receptor protein is based on the action 
of glycine and GABA as recognized feeding stimulants for many insect species. 
While screening a series of direct antagonists of several major neuroreceptors in 
a two-choice feeding bioassay, Mullin et al noticed62 that only antagonists 
associated with G A B A A - or glycine-sensitive neuroreceptors displayed potent 
antifeedant activity against western corn rootworm beetles, Diabrotica virgifera 
virgifera LeConte. Upon further investigation, also some known allosteric 
inhibitors of GABA binding were found to be antifeeding. In electrophysiological 
experiments, specific sensilla were found to be sensitive to GABA and glycine, to 
direct GABA-antagonists [strychnine (26)] and to allosteric GABA-antagonists 
[picrotoxinin (27)]. All of the antifeedants tested caused the firing of a single 
neuron, while the intensity of the neural response to antagonist stimulation was 
correlated with the observed order of antifeedant potency. Furthermore, saturable 
strychnine binding in the 10~8 M range was detected in biochemical preparations 
of Diabrotica mouthparts, indicating specific binding. 

Based upon these observations, Mullin et al proposed the involvement of 
a t ransmembrane GABA/glycine-dependent chloride channel in the 
chemoreception of the amino acid-sensitive taste cell of the western corn 
rootworm (Figure 1.10a).62 Upon interaction of amino acids with this 
neuroreceptor, the ion channel is opened and the resulting movement of 
chloride ions leads to taste cell stimulation and induces insect feeding. 
Competitive or non-competitive binding of GABA antagonists at, respectively, 
the amino acid binding site [e.g. bicuculline (25) and strychnine (26)] or at an 
allosteric site [e.g. picritoxinin (27) or some argophyllins (28)] would in this model 
result in an antifeedant effect. Furthermore, the presence of a second allosteric 
binding site is postulated in order to accomodate the binding of the phytosteroid 
cucurbitacin B (29), which is a potent feeding stimulator of the western corn 
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rootworm, probably through potentiation of GABA binding at the receptor. An 
attractive feature of this model is the ability to mediate the action of stimuli with 
a diverse range of molecular structures through a single receptor complex. 
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Figure 1.10a: Schematic representation of 
the GABA/glycine-dependent ionophore, 
proposed as a model of a taste cell neuro
receptor in the western corn rootworm by 
Mullin et al. The receptor consists of five 
subunits, forming an ion-channel that 
penetrates the dendritic membrane. GABA, 
glycine and direct antagonists bind to the 
amino acid site (1), the picritoxinin-site (2) 
binds allosteric antagonists and a steroidal 
site (3) binds the allosteric modulator of 
GABA-binding, cucurbitacin B. [Adapted 
from Ref. 62.] 
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Figure 1.10b: Some compounds acting on 
the GABA/glycine-dependent ionophore. 
Compounds marked (-) are antifeeding; 
(+) denotes feeding stimulation. 

In a series of s tudies3 5 concerning the molecular mechanism of 
chemoreception of the American cochroach, Periplanata americana, Norris and 
coworkers found that the antifeeding potency of several 1,4-naphtoquinone-based 
antifeedants was related to their redox-potential, i.e. their ability to be reduced. 
Also, they isolated a sulfhydryl-containing lipoprotein from the chemosensillar 
dendritic membrane, the so-called redox-complex protein, which was shown in 
vitro to reversibly bind with naphtoquinones (e.g. 30) and to subsequently reduce 
these electrochemically to the corresponding 1,4-dihydroxynaphtalene-
derivatives (31). These observations have been incorporated into a model 
(Figure 1.11) of the energy-transduction mechanism between naphtoquinones 
and their chemoreceptor. In this model, an oxidizing naphtoquinone binds to the 
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receptor protein through a Michael-addition reaction with a sulfhydryl-group. 
Then, by being reduced, the oxidizing naphtoquinone withdraws hydrogen from 
the redox complex in the membrane and so increases the protonic potential 
across the dendritic membrane. If enough antifeedant molecules withdraw 
hydrogen from the redox chain complex (and thereby from the taste cell 
cytoplasm) in this fashion, the dendritic membrane becomes hyperpolarized so 
that a threshold action potential is less likely to develop and the rate of firing of 
the neuron is reduced. Thus, in this chemoreception mechanism the antifeedant 
'message' is transformed from a molecular-oxidation state in the naphtoquinone 
to an increased protonic potential in the sensillar lumen and across the dendritic 
membrane, to a reduced inward flow of solutes (e.g. reduced transport of Na+ 

through voltage-sensitive sodium channels), to a reduced rate of action potential 
generation and finally to fewer nerve-impulses per unit of time being sent to the 
CNS. The proposed model is supported by a wealth of biochemical evidence and 
quantitatively links several experimental parameters, such as the electrochemical 
effect of various naphtoquinones on the receptor complex, their relative potency 
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Figure 1.11: Schematic representation of the model of sensory perception of 1,4-
naphtoquinone feeding deterrents by the American cockroach, Periplanata 
americana, as proposed by Norris [ref. 35]. RCP is the membrane-bound 
redox chain receptor protein; upon binding with this protein the 
naphtoquinone (30) is reduced and thereby withdraws hydrogens from 
the redox complex (nett reaction: Q + 2H+ + 2e~ —> QH2)/ leading to 
hyperpolarization of the dendritic membrane which inhibits the 
generation of action potentials. IP is a naphtoquinone-binding 'interfacin' 
protein, which is present in the sensillar fluid and is probably involved in 
naphtoquinone-transport and/or modulation of the sensory response to 
specific quinones. 
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in feeding bioassays and electrophysiological assays, and their binding affinities 
for the isolated redox complex protein. 

Apart from having different redox potentials, the various naphtoquinone 
antifeedants may also differ in their ability to reach the sulfhydryl groups on the 
redox complex protein, depending on the specific structure of both the compound 
and of the local protein environment surrounding the reactive sulfhydryl group. 
Non-covalent interactions (e.g. steric hindering, hydrogen bonding, ionic 
bonding and hydrophilic vs. hydrophobic interactions) between the compound 
and the receptor protein thus can also help the receptor protein to recognize 
specific compounds as antifeedants. 

Norris et al also isolated saline-soluble proteins from the chemosensillar 
pore contents of P. americana.35 These proteins too were rich in sulfhydryl-
groups and able to bind naphtoquinones. It is believed that such 'interfacin 
proteins' are involved in the transport of naphtoquinones and/or , through 
preferential binding of antifeedants with a specific structure, may also modulate 
the sensory response to these compounds and thus form yet another mechanism 
to discriminate between naphtoquinones with different structures. 

1.4.3 - How do Antifeedants Interact With The Receptors? 

Ideally, investigations on the nature of the interaction between antifeedants and 
their receptors should be based on studies correlating the effect of structural 
changes in the antifeedant molecule with changes in the binding affinity towards 
a taste receptor protein. Unfortunately, attempts to isolate such proteins from 
insects have been largely unsuccesful61 and these data are thus not (yet) available. 

Nevertheless, speculations about the possible nature of specific interactions 
between feeding inhibitors (or stimulants) and receptor proteins can be found in 
the literature, usually derived from studies relating the structure of antifeedants 
to the observed antifeedant activity or (better) to the activity in electro
physiological experiments. It is important to be aware of the imperfections of the 
biological data used for this purpose. Not only do many SAR-studies on 
antifeedant activity not address the possibility that structurally related 
compounds may act through different modes of action (e.g. primary vs. secondary 
antifeedancy), but even when only feeding deterrents acting on a single type of 
taste cell in one chemosensillum are considered, there always remains the 
possibility that several receptor types are involved. Furthermore, it is also 
conceivable that the antifeedant activity within such a series could differ due to 
differences in metabolic stability or the ability to penetrate membranes. 

The capability to form covalent bonds has been suggested by several 
authors to be a possible factor relating the chemical structure of an antifeedant 
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molecule to its biological activity. For instance, during studies on insect 
antifeeding components in tropical plants, Kubo and Nakanishi noted that 
practically all antifeedants isolated (terpenes, alkaloids and other classes) 
contained electrophilic moiet ies.3 4 Also, Norris has argued that upon 
comparison of the structures of antifeedants and related feeding stimulants, 'one 
is likely to find that those with antifeedant activity possess the more oxidized (or 
unsaturated) structures'.35 

OHO 
CHO 

CHO CHO 

^H 

4: muzigadial 32: warburganal, X=OH 34: isotadeonal 
33: polygodial, X=H 

C02Me 

-s 
H 

CHO 

"CHO 

35: isovelleral 

/M e HO. 
CHO 

HO 

38 39 

Figure 1.12: Natural antifeedants (4,32-35) containing a common a,P-unsaturated 
1,4-dialdehyde moiety and some adducts (36-38) obtained upon reaction 
with nucleophilic reagents (methylamine, L-cysteine methyl ester and 
triacetic acid lactone (39), respectively). See text for discussion. 

As discussed in the previous section, the activity of naphtoquinone 
antifeedants against the American cockroach has been partly ascribed to their 
ability to form Michael-adducts with sulfhydryl-groups on the receptor protein 
(see Figure 1.11). Another well-known example of feeding deterrents in which 
covalent interactions with the receptor have been proposed to be (partly) 
responsible for the biological activity are the natural drimane sesquiterpenes, 
such as muzigadial (4), polygodial (32) and warburganal (33).21 '63 These potent 
antifeedants are known to act on the chemoreceptor neurons of several insect 
species. Warburganal for instance was found to stimulate deterrent cells (Pieris 
brassicae^4) and to block the excitability of sugar- and inositol-sensitive cells 
(Spodoptera exempta,57* Manduca sexta57b). SAR-studies with these compounds 
and related synthetic derivatives showed that both the C-9 aldehyde group and 
the enal-moiety are essential for antifeedancy, since their reduction greatly 
decreases the activity. Furthermore, apparently small structural modifications 
were found to have a large influence on the activity. For instance, epimerization 
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of polygodial at C-9 led to significant loss of activity, whereas introduction of an 
a-hydroxyl group in this position enhanced the antifeedant activity. 

Ma reported that mixtures of warburganal with L-cysteine or dithiothreitol 
no longer caused the reduced excitability of the sugar- and inositol-neurons of 
Sp. exempta that was observed with warburganal alone and suggested that the 
enal moiety of warburganal might act as an -SH acceptor, reacting with sulfhydryl 
groups of the receptor protein in a Michael-type fashion.573 However, this model 
was not able to explain why epi-polygodial was a less potent antifeedant than 
polygodial, since both were found to react at equal rates with thiols under 
biomimetic conditions.65 

Therefore, Sodano and coworkers proposed that not a reaction with 
sulfhydryl groups but instead the binding to primary amine groups of a receptor 
protein constitutes the principal mode of action of these drimanes.66 In model 
reactions polygodial reacted with methylamine to form the pyrrole-derivative 
(36), whereas isotadeonal (34) was unreactive, due to the larger distance between 
the aldehyde carbons. Furthermore, the reaction of muzigadial with L-cysteine 
methyl ester yielded derivative (37),67 which seems to confirm that, when both 
primary amine groups and sulfhydryl-groups are present, these unsaturated 
drimane dialdehydes preferentially react with primary amines instead of thiols. 

More recent studies, however, showed that Sodano's model still cannot 
satisfactorily explain all biological data. On comparison of the reactivity of the 
dialdehydes (32)-(34) towards the amino acids alanine and lysine, Jonassohn et al 
found that polygodial reacted about ten times faster than warburganal (see Figure 
1.13), which in turn was more reactive than the two epimers, isotadeonal and C9-
epi-warburganal (not shown) .68a-c A similar order was observed in reactions with 
the nucleophilic triacetic acid lactone (39), leading to formation of pyranone 
adducts as (38). This order of reactivity cannot be reconciled with the observation 
that warburganal is an equipotent or even a more active antifeedant than 
polygodial, which indicates that interactions other than the simple covalent 
bonding to biological nucleophiles are (also) involved. 

Interestingly, similar observations were made regarding the in vitro b inding 
affinity of these dialdehydes towards some receptor types. Kubo and Ganjian 
noted that all the active drimane insect antifeedants taste hot and spicy to the 
human tongue wheras inactive derivatives are devoid of this pungent taste and 
suggested a correlation between these biological properties.65 Other terpenes 
containing a similar unsaturated dialdehyde moiety, such as the marasmane-type 
sesquiterpene isovelleral (35), also exhibit both insect antifeedant activity69 and a 
pungent taste. Stimulated by these findings, Sterner and coworkers determined 
the binding affinity of 17 drimane- and marasmane-type unsaturated dialdehydes 
for the vanilloid receptor, which is thought to be involved in the tasting of spicy 
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substances by the human tongue (see Figure 1.13).68a'70 Upon comparison of the 
affinities of these 17 dialdehydes with their pungent taste, a good quantitative 
correlation was found (although not perfect; compare 32,35 with 33). 

Furthermore, eight of these dialdehydes, including (33)-(35), also displayed 
specific in vitro affinity for the dopamine Dl receptor,68a 'd whereas they were 
inactive against other CNS receptors tested. This binding affinity is directly 
related to the presence of an intact unsaturated dialdehyde moiety, as was shown 
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Figure 1.13: Various properties of four insect antifeedants containing an unsaturated 
dialdehyde moiety. See text for discussion, (a) Antifeedant activity on 
larvae of the African armyworm, Sp. exempta, as measured in a two-choice 
feeding assay on artificial substrate (glass fibre disc/sucrose); mean 
antifeedant index AI = [(C-T)/(C+T)]xl00 [ref. 71]. (b) Antifeedant 
activity on adult beetles of Tribolium confusum, as measured in a combined 
choice and no-choice test on wheat wafers; total coefficient of 
antifeedancy TCA = AIchoice + Alno-choice [ref- 72]. (c) Reactivity towards 
L-cysteine (2 mM) in buffer (pH 7.4) at 37°C [ref. 68a-c]. (d) Reactivity 
towards L-lysine (2 mM) in buffer (pH 7.4) at 37°C. Values in parenthesis 
with 0.4 mM lysine [ref. 68a-c]. (e) Reactivity towards triacetic acid 
lactone (39) in buffer (pH 7.4) at 37°C [ref. 68a-c]. (f) Minimum amount to 
cause pungent taste on the human tongue [ref. 68a]. (g) Affinity for specific 
[3H]-resinifera toxin binding sites in rat spinal cord preparations [ref. 68a]. 
(h) Inhibition of the specific binding of [3H]-SCH 23390 to the dopamine 
Dl receptor [ref. 68a,d]. 
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