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Stellingen

Fenpiclonil beinvloedt de fosforylering van glucose.
Dit proefschrift.

De ontwikkeling van nieuwe fungiciden door middel van ‘random’
synthese is verre van ‘random’.

Dit proefschrift.

Voor de opheldering van het biochemisch werkingsmechanisme van een
fungicide dient een gevoelige schimmel gebruikt te worden.

Edlich and Lyr (1987). Modern selective fungicides. p. 107-118.

Orth et al (1993). Pestic. Biochem. Physiol. 44: 91-100.

Het is onjuist op basis van kruisresistentie tussen verschillende typen
fungiciden een uitspraak te doen over hun werkingsmechanisme.
Leroux ef al (1992). Pesticide Science 36: 255-261

De eindige voorraad fossiele brandstof is op zich al een voldoende

argument om de huidige emissie van kooldioxide te verminderen.

Het feit dat een verbinding interfereert met specifieke ‘targets’in een
schirnmel maakt deze verbinding nog geen fungicide.
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7. Bestrijdingsmethoden, waarbij natuurlijke stoffen in onnatuurlijke
concentraties worden toegepast, zijn niet natuurlijk.

8. Een aanzienlijke reductie van de hoeveelheid verpakkingsmateriaal kan
worden bereikt door over te schakelen op kubusvormige verpakkingen.

9. Wetenschappers klagen vaker over gebrek aan geld dan boeren over

slecht weer.

10. De drang tot publiceren heeft vooral geleid tot betere jaarcijfers van
wetenschappelijke uitgeverijen.

11. Vet geeft smaak.

Stellingen behorend bij het proefschrift:

Maode of action of the phenylpyrrole fungicide fenpiclonil in Fusarium
sulphureum

Wageningen, 23 maart 1994 Ad Jespers
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Chapter 1

OUTLINE OF THE PRESENT THESIS

The importance of mode of action studies of fungicides.

Crops and natural vegetations are under continuous attack by numerous fungal pathogens.
Natural resistance prevents the establishment of most of them. However, a limited number of
pathogens still causes considerable yield losses in certain crops. In modemn agriculture these
yield losses are due to the use of monocultures of genetically similar crop plants, the use of
plant cultivars susceptible to pathogens and the use of nitrogenous fertilization at levels which
enhance discase susceptibility. Therefore, plant disease control has now become heavily
dependent of fungicides (Anonymous, 1991), A variety of other disease control methods is
available, but thesec methods are often not satisfactory and it is therefore anticipated that
chemical control will remain an integral component in integrated disease management
{Edwards and Stinner, 1990).

Several classes of fungicides with specific modes of action have been developed in the
last decades. Benzimidazoles, phenylamides, and the large group of sterol biosynthesis
inhibitors are examples of compounds used on a wide scale. Most fungicides were discovered
via random synthesis, biological screening, and empirical optimization of lead structures
(Cremlyn, 1991). Natural products can also be used as source of leads for the discovery of
new classes of fungicides (Chapter 2). Fenpiclonil resulted from such a programme at CIBA-
GEIGY AG, Basel, Switzerland, Studies on the mode of action of this fungicide are the
subject of the present thesis.

In the initial stages of fungicide discovery, understanding of its mode of action is not
regarded important, since optimization of chemical analogues of lead compounds by biological
screening has proved to be relatively quick. For reasons of time and money, it is generally
not feasible to obtain detailed information on the mode of action of candidate fungicides
(Kdller, 1992). However, it becomes important in later stages of development. Firstly, to
ascertain the novelty of the site of action, since the atiractiveness of a new compound is
considerably reduced if it has the same mode of action as an existent commercial product.
Secondly, to develop an in vitre bivassay to get detailed information on the infrinsic activity
of the compound. In this way, data are generated for use in quantitative structure activity
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relationships (QSAR) and computer modelling studies. Such data are of importance in the
rational design of new inhibitors (Huxley-Tencer ef al., 1992).

Strategies in mode of action studies.

In general, there are two approaches to establish the mode of action of a new cémpound. The
molecular biological approach involves the selection of resistant strains with a mutation in the
gene which codes for the target protein. A genomic library of such a resistant strain in a
vector is used to transform a sensitive strain. Transformants resistant to the compound, may
contain the gene of interest and give a clue to the mode of action. This procedure is laborious
and has many pitfalls, since it is not sure whether resistance is necessarily related to changes
in the target protein. Moreover, this procedure is likely to result in a DNA-sequence with an
unknown function. This was experienced with the experimental fungicide LY214352, the only
case where this approach was applied (Gustafson et al, 1990). Therefore, in this study the

determine activity spectrum

J

select test organiam

J

impact on morphology

J

inhibition of respiration

J

inhibition of biosynthetic pathways

d 0 0 J J

lipids protein cell wall DNA RNA

Fig. 1 Steps in studies on mode of aclions of fungicides (after Koller, 1992).



Chapter 1

conventional biochemical approach was adopted. This approach involves the analysis of
possible modes of action in a systematic step-by-step procedure as employed for numerous
fungicide classes (Davidse et al,, 1983 and Nakanishi and Sisler, 1983). The scheme for the
initial steps is depicted in Fig. 1.

The present study

In the present study on the mode of action of fenpiclonil, the plant pathogen Fusarium
sulphureum (Schlecht) was selected as the test organism as this fungus is sensitive to the
fungicide and easy to handle in biochemical studies. In addition, fenpiclonil is recommended
as a seed treatment of cereals for control of this pathogen (Nevill et al,, 1988). Results of the
initial steps of this study are presented in chapter 3. The fate of fenpiclonil after uptake and
its effect on membrane function is discussed in chapter 4. It appeared that the fungicide
strongly affected incorporation of glucose in fungal macromolecules. Various aspects of its
sffect on glucose metabolism are presented in chapters 5 and 6. In chapter 7, the results
obtained on studies on the mode of action of fenpiclonil sofar are generally discussed.
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Chapter 2

ABSTRACT

Natural products can be used to control pests and diseases in crops. These products include
anorganic compounds, but also a variety of plant extracts. In the beginning of this century
active microbial extracts were discovered as well. Synthetic crop protection chemicals were
developed from about 1940 onwards and sustained progress in modermn agriculture. The first
gencration chemicals have aspecific modes of toxic action and are in many instances
deleterious to the environment. The second pencration chemicals have specific modes of
action an] meet modem environmental requirements. A disadvantage of these chemicals is
the potency of target organisms to acquire resistance, This condition wurged agrochemical
industry 10 develop chemicals with new modes of action. Such chemicals can be developed
by using natural bioactive products as Icads in synthesis programmes.

This paper describes the progress that has been made in the development of natural
bioactive compounds in pest and disease control.

INTRODUCTION

After Werld War II, the agrochemical industry provided agriculture with a vast array of crop
protection chemicals such as fungicides, insecticides, herbicides, and nematicides. Random
synthesis, biological screening and empirical optimization yielded many effective compounds
(Cremlyn, 1991}, Among the first crop protection chemicals were multi-site inhibitors such
as the dithiocarbamate fungicides (Dekker, 1987). Selective action of these compounds
between target organism and plants is mainly based on differences in uptake. The more
recently developed protection chemicals are more potent in terms of doses required to control
the pest or disease, and selectivity between target and non-target organisms. They usually
have a specific mode of action. Therefore, such compounds can often be used in integrated
plant protection strategies (Qudejans, 1991). Since selective compounds are specific site
inhibitors in the metabolism of the target organism, the risk of development of resistance in
the target organisms is high. This occurred in a number of pest insects (Georgiou and
Lagunes, 1988) and fungal plant pathogens (Delp, 1988). Resistance problems and the lack
of promising new lead compounds, presses the plant protection industry to find new solutions
to control pests and diseases (Fromtling, 1987). Furthermore, there is growing concern about

crop protection chemicals because of their undesirable side effects on hunﬁans, other non-
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Natural products

target organisms and their behaviour and fate in the environment (Anonymous, 1991;
Anonymous, 1988; Norman, 1988, Metcalf, 1987).

These conditions caused renewed interest in the use of ‘natural’ compounds in plant
protection because they are inherentty regarded degradable in the natural environment (Isono,
1990; Keyserlingk et al., 1985). The compounds originate from defence systems of virtually
all living organisms, but are primarity of bacterial, fungal and plant origin (Hostettmann and
Lea, 1987; Cutler, 1988). Living organisms producing antibiotic compounds, or extracts of
the organism can be used in spray applications. Compounds can also be used as leads in
chemical synthesis of novel crop protection agents with new modes of action (Marco e al.,
1991). The potential value of natural compounds in crop protection will be reviewed in this
paper.

HISTORY

Anorganic compounds.

Crop losses due to pests and diseases are already described in The Old Testament (Dekker,
1987). In those days compounds found in the natural environment were already used to
control pests and diseases. Homer (1000 B.C.) mentioned the use of elemental sulphur. The
Greek physician Pliny the Elder (A.D. 79) and Chinese in the 16™ century recoramended
arsenic as an insecticide. All well known poisons have been used to control pests at one time
or another (Cremiyn, 1991). For instance, Hamberg mentioned mercuric chloride as a wood
preservative in 1705 and Schulthess described the inhibition of smut spores by copper
sulphate in 1761 (McCallan, 1969).

Copper is very toxic to all living organisms and therefore not suitable to control leave-
borne diseases. In 1882, Millardet noticed that leaves treated with a mixture of lime and
copper sulphate (the Bordeaux mixture) effectively controlled Plasmopara viticola in vines
(Millardet, 1885). Phytotoxicity of copper in the mixture was reduced because of its presence
as insoluble copper oxide. Fungal acidification of the leaf surface results in solubilisation of
copper oxide and fungitoxicity. The Bordeaux mixture can be regarded as the first selective
fungicide (Martin, 1969). This success stimulated the search for other chemical pesticides
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Chapler 2

based on copper, mercury, tin or sulphur. Despite their obvious burden on the environment,
they are still being used (Cremlyn, 1991),

Organic compounds from random screening.

In 1931, the ‘rubber accelerator’ tetramethylthiuram (thiram) was found to inhibit growth of
fungi and microbes (McCallan, 1969). This led to the discovery of dialkyldithiocarbamates,
monoalkyldithiocarbamates, esters of dinitrophenols and phtalimides (Kittleson, 1952). These
chemicals are not transported in plants and act as protectants. Attempts were also made to
develop systemic compounds which are translocated throughout the plant, thereby eradicating
established pathogens and providing protection from further attack. The break-through came
in the late 1960's with the development of the first 1,4-oxathiins (e.g. carboxin). These
fungicides bind to mitochondrial complex II and inhibit succinate dehydrogenase activity.
Despite the fact that this enzyme is present in all living organisms, 1,4-oxathiins are
selectively toxic to Basidiomycete fungi (White and Georgopoulos, 1992). In the following
decades, many new classes of selective fungicides were discovered. For example, hydroxy-
pyrimidines (e.g. ethirimol) sclectively inhibit adenosine decaminase in powdery mildews
(Hollomon, 1992), benzimidazoles (e.g. benomyl) inhibit microtubules assembly by binding
to B-tubulin of a broad range of fungi but not the Oomycetes (Davidse, 1986), phenylamides
(e.g. metalaxyl) inhibit r-RNA synthesis in OGomycetes by specific interference with a
chromatin bound RNA-polymerase complex (Davidse ef al,, 1983a) and the DMI's, a group
of chemically unrelated heterocyclic compounds such as azoles, imidazoles and pyridines
inhibit sterol 14a-demethylation of a wide range of fungi (Kéller, 1992a).

The first synthetic organic insecticide is probably hexachlorocyclohexane (HCH)},
synthesised by Michael Faraday in 1825 (Brooks, 1990). However, its insecticidal properties
were only appreciated in 1942, afler the discovery of DDT in 1939, These organochlorine
insecticides clearly are nerve poisons because they prolongate action potentials, but their
primary site of action remains unclear (Metcalf, 1976). Organophosphorous insecticides
originated from research on nerve gasses in World War II (Fest and Schmidt, 1973),
concomitantly with the development of insecticidal methylcarbamate esters. These compounds
inhibit acetylcholine esterase activity in nerval synapses, Specificity can be manipulated by
vaniation of the substituents on the organophosphorous or methylcarbamate moiety, Their
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development continued for many decades (Cremlyn, 1991). Another important group of
insecticides that originated from random screening were the benzoylphenylureas (e.g.
diflubenzuron). These compounds prevent moulting in insects by inhibition of chitin
biosynthesis (Mauchamp and Perrineau, 1987). An overview of fungicidal and insecticidal
compounds is shown in Table 1.

In concert with improved fertilisation, cultural practises and disease resistant cultivars,
crop protection products highly contributed to present-day high-yield agriculture (Cremlyn,
1991).

Resistance.

In order to reduce their impact on the environment, modern agrochemicals are developed
towards ecological sclectivity (i.e. discrimination between target and non-target organisms),
physiological selectivity (specific enzyme inhibition) and good degradability in the
environment (Kéller, 1992b). The introduction and extensive use of these compounds in plant
pest and discase control led to development of resistance (Delp, 1988; Georgiou and Lagunes,
1988). Though DDT does not have a very specific mode of action, resistance developed in
many insect species after only a few years of widespread use. The mechanism of resistance
is based on incrcased detoxification of the compound by oxidation, dechlorination or by
knock-down resistance (kdr), possibly based on a change of its target site. Kdr also results
in cross-resistance to pyrethroids. Resistance to methylcarbamate and organophosphorous
insecticides is often caused by reduced concentrations of the active compound in the nerval
synapse as a result of oxidation, decarboxylation or conjugation. It can also be caused by
modification of the target enzyme choline esterase (Bratisten, 1990).

Although a few decades later, the speed of resistance development to fungicides was
similar to that of insecticides {e.g. benzimidazoles [Davidse, 1986], hydroxypyrimidines
[Hollomon, 1981] and phenylamides [Davidse et al., 1989]). Resistance to benzimidazoles is
usually caused by a single amino acid change in the target protein B-tubulin (Fujimura et al.,
1992), The same is true for carboxin resistance (Broomfield, 1992). As yet, the only casc of
field-resistance has been found in Puccinia hordei. Other fungicide-resistance mechanisms are:
decreased inhibitor concentration at the target site as a result of a reduced uptake (polyoxins
[Misato et al.,, 1977]), increased efflux (sterol demethylation inhibitors [DMI; De Waard and

13



Chapter 2

Table 1 Chemical groups of registered insecticides and fungicides (adapted from Kidd and James, 1991).

Chemical Number of Year of first Example of
Class group compounds introduction group
Insecticide organophosphate 76 1944 parathion
pyrethroid 3 1949 allethrin
methylcarbamate 29 1953 carbazyl
inorganics 1 < 1900 HCN
organochlorine 9 1939 DDT
acylurca 7 1972 diflubenzuron
biological [ < 1900 nicotine
isoprenoid 2 1975 isoprene, methoprene
nitrophenol 2 1932 DNOC
thiadiazine 2 1952 dazomet
antibiotic 1 1979 abamectin
formamidine 1 1971 amitraz
nitroguanidine 1 1990 imidacloprid
nereistoxin 1 1983 bensultap
other 10

Fungicide triazole 21 1973 triadimefon
aromatic 18 1936 pentachlorophenol
inorganic 15 1882 copper Mixtures
dithiocarbamate 12 1931 thiram
organophosphate 6 1969 Fyrazophos
antibiotic 5 1968 pimaricin
benzimidazole 5 1968 benomyl
phenylamide 4 1977 metalaxyl
imidazole 4 1973 imazalil
morpholing 4 1967 dodemorph
phtalimide 4 1952 captan
pyrimidine 4 1970 triarimol
carbamate 3 1978 propamocath
dicarboximide 3 1975 vinclozolin
guanidine 2 1968 guazatine
hydroxypyrimidine 2 1968 ethirimol
oxathiin 2 1966 carboxin
phenvipyrrole 2 1988 fenpiclonil
piperidine 2 1986 fenpropidin
triazine 2 1955 anilazipe
acetamide 1 1976 i
benzothiazole 1 1975 tricyclazole
piperazine 1 1967 triforine
pyridine 1 1975 buthiobate
pyrrole 1 1990 fluoromide
thiadiazole 1 1969 etridiazole
other 26 )
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Van Nistelrooy, 1987]) and reduced activation (organophosphorous fungicides [De Waard and
Van Nistelrooy, 1980]). Fungicidal action can be compensated (captan [Barak and Edgington,
1984] or circumvented (polyene macrolides [Grindle and Farrow, 1978].

In many cases, resistant organisms have a normal comparative fitness (cf DDT
[Oppencorth, 1976], benzimidazoles [Davidse, 1986] and hydroxypyrimidines [Hollomon,
1992]). Fortunately, the opposite has also been reported. For instance, fungi readily acquire
resistance to DMIs in the laboratory, but notwithstanding their extensive use, loss of field
control has only been reported in a limited number of cases (Hollomen et al, 1990).
Phenylamide-resistant Phytophthora infestans without any apparent reduction in fitness,
dominated the population in the Netherlands after only one year of spraying with metalaxyl
(Davidse et al., 1983b). However, after withdrawal of the fungicide from the market for 4
years, the rnajorit:y of the population was metalaxyl-sensitive and the fungicide displayed
again good control (Davidse er al, 1989). Similar results were obtained in the control of
Botrytis cinerea with other fungicides such as the dicarboximides (Beever, 1982; Davis and
Dennis, 1981). Apparently, resistant populations are less fit under field conditions as
compared with the wild-type population. This phenomenon has important implications for
anti-resistance strategies.

Resistance management,
Nowadays, the occurrence of resistance does not trigger immediate panic reactions or
alarming publications. Resistance management has become an integrative part of modemn
agriculture. Since the major part of newly introduced agrochemicals has a high resistance risk,
resistance management does start even before the introduction of a compound on the market
{Staub, 1991; Highwood, 1990).

The basis for prevention of resistance development is integrated pest and disease control,
The use of chemicals is only justified, if control cannot be achieved by other means. The
imposed selection pressure of chemicals should be as short and diverse as possible. This
implicates the use of mixtures and rotation of compounds of different resistance groups. They
often include con'vemional non-specific compounds (Staub, 1991; Phillips et al, 1989;
Dekker, 1987). Many of these ‘old’non-specific compounds have inferior environmental and
toxicological properties (Anonymous, 1988). Therefore, considerable pressure is put on
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withdrawal of these ‘old’ compounds, but one should realize that these measures at the same
time hamper anti-resistance strategies.

Currently, pest and disease control is dependent of compounds belonging to a limited
number of resistance classes. In order to make anti-resistance strategies based on variation in
use of compounds more successful, a range of compounds from different resistance groups
should be available. Therefore, agrochemical industry is urged to develop compounds for
which target organisms do not posses cross-resistance. At the same time, biological activity
and environmental properties should be at least similar to those of existing compounds.
However, many new compounds introduced in the last decade are derivatives of groups
discovered before the 1970s, and belong to resistance groups already known. Hence, screening
of more than a million compounds in the last decade resulted in the introduction of only a
very limited number of compounds with novel modes of action and resistance (Table 1). This
explains the renewed interest of the agrochemical industry in the area of natural compounds
with a variety of unique characteristics, waiting to be exploited (Pillmoor et gl., 1993; Keyser-
lingk, 1985).

Natural compounds as pesticides

Plant extracts.
Medicinal plants are known for many centuries and extracts were used in folklore and modem
medicine (Marston and Hostettmann, 1987). Therefore, it is not surprising that plant extracts
were tested for their ability to control pests and diseases as well. In Greek folklore, it was
recommended to steep seed grain in wine or a mixture of bruised cypress leaves to control
‘mildew’ which presumably was smut (Mason, 1928). In medieval times, dregs of olive oil
called amurca were used. Tobacco leaf extracts containing nicotine were employed in the
seventeenth century ito control ‘plum curculio’ and the lace bug (McCallan, 1969). The first
two ‘real’insecticides from plant origin, were already introduced around 1850: rotenone from
roots of Derris and pyrethrum from flower heads of Chrysanthemum spp. At present, they are
still being used (Cremlyn, 1991).

Interest in plant extracts as sources for compounds to control pests and diseases is
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increasing (Cutler, 1988). Neem trees (Azadirachta indica) were used for medicinal and
insecticidal purposes in India for a long time. They are commercially grown from 1985
onwards. Their extracts contain several anti-feeding compounds and growth regulators,
including azadirachtin. The extract is used to control army worms {Spodoptera spp.) (Bell et
al,, 1990). In a programme to screen extracts from medicinal plants for fungicidal activity,
BASF found thai aqueous exiracts of Reynoutria sachalinensis (Polygonaceae) showed good
protectant control of powdery mildews, The dried extract is marketed under the trade name
Milsana® (Herger et al., 1988). The active principle has not been identified. The involvement
of a glycolipid with tenside properties acting as an inducer of resistance in the host plant was
postulated {(Ammermann and Scherer, 1993),

Phytoalexins may play a role in natural resistance of plants (Ebel, 1986). They are only
weakly active when applied as conventional fungicides, since localized accumulation near the
site of infection appears to be an important part of the resistance mechanism (Rathmell,
1984). In general, the complex structure of most phytoalexins make them inaccessible for
chemical synthesis. Recently, it was shown that genetic transformation of tobacco with the
gene encoding stilbene synthase from grapevine enhanced resistance to B. cinerea by
synthesis of increased levels of the phytoalexin resveratrol (Hain et al, 1993). The
concentration of resveratrol attained at the site of infection also inhibited fungal growth in

vitro.

Microbial extracts,
Most bacteria and fungi produce a wide variety of secondary metabolites with antibiotic
activity. These antibiotics are used to control other organisms which compete for the same
nuttients in their natural environment (Bennet and Bentley, 1989). The first report of an
antibiotic was published in 1908. It was found that culture filtrates of Pseudomonas
destructans, the cause of turnip rot, could kill the causal organism (Potter, 1908). The first
identified antibiotic was gliotoxin, isolated from Gliocladium fimbriatum (Johnson et al.,
1943).

A wealth of literature exists on the discovery and potential use of antibiotics in
agriculture (e.g. Gutterson, 1990; Berdy, 1980). The discovery of antibiotic activity by
penicillin in extracts of Penicillium notatum by Fleming in 1929, stimulated the search for
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new antibiotics such as streptomycin, tetracyclines, chloramphenicol. Hundreds of new
antibiotics are discovered each year (Saksena ef al,, 1989). The use of these antibiotics had
a tremendous impact on successful treatment of human and animal discases (Lowe and
Elander, 1983). They also made intemnal (systemic) therapy of plants possible (Dekker, 1963).
However, their use in agriculture remained limited, because widespread application in crops
might simultaneously select for resistance to these antibiotics in human pathogens (Isono,
1990). Sireptomycin is an example of an antibiotic used for control of bacterial diseases in
both mammals and plants. The insecticide/acaricide abamectin and the fungicides blasticidin
S, kasugamycin, pimaricin and validamycin A are used in agriculture (Kidd and James, 1991).
Currently, most antibiotics are applied in rice disease control (Isono, 1990).

Reasons for the fact that only a few antibiotics have been developed as commercial
agricultural compounds are quite diverse. Efficacy, stability, (eco)toxicity and production costs
of the antibiotic are important factors. Production by fermentation can be difficult to scale up,
or be expensive due to special nutritional requirements of the producing organism (Licvens
et al., 1989). In general, antibiotics are regarded as easy degradable because they are of
natural origin. However, this is not necessarily true as practical application rates are
significantly higher than the maximal attainable concentration in nature (Gutterson, 1990).
Instability can be disadvantageous when it reduces efficacy too much (Simpson ef al,, 1991).
Toxic side effects may be present as well. For instance, blasticidin S causes considerable eye
conjunctivitis (Isono, 1990). Therefore, registration procedures of antibiotics do not differ
from those of synthetic pesticides (Marco et al,, 1991).

Microbial biocontrol agents.
Biocontrol of pests and diseases has advantages over chemical control because of its
presumed non-hazardous nature, Cultural practices are traditionally used to stimulate the
natural suppressive population of microorganisms in soils {Edwards and Stinner, 1990).
Disease suppressiveness can also be increased upon artificial introduction of new biocontrol
organisms (Sivan and Chet, 1992). The mechanism of biocontrol can be based on
hyperparasitism of the host, competition for limiting amounts of nutrients or killing of the
target organism with toxins.

The best known biocontrol organism is Bacillus thuringiensis (BT, Entwistle ef al,
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1993). It was responsible for a bacterial disease in the Japanese silkworm culture around
1900. Bacterial cells contain crystals of proteins toxic to specific Lepidoptera species. In the
last decade, BT is used for control of various pests, especially in natural vegetations. In terms
of formulation and application, it is regarded as a common insecticide. The major
disadvantages of BT are its relatively high price, slow speed of kill, rapid inactivation in the
field and short shelf life. The narrow pest spectrum of insecticidal activity often requires BT
to be mixed with conventional insecticides to control all pests present (Engel er al., 1990).
At present, BT represents more than 90% of the worldwide sales in biocontrol agents.
Bacterial strains can contain different types of crystal protein selectively toxic to various
insect species. Specificity of the toxin is governed by distinct regions in the protein which can
be manipulated at the gene level, either by mutation, or chimaerization of toxin genes with
divergent selective toxicities (Lisansky and Coombs, 1992). The gene encoding the protein
has been expressed in crop plants, with variable results with regard to insect resistance.
Transgenic cultivars are in the process of being registered for commercial use (Ely, 1993).
Since BT acts like a conventional insecticide, the continuous selection pressurc imposed by
transgenic plants is undesirable from a resistance management point of view, since they
impose a continuous selection for resistant individuals. Resistance to BT already occurs in
practice (Marrone and Macintosh, 1993).

The insect hyperparasite Verticillium lecanii is commercialized in Europe as an insect
biccontrol agent. Registration has been hampered because its conidia can be allergenic to man
(Ravensberg et af., 1990). Other fungi have been evaluated as well, but their development is
slow due to problems of low pathogenicity, low viability of inoculum, differences in virulence
within a pest species, production problems and constraints imposed by temperature and
humidity requirements (Gillespie and Claydon, 1989). The potential of V. lecanii to control
fungal diseases is under evaluation as well (Grabski and Mendgen, 1986). The most important
factor for fungicidal activity is probably based on cell wall degrading activity of glucanases
and chitinases produced by this hyperparasite.

The level of hydrolytic enzymes such as glucanase and chitinase in plants increases
considerably upon infection of a pathogen. Therefore, they are thought to play a role as a
defense mechanism of plants (Boller, 1987). Tobacco plants with elevated chitinase activity,
were less susceptible to Rhizoctonia solani (Broglie et al., 1991). Escherichia coli transformed
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with a bean chitinase was able to reduce fungal root infection by soil application (Shapiro et
al., 1989). However, in many plant pathogen interactions this mechanism does not seem wo
be important (c,f. Wubben et al., 1993).

Bacteria of fluorescent Pseudomonas species are often associated with a decline in
severity of the take-all disease caused by Gdumannomyces graminis in continuous cropping
of wheat. The disease suppression is primarily caused by the production of iron-chelating
siderophores and an array of antibiotics such as phenazines, phenylpyrroles and 24-
diacetylphloroglucinol (Défago and Haas, 1990). Additional disease suppression may be
obtained after seed or soil bacterization with strains selected for high biocontrol activity
(Thomashaw and Weller, 1991), Antifungal activity of the bacterial strains was improved after
transformation with additional genes which resulted in the production of additional antibiotics
(Défago and Haas, 1990).

Recently, the biofungicide Mycostop® was introduced. It contains lyophilized
fermentation cultures of Strepromyces griseoviridis and controls a range of seed- and soil-
borne fungal pathogens by releasing a range of unidentified antibiotics (White ef al., 1990).

Despite the fact that the number of biofungicides is increasing, biocontrol of plant
pathogens is more difficult and less advanced than biocontrol of insects (McDonald, 1991).

BIOLOGICAL COMPOUNDS AS LEADS FOR CHEMICAL SYNTHESIS

Chemotherapeutic agents related to endogenous compounds.

In the discovery of new chemotherapeutic agents, it is quite common to start synthesis of
compounds based on endogenous compounds. For instance, the discovery of the first 8-
blocker propanolol started from adrenaline (Roberts, 1989). Juvenile hormones (JH) regulate
metamorphosis in insects. The titre of TH in insects must decline before metamorphosis of the
last larval stage to adult can take place. Chemical modification of JH resulted in compounds
such as methoprene and prodrone, which mimic JH activity. If applied at the last larval or
nymphal stage, they have insecticidal properties by preventing metamorphosis. Fenoxycarb
also possesses JH activity (Sparks, 1990). Such a specific mode of action makes these
compounds suitable for use in Integrated Pest Management systems. The efficacy of JH
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analogues is limited if larval stages of the pest insect impose most crop damage (Edwards and
Stinner, 1990). Biogenic amines (serotonin, octopamin, y-aminobuiryc acid [GABA), efc.) are
important neuromodulators in insects. Formamidin insecticides (e.g. chlordimeform and
amitraz) are analogues of octoparnin and agonize its receptors in the neuromuscular synapses
(Evans, 1985).

Various nucleotide analogues such as 8-azaguaning (Bull and Faulkner, 1964) and
6-azauracil (Dekker and Oort, 1964) have been evaluated for their selective action against
fungi in agriculture. They showed control of cucumber powdery mildew under laboratory
conditions, but were not effective enough under field conditions. Fluoro analogues of
endogenous compounds often inhibit methylation reactions (Abeles and Alston, 1990). In
sensitive fungi, 3-fluorocytosine is metabolised to 5-fluorodeoxyuridinemonophosphate which
inhibits thymidylatekinase, a key enzyme in DNA biosynthesis (Polak, 1988). This compound
is successfully used to treat patients with Candide infections, but does not have applications
in agriculture (Kerridge, 1986).

Pyrethrum.

The extract of dried flower heads of Chrysanthemum cinerariaefolium has been used as an
insecticide since 1850. It possesses a knock-down effect on flying insects (Elliot, 1989). The
active ingredient is a mixture of the related compounds pyrethrin, cinerin, and jasmolin. They
consist of esters of cyclopropanecarboxylic acid and cyclopentenclone (Fig. 1). Pyrethrum is
often regarded as an ideal pest-control agent because of its powerful insecticidal activity and
fow toxicity to mammals. However, pyrethrum is too unstable to economically control pests
of agricultural crops (Davies, 1985). It is ofien used as an household insecticide.

Initial cfforts aimed to elucidate the structure of the active ingredients resulted in the
synthesis of pyrethroids such as allethrin (Schechter ef af., 1949). Instability of these
pyrethroids is mainly caused by their liability to oxidation and sensitivity to light. The most
labile sites are the vinylcyclopropane moiety in the acid and the cyclopentenolone moiety in
the alcohol (Elliot, 1989). The stability of the vinyl group could be increased by halogenation
and the cyclopentenolone group by substitution with a diphenylether. These structural
modifications resulted in permethrin. Introduction of an a-cyano substituent enhanced activity
and resulted in compounds such as deltamethrin and cypermethrin (Elliot et al, 1973).
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Fig. 1 Structural formulae of the natural products pyrethrin I, pyrrolnitrin, strobilurin A and their synthetic
analogues deltamethrin, fenpiclonil and ICI AS504.

Additional modifications of the basic backbone changed the selectivity and pateniability of
the pyrethroids (Ford ef al, 1989). This resulted in the synthesis and widespread use of
synthetic pyrethroids in insect control (Davies, 1985).

Pyrronitrin.

The phenylpyrrole antibiotic pyrrolnitrin (Fig. 1) is a potent antifungal compound first isolated
from Pseudomonas pyrrocinia (Arima ef al, 1965). It is produced by a number of
Pseudomonas spp. (Lively e al,, 1969). A number of related phenylpyrrole antibiotics are
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produced as well (Roitman ef al., 1990). The use of some of these bacteria in biocontrol is
under investigation (Thomashow and Weller, 1990; Défago and Haas, 1990). Pyrrolnitrin is
regarded to play a major role in biocontrol activity by Pseudomonas spp. (Thomashow and
Weller, 1991; Lam et al., 1987).

The oldest example of an antifungal phenylpyrrole produced by these type of bacteria
is pyoluteorin, isolated from P. aeruginosa in 1958 (Takeda, 1958). It has bactericidal and
fungicidal activity, especially against Oomycetes (Howell and Stipanovic, 1980). Therefore,
seed bacterization with species producing this antibiotic is evaluated for its potency to control
Pythiuvm spp. (Whipps and Lumsden, 1991). Two fairly new phenylpymole antibiotics,
dioxapyrrolomycin (Nakamura ef al., 1987) and neopyrrolomycin (Nogami ef al., 1990), are
produced by Streptomyces. They have bactericidal properties, but are also active against a
limited number of fungi such as Magnaporthe grisea.

Phenylpyrroles are among the few natural antibiotics containing chlorine atoms. Well
known other examples are griscofulvin produced by Penicillium griseofubvum (Brian et al.,
1946), chloramphenicol (Ehrlich et al, 1948), 7-chlorotetracycline (Duggar, 1948), and
vancomycin {(McCormick ef al., 1956) produced by Streptomyces species. Chlorination is
mediated by chloroperoxidases (Pee and Lingens, 1988).

Pyrrolnitrin is effective in control of several post-harvest diseases (Hammer and Evensen,
1993; Janisiewicz, 1991} and has been used to wreat infections by opportunistic fungi in
humans (Tawara et af., 1989). It cannot be used in agriculre since the pyrrole ring is
unstable in light which results in biologically inactive products (Roitman ef al, 1990).
Furthetmore, it appeared to be very difficult to artificially synthesize the pymrole ring (Nyfeler
and Ackermann, 1991). Both these problems could be solved by substitution of the chlorine
with a more potent electron withdrawing group such as cyanide (Leusen et al,, 1972). It was
established that 3-cyanopyrroles were at least as active fungicides as pyrrolnitrin and much
more stable in light (Nyfeler et al,, 1990). Further optimization led to the introduction of the
highly active fungicides fenpiclonil (Nevill ef af., 1988) and fludioxonil (Gehman ef al., 1990)

Sirobilurin.
The development of B-methoxyacrylate related fungicides is another elegant example of the
optimization of a natural compound (Beautement et &/, 1991). These analogues of strobilurins
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and oudemansins are produced by several genera of small agarics such as Strobilurus and
Oudemansiella (Anke et al., 1977). These antibiotics have the B-methoxyacrylate moiety in
common and proved to be unique inhibitors of mitochondrial respiration by binding to
cytochrome B (Mansfield and Wiggins, 1990). Practical application of the antibiotics is not
possible, because they can not be produced on a large scale, are relatively volatile and very
instable (Godwin ef al., 1992). A chemical optimization programme at ICI and BASF started
from the simplest molecule strobilurin A (Fig. ).

After establishment of fungicidal activity of strobilurin A, the structure and geometric
configuration had to be determined. The triene (E,Z,E}-geometry was not initially recognized
which explained the initial failures to synthesize the antibiotic. Based on comparison of
structures of natural analogues, the B-methoxyacrylate moiety was thought to be the toxophore
{Becker et al., 1981).

Light sensitivity of the natural compound is primarily caused by the conjugated diene
structure in the lipophilic a-substituent of the B-methoxyacrylate toxophore (Anke & Steglich,
1989). It was stabilized without loosing fungicidal activity upon introduction of the double
bond in the stilbene moiety. Further optimization of the a-substituent was also possible and
resulted in the systemic fungicide ICIAS504 (Godwin et al, 1992). A similar programme at
BASF resulted in the methoximino fungicide BAS 490 F (Armmermann et al,, 1992).

OUTLOOK

Interest in plant protection agents from biological origin is increasing because in public
perception they are regarded as environmentally safe and less toxic than synthetic chemicals
(Ames ef al., 1987). However, the first rule in toxicology states: not the compound, but its
dose makes it toxic. Ames and coworkers {1990a,b) gave a number of arguments for the
statement that essential differences between synthetic and natural pesticides are absent. For
instance, the feared bioaccumulation of DDT is not unique to synthetic pesticides. Natural
compounds from potato such as solanine and chaconine inhibit cholinesterase and are
persistent and teratogenic. They accurnulate in a similar way in fat as DTT. For these reasons,

they would never be registered as a pesticide. In consequence, a pest resistant potato cultivar
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with high levels of these toxins had to be withdrawn from the market. A particular insect-
resistant celery cultivar caused skin irritation upon exposure to daylight. This cultivar contains
an 8-fold higher concentration of carcinogenic psoralens, Toxicity data for natural bioactive
compounds are often lacking, but penicillin is well known for its allergenic nature. Fungal
spores, as experienced with the registration of V. lecanii, may cause allergic reactions as well.
Eye conjunctivitis caused by blasticidin S has already been mentioned. These examples are
not intented to obscure the toxicity of synthetic pesticides, but illustrate that the registration
procedure of so-cafled natural agents should be similar to their synthetic counterparts.

Natural products can contribute to pest and disease control because of their enormous
diversity. Therefore, most companies involved in the development of agrochemicals are active
in this field. Many new antibiotics, some of them displaying new modes of action, are being
discovered each year. Though many of these antibiotics have a complex structure and are
probably difficult to synthesize, they may guide chemists to compounds with novel selective
target sites.

Biocontrol agents themselves are still primarily used in niche markets and their
performance is in general stilt inferior to chemical control. In future, these problems may

gradually be overcome by improvement of strains and application methods.
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