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Foreword 
The ACS S Y M P O S I U M S E R I E S was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 

IN C H E M I S T R Y S E R I E S except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

BIOLOGICALLY ACTIVE NATURAL PRODUCTS have been studied by 
investigators from many disciplines. The symposium on which this book 
was based brought together plant physiologists, plant pathologists, 
marine biologists, entomologists, plant taxonomists, plant ecologists, 
medicinal chemists, mycologists, pharmacologists, and others whose 
scientific curiosity about natural products extends into many areas. They 
believe and have presented evidence to show that natural products may 
indeed have a place in agriculture. More important, however, is their 
assertion that although these diverse structures have high specific 
activity, the residual effects in the environment may be minimal. 

I am grateful to my colleagues and friends who gave refreshing 
insight to their research, as well as to the chairpersons who diligently 
sought speakers and topics for the sessions. The section on products 
from microorganisms was organized by Basil A. Burke of the Plant Cell 
Research Institute, Inc., Dublin, CA. Co-chairs of the section on 
products from higher plants were Richard G. Powell, Northern Regional 
Research Center, Agricultural Research Service, U.S. Department of 
Agriculture, Peoria, IL, and David E. Gianassi, Department of Botany, 
University of Georgia, Athens, GA. Coordinators of the section on 
products from insects or affecting insects were Murray S. Blum of the 
Department of Entomology, University of Georgia, Athens, GA, and 
Kevin C. Spencer of the Department of Medicinal Chemistry and 
Pharmacognosy, University of Illinois, Chicago, IL. I also acknowledge 
the generous support of the Division of Agrochemicals of the American 
Chemical Society. 

HORACE G. CUTLER 
Richard B. Russell Research Center 
Agricultural Research Service 
U.S. Department of Agriculture 
Athens, GA 30613 

May 13, 1988 

xi 
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Chapter 1 

Natural Products and Their 
Potential in Agriculture 

A Personal Overview 

Horace G. Cutler 

Richard B. Russell Research Center, Agricultural Research Service, 
U.S. Department of Agriculture, Athens, GA 30613 

Biologically active natural products are derived 
from three major sources: the fermentation of 
microorganisms, higher plants, and insects. How
ever, compounds derived from these sources may 
act within each or all of these domains. That 
is, compounds derived from microorganisms and 
higher plants may affect insects and vice versa. 
Often, natural products are obtained in limited 
quantities and small yields do not lend them
selves to extensive testing. During the past 
three years there has been increased synthesis 
of natural product templates and their analogs 
for evaluation in biological systems. Relative 
to these approaches, assorted natural products 
from microorganisms, including oligopeptides, 
acyclic polyketols and some relatively simple 
molecules are examined. The brassinosteroids and 
photodynamic herbicides, from higher plants, are 
discussed. Finally, compounds that are produced 
by insects, or which affect insects, are 
reviewed. 

In common with my primal ancestors, whose l i f e began in a 
garden, my f i r s t recollections were not so much of people but 
of trees, flowers, the sun, rain, clouds, blue sky, and the 
sound of the cuckoo. Especially imprinted on my senses was 
the peppery smell of lupin at the early age of two, and there 
followed the scent of roses and English lavender: dire warn
ings about foxglove and deadly nightshade were issued as I 
wandered about gardens. An introduction to the world of 
secondary metabolites had started early in l i f e and subse
quently led to my f i r s t scientific job, in the mid 1950*s, at 
the Boyce Thompson Institute for Plant Research when i t was 
located in Yonkers, New York. While at the Institute, I came 
under the intellectual guidance of Lawrence J. King, who was 
something of a genius, and that led me into the area of plant 
growth regulators, especially the natural product of both 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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2 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

animal and plant origin, indole-3-acetic acid. There 
followed another period, at the same location, with A. J. 
"Chuck" Vlitos who was investigating flowering in plants, 
indole chemistry, and the growth promoting effects of long 
chain fatty alcohols in collaboration with Donald G. Crosby 
(a topic that was quite revolutionary at the time). This 
pioneering atmosphere was further enlivened by I.D.J. "Dai" 
Phillips who was an exchange pre-doctoral student from P.F. 
Wareing's laboratory in Aberystwyth, Wales. His exuberance 
for l i f e , and natural products of growth regulatory i l k , was 
contagious. He was hot on the t r a i l of the then structurally 
unknown substance from Acer pseudoplatanus (and cotton 
bolls), abscisic acid. Contemporaneously, the team of P.W. 
Zimmerman and A.A. Hitchcock had synthesized the herbicide 
2,4-dichlorophenoxyacetic acid at Boyce Thompson and, as they 
stated, that synthesis was the result of their examining the 
model of indole-3-acetic acid. The former being a substi
tuted phenyl, the latter a phenyl-pyrrole. I also married 
one of their technicians and, I suppose, my thoughts con
cerning natural products for synthetic templates became 
subconsciously fixed as I came to know them better. 

A three year stint in the West Indies (Trinidad) led me 
into the world of bush medicine (the use of tropical plants 
for medicinals) and took me down that curious path of ethno-
botany. The range of useful plants was extraordinary. There 
were plants in the genus Verbena that induced increased lac
tation in nursing mothers, grasses that broke fevers, and the 
bark of a tree which, when steeped in boiling water, gave 
rise to a tea that caused erections of some duration in 
males. The trees yielding this compound were obvious even to 
the untrained eye because near the local villages the bark 
was generally stripped from ground level to the height which 
an adult could reach standing on the seat of a bicycle. 
There are several yarns surrounding the sexual efficacy of 
the bark, some apocryphal, but a l l amusing. 

The third part of the triology, insofar as the science is 
concerned, involved my training in the biochemistry of nema
todes with Lorin Krusberg, at the University of Maryland. It 
happened that one of the nematodes under scrutiny, Ditylen-
chus triformis, could be cultured on the fungus Pyrenochaeta 
terrestris. Three flasks of that fungal substrate yielded 
more indole-3-acetic acid than I had seen from the extraction 
of one-quarter acre of sugarcane, and convinced me that fungi 
would be excellent sources of biologically active compounds. 
My psychological compass was, once again, fixed on a natural 
product course. Hence, my interests and training cut across 
several fields and at some point the thought crystallized 
that apparently divergent disciplines were inter-related. 

There are several temptations that confront the author of 
a chapter of this nature. One such i s the propensity to 
intellectually bludgeon anyone who dares to insinuate that 
natural products have no real use in agriculture either as 
agrochemicals, or as templates for the further synthesis of 
biodegradable agrochemicals, by quoting a series of products 
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1. CUTLER Natural Products in Agriculture 3 

that have been used successfully. Among them would be indole 
butyric acid, a homolog of the original compound, indole-3-
acetic acid, that f i r s t aroused the curiosity of plant physi
ologists because i t was shown to be responsible for the photo-
tropic response of plants. And indole-3-butyric acid has been 
used by amateur gardeners and horticulturalists to induce 
rooting in plant cuttings. 

Another well known natural product is gibberellic acid 
(GA3) which, again, has high specific activity and limited 
use in grapes and celery where the responses are quite drama
t i c . We tend to forget that thirty-five years ago i t was a 
common horticultural practice to girdle grapes by cutting in
to the bark of the vines just above ground level in order to 
increase yields. This was a delicate procedure and often re
sulted in the death of the mature vines. With the advent of 
GA- the art of girdling disappeared and was replaced by 
spraying vines at flowering time with 100 ppm GA~ solutions 
to increase yields 250%! The natural product ethylene, found 
in fungi and higher plants, has been used in both the pure 
form and as a derivatized chemical (2-chloroethylphosphonic 
acid)to ripen a variety of crops from bananas to cherries, to 
oranges. 

The chemistry of the insecticide pyrethrin, the natural 
product of the Pyrethrum daisy consisting of two viscous 
liquid esters C2i H28°3' o r C22 H28°5' i s a l s o w e l J -
known and i t was precisely these mSlecules that laid the 
foundation for the synthesis of the highly successful pyre-
throids. Various natural lures (pheromones) have also played 
a decisive part in controlling insects. 

Some of the most interesting insecticidal and antiparasi
t i c natural products to enter the f i e l d have been the avermec-
tins. Their history is unique because of their complexity, 
the fact that the fermentation products go through a synthe
t i c sequence to arrive at the final products and their 
duality as both agrochemicals and pharmaceuticals. Certainly, 
the average Board of Directors would likely be i n i t i a l l y 
negative to developing such elaborate molecules. 

Another temptation would be to attempt to convince the 
reader that in the three areas covered by the symposium — 
natural products from microorganisms, secondary metabolites 
from higher plants, and natural products from insects or that 
affect insects — there are myriad examples of secondary 
metabolites that have been isolated that have biological 
activity and considerable potential as agrochemicals. How
ever, space does not allow for that discussion and further 
elaboration would also detract from the contributions made by 
the other authors in this volume. Instead, I have chosen a 
different approach, which i s to discuss compounds that have 
been isolated in each of these three categories, have been 
shown to possess unique biological activity, and have then 
been synthesized. The reason for this approach is that in 
these days the burden of proof for a structure no longer 
necessarily requires that a compound be synthesized. The 
advent of sophisticated NMR techniques and X-ray crystallo-
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4 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

graphy have virtually eliminated that necessity. Generally, 
the need for synthesis arises because, in many cases, there 
is insufficient quantity of the metabolite to make extensive 
examination of i t s properties in biological systems. With 
respect to products from microbes, for example, the speed 
with which a fermentation system can be cranked up to produce 
large quantities of a derived metabolite is directly propor
tional to the number of substrates on which the organism can 
be grown, the number of people available to do the work, and 
the access of a high yielding strain. For those who have for
gotten, the history of the discovery and production of peni
c i l l i n bears recalling. And the recent synthesis of avermec-
tin A. by Danishefsky et a l . , (1) lends credence to this 
point of view even though, at present, the avermectins are 
produced by fermentation of Streptomyces avermitilis. 
Finally, doing chemistry for the sake of doing chemistry has 
been relegated to limited situations. Funding for such ven
tures is not really feasible or available in today's manage
ment climate so that when funds are forthcoming they are made 
so for very specific reasons, and commercial ones at that. 

The examples given are neither a l l that exist, nor do they 
necessarily represent those that w i l l eventually find their 
way into the marketplace. They are, however, diverse struc
tures with specific activity and, in some instances, their 
synthesis has been improved upon. Most of the examples repre
sent work that has taken place during the past three years, a 
time during which the synthesis of natural products seems to 
be going through an exponential stage. Some have a certain 
dichotomy or polychotomy in that they are active in more than 
one system. That appears to be the character of biologically 
active natural products and, consequently, the reader may not 
be in total agreement as to their categorization. 

Synthesis of compounds based on templates from microorganisms 
Earlier, we reported that the cyclic oligopeptides were com
pounds that had attracted much attention from synthetic chem
ists because of their high specific activity and their assort
ment of unnatural amino acids, both L and D (2,3,4). Their 
usefulness as agrochemicals ranges from direct to indirect. 
For example, the iturins, which are cyclic octapeptides, may 
be used to control soft rot, Monilinia fructicola, in stored 
peaches (5); the fragments of tentoxins, a cyclic tetrapep-
tide, show both plant growth promotory and herbicidal proper
ties (see Edwards, et a l . ; Lax, et a l . , in this volume). The 
AM toxins I, II, III from Alternaria mali, a pathogen of 
apple trees, of which AM toxins I and III are particularly 
potent and produce interveinal necrosis in the susceptible 
cultivar "Indo" within 18 hours following treatments with 0.1 
ppb (6,7), are particularly useful tools for determining the 
mechanisms whereby these compounds act. Hence, the question 
might be posed: why are apple varieties like "Indo" highly 
susceptible to A. mali toxins while resistant varieties like 
"Jonathan" require 1 ppm of AM toxin I and 10 ppm of AM toxin 
III to induce necrosis? Once the site, or sites, of activity 
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1. CUTLER Natural Products in Agriculture 5 

are known in the susceptible cultivars there exists the pos
s i b i l i t y of protecting these vulnerable loci from the action 
of the toxin(s). With regard to the selectivity of these pep
tide toxins, much structure-activity work has been done with 
AM toxin I (Figure 1). First, i t has been determined that 
the toxin response is directly dependent upon the backbone 
conformation of the amino acids, which are a l l L, and that 
the presence of L-a-hydroxyisovaleric acid, a-amino-
acrylic acid, L-a-amino-8 -(p-methoxyphenyl)-valeric acid 
are important, while the presence of L-alanine is not c r i t i 
cal (8,9,10,11,12). Furthermore, synthesis of the 
retroenantio - AM toxin I in which the peptide sequence was 
reversed and, thereby, the configuration of each residue, 
revealed, upon bioassay with "Indo" apple leaves, that a l l 
biological activity was deleted. In an attempt to ascertain 
whether there was a specific receptor in apple leaves the 
enantio - AM toxin I, an antipode of that toxin, was synthe
sized. That i s , the amino acid sequence was identical to the 
original toxin but they were a l l D amino acids. It was pos
tulated that i f the enantio-toxin was active in the bioassay 
the interaction between AM toxin I and the membrane of the 
apple leaf c e l l i s not a biological one, but rather a physico-
chemical one between, say, a peptide and a l i p i d . However, 
no biological responses were noted with concentrations up to 
100 ppm. This is several orders of magnitude above the thres
hold amount necessary to produce a biological response with 
AM toxin I. Therefore, i t appears that the enantiotoxin did 
not interact with the receptor site and i t suggests that the 
recptor recognizes the chirality of the molecule and that the 
receptor may be a protein. No doubt the characterization of 
the active site and the subsequent manipulations that must 
follow w i l l have a major impact on the apple growing 
industry. 

Certainly, the oligopeptides obtained from microorganisms 
offer a wealth of active products both in their original and 
degraded states. There i s a wide range of synthetic permuta
tions and the offering of templates on which to base the pro
duction of novel herbicides. Two examples are proffered. The 
f i r s t i s the well known compound glyphosate (N-[phosphono-
methyl] glycine), an eminently successful herbicide. The 
second involves some research carried out by the Tanabe 
Seiyaku Co., Ltd., Japan, which involves both their Applied 
Biochemistry and Microbiological Research Laboratories. They 
i n i t i a l l y found that amino acid analogs, the ot-isocyano-
acetic acid derivatives, were potent seed germination inhibi
tors (13,14), and had similar properties in assays as 2,4-
dicholophenoxyacetic acid. It is significant that the 
authors state, "We had great interest in peptide compounds 
containing the isocyano group". But of the six homologs of 
the N-(a-isocyanoacetic) amino acid methyl esters synthe
sized, none were as active as N-isocyanoacetyl-L-valine 
methyl ester (Figure 2) which inhibited the stems and roots 
of germinating cucumber seed 80-100% at 100 and 10 ppm, and 
inhibited the shoot germination of rice, but not the roots, 
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6 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

at 100 ppm. There was no effect on radish germination, 
indicating selectivity. It should be noted that D or 
L -valine i s an amino acid that is often found in peptidic, 
phytoactive natural products. 

Small molecules isolated from natural sources nearly 
always appeal to the synthetic chemist. The pyrenochaetic 
acids A, B, and C (Figure 3) are in this class and have been 
shown to be phytotoxins. They originate in the pathogen 
Pyrenochaeta terrestris which is responsible for onion pink 
root and are readily produced by fermentation. The most 
phytotoxic of this tr i o i s pyrenochaetic acid A which com
pletely inhibited the root growth of onion, at 250 ppm, and 
lettuce at 500 ppm. Because of the relatively greater phyto-
toxicity, pyrenochaetic acid A was synthesized and proved to 
be as active as the natural product (15). In addition, the 
regio- isomer of pyrenochaetic acid A was produced (Figure 4) 
and i t inhibited lettuce root growth 80% at 500 ppm. No data 
were given for the effects on onion root growth and compari
son of the data for biological activity versus structure were 
tantalizingly brief. However, the synthesis of pyrenochaetic 
acid A led to the synthesis of the regio-isomer and this, in 
turn, may lead to the production of other biologically active 
molecules. Indeed, the functional groups are present to make 
some pertinent derivatives. 

Nothing is more frustrating to the natural products chem
is t than to read of the synthesis of a biologically active 
compound that is identical to the original natural metabolite 
and to then find that neither the precursors, or final pro
duct, or derivatives of the product have been tested in 
biological systems. Such is the case with the synthesis of 
pyriculol (Figure 5) isolated from the culture broth of Pyri-
cularia oryzae, the organism responsible for rice blast. 
Pyriculol inhibits the growth of rice seedlings and induces 
necrotic lesions on the leaves. Four stereoisomers of pyri
culol were synthesized, one of them was identical to the 
natural product, that i s , 3'R, 4'S (16). Another synthesis 
that yielded derivatives that would predictably possess bio
logical activity was that of (S)-(-)-vertinolide (Figure 6), 
a tetronic acid derivative obtained from the culture broth of 
VerticiIlium intertextum, a fungus isolated from wilted Japa
nese maple trees (17). While the original chemical structure 
was solved by X-ray crystallography (18), the absolute config
uration had to await confirmation by synthesis. But again, 
biological data are lacking. Similar events surround the syn
thesis of gregatin B (Figure 7), a phytotoxic metabolite of 
Cephalosporium gregatum and Aspergillus panamensis (19). 

In contrast, pyrenolide B (Figure 8), a ten-membered lac
tone ring, was originally isolated from the culture broth of 
the phytopathogen, Pyrenophora teres in conjunction with pyre-
nolides A and C (20,21). The preparation of (±)-pyrenolide B 
involved several synthetic intermediates and, of these, seven 
were tested against the fungi Aspergillus niger f Cochliobolus 
miyabeanus and the yeast, Saccharomyces cerevesiae (22). Both 
A. niger and C. miyabeanus were significantly inhibited by 
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CUTLER Natural Products in Agriculture 

H 3C CH 3 

CH 

° * C 
H y v y ° 

CH 3 0-< v > - C H 2 - C H 2 - C H 2 m » C ^ H H-C»'i»CH 3 

o * > c - C H 

H II O 

Figure 1. AM Toxin 1. 

H3C ^/CH 3 

H CH 
I I 

CNCHCONHCHCOOCH3 

Figure 2. N-isocyanoacetyl-L-valine methyl ester. 

O 
CH aO 

R 

HOOC 

Figure 3. Pyrenochaetic acid. 

COOH 

Figure 4. Pyrenochaetic acid, regio-isomer. 
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8 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

OH 

Figure 6. Vertinolide. 

O 

Figure 7. Gregatin B. 

O 
Figure 8. Pyrenolide B. 
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1. CUTLER Natural Products in Agriculture 9 

(±) -pyrenolide B at 100jig/disk and a l l microorganisms were 
slightly inhibited at 50ng/disk. But only one of the 
intermediates slightly inhibited the fungi at 50*ig/disk 
and that intermediate was identical to (_+)-pyrenolide B ex
cept for partial saturation of the ring and the double bond 
remaining intact in the dienone system. Also, (±)-pyrenolide 
B inhibited the growth of rice roots 40%, and shoot 30%, when 
applied at 100 ppm. 

Other toxins have also been synthesized and include race T 
toxin, a corn specific toxin originally isolated from the phy-
topathogen Helminthosporium maydis, which i s composed of an 
acyclic S-polyketol with 35-45 carbons. To date, four con
stituents of C 4 1 or C 3 g chain lengths which make up 70 to 
90% of the natural toxin have been elucidated and each con
stituent has virtually the same biological activity as the 
native material. While shorter chain lengths of C-,- to 
C 2 6 have been synthesized (23,24) and indicate thai the 
presence of a 8,S'-dioxooxy group and linking of two 
sets of ketol groups by a (CH 2) 5 bridge are essential for 
toxicity, as in race T toxin, the increase in chain length of 
carbon chain or increase in the number of ketol groups had 
not been examined. The C~5 chain length was the most effec
tive of the set synthesized yet i t was ten times less active 
than the natural toxin. Consequently, a C 4 1 stereoisomeric 
mixture of ( + ) -8 ,16,26,34-tetrahydroxy -6 ,10,14,18,24,28,32, 
36-octaoxohentetracontane, containing four B-ketol groups 
spaced by ( C H 2 ^ 3 a n c ^ ' C H 2 ^ 5 bridges (which occur in 
race T toxin) was prepared. Also, a C 2 3 analog with two of 
the 6-ketol groups spaced by a trimethylene bridge was 
made, that i s , (nh)-8,16-dihydroxy-6,1 0,14,18-tetraoxotrico-
sane. When each synthetic product was bioassayed in leaves 
of susceptible corn cultivars i t was shown that the 
material, in fact a mixture of 10 stereoisomers, stimulated 
NADH oxidation by mitochondria and inhibited dark C 0 2 

fixation as effectively as the native toxin. The C ^ 
product was approximately ten times less active than the 
native toxin in both these systems, and was as active as the 
C 2 5 product discussed earlier ( 2 5 ) . The same research 
group has also synthesized a stereoisomeric mixture of (_+)-PM 
toxin B originally found in the plant pathogen, Phyllosticta 
maydis, which destroys corn that has Texas-male sterile cyto
plasm. The toxin which i s primarily composed of PM-toxin B 
(6,14,22,30,32-pentahydroxy-8,16,24-trioxotritriacontane) i s 
toxic to the Texas-male sterile line at 1 0 " to 10 M 
while corn with normal f e r t i l e cytoplasm is unaffected with 
treatments of 10"" M. The mixture of stereoisomers com
prising PM-toxins B and having the syn-1 ,3-hydroxy configura
tion at C~Q and C~2 was as specific in toxic action to 
corn as the native toxin ( 2 6 ) . Two possibilities exist for 
each set of compounds. First, they may have application in 
other crops as herbicides but, as a minimum, the elucidation 
of the molecules that act as toxins in corn suggests that 
blocking agents may be found to protect susceptible 
cultivars. 
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10 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

One argument posed by c r i t i c s for using natural products 
in agriculture concerns abscisic acid, the compound f i r s t 
isolated from cotton bolls, Gossypium hirsutum L., (27) and 
dormant Sycamore buds, Acer pseudoplatanus (28), which i s a 
growth inhibitor in certain systems. To date, the compound 
has not been successfully used in agriculture even though 
there is ample evidence to support the fact that i t mediates 
several important events in plant growth and development. It 
has been synthesized and i s readily available from chemical 
supply houses. The 2-cis(+) form, which is the biologically 
active isomer, has been isolated from the fungi Cercospora 
cruenta (29), and Botrytis cinerea that has been irradiated 
with UV (30). Both the (2Z) and (2E)-deoxy-abscisic acid 
isomers were prepared (Figure 9) and tested against rice 
seedlings and lettuce seed. The (2Z) acid inhibited the 
growth of the seed leaf sheath of rice approximately 80% at 
10_4 M, but lettuce seed germination was inhibited 100% by 
10" M solutions. The_12E) acid inhibited rice second leaf 
sheaths only 20% at 10 _M and lettuce seed germination was 
inhibited 100% at 5 X 10 M (31)• It would appear that, 
eventually, a u t i l i t a r i a n homolog of abscisic acid w i l l be 
found for use in agriculture. 

Synthesis of compounds based on templates from higher plants. 
I f i r s t saw movies of J.W. Mitchell's work with the brassino-
steroids in the late winter of 1963. At that time, i t had 
been observed that an elongation response could be obtained 
in the bean second internode test upon treatment with ex
tracts of rape pollen (Brassica napus L.) and some years 
later a formal report followed (32). The Japanese had inde
pendently observed novel growth regulatory responses with 
extracts of Distylium racemosum Seib. et Zucc. and these were 
reported as Distylium factors A and B, which produced a dra
matic response in the rice lamina inclination test (33). How
ever, HPLC developments had not been perfected and the work 
was temporarily set aside. The final characterization of the 
brassinosteroid structure appeared in 1979, specifically that 
of brassinolide from B. napusf as (22R,23R)-2a-3a,22,23 
-tetrahydroxy-24S-methyl-S-homo-7-oxa-5a-cholestan-6-
one (34) (Figure 10). But, as is usually the case with 
biologically active natural products, much work was accom
plished between the i n i t i a l discovery of brassinolide and the 
final structure determination concerning i t s biological 
properties. "Brassins" from rape pollen enhanced the pro
duction of vegetation and frui t when applied to bean plants 
(35). Later, brassins were shown to accelerate the growth of 
barley plants in greenhouse and growth chamber experiments 
when seed had been treated prior to sowing (36); and bean 
plants treated with brassinosteroids were shown to be 
affected by light quality which influenced the growth regula
tory response (37). Further, i t was demonstrated that bras
sinolide affects very specific tissues that are sensitive to 
indole-3-acetic acid-induced growth and tissues that are 
gravi-perceptive (38). 
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1. CUTLER Natural Products in Agriculture 11 

While many of the later studies appear to be a search for 
the mechanism of action of the brassinosteroids, the Japanese 
have intensively approached the problem from three angles. 
The isolation of new brassinosteroids, the synthesis of bras
sinosteroids and their analogs, and the practical application 
of these materials for agrochemical use. Insofar as the 
isolation of new brassinosteroids is concerned, two recent 
reviews already cover this topic in detail (39, 40) the 
former complete with references, unfortunately, in untrans
lated Japanese. Indeed, there presently exist twenty-two 
new brassinosteroids and one glucosidic conjugate (39). What 
is important is the practical application of these materials 
to crops. Both brassinolide and 24-epibrassinolide (Figure 
11) have been used in f i e l d t r i a l s to promote the growth of 
young plants, according to seven Japanese references, and 
crop yields have been improved (41) in corn, cucumber, rice 
and sweet potato. Other applications have shown an increase 
in cold resistance in corn, cucumber, egg plant, and rice 
(42) . And decreased injury by the herbicide simetryn, 
butachlor, and pretilachlor has been noted in treated rice, 
while wheat treated with simazine was more tolerant to that 
herbicide after brassinolide pre-treatment (42). Rice has 
been made less susceptible to salt following treatment (42). 
Another, as yet puzzling effect is the ability of brassino
steroids to enhance disease resistance in Chinese cabbage to 
soft rot and in rice to sheath blight (42). Some pictures of 
these effects were shown at the Joint Plant Growth Regulator 
Society of America - Japan Society for the Chemical Regula
tion of Plants by S. Marumo (39) in 1987 and the f u l l impact 
of what these compounds may mean to agriculture became clear. 
The most remarkable slide was that of a brassinolide treated 
ear of corn (Zea mays L.) in which a l l the kernels had com
pletely f i l l e d out to the extreme tip. The control, on the 
other hand, exhibited the usual 1-2 inches of totally imma
ture kernels at the tip. This potential tip productivity 
represents as much as 5% of the total. Thus the potential 
economic impact is readily apparent and the accelerated 
effort by the Japanese in the area of synthesis is easily 
understood! 

A l l brassinolide syntheses require as starting materials, 
natural sterols and their degraded products, stigmasterol, 
brassicasterol, pregnenolone, and dinorcholenic acid, (39). 
Improvements have been made on the synthesis of brassinolide 
(43) and other derivatives have been produced. In 1984, the 
synthesis of hexanor-brassinolide 22-esters was accomplished 
by German workers (44) and some were active in the bean 
second internode bioassay including the methyl, ethyl, and 
n-propyl ethers. The t-butyl and ethyl methyl ethers were 
inactive (Figure 12) and none of these derivatives contained 
the C 2 2, C2~, or C~4 asymmetric centers. Homodolicho-
lide and homodolicnosterone (Figures 13 and 14), originally 
isolated from the immature seed of Dolichos lablab, are bras
sinosteroids that possess plant growth promoting properties. 
These, too, have been made (45) in a series of short-step 
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BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

COOH 

(2Z) (2E) 
Figure 9. 2Z and 2E-deoxy-abscisic acid. 

Figure 11. 24-epibrassinolide . 

Figure 12. Hexanor-brassinolide 22-esters. 
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1. CUTLER Natural Products in Agriculture 13 

syntheses. Recently, the facile synthesis of brassinolide, 
castasterone (Figure 15), teasterone (Figure 16), and 
typhasterol (Figure 17) has been accomplished using the key 
intermediate (22R,23R,24S)-3a,5-cyclo-22-23-diacetoxy-
5cc-ergostan-6-one (46)• Fairly complex syntheses have 
been used to modify the 7 membered B ring pf (22S,23S) and 
(22R,23R)- homobrassinolide to effect the production of the 
7-aza, 7-thia, and 6-deoxo compounds (47) each of which 
exhibited weak biological activity in the rice-lamina 
inclination assay. From the frenetic activity surrounding 
the brassinosteroids i t seems that a patented agrochemical 
may well be on the market within a few years and that product 
w i l l most probably be a Japanese one that has broad spectrum 
application. 

Another recent advance that has significance for the devel
opment of natural product agrochemicals are the photodynamic 
herbicides. While a recent comprehensive review has covered 
the topic (48), reference is given in this overview because 
of the implications that this new approach offers. Simply, 
the concept of photodynamic herbicides revolves around two 
principles. First, one of the vulnerable processes is that 
of greening during plant growth and development. Second, 8-
aminolevulinic acid (Figure 18) is a natural amino acid that 
can supply a l l the atoms necessary to build protoporphyrin. 
Specifically, two molecules of 8-aminolevulinic acid may 
condense to form porphobilinogen and four molecules of this 
contribute to porphyrin synthesis. Chlorophyll is a 
magnesium-porphyrin derivative, a tetrapyrrole. It was 
postulated that i f green plants could be chemically treated 
to induce large amounts of chlorophyll precursors, that i s , 
tetrapyrroles, then a mechanism for the production of biode
gradable herbicides existed. The theory being that magnesium-
tetrapyrroles are type II photosensitizers (49,50,51) and 
absorb light energy to photosensitize the formation of 
singlet oxygen. This, in turn leads to a free radical chain 
reaction that destroys membranes, proteins, and nucleic acids 
(51). 

Preliminary experiments were conducted with 8-aminole
vulinic acid sprayed onto cucumber seedlings (Cucumis sativus 
L.) at rates of 525 gram/acre (48). The plants were covered 
with aluminum f o i l so that dark conversion of the 8-amino
levulinic acid could take place. Indeed, the experiments 
progressed as expected in that 8-aminolevulinic acid was 
converted to magnesium-protoporphyrins and protochloro-
phyllides. Upon exposure to light, treated plants rapidly 
degraded and died within a few hours, whereas those kept in 
the dark survived. It transpired that the choice of cucumber 
as a test plant was most serendipitous. When 8-aminolevu
l i n i c acid was tested against monocotyledonous plants such as 
barley, corn, oat, and wheat, the effects were negligible. 
Depending upon the species of plant treated, a Type I, II, or 
III response was obtained. Type I plants were those that 
died rapidly after treatment, as did cucumber. Type II 
plants, such as soybean, accumulated tetrapyrroles in leaves, 
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1. CUTLER Natural Products in Agriculture 15 

but not cotyledons and stems and, upon exposure to light, 
there was photo-dynamic damage in the leaves only and plants 
soon recovered. Type III plants, including barley, oat, 
corn, and wheat, accumulated high levels of tetrapyrroles but 
photodynamic damage was minimal and these plants survived. 
Further examination revealed that there was a multibranched 
chlorophyll a biosynthetic pathway consisting of six routes 
and the species-dependent photodynamic herbicide activity was 
directly dependent upon monocarboxylic routes 2 and 3, and 4 
and 5 (48). It became apparent that certain compounds may 
act as photodynamic herbicide modulators and, depending upon 
the modulator used, the action of 8-aminolevulic acid could 
be enhanced. The search for modulators uncovered 13 
compounds that acted in concert with 8-aminolevulinic acid 
and served to control the biosynthesis of chlorophyll a. 
These f e l l into three groups. The f i r s t group enhanced 
8-aminolevulinic acid transformation to tetrapyrroles and 
were 2-pyridine aldoxime; 2-pyridine aldehyde; picolinic 
acid; 2,2 1-dipyridyl disulfide, 2,2 1-dipyridyl amine; 4,4'-
dipyridyl, and phenanthridine. The second group were 
inducers of 8-aminolevulinic acid biosynthesis and subse
quent tetrapyrrole accumulation and were comprised of 2,2f-
dipyridyl and 1,1O-phenanthroline. The final group inhibited 
monovinyl protochlorophyllide accumulation and these com
pounds were 2,3-dipyridyl; 2,4-dipyridyl; 1,7-phenanthroline; 
and 4,7-phenanthroline (48). 

In a fine piece of scientific sleuthing, the authors put 
their findings to a practical test in a Kentucky bluegrass 
lawn that they had d i f f i c u l t y establishing because of the 
precocious growth of creeping charlie (Glechoma hederacea), 
common yellow wood sorrel (Oxalis stricta L.), blackseed 
plantain (Plantago rugelii Dene), dandelion (Taraxacum 
officinale Weber), violet (Viola adunea) and musk thistle 
(Carduus nutans). After placement of each species into i t s 
type, i t was decided that the best strategy would be to spray 
the plots with 8-aminolevulinic acid plus 2,2 1-dipyridyl 
(524 gram of 8-aminolevulinic acid plus 403 gram 2,2'-
dipyridyl/acre). With the exception of violet the control of 
a l l broadleaved weeds was excellent and, of course, the 
dynamics of the violet plant are presently under scrutiny 
(48). The lawn is becoming well established and the environ
ment appears to be clean of any residual herbicides. 

Synthesis of compounds based on templates from insects, or 
natural products that affect insects. Those compounds that 
have been isolated from insects, which possess biological 
activity and have subsequently been copied by chemical syn
thesis are, for the most part, the insect pheromones. Be
cause this i s the topic of another recent symposium honoring 
J. Tumlinson on the occasion of the Burdick and Jackson 
Award, i t is not covered here. Neither is pyrethrin discussed 
even though i t has been used as a model upon which the highly 
successful pyrethroids have been developed. Instead, some 
recent development of compounds that affect insects are 
illustrated. 
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16 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Much has been written about the effects of black pepper 
(Piper nigrum L .) extracts on house f l i e s (52,53,54) especi
ally the compounds piperine, pellitorine, and pipericide. In 
a particularly imaginative piece of work, Nair et a l . , (55) 
isolated Z and E-fadyenolide (Figure 19) from Piper fadyenii 
with a view to accomplishing two goals. To open the fadyeno-
lide ring at the oxygen bridge, and to replace the exocyclic 
carbonyl with a nitrogen thereby making a piperine analog. 
To produce the pyrethrin analog: that i s , the structure would 
be almost identical to the piperine analog except that adja
cent to the methyoxyl group originally present on the ring of 
fadyenolide there would now be a cyclopropane function. In 
fact, during the syntheses three hybrid compounds were pro
duced which were amides of 3,5-dimethyloxy-4-oxo-5-phenyl-
pent-2-enoic acid (Figure 20). Tests were conducted on adult 
cockroaches (Blatella germanica L .) and within 3 hours a l l 
the amides paralyzed the insects and within a day they were 
dead. Flour beetles (Tribolium confusum) were also chal
lenged with amides A, B, and C and the LC was established 
as 30, 28, and 27 ppm, respectively. None of the products 
were active against cattle ticks (Boophilis microplus), but 
egg production appeared to be inhibited 50-70% with appli
cations of 0.5 and 1 .Ojig/tick. One major drawback to the 
use of these compounds seems to be their photodegradation, 
though depending upon the circumstances this characteristic 
may be considered an attribute. 

Other compounds of Piper species have served as templates 
for biologically active derivatives. For example (56), using 
the parent compound (2E,4E)-N-isobutyl-6-phenyl-hexa-2,4-die-
namide, seven derivatives were synthesized that showed bio
logical activity (Figure 21). Each of these analogs was made 
because of the relationship to tetrahydroanacyclin, a com
pound having weak biological activity and in which the acy
c l i c diene system was seen as equivalent to a phenyl ring; 
this strategy paralleling that used in the synthesis of pyre-
thriods (57). A l l compounds (Figure 21) were up to four 
times more effective against super-kdr strains of adult 
houseflies (Musca domestica L .) than the susceptible strain. 
Thus, the results obtained with the N-alkylamides suggest 
that they may combat resistance conferred by the super-kdr 
genetic background which delays the onset of knockdown and 
k i l l by DDT, i t s analogs, and by the pyrethroids (58). 

Even esoteric compounds, in the sense that they appear to 
be highly specific in activity against a relatively small 
insect population, have been synthesized. These include 
osmundalactone, the aglycone of osmundalin from the fern 
Osmunda j aponia Thunberg. Osmundalactone i s a congener of 
phomalactone, acetylphomalactone, asperlin, olguin, and 
phomopsolide: a l l oligoketides and fungal products. Also, 
osmundalactone is a feeding inhibitor for the larvae of the 
butterfly Eurema hecabe mandarina (59). Synthesis of osmunda
lactone, (5R,6S)- 5,6-dihydro-5-hydroxy-2H-pyran-2-one and 
i t s diasterosisomers (5S,6S)-5,6-dihydro-2H-pyan-2-one 
(Figure 22) was from 3-triethylsiloxy-1-propyne and (S)-1-
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1. CUTLER Natural Products in Agriculture 17 

O 

Figure 17. Typhasterol. 

NH 2 

H 2 C-C-CH 2 -CH 2 -COOH 
ii ' 
O 

Figure 18. 8 -aminolevulinic acid. 

:0 

CH 3 0 

Figure 19. Z + E Fadyenolide . 

C. R = N O 
\ / 

Figure 20. Amides of 
3,5-dimethoxy-4-oxo-5-phenylpent-2-enoic acid. 
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18 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Ri R 2 
R 3 

1. PHENYL H H 
2. 3,5-DIFLUOROPHENYL H C H 3 

3. DIBENZOFURAN-3-YL H C H 3 

4. DIBENZOFURAN-3-YL CH 3 H 
5. 5-BROMONAPHTH-2-YL H C H 3 

6. 5-BROMONAPHTH-2-YL CH 3 H 
7. 7-FLUORONAPHTH-2-YL CH 3 H 

Figure 21. (2E,4E)-N-isobutyl-6-phenyl-hexa-2,4-dienamide, 
and derivates . 

(5R,6S)-5,6-DIHYDRO-5-HYOROXY-2H-PYRAN-2-ONE 

(5S,6S)-5,6-DIHYDRO-5-HYDROXY-2H-PYRAN-2-ONE 

Figure 22. (5Rr 6S)-5,6-Dihydro-5-hydroxy-2H-pyran-2-one, 
(5S,6S)-5,6-Dihydro-5-hydroxy-2H-pyran-2-one. 

Figure 23. Ancistrofuran . 

Figure 24. 4-Dodecanolide . 
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1. CUTLER Natural Products in Agriculture 19 

methyl-2-oxoethylbenzoate (60) to yield 60 mg of the former 
and 78 mg of the latter. 

Defense secretions have also been the subject of isolation 
and synthesis. Two are given as recent examples. Ancistrofu-
ran (Figure 23) is the major chemical secreted by the West 
African termite, Ancistrotermes cavithorax, soldier, (61). 
While previously somewhat complex syntheses have been re
ported, a simple procedure has been discovered in which 
9-hydroxydendrolasin is cyclized to produce ancistrofuran and 
its C2 epimer (62). 

Another defensive secretion has been isolated from the 
pygidial glands of the rove beetles, Bredius mandebularis and 
B. spectabilis (63), and identified as 4-dodecanolide (Figure 
24). Oddly enough, this compound has also been isolated from 
assorted fruits (64,65,66) and butterfat (67,68). Synthesis 
of enantiomers of 4-dodecanolide was achieved from (S)- and 
(R)-2-aminodecanoic acid in gram quantities (69). 

Conclusion. The wide array of secondary metabolites that pos
sess biological activity is striking. While there is a cer
tain degree of crossover, for example, Piper sp. natural pro
ducts that affect insects, one is particularly struck by the 
relative lack of inter-disciplinary cooperation. But, as the 
complete synthesis of natural products becomes more common or 
genetic engineering gives rise to greater biosynthetic produc
tion of useful secondary metabolites, i t is hoped that enough 
of the materials will be available for testing in several, 
apparently unrelated, systems. It is further hoped that 
promising lead chemicals will be synthetically adapted to 
fu l f i l l specific roles. 
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Chapter 2 

Tentoxin: A Cyclic Tetrapeptide Having 
Potential Herbicidal Usage 

Alan R. Lax and Hurley S. Shepherd 

Microbial/Plant Technology Research Unit, Southern Regional Research 
Center, U.S. Department of Agriculture, New Orleans, LA 70179 

Tentoxin, a chlorosis-inducing cyclic tetrapeptide 
from Alternaria alternata, shows promise for use 
as a biorational herbicide and to identify novel 
target enzyme systems for the design of other 
selective herbicides. Specific effects on thy
lakoid and chloroplast envelope ATPases and on 
protein transport into the chloroplast have 
been identified as potential herbicidal target 
sites. A major impediment to development of 
tentoxin as a commerical herbicide is the 
limited production of the toxin by A. alternata. 
Identification of fungal viruses associated with 
tentoxin producing strains of the fungus 
provides some promise of increasing biosynthetic 
capabilities through traditional fermentation 
technology, semisynthetic production, or through 
bioengineering of organisms to provide economical 
levels of the toxin. 

The w i d e s p r e a d use o f h e r b i c i d e s i n t h e a g r i c u l t u r e o f i n d u s t r i a l i 
z e d n a t i o n s i s w e l l e s t a b l i s h e d . C o n t i n u e d a p p l i c a t i o n o f s u c h 
compounds has l e d t o t h e s e l e c t i o n o f weeds h a v i n g r e s i s t a n c e t o 
e s t a b l i s h e d h e r b i c i d e s and t o weeds p h y s i o l o g i c a l l y more c l o s e l y 
r e s e m b l i n g t h e c r o p s p e c i e s t h e y a f f e c t . Reduced t i l l a g e 
a g r i c u l t u r a l p r a c t i c e s have c r e a t e d an i n c r e a s e d r e l i a n c e on 
h e r b i c i d e s w h i l e e n v i r o n m e n t a l c o n c e r n s d i c t a t e a more j u d i c i o u s use 
o f p o t e n t i a l l y d e t r i m e n t a l compounds. The c o s t o f h e r b i c i d e 
d e v e l o p m e n t v i a t r a d i t i o n a l a p p r o a c h e s has r i s e n b e c a u s e o f t h e 
extreme numbers o f compounds w h i c h must be s c r e e n e d t o y i e l d a 
s u c c e s s f u l p r o d u c t . I n c r e a s i n g l y i n d u s t r y i s t u r n i n g t o n a t u r a l 
p r o d u c t s t o p r o v i d e new compounds o r c h e m i s t r i e s s a t i s f y i n g b o t h 
e f f i c a c y and s a f e t y c r i t e r i a f o r c o m m e r c i a l d e v e l o p m e n t . 

One new s t r a t e g y i s t h e use o f p a t h o g e n i c m i c r o o r g a n i s m s i n a 
b i o l o g i c a l c o n t r o l program ( 1 ) . Two suc h h e r b i c i d e s , C o l l e g o and 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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2. LAX AND SHEPHERD Tentoxin: Potential Herbicide 25 

D e v i n e , have been c o m m e r c i a l l y e x p l o i t e d b u t have e x p e r i e n c e d 
l i m i t e d use bec a u s e o f t h e l i m i t e d g e o g r a p h i c a l d i s t r i b u t i o n and 
economic i m p o r t a n c e o f t h e i r weed h o s t s ( 1 , 2 ) . O t h e r c o n s t r a i n t s t o 
d i r e c t m i c r o b i a l use i n v o l v e t h e l o n g e v i t y o f t h e p r o p a g u l e s p r i o r 
t o a p p l i c a t i o n , p o s s i b l e e n v i r o n m e n t a l l i m i t a t i o n s , and s t o r a g e 
s p ace l i m i t a t i o n s ( 3 ) . The p o t e n t i a l f o r e x p l o i t a t i o n o f t h e s e 
b i o l o g i c a l h e r b i c i d e s has been t h o r o u g h l y r e v i e w e d and w i l l n o t be 
c o n s i d e r e d f u r t h e r h e r e ( 1 - 3 ) . 

The p o t e n t i a l f o r t h e use o f m i c r o b i a l l y d e r i v e d t o x i n s as 
p e s t i c i d e s has a l s o been t h o r o u g h l y r e v i e w e d r e c e n t l y ( 2 , 3 ) . I n t h e 
p r e s e n t r e v i e w , we i d e n t i f y one s u c h t o x i n f o r w h i c h c o m m e r c i a l 
d e v e l o p m e n t has been s u g g e s t e d f o r e x a m i n a t i o n i n g r e a t e r d e t a i l . 
T h i s r e v i e w i s meant n o t t o be e n c y c l o p e d i c o r e x h a u s t i v e , b u t 
r a t h e r t o s u g g e s t and d e f i n e a r e a s o f r e s e a r c h w h i c h may p e r m i t 
f u r t h e r u t i l i z a t i o n o f n a t u r a l p r o d u c t s i n an i n t e g r a t e d p e s t 
c o n t r o l program. T e n t o x i n has been s e l e c t e d f o r c o n s i d e r a t i o n 
b e c a u s e o f i t s b r o a d a c t i v i t y on a number o f m a j o r weed s p e c i e s i n 
c o r n and soybean w i t h o u t any d i s c e r n a b l e e f f e c t on t h o s e c r o p s ( 2 ) . 

T o x i n s p r o d u c e d by p l a n t pathogens 

Many p a t h o g e n i c o r g a n i s m s produce t o x i n s h a v i n g g r e a t e r o r l e s s e r 
d e g r e e s o f h o s t s p e c i f i c i t y w h i c h c a u s e o r c o n t r i b u t e t o t h e 
p a t h o g e n i c i t y o f t h e p r o d u c i n g o r g a n i s m ( 3 ) . I t i s n o t a b r o a d 
l o g i c a l jump t o c o n s i d e r t h e use o f s u c h t o x i n s r a t h e r t h a n t h e 
p r o d u c i n g o r g a n i s m i n a b i o r a t i o n a l p e s t c o n t r o l program. A number 
o f p h y t o t o x i n s p r o d u c e d by m i c r o o r g a n i s m s a r e known w h i c h i n d u c e 
symptoms on o n l y t h o s e s p e c i e s o r even v a r i e t i e s w i t h i n a s p e c i e s 
w h i c h a r e s u s c e p t i b l e t o t h e p a t h o g e n , t h u s h o s t - s p e c i f i c t o x i n s . 
Examples o f t h e s e h o s t s p e c i f i c t o x i n s a r e AM and AK t o x i n s p r o d u c e d 
by A l t e r n a r i a c a u s i n g d i s e a s e symptoms on a p p l e and p e a r , 
r e s p e c t i v e l y , and HC and HMT t o x i n s p r o d u c e d by H e l m i n t h o s p o r i u m 
spp. c a u s i n g symptoms on s u s c e p t i b l e m a i z e v a r i e t i e s ( 4 , 5 ) . These 
t o x i n s among many o t h e r s a r e known p r i m a r i l y b e c a u s e o f t h e i r 
a s s o c i a t i o n w i t h d i s e a s e - c a u s i n g o r g a n i s m s o f c o m m e r c i a l l y v a l u a b l e 
c r o p s p e c i e s , w i t h few e x c e p t i o n s ( 6 ) . L i t t l e i s known o f h o s t 
s p e c i f i c t o x i n s p r o d u c e d by pathogens o f weeds, i n p a r t b ecause o f 
t h e p a u c i t y o f p h y s i o l o g i c a l r e s e a r c h on s u c h h o s t / p a t h o g e n 
r e l a t i o n s h i p s . T a r g e t i n g weeds h a v i n g m a j o r economic i m p a c t t o 
d i s c o v e r s u c h h o s t - s p e c i f i c t o x i n s s h o u l d p r o v e t o be a f r u i t f u l 
a r e a o f r e s e a r c h ( 6 ) . P o t e n t i a l l i m i t a t i o n s t o t h e h e r b i c i d a l use 
o f h o s t - s p e c i f i c t o x i n s l i e i n t h e i r extreme s p e c i f i c i t y w i t h t h e 
p r o b a b i l i t y o f c o n t r o l l i n g o n l y a s i n g l e weed s p e c i e s , and t h e 
p o s s i b i l i t y o f r e s i s t a n c e w i t h i n weed b i o t y p e s b e c a u s e o f e x t e n s i v e 
c o - e v o l u t i o n o f s u c h h o s t - p a t h o g e n c o m b i n a t i o n s . The d i s c o v e r y o f 
s u c h t o x i n s c o u l d however, p r o v i d e t h e b a s i s f o r c h e m i c a l 
m a n i p u l a t i o n t o i n c r e a s e d t o x i c i t y o r d e c r e a s e d s p e c i f i c i t y 
r e s u l t i n g i n an i n c r e a s e d range o f weeds t h a t c o u l d be c o n t r o l l e d 
( 3 ) . S t r u c t u r e / a c t i v i t y i n v e s t i g a t i o n and c h a r a c t e r i z a t i o n o f t h e 
m o l e c u l a r mechanisms u n d e r l y i n g t h e s p e c i f i c i t i e s o f s u c h compounds 
c o u l d r e s u l t i n t h e d e s i g n o f s i m p l e r , more c h e a p l y p r o d u c e d 
s y n t h e t i c a n a l o g s as h e r b i c i d e s ( 3 ) . Such s t u d i e s a l s o c o u l d 
p r o v i d e n o v e l t a r g e t s i t e s f o r t h e d e s i g n o f p e s t i c i d e s h a v i n g t h e 
r e q u i s i t e s p e c i f i c i t i e s f o r c l o s e l y a l l i e d crop/weed a s s o c i a t i o n s 
s i n c e most n a t u r a l p r o d u c t t o x i n s f o r w h i c h a m o l e c u l a r t a r g e t s i t e 
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are known d i f f e r from s i t e s a f f e c t e d by present commercial 
h e r b i c i d e s (3). 

Non-host-specific toxins 

P o t e n t i a l l y more promising research l i e s i n non-host s e l e c t i v e 
toxins which a f f e c t species other than those i n f e c t e d by the 
producing organism. Several f a c t o r s contribute to t h i s p r o b a b l i t y : 
1) considerably more i s understood chemically and p h y s i o l o g i c a l l y 
about the non-host s p e c i f i c toxins and 2) the p o t e n t i a l l y broader 
range of weeds which may be c o n t r o l l e d through a s i n g l e a p p l i c a t i o n . 
The remainder of t h i s d i s c u s s i o n w i l l focus p r i m a r i l y upon the 
discovery and c h a r a c t e r i z a t i o n of one such t o x i n , tentoxin, and 
assessment of i t s promise as a h e r b i c i d e . Tentoxin i s a c y c l i c 
t e t r a peptide produced by the fungus A l t e r n a r i a a l t e r n a t a (4). 
Industry has expressed i n t e r e s t i n commercial development of 
tentoxin, among other phytotoxins, and a thorough d i s c u s s i o n of 
successes i n understanding t h i s t oxin demonstrates p o t e n t i a l f o r 
discovery and development of h i t h e r t o unknown compounds. As w e l l , 
p o t e n t i a l shortcomings demonstrate the problems which must be 
surmounted i n the development of t h i s under-represented c l a s s of 
p e s t i c i d e s . 

While several important herbicides have been synthesized as 
analogues of n a t u r a l products (3), herein we w i l l consider only the 
a c t i v i t y and biosynthesis of the n a t u r a l t o x i n . A f u l l 
c o n s i d e r a t i o n of the synthesis of the t o x i n and i t s analogues as 
w e l l as f u n c t i o n a l determinants of i t s t o x i c i t y i s provided i n 
another chapter of t h i s volume. 

Discovery 

As with the discovery of most presently known phytotoxins the 
discovery of tentoxin r e s u l t e d from i t s t o x i c e f f e c t s on an 
important crop species. Cotton's s u s c e p t i b i l i t y to c h l o r o s i s 
induced by tentoxin r e s u l t e d i n c h l o r o t i c seedlings and diminished 
stands of cotton (4,7). The causal organism associated with the 
seedling disease was A l t e r n a r i a tenuis (-A. a l t e r n a t a ) (4,7). 

I t was found that c e l l - f r e e c u l t u r e f i l t r a t e s of the fungus when 
ap p l i e d as a s o i l drench r e s u l t e d i n i d e n t i c a l symptoms, thus 
e s t a b l i s h i n g an e x t r a c e l l u l a r metabolite as the causal agent of the 
c h l o r o s i s (4,7). The discovery of many other toxins which are 
primary determinants of plant disease have r e s u l t e d from t h e i r 
e f f e c t on commercially important crop species. Examples of such 
d i s c o v e r i e s include the h o s t - s e l e c t i v e toxins AM, AK, HMT, and HC 
toxins (3). To date, however, there have been only few of the many 
known fungal pathogen toxins described as a r e s u l t of t h e i r e f f e c t s 
on non-crop species. This lack of discovery probably r e f l e c t s the 
l i m i t e d research i n t h i s area rather than a paucity of toxins 
a f f e c t i n g weed species. 

I t i s i n t h i s area that major studies may be made, e s p e c i a l l y 
through t a r g e t i n g of one or several p a r t i c u l a r l y troublesome weeds 
and thorough examination of pathogens which i n f e c t these weeds. 
Industry i s i n f a c t dedicating some e f f o r t i n the area of 
weed/pathogen research with the p o t e n t i a l f o r discovery of new 
c l a s s i c a l b i o l o g i c a l c o n t r o l organisms and/or toxins derived 
from them (3). 
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2. LAX AND SHEPHERD Tentoxin: Potential Herbicide 27 

W h i l e many o f t h e c u r r e n t l y known t o x i n s show extreme 
s p e c i f i c i t y w i t h i n t h e g e n e r a o r even w i t h i n s p e c i e s w h i c h t h e i r 
p r o d u c i n g m i c r o o r g a n i s n s a f f e c t , we know o f no r e p o r t s o f t h e 
s y s t e m a t i c e x a m i n a t i o n o f t h e p o s s i b i l i t y t h a t t h e s e t o x i n s o r t h e i r 
a n a l o g u e s may a f f e c t d i s t a n t l y r e l a t e d weed s p e c i e s . 

Mode o f a c t i o n and i d e n t i f i c a t i o n o f p o t e n t i a l t a r g e t s i t e s . 

A f t e r i s o l a t i o n and t h e d i s c o v e r y o f t h e t o x i n s t r u c t u r e , f o l l o w s 
c h a r a c t e r i z a t i o n o f t h e m o l e c u l a r s i t e s o f t o x i c i t y . The n a t u r e o f 
t h e s i t e o f a c t i o n i s known f o r s e v e r a l o f t h e e a r l i e r m e n t i o n e d 
p h y t o t o x i n s w h i l e f o r o t h e r s t h e m o l e c u l a r t a r g e t r e m a i n s 
u n e l u c i d a t e d ( 2 , 3 ) . E a r l y r e s u l t s c o n c e r n i n g t e n t o x i n mode o f 
a c t i o n f o c u s e d on i t s i n h i b i t i o n o f t h e ATPase a c t i v i t y o f 
c h l o r o p l a s t c o u p l i n g f a c t o r 1 (CFn.) ( 8 ) . T e n t o x i n a t some 
c o n c e n t r a t i o n s was shown t o i n h i b i t ATPase a c t i v i t y o f t h e CF X 

i s o l a t e d f r o m t o x i n - s e n s i t i v e b u t n o t i n s e n s i t i v e s p e c i e s ( 8 ) . 
M o r e o v e r , i n i s o l a t e d c h l o r o p l a s t s t e n t o x i n was shown t o i n h i b i t 
c o u p l e d p h o t o s y n t h e t i c e l e c t r o n t r a n s p o r t t h u s a c t i n g as an e n e r g y 
t r a n s f e r i n h i b i t o r ( 9 ) . The r e s u l t i n g l o s s o f m e t a b o l i c e n e r g y was 
t h o u g h t t h e r e f o r e t o r e s u l t i n t h e l a c k o f c h l o r o p l a s t d e v e l o p m e n t 
and c h l o r o s i s c h a r a c t e r i s t i c o f t e n t o x i n e f f e c t s . E l e c t r o n 
m i c r o s c o p i c e x a m i n a t i o n , however, r e v e a l e d t h a t t e n t o x i n d i s r u p t e d 
d e v e l o p m e n t i n a p i c a l p l a s t i d s and e t i o p l a s t s , b o t h t i s s u e s i n w h i c h 
e f f e c t s on CFx-dependent p h o s p h o r y l a t i o n s h o u l d have no e f f e c t s ( 1 0 -
1 2 ) . M o r e o v e r , t h e t e n t o x i n t r e a t e d p l a s t i d s m o r p h o l o g i c a l l y 
r e s e m b l e d p l a s t i d s o f a mutant o f H o s t a w h i c h l a c k e d p o l y p h e n o l 
o x i d a s e (PPO) ( 1 3 ) . I n a s e r i e s o f e x p e r i m e n t s , Vaughn and Duke 
d e m o n s t r a t e d t h a t PPO a c t i v i t y was a b s e n t f r o m t e n t o x i n t r e a t e d 
p l a s t i d s , e t i o p l a s t s and a p i c a l p l a s t i d s and t h a t t h e n u c l e a r l y 
e n c o d e d , i n a c t i v e enzyme a c c u m u l a t e d a t t h e c h l o r o p l a s t e n v e l o p e 
( 1 0 - 1 2 ) . These r e s u l t s s u g g e s t e d t h a t a p r o c e s s i n v o l v e d i n t h e 
t r a n s p o r t o f PPO i n t o t h e c h l o r o p l a s t may be i n v o l v e d i n t h e t o x i n 
syndrome. That t h i s t r a n s p o r t i n h i b i t i o n i s s p e c i f i c and n o t a 
r e s u l t o f o v e r a l l e n e r g y (ATP) d i s r u p t i o n i s d e m o n s t r a t e d by t h e 
p r e s e n c e i n t o x i n - t r e a t e d p l a s t i d s o f o t h e r n u c l e a r l y encoded 
p r o t e i n s , n o t a b l y ferredoxin-NADP"*- r e d u c t a s e (FNR) ( 1 4 ) , l i g h t 
h a r v e s t i n g c h l o r o p h y l l complex (LHC) ( L a x u n p u b l i s h e d ) and s m a l l 
s u b u n i t o f r i b u l o s e b i s p h o s p h a t e c a r b o x y l a s e / o x y g e n a s e ( L a x 
u n p u b l i s h e d ) , a l l p l a s t i d i c enzymes w h i c h have been d e m o n s t r a t e d t o 
be t r a n s p o r t e d i n t o t h e c h l o r o p l a s t i n an e n e r g y - d e p e n d e n t manner. 
F i g u r e 1 shows t h a t o n l y m i n o r d i f f e r e n c e s e x i s t i n t h e p o l y p e p t i d e 
p r o f i l e o f e t i o p l a s t s f r o m c o n t r o l and t e n t o x i n - t r e a t e d p l a n t s , 
a g a i n i n d i c a t i v e o f a s e l e c t i v e d i s r u p t i o n o f i m p o r t o f o n l y one o r 
a few n u c l e a r l y - e n c o d e d c h l o r o p l a s t p r o t e i n s . T h a t o n l y m i n o r 
d i f f e r e n c e s a r e n o t e d e a r l y i n o ntogeny p r i o r t o p l e i o t r o p i c e f f e c t s 
due t o l a c k o f c h l o r o p l a s t d evelopment s t r e n g t h e n t h e argument t h a t 
o n l y one o r a few s p e c i f i c p r o t e i n s a r e a f f e c t e d . 

W h i l e some o f t h e above e f f e c t s o f t e n t o x i n c o u l d be m e d i a t e d 
t h r o u g h i n h i b i t i o n o f e n e r g y t r a n s d u c t i o n by t e n t o x i n * s known 
e f f e c t s on C F X , s e v e r a l f u r t h e r l i n e s o f e v i d e n c e i n d i c a t e t h a t t h e 
p r i m a r y l e s i o n c a u s e d by t e n t o x i n t r e a t m e n t l i e s i n o t h e r c e l l u l a r 
p r o c e s s e s . F i r s t , o n l y one o f t h r e e C F X i s o z y m e s i s o l a t e d t h r o u g h 
e l e c t r o p h o r e s i s show t e n t o x i n s e n s i t i v i t y , and t h e s e n s i t i v i t y o f 
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28 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Figure 1. Polypeptide p r o f i l e of c o n t r o l (C) and tentoxin-
treated (T) e t i o p l a s t s i s o l a t e d from dark-grown 
l e t t u c e cotyledons. Proteins were s o l u b i l i z e d i n 
l i t h i u m dodecyl s u l f a t e and electrophoresed on 
polyacryamide slab g e l s . Proteins were s i l v e r 
stained. Note the minor d i f f e r e n c e s i n p r o t e i n 
p r o f i l e s . Small arrows i n d i c a t e absence and large 
arrows denote presence of proteins i n the tentoxin 
p r o f i l e compared to the c o n t r o l p r o f i l e s . 
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2. LAX AND SHEPHERD Tentoxin: Potential Herbicide 29 

t h i s i s o z y m e i s s e e n o n l y a t low t o x i n c o n c e n t r a t i o n s , w h i l e 
c h l o r o s i s m e d i a t e d by t e n t o x i n t r e a t m e n t shows no a l l e v i a t i o n a t 
h i g h e r t o x i n c o n c e n t r a t i o n s ( 1 5 ) . S e c o n d l y , Zea mays, w h i c h i s 
i n s e n s i t i v e i n v i v o t o c h l o r o s i s c a u s e d by t e n t o x i n , has a CF X 

i s o z y m e w h i c h i s t o x i n s e n s i t i v e . F i n a l l y , t h e most c o m p e l l i n g 
argument a g a i n s t C F x - m e d i a t e d c h l o r o s i s i s p r o v i d e d by t h e 
s e n s i t i v i t y t o t e n t o x i n o f a CFo. d e f e c t i v e mutant o f O e n o t h e r a 
h o o k e r i ( 1 5 ) . W h i l e t e n t o x i n - m e d i a t e d c h l o r o s i s does n o t a p p e a r t o 
be s o l e l y o r p r i m a r i l y dependent upon t e n t o x i n ' s e f f e c t s on CF X 

t h e r e i s no argument t h a t t e n t o x i n and some o f i t s a n a l o g u e s do 
p o s s e s s a s p e c i e s s p e c i f i c e f f e c t on CF X w h i c h may p r o v e v a l u a b l e i n 
t h e d e s i g n o f CF X e f f e c t o r s w h i c h c o u l d be e f f e c t i v e as s e l e c t i v e 
h e r b i c i d e s . 

More r e c e n t e v i d e n c e f r o m our l a b i n d i c a t e s t h a t a n o t h e r 
m o l e c u l a r t a r g e t s i t e f o r t e n t o x i n m e d i a t e d c h l o r o s i s may e x i s t a t 
t h e c h l o r o p l a s t e n v e l o p e , t h e known s i t e o f a c c u m u l a t i o n o f i n a c t i v e 
PPO i n t e n t o x i n - t r e a t e d t i s s u e s . F i g u r e 2 shows t h e s e n s i t i v i t y o f 
one o f two c h l o r o p l a s t e n v e l o p e a s s o c i a t e d ATPases w h i c h c a n be 
s e p a r a t e d e l e c t r o p h o r e t i c a l l y . W h i l e i t r e m a i n s t o be d e m o n s t r a t e d 
t h a t t h e s e e n v e l o p e - a s s o c i a t e d ATPases a r e a s s o c i a t e d w i t h p r o c e s s e s 
i n v o l v e d i n p r o t e i n i m p o r t i n t o t h e c h l o r o p l a s t , i t has been 
d e m o n s t r a t e d f o r a number o f n u c l e a r - c o d e d p r o t e i n s t h a t s u c h i m p o r t 
i s an ATP-dependent p r o c e s s ( 1 6 , 1 7 ) . That t h e r e a r e a t l e a s t two 
e n v e l o p e a s s o c i a t e d ATPases h a v i n g d i f f e r e n t s e n s i t i v i t i e s t o 
t e n t o x i n c o u l d be i n v o k e d t o e x p l a i n t h e d i f f e r e n t s e n s i t i v i t i e s o f 
t h e known i m p o r t e d p r o t e i n s ( e . g . , PPO, FNR, SS) t o i n h i b i t i o n by 
t e n t o x i n . I t i s a l s o p o s s i b l e t h a t t h e above m e n t i o n e d e n v e l o p e -
a s s o c i a t e d ATPases a r e u n r e l a t e d t o t h e i m p o r t p r o c e s s e s . 
D i f f e r e n t i a l s e n s i t i v i t i e s o f t h e s e e n v e l o p e ATPases t o t e n t o x i n 
s u g g e s t y e t a n o t h e r m o l e c u l a r s i t e f o r b i o r a t i o n a l n a t u r a l p r o d u c t 
( o r a n a l o g u e ) h e r b i c i d e s ( 2 ) . 

R e g a r d l e s s o f w h e t h e r t h e s e e n v e l o p e - b o u n d ATPases a r e i n v o l v e d 
i n t h e s p e c i f i c t r a n s p o r t p r o c e s s e s known t o a f f e c t PPO, t h e t i g h t 
c o r r e l a t i o n between PPO t r a n s p o r t i n h i b i t i o n and c h l o r o s i s 
i d e n t i f i e s t h i s p r o c e s s i t s e l f as a p o t e n t i a l h e r b i c i d a l t a r g e t 
s i t e . 

An i m p o r t a n t p o i n t h e r e i s t h a t w h e t h e r o r n o t t h e n a t u r a l 
p r o d u c t i t s e l f may be c o m m e r c i a l l y e x p l o i t e d , r e s e a r c h i n t o i t s 
t a r g e t s i t e may p r o v i d e c l u e s t o one o r more t a r g e t enzyme systems 
w h i c h may be e x p l o i t e d as h e r b i c i d a l t a r g e t s . 

A f t e r t h e i d e n t i f i c a t i o n o f p o t e n t i a l h e r b i c i d a l m i c r o b i a l 
p r o d u c t s , f i e l d e f f i c a c y and p r o d u c t i o n e c onomics must be a s s e s s e d . 
I n t h e c a s e o f t e n t o x i n t h e s e p a r a m e t e r s a r e t i g h t l y c o u p l e d because 
o f t h e g e n e r a l l y l o w y i e l d s o f t h e t o x i n i n s t a n d a r d f e r m e n t a t i o n 
and t h e r e s u l t a n t expense o f l a r g e s c a l e f i e l d t e s t s . I n f a c t , t o 
o u r knowledge t e n t o x i n has n e v e r been t e s t e d i n t h e f i e l d , a l t h o u g h 
i n c o r p o r a t i o n o f c r u d e c u l t u r e f i l t r a t e s i n t o s o i l i n g r o w t h chamber 
s t u d i e s has d e m o n s t r a t e d t h e p o t e n t i a l e f f i c a c y o f t e n t o x i n ' s use as 
a h e r b i c i d e i n c o r n and soybean ( 2 ) . 

W h i l e t h e b i o s y n t h e t i c pathway t o t e n t o x i n i s unknown, r a t h e r 
more a t t e n t i o n has been p a i d t o i t s b i o s y n t h e s i s t h a n t o f i e l d 
e f f i c a c y . S e v e r a l methods have been u t i l i z e d t o q u a n t i t a t e t o x i n 
p r o d u c t i o n i n c l u d i n g b i o l o g i c a l a s s a y , HPLC, and t h i n l a y e r 
c h r o m a t o g r a p h y ( 1 8 ) , U s i n g a s e m i q u a n t i t a t i v e s e e d l i n g c h l o r o s i s 
b i o a s s a y , A l t e r n a r i a i s o l a t e s e l e c t i o n t o m a x i m i z e t o x i n p r o d u c t i o n 
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30 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

c a n be p e r f o r m e d . M e d i a c o m p o s i t i o n and c u l t u r e c o n d i t i o n s t o be 
d i s c u s s e d b e l o w have been d e m o n s t r a t e d t o have tremedous e f f e c t on 
t o x i n p r o d u c t i o n , b u t t o d a t e t h e maximum y i e l d o f t e n t o x i n has been 
90 mg/1 ( 1 9 , 2 0 ) . M o r e o v e r t h e s e y i e l d s a r e r e a l i z e d o n l y a f t e r 
p r o l o n g e d s t i l l c u l t u r e ( 1 8 ) . By t h e a d d i t i o n o f p r e v i o u s l y 
m e t a b o l i z e d c u l t u r e f i l t r a t e s t o A l t e r n a r i a c u l t u r e s , t h e t o x i n 
y i e l d may be i n c r e a s e d t e m p o r a l l y , however, t h e f i n a l y i e l d i s 
l i t t l e a l t e r e d ( 1 8 ) , s u g g e s t i n g t h e p r e s e n c e o f a p r e c u r s o r ( s ) i n 
t h e m e t a b o l i z e d c u l t u r e b r o t h s . 

I t i s c u r r e n t l y unknown w h e t h e r t e n t o x i n i s s y n t h e s i z e d on 
r i b o s o m e s as a h i g h e r m o l e c u l a r w e i g h t p r e c u r s o r w h i c h i s 
s u b s e q u e n t l y c l e a v e d , m o d i f i e d and c y c l i z e d o r w h e t h e r i t s s y n t h e s i s 
p r o c e d e s v i a e n z y m a t i c ( s u c h as a n c o v e n i n i n S t r e p t o m y c e s sp. and 
s u b t i l i s i n A i n B a c i l l u s s u b t i l i s ) ( 2 1 ) , o r n o n - r i b o s o m a l s y n t h e s i s 
as i s known f o r g r a m i c i d i n and t y r o c i d i n e ( i n b a c t e r i a ) o r C y l - 1 and 
HC t o x i n s i n f u n g i ( 2 1 ) . 

The a d d i t i o n o f p r o t e i n s y n t h e s i s i n h i b i t o r s s u c h as 
c y c l o h e x i m i d e and e m e t i n e had no e f f e c t on t o x i n b i o s y n t h e s i s , 
l e a d i n g t o t h e c o n c l u s i o n t h a t t e n t o x i n b i o s y n t h e s i s p r o c e e d e s v i a a 
n o n - r i b o s o m a l pathway ( 1 8 ) . However, i n t h e s e e x p e r i m e n t s t h e 
i n h i b i t o r s were added i n l a t e g r o w t h phase and t h e p o s s i b i l i t y o f 
h i g h e r m o l e c u l a r w e i g h t , r i b o s o m a l l y s y n t h e s i z e d p r e c u r s o r 
a c c u m u l a t i o n p r i o r t o i n h i b i t o r a d d i t i o n s c a n n o t be r u l e d o u t . Dot 
b l o t s o f c u l t u r e f i l t r a t e s o f t o x i n p r o d u c i n g s t r a i n s o f A l t e r n a r i a 
u s i n g a n t i s e r a t o t e n t o x i n ( r a i s e d i n r a b b i t a g a i n s t p u r i f i e d 
t e n t o x i n ) i n d i c a t e d g r e a t e r amounts o f i m m u n o l o g i c a l l y r e a c t i v e 
m a t e r i a l t h a n c o u l d be a s c r i b e d t o t h e t o x i n i t s e l f ( L a x 
u n p u b l i s h e d ) . W e s t e r n b l o t t i n g , f o l l o w i n g e l e c t r o p h o r e s i s o f 
p r o t e i n s i s o l a t e d f r o m v a r i o u s A l t e r n a r i a s t r a i n s , i n d i c a t e d t h e 
p r e s e n c e o f h i g h m o l e c u l a r w e i g h t p r o t e i n s r e c o g n i z e d by a n t i s e r a t o 
t e n t o x i n i n t o x i n p r o d u c i n g , but n o t n o n - p r o d u c i n g i s o l a t e s . These 
d a t a s u g g e s t e d t h e p o s s i b l e a c c u m u l a t i o n o f a h i g h m o l e c u l a r w e i g h t 
p r e c u r s o r t o t e n t o x i n w h i c h c o u l d be s u b s e q u e n t l y p r o c e s s e d t o y i e l d 
t h e f i n a l p r o d u c t . 

I n o u r a t t e m p t s t o i s o l a t e mRNA f r o m A l t e r n a r i a t o p e r f o r m i n 
v i t r o t r a n s l a t i o n s , we c o n s i s t e n t l y f o u n d u n i q u e RNAs i n s t r a i n s 
w h i c h p r o d u c e d t e n t o x i n . These RNA s p e c i e s were s e n s i t i v e t o RNAse 
d i g e s t i o n i n l o w s a l t but n o t h i g h s a l t , i n d i c a t i v e o f d o u b l e 
s t r a n d e d RNA c h a r a c t e r i s t i c o f p r e v i o u s l y d e s c r i b e d f u n g a l v i r u s e s 
( 2 2 ) . 

C e s i u m c h l o r i d e and s u c r o s e d e n s i t y g r a d i e n t u l t r a -
c e n t r i f u g a t i o n y i e l d e d p u r i f i e d i s o d i a m e t r i c v i r u s p a r t i c l e s h a v i n g 
a d i a m e t e r o f -30 nm (23) a l s o c h a r a c t e r i s t i c o f p r e v i o u s l y 
d e s c r i b e d f u n g a l v i r u s e s ( 2 2 ) . E l e c t r o p h o r e t i c s e p a r a t i o n o f t h e 
v i r a l p r o t e i n o f two s u c h v i r u s e s has d e m o n s t r a t e d a t l e a s t two 
p r o t e i n s ( F i g u r e 3A) i n e a c h , a t l e a s t one o f w h i c h i s r e c o g n i z e d by 
a n t i s e r a t o t e n t o x i n upon w e s t e r n b l o t t i n g ( F i g u r e 3 B ) . As 
i n d i c a t e d p r e v i o u s l y , t e n t o x i n b i o s y n t h e s i s i s dependent upon 
c u l t u r e c o n d i t i o n s s u c h as t e m p e r a t u r e and a e r a t i o n . T e n t o x i n 
b i o s y n t h e s i s i s m a x i m a l a t ~28°C (19) and i s g r e a t l y r e d u c e d a t 
t e m p e r a t u r e s up t o 35°C (19) w h i l e t h e g r o w t h r a t e i s u n a f f e c t e d . 
T o x i n p r o d u c t i o n i s p r e v e n t e d i n shake c u l t u r e u n der c o n d i t i o n s 
o t h e w i s e i d e n t i c a l w i t h s t i l l c u l t u r e s ( L a x u n p u b l i s h e d ) . E l e v a t e d 
t e m p e r a t u r e s and s h a k i n g a l s o r e d u c e l e v e l s o f v i r u s a s s o c i a t e d w i t h 
t o x i n p r o d u c i n g s t r a i n s ( F i g u r e s 4A, 4 B ) . The a d d i t i o n o f 
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LAX AND SHEPHERD Tentoxin: Potential Herbicide 

F i g u r e 2. D i f f e r e n t i a l s e n s i t i v i t y o f c h l o r o p l a s t e n v e l o p e 
ATPases o f p e a . E n v e l o p e membranes were i s o l a t e d 
f r o m i n t a c t pea c h l o r o p l a s t s and s o l u b i l i z e d i n 
CHAPS. F o l l o w i n g e l e c t r o p h o r e t i c s e p a r a t i o n ATPase 
a c t i v i t y was d e t e c t e d i n t h e a b s e n c e (C) o r p r e s e n c e 
(T) o f 10 JJLM t e n t o x i n . D e p o s i t i o n o f a w h i t e 
Ca 3(P0*)2 p r e c i p i t a t e i n d i c a t e s a c t i v i t y . N ote 
a b s e n c e o f a c t i v i t y o f t h e more s l o w l y m i g r a t i n g 
s p e c i e s i n t h e p r e s e n c e o f t e n t o x i n . 

F i g u r e 3. A n a l y s i s o f p r o t e i n s f r o m v i r u s p a r t i c l e s o f s t r a i n s 
1 and 2 o f A^ a l t e r n a t a p u r i f i e d by C s C l d e n s i t y 
g r a d i e n t c e n t r i f u g a t i o n . A) P r o t e i n s o f l i t h i u m 
d o d e c y l s u l f a t e - d i s r u p t e d v i r u s p a r t i c l e s s e p a r a t e d 
by p o l y a c r y l a m i d e g e l e l e c t r o p h o r e s i s . Two m a j o r 
p r o t e i n s a r e v i s i b l e f o r e a c h s t r a i n f o l l o w i n g 
s i l v e r s t a i n i n g . B) W e s t e r n b l o t o f A ) , p r o b e d w i t h 
a n t i s e r a t o t e n t o x i n . Note i m m u n o r e a c t i v i t y o f a t 
l e a s t one band i n e a c h c a s e . 
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32 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Figure 4. Double-stranded ( v i r a l ) RNAs i s o l a t e d from c o n t r o l 
(C) and treated (T) A. a l t e r n a t a c u l t u r e s . A l l 
treatments were c a r r i e d out two or more times on 
each of the s t r a i n s . Representative r e s u l t s from 
s t r a i n 2 are shown. Tentoxin was detectable only i n 
c o n t r o l s , except as noted, a) Double-stranded RNA 
from 28°C (C) and 34°C (T) c u l t u r e s , b) Double-
stranded RNA from S t i l l (C) and Shaking (T) 
c u l t u r e s , c) Double-stranded RNA from c u l t u r e s 
grown i n the absence (C) and presence (T) of 
cycloheximide, (0.2 mM on l e f t , 0.4 mM on r i g h t . A 
low l e v e l of tentoxin was detected i n the 0.2 mM 
cycloheximide treatment. 
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2. LAX AND SHEPHERD Tentoxin: Potential Herbicide 33 

cycloheximide in early growth phase has been reported to reduce 
fungal virus (24); such addition to toxin-producing strains 
concomitantly reduces toxin biosynthesis and virus concentration 
(Figure 4C). All of these experiments have been carried out several 
times with at least two tentoxin-producing strains. 

A firmer understanding of the biosynthetic processes will allow 
better assessment of the potential for increasing production to a 
commercially acceptable level. Whether this increase can be 
realized through traditional microbiological methods, the design of 
a semisynthetic pathway, or through more advanced molecular 
techniques remains to be seen. This appears to be the major hurdle 
to be overcome in the exploitation of tentoxin as a broad spectrum 
herbicide in the future. 

From the foregoing it should be realized that deployment of 
tentoxin as a herbicide will at best be several years away. As with 
other chemically complex natural products a major limitation is 
production (2,3). Another major concern which is beyond the scope 
of this chapter is toxicological testing and licensing which are 
dependent upon regulatory agencies. Information regarding 
tentoxin*s mode of action would indicate a low mammalian toxicity 
with all evidence pointing to an exclusively chloroplast localized 
activity. Tentoxin like other fungal natural products should be 
relatively non-persistent in the environment and therefore 
environmentally safer than other more persistent compounds. 

Although only a few microbially derived herbicides are on the 
market today, there is great hope that natural products can f i l l the 
need for highly selective and safe herbicides. Tentoxin is but one 
of thousands of compounds that offers such potential. Certainly 
further research is needed and warranted to fulfill this vast 
untapped potential. 
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Chapter 3 

Approaches to Structure—Function 
Relationships for Naturally 
Occurring Cyclic Peptides 

A Study of Tentoxin 

Judson V. Edwards1, Oliver D. Dailey, Jr. 1, John M. Bland1, 
and Horace G. Cutler2 

1Southern Regional Research Center, Agricultural Research Service, 
U.S. Department of Agriculture, New Orleans, LA 70179 

2Richard B. Russell Research Center, Agricultural Research Service, 
U.S. Department of Agriculture, Athens, GA 30613 

Approaches to studying structure/activity relationships in 
naturally occurring peptides with agronomic relevance are 
discussed. The cyclic tetrapeptide tentoxin has been 
examined for the relation of its conformational properties 
to biological activity and its use as a template for 
derivation of synthetic analogs possessing divergent phyto
-active properties. The cyclic tetrapeptide HC toxin is 
discussed for similar properties. Approaches to amide bond 
and amino acid modifications are discussed; these include 
the incorporation of thiomethylene ether, retro-inverso, 
alkyl spacer, N-alkyl, and "cyclopropylog" modifications 
in tentoxin and biologically active synthetic fragments. 

M i c r o b i a l and P lant Pept ides 

The r o l e of pept ides i n r egu l a t i n g fundamental b i o l o g i c a l f unc t i on s 
i n both animal {I) and m ic rob i a l c e l l s (2J i s wel l documented. 
S t r u c t u r e - f u n c t i o n s tud ies employing s y n t h e t i c a l l y modi f ied analogs 
have proven an i n d i s p e n s i b l e t o o l second only t o the b i o l o g i c a l assay 
i n e va l ua t i on of b ind ing and t r an sduc t i on of pep t i de s . In c o n t r a s t , 
l e s s a t t e n t i o n has been g iven t o s t r u c t u r e and f u n c t i o n of indigenous 
and m i c r o b i a l l y f i x e d peptides i n h igher p l an t s ( f o r a review see 
reference 3 J• Evidence f o r p lant p e p t i d i c hormones (or f ragments ) , 
analogous t o mammalian hormones, which regu la te vegetat i ve growth and 
development i s absent, but morphogenetic s i gna l f unc t i on s have been 
hypothes ized f o r o l i gopept i de s (1,5»). Reports of b i o l o g i c a l l y a c t i v e 
pept ides i n p lant s and microbes have r e c e n t l y appeared {3,6-9). Of 
the peptides c h a r a c t e r i z e d , both c y c l i c and l i n e a r s t r uc tu re s have 
been found, and i n many cases unusual amino ac ids have been noted 
(10,11) . 

M i c r o b i a l pept ides tha t possess s e l e c t i v e b i o l o g i c a l a c t i v i t y i n 
roots or a e r i a l t i s s u e s of p lan t s have been i s o l a t e d . The p lant 
regu la to ry e f f e c t s of the b i c y c l i c pentapeptide mal formin, a fungal 
m e t a b o l i t e , have been known f o r some t ime (2,9,12,13) and the 
s t r u c t u r e - f u n c t i o n r e l a t i o n s h i p s explored ( 1 4 7 . Rh i zobac te r i a have 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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36 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

been found to enhance plant growth by product ion of pept ide 
s iderophores (15^16), and recent a t t e n t i o n has been g iven t o a group 
of pept ides (Rhizobins) exuded by soybean nodules tha t may be 
i nvo l ved i n n i t rogen f i x a t i o n (9j_. A v a r i e t y of c y c l i c t e t r apep t i de s 
have demonstrated very potent and h i g h l y s e l e c t i v e phytotox ic and 
p lant growth r e gu l a t i n g p rope r t i e s (11) . 

A g r i c u l t u r a l P o t e n t i a l of Some Phy to - a c t i v e N a t u r a l l y Occurr ing 
Pept ides 

The p o t e n t i a l use of b i o l o g i c a l l y - a c t i v e natural products as 
templates f o r the development of a g r i c u l t u r a l products has rece ived 
increased a t t e n t i o n i n recent y ea r s . Our i n t e r e s t has been t o study 
the s t r u c t u r a l features of f u n g a l l y - s e c r e t e d , c y c l i c t e t r apep t i de s 
re spons ib le f o r b i o l o g i c a l a c t i v i t y i n p l a n t s . The s tud ies descr ibed 
here deal p r i n c i p a l l y with two types of approaches: ana l y s i s of 
p r e d i c t a b l e conformational features re levant t o b i o l o g i c a l a c t i v i t y , 
and the use of c y c l i c peptides as a template f o r d e r i v i n g b i o a c t i v e 
fragments. The fungal metabo l i te t e n t o x i n has been employed as a 
model compound. 

An understanding of the e f f e c t of p r e d i c t a b l e a l t e r a t i o n s i n 
secondary s t r u c t u r e r e s u l t i n g from primary s t r u c t u r a l changes 
provides a b e t t e r understanding of conformational requirements f o r 
b i o l o g i c a l a c t i v i t y . A thorough knowledge of the conformational 
requirements f o r a c t i v i t y i n the plant increases understanding of the 
mode of a c t i o n and f u r t he r s the po t e n t i a l f o r manipu lat ing f unga l l y 
secreted pept ides of a g r i c u l t u r a l i n t e r e s t . For example the 
developments of agon i s t s and antagonists from conformational s tud ie s 
on neuropeptide hormones have l ed t o an increased understanding of 
s i t e s of a c t i o n and development of t he r apeu t i c drugs (17) . 

With the d i s c l o s u r e of a b i o l o g i c a l l y a c t i v e natural product the 
ques t ion o f ten a r i s e s as t o how the compound may be employed as a 
template f o r d e r i v a t i o n of s imp le r b i o a c t i v e fragments. Several 
examples of b i o l o g i c a l a c t i v i t y of s ub t l y modi f ied natural products 
or s yn the t i c fragments have proven f r u i t f u l i n t h i s regard. The 
s yn t he t i c d i pep t i de carbobenzoxyproly l v a l i n o l i s a good example (18) . 
The pept ide i s a s yn the t i c fragment of HC t o x i n (a c y c l i c 
t e t r a p e p t i d e which i s a potent i n h i b i t o r of a genotype of corn roots ) 
yet the fragment possesses an a l t oge the r d i f f e r e n t b i o l o g i c a l 
response. Treatment of corn p lant s with the s y n t h e t i c fragment 
provides f o r increased y i e l d s i n u n f e r t i l i z e d corn f i e l d s . 

We report here approaches t o examining the p o t e n t i a l use of the 
c y c l i c t e t r a p e p t i d e t e n t o x i n as a template f o r development of 
compounds of p o t e n t i a l h e r b i c i d a l and p lant growth r egu l a t i n g 
a c t i v i t y . Both amide bond s u b s t i t u t i o n s and novel amino acids have 
been used t o assess the nat i ve conformation of t e n t o x i n and f o r 
d e r i v a t i o n of novel b i o l o g i c a l l y - a c t i v e peptides which are s yn the t i c 
fragments of t e n t o x i n . 

The c y c l i c t e t r a p e p t i d e t e n t o x i n cyclo[N(Me)Ala-Leu-N(Me)A z 

Phe-Gly ] (F igure 5) i s a secondary metabo l i te of A l t e r n a r i a 
a l t e r n a t a . Tentox in i s of i n t e r e s t a g r i c u l t u r a l l y f o r i t s s e l e c t i v e 
h e r b i c i d a l a c t i o n . It induces c h l o r o s i s (a y e l l ow i ng i n p lants due 
t o dep leted c h l o r o p h y l l l e v e l s ) i n s u s cep t i b l e weed spec ies wh i le not 
e f f e c t i n g major crop p lants such as corn and soybean (19) . 
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3. EDWARDS ET AL. Naturally Occurring Cyclic Peptides 37 

As a c y c l i c t e t r a p e p t i d e , t e n t o x i n i s among a c l a s s of f unga l l y 
secreted peptides con ta in i ng f ou r amino a c i d s . W i th i n the past 10-15 
years many of these analogs have been d i scovered and t h e i r phytotox ic 
and growth r e gu l a t i n g e f f e c t s e l u c i da ted (16) . The s t r u c t u r a l and 
conformational c h a r a c t e r i z a t i o n of a v a r i e t y of these analogs has 
been achieved by extens ive NMR, c r y s t a l l o g r a p h i c , and t h e o r e t i c a l 
c a l c u l a t i o n s (21 ) . S t r u c t u r a l s i m i l a r i t i e s among the per t inent 
pept ides i n c l ude aromatic groups, a l k y l s ide cha i n s , and a twe lve 
atom pept ide r i n g . Var ious novel amino ac ids are found, such as as 
dehydro amino ac ids ( i n t e n t o x i n and the AM t o x i n s ) and the 8-oxo-9, 
10-epoxydecanoic ac id [ i n HC t o x i n and Cy l -2 ( 1 1 ) ] . 

F ive combinations of backbone conformation are po s s i b l e along 
the r i ng of c y c l i c t e t r apep t i de s i n c l u d i n g : a l l c i s ; a l l t r a n s , 3 c i s 
and 1 t r a n s ; 3 t rans and 1 c i s ; and 2 c i s and 2 t r a n s . As a r e s u l t 
of these backbone v a r i a t i o n s , d i s t i n c t i v e conformat ional fea tu res are 
present which may provide usefu l leads i n des ign ing mimetic 
compounds. For example, the presence of a 7 - t u r n i n HC t o x i n , and 
c y c l o - ( L - P r o - D - V a l - ) 2 (found t o promote stem growth of r i c e 
s e e d l i n g s ) , r e s u l t i n g from a sequence s p e c i f i c reverse t u r n , suggests 
the po s s i b l e use of reverse t u r n mimics t o develop sma l l e r 
non-pept id ic molecules with analogous a c t i v i t y . A seven-membered 
r i n g compound of the type r e cen t l y proposed by Huffman and Ca l l ahan 
(20) may be usefu l i n the development of s i m p l i f i e d non-peptide 
analogs. Prev ious work suggests that the c y c l i c pept ide backbone 
serves as a c a r r i e r which induces b i n d i n g , whi le a r e a c t i v e s i t e at a 
s p e c i f i c amino ac id p a r t i c i p a t e s as the receptor l i g a n d . Thus, the 
attachment of r e a c t i v e l i gands t o c a r r i e r s mimicking the pept ide 
conformation may provide useful lead compounds. 

Tentox in - an Except ion t o Other N a t u r a l l y Occur r ing C y c l i c 
Te t r apep t i de s . 

S ince the a c t i v i t i e s of many of the c y c l i c t e t r a p e p t i d e s depend on 
t h e i r conformat ions, the r e l a t i o n s h i p between primary s t r u c t u r e and 
conformation i s important to understand. Recent ly a usefu l set of 
emp i r i c a l r u l e s has been reported t o p r ed i c t the conformation of 
c y c l i c t e t r a p e p t i d e s on the bas i s of primary s t r u c t u r e (21) . The 
r u l e s are based on the many conformations reported f o r c y c l i c 
t e t r a p e p t i d e s ; these ru les have proven usefu l i n f i n d i n g a s t a r t i n g 
conformation i n energy c a l c u l a t i o n s , and they take i n t o con s i de ra t i on 
7 - t u r n s , and the e f f e c t of D-amino ac ids on conformat ion. Tentox in 
represents an i n t e r e s t i n g except ion t o the r u l e governing D-amino 
ac ids i n t ha t the e f f e c t of the N-methyldehydrophenylalanine i s t o 
adopt an a l l L c on f i g u r a t i ona l sequence. The s h i f t to an L form 
would not be a n t i c i p a t e d with t e n t o x i n s ince g l y c i n e i s t r e a t e d as a 
D-amino ac id according t o the ru l e s o f Kato et a l . It has been 
proposed that N-methyl-a, 3-dehydroalanine has a deep energy minimum 
(-7 kca l with <|> = -80 and ¥ = - 10) ( 22 ) . S i m i l a r t o r s i o n a l angles 
have been found with a l l pept ides having a Zo symmetry conformation 
(21) . 

In assess ing the r e l a t i v e conformat ional f ea tu re s of t e n t o x i n we 
have employed r u l e 2 of Kato et al_. (21): " i n a r ight-handed peptide 
r i n g , the carbonyl group a c y l a t i n g a D res idue i s o r iented t o the 
uppe r s i de " . The e f f e c t of the N-methylated amide bonds and 
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38 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

s u b s t i t u t e d D-amino ac ids on b i o l o g i c a l a c t i v i t y was t e s t e d . In 
a d d i t i o n the r e l a t i v e r o l e of the 12-membered r ing with respect t o 
the f u n c t i o n a l groups was cons ide red . Tentox in analogs were designed 
and synthes ized t o eva luate stereochemical and s t r u c t u r a l p r o p e r t i e s . 
B i o l o g i c a l t e s t s of the analogs demonstrated an i n t e r e s t i n g e f f e c t of 
D-amino a c i d - c o n t a i n i n g analogs on b i o l o g i c a l a c t i v i t y (23 ) , S ince 
t e n t o x i n e x h i b i t e d dev i a t i on s from the emp i r i c a l r u l e s , only those 
analogs where dehydrophenylalanine had not been N-methylated were 
subject t o conformational p r e d i c t i o n when s u b s t i t u t i n g D-amino a c i d s . 
S u b s t i t u t i o n of D-amino ac ids f o r L-amino ac id s produced an increase 
i n a c t i v i t y i n one analog and a decrease i n another. The increased 
a c t i v i t y was observed i n the analog where a s u b s t i t u t i o n of D-Alanine 
f o r L -A lan ine was made with no N-methy lat ion. On the other hand, a 
s u b s t i t u t i o n of D-Leu f o r L-Leu i n an N-methylated analog produced a 
decrease i n a c t i v i t y . The p red i c ted p re fe r red conformat ional s t a te s 
f o r some c h l o r o s i s - i n d u c i n g t e n t o x i n analogs i n order of t h e i r 
b i o l o g i c a l a c t i v i t y were c a l c u l a t e d (F i gu re 1 ) . 

Approaches t o Studying Amide Bond and Amino Ac i d M o d i f i c a t i o n s i n 
Tentoxi n 

The use of amide bond mod i f i c a t i on s i n s tudy ing b i o a c t i v i t y p r o f i l e s 
has been very useful i n assess ing b i o l o g i c a l l y a c t i v e pept ides and 
the s tatus of pept ide backbone s t r u c t u r e - f u n c t i o n r e l a t i o n s h i p s . The 
f o l l o w i n g quest ions were asked: 1) To what extent are the alignment 
and s tereochemis t ry of the pept ide backbone c r i t i c a l ? 2) How does 
the m o d i f i c a t i o n of the backbone a f f e c t the r e s i s t ance toward 
enzymatic degradat ion? 3) To what extent are r i g i d i t y and 
f l e x i b i l i t y of pept ides manifested i n the backbone? 4) Can agonists 
and antagon i s t s be prepared by i n t roduc ing pept ide backbone 
mod i f i c a t i on s ? These quest ions have been asked about animal pept ide 
hormones, and they are equa l l y a p p l i c a b l e t o p l a n t - a c t i v e c y c l i c 
t e t r a p e p t i d e s . We have s tud ied the i n c o r p o r a t i o n of a number of 
amide bond and amino ac id mod i f i c a t i on s i n both t e n t o x i n and 
fragments of t e n t o x i n . A number of amide bond mod i f i c a t i on s were 
cons idered (F i gure 2 ) . 

A Thiomethylene E ther -Conta in ing Pseudo-d ipept ide 

The th iomethy lene ether s u b s t i t u t i o n f o r an amide bond i s 
c h a r a c t e r i z e d by i t s enzymatic r e s i s t a n c e , c o m p a t i b i l i t y with common 
pept ide conformational features and s y n t h e t i c a c c e s s i b i l i t y from 
c h i r a l amino a c i d precursors ( 24 ) . This s u b s t i t u t i o n has been 
explored i n enkephal in analogs, and i t has been found t o both confer 
increased r e s i s t a n c e to p r o t e o l y s i s as we l l as n o n s e l e c t i v i t y i n 
c y c l i c enkephal in analogs. The p repa ra t i on of pept ides conta in ing a 
th iomethylene ether s u b s t i t u t i o n f o r an amide bond has p rev i ou s l y 
been accomplished with a d ipept ide surrogate (24) . For the purposes 
of our s tud ies we ta rgeted the d i pep t i de surrogate Boc-Val¥ 
[CH2S]Phe-0H (1), synthes ized from the c h i r a l precursors S - v a l i n o l 
and R-phenyla lan ine (Scheme 1 ) . Brominat ion of pheny la lan ine r e s u l t s 
i n r e t e n t i o n of c o n f i g u r a t i o n . P repa ra t i on of the a-mercapto a c i d of 
pheny la lan ine from the bromo ac id r e s u l t s i n i n ve r s i o n of the 
c o n f i g u r a t i o n . Using the B o c - v a l i n y l t o s y l a t e and the disodium s a l t 
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3. EDWARDS ETAL. Naturally Occurring Cyclic Peptides 41 

1. NH2CHCH2OH • 

CH(CH3)2 

( B 0 C ) 2 ° >Boc-NHCHCH2OH-
I L 

CH(CH3)2 

TsCI ->Boc~NHCHCH2OTs 
pyridine I 

CH(CH3)2 

NH2CHC02H 
CH2C6H5 

(R)-phenylalanine 

NOBr -> BrCHCOoH -
I L 

CH2C6H5 

(R)-2-bromo-3-
phenyl-propanoic 
acid 

Na2CS3 •HSCHC02H 
CH2C6H5 

(S)-2-mercapto-
3-phenyl -
propanoic acid 

Boc~NHCHCH2OTs + HSCH-C02H 

CH(CH3)2 CH2 

-> Boc-NH-CHCHoSCHC0 2H 

CH(CH3)2 C H 2 

Boc-L-Val^tCH 2 S] L-Phe-OH 
I 

Scheme 1 Synthes i s of the pseudodipeptide Boc-Val[CH2S]Phe-0H. 
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42 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

of a -mercaptopheny la lan ine, a coup l ing r e a c t i o n was performed i n 
dimethyl s u l f o x i d e . The r e a c t i o n gave Boc-Val¥[CH2S]Phe-0H i n 46% 
y i e l d ; t h i s analog i s a potent i n h i b i t o r of l e t t u c e roots ( J . V. 
Edwards, unpublished r e s u l t s ) . This ana log , however f a i l e d t o exert 
a h e r b i c i d a l e f f e c t i o n on morningglory and barnyardgrass , although an 
a u x i n - l i k e response was observed with morningglory ( J .V . Edwards and 
D. Ca r l s on , unpublished r e s u l t s ) . 

Ret ro- Inverso M o d i f i c a t i o n s 

In r e t r o - i n v e r s o modi f ied analogs of pep t ide s , the d i r e c t i o n of the 
amide bonds i n the backbone has been reversed but the t h r e e -
dimensional o r i e n t a t i o n of the s ide chains i s maintained (25,26). 
The Russian group headed by Shemyakin u t i l i z e d r e t r o - i n v e r s o analogs 
i n the development of a topochemical approach t o the study of 
s t r u c t u r e - a c t i v i t y r e l a t i o n s h i p s i n pept ide systems (27 ) . The i r 
s tud ie s dea l t with c y c l i c pept ides and dep s i pep t i de s , notably G l y 5 , 
G ly l -O-gramic id in s a n ( j e n n i a t i n a n t i b i o t i c s . I nver s ion of each 
c h i r a l center (and concomitant rever sa l of the pept ide backbone) 
r e su l t ed i n enantiomers e x h i b i t i n g e x a c t l y the same b i o l o g i c a l 
a c t i v i t y . S i m i l a r s tud ies have dea l t with l i n e a r b i o a c t i v e pept ide s . 
For example, a l l D - r e t r o - b r adyk i n i n (28) and an a l l D - re t ro analog of 
a me lanocy te - s t imu la t ing (MSH) pept ide (29) have been s yn the s i zed . 
However, the o r i g i n a l s p a t i a l o r i e n t a t i o n of a l l s ide chains i n the 
analogs was not re ta ined s i nce the C- and N-termini were reve r sed . 
The end-group problem can be circumvented by replacement of the 
C-terminal amino ac id res idue by a 2 -a l ky lma lony l res idue and 
t r an s f o rmat i on of the N-terminal res idue i n t o a gem-diaminoalkyl 
re s idue (26,29). 

Goodman and coworkers have conducted a number of s tud ies on 
p a r t i a l l y - m o d i f i e d , r e t r o - i n v e r s o analogs of b i o l o g i c a l l y a c t i v e 
pept ides i n which a se lec ted pept ide bond i s reversed through the 
i n c o r p o r a t i o n of gem-diaminoalkyl and 2 -a l ky lmalonyl d e r i v a t i v e s . 
(26 ) . Much of the research has dea l t with p a r t i a l l y modi f ied 
r e t r o - i n v e r s o analogs of the l u t e i n i z i n g hormone-releasing hormone 
(LH-RH) (30) and enkephal ins (31-33) . In many i n s t ance s , the analogs 
have e x h i b i t e d enhanced b i o l o g i c a l a c t i v i t y and increased s t a b i l i t y 
toward enzymatic degradat ion (31,32). 

The h e r b i c i d a l l y a c t i v e peptide t e n t o x i n i s an i n t e r e s t i n g model 
f o r i n c o r p o r a t i o n of the r e t r o - i n v e r s o m o d i f i c a t i o n . Conformational 
p rope r t i e s are as soc ia ted with c h l o r o s i s i nduc t i on and a 
p r o t e o l y t i c a l l y r e s i s t a n t pept ide bond may enhance the b i o l o g i c a l 
a c t i v i t y of the n a t u r a l l y occur r ing t o x i n . 

Synthes i s of a Re t ro - i n ve r so Mod i f i ed Analog of Tentox in 

Studies were c a r r i e d out on a synthes i s of diastereomers of c y c l o 
[R,S-mLeu-N(CH3)A z Phe-Gly-gAla] (compound 2 i n Scheme 2) wherein the 
amide bond of the d i pep t i de un i t A la-Leu i s rever sed. The p r e f i x m 
denotes the malonic ac i d d e r i v a t i v e of the analogous amino ac id and 
the p r e f i x g denotes the gem-di ami no-a lky 1 d e r i v a t i v e of the 
corresponding amino ac id (30-33). 

The t - b u t y l monoester of i s obuty lma lon i c a c i d , ( 3 ) , malonic ac i d 
analog of l e u c i ne was prepared (Scheme 2 ) . D ie thy l i sobuty lmalonate 
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3. EDWARDS ET AL. Naturally Occurring Cyclic Peptides 43 

was prepared i n 74% y i e l d i n accordance with the l i t e r a t u r e method 
(35) . Treatment with IN e t h a n o l i c KOH i n acetone a f fo rded the 
monoester (32) . React ion with t -bu tano l and DCC i n the presence of 
4-d imethy l ami nopyri d i ne (DMAP) a f fo rded the t - b u t y l e thy l 
d i e s t e r i n 76% y i e l d which was s e l e c t i v e l y hydrolyzed to 3 with IN 
NaOH (aqueous) i n methanol. There was no r eac t i on upon treatment of 
the d i e s t e r with IN e t h a n o l i c KOH i n acetone. React ion of 3 with 
N-hydroxysuccinimide (HOSu) i n the presence of DCC (32) provided the 
N-hydroxysuccinimide e s t e r 4 which was obta ined i n 56% y i e l d upon 
r e c r y s t a l l i z a t i o n from i s op ropano l . React ion of 4 w i th d , l - 3 -
pheny l se r ine e thy l e s t e r (5, obtained from the £ - to luenesu l fonate 
s a l t ) (35) i n the presence of 1 -hydroxybenzot r iazo le (HOBt) provided 
6 i n 69% y i e l d . Attempts to prepare 6 from 3 and 5 by the mixed 
anhydride method (35) gave poor (25% or l e s s ) . 

S e l e c t i v e s a p o n i f i c a t i o n of 6 a f fo rded the a c i d 7 i n 94% y i e l d . 
Treatment of 7 w i th excess a c e t i c anhydride i n the presence of sodium 
acetate (35) e f f e c t e d s t e r e o s e l e c t i v e dehydrat ion forming the 
az lac tone of t-BuO-R,S-mLeu-A zPhe (8) i s o l a t e d i n 96% y i e l d as a 
y e l l o w o i l . 

React ion of 8 with a 20% excess of the d i pep t i de H-Gly-Ala-OMe 
(prepared as shown i n Scheme 3) i n r e f l u x i n g e thy l acetate fu rn i shed 
the t e t r a p e p t i d e t-BuO-R,S-mLeu-A zPhe-Gly-Ala-OMe 9. F lash 
chromatography of the crude product a f fo rded unreacted 8 (23% 
recovery) and 9 i n 54% y i e l d (71% based upon recovered s t a r t i n g 
m a t e r i a l ) . 

Compound 9 was s e l e c t i v e l y N-methylated at dehydrophenylalanine 
by treatment with excess K2CO3 and iodomethane i n the presence of a 
c a t a l y t i c amount of 18-crown-6 (35) t o provide 10 i n 98% y i e l d . 
Tentox in i t s e l f a l s o conta ins an N-methylalanine moiety. However, 
the second N-methyl group has l i t t l e or no e f f e c t on b i o l o g i c a l 
a c t i v i t y . 

The convers ion of the a l an ine res idue of 10 t o i t s gem-diamino 
d e r i v a t i v e was e f f e c t e d by treatment of 10 with l i q u i d ammonia i n 
methanol with s e l e c t i v e format ion of the amide 11 i n 93% y i e l d . 
Treatment of 11 with [ b i s ( t r i f 1 uoroacetoxy) iodo] benzene (TIB) i n 75% 
a c e t o n i t r i l e / w a t e r (36,32,32,33) a f fo rded the amine s a l t 12 i n 43% 
y i e l d f o l l o w i n g work-up. The use of TIB i n the convers ion of amides 
t o amines o f f e r s a s i g n i f i c a n t improvement over e a r l i e r methods 
i n v o l v i n g the Hofmann rearrangement, Cu r t i u s rearrangement, or 
Schmidt r e a c t i o n . 

In p repara t ion of the f i n a l c y c l i z a t i o n s tep , the t - b u t y l e s t e r 
12 was deprotected with 40% t r i f l u o r o a c e t i c ac id/dichlorornethane, 
p rov id i ng the ac id 13 i n q u a n t i t a t i v e y i e l d . Compound 13 was t r e a t e d 
with t r i ethy l amine i n DMF at -20°C u n t i l the pH reached 8. 
Thereupon, 1.2 equ i va lent s of d ipheny lphosphory laz ide (DPPA), 1 
equ iv . HOBt, and 0.1 equ i v . DMAP were added and the mixture was 
s to red at -5° f o r four days (35) . I s o l a t i o n of the neutra l product 
a f fo rded the r e t r o - i n v e r s o modif ied analog 2 i n 41% y i e l d . Treatment 
of l e t t u c e seed l ing s with 2 r e s u l t ed i n near ly equ iva lent b i o l o g i c a l 
a c t i v i t y t o the parent analog (23) at concent ra t ions of 100 yM and 10 
yM. F u l l c h l o r o s i s i s maintained at 100 yM (O.D. Da i l ey and J . V. 
Edwards, unpublished r e s u l t s ) . 
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BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

CH2 (C02 C2H5 )2 (CH3)2 CHCH2 B r C2HsONa 
C2HS0H.A 

74* 

( C H 3 )2CHCH2CH(C02C2H5 ) 2 1 N KOH (EtOH) t 

Acetone *" 
96% 

(CH3 )2 CHCH2CH(CO2 C2 Hs)(CO2 H) j^-BuOH, DCC 
CH2CI2, OoC-HRT* 

76% 

(CH3 )2CHCH2CH(C02C2H5 )(C02t-Bu) 1 N NaOH (aq. ) 
MeOH " 

87% 

(CH3 )2CHCH2CH(C02t-Bu)(C02H) 
3 

H O S u , D C C . T H F 

5 6 % 

O H O <\ II I II / 
t B u O - C - C - C - 0 - N 

C H , V — ' I o 
H - C - C H , I 

C H . 

H NH , 

H O B t , T H F 

6 9 % 

t-BuO-R,S-ml_eu-OSu 

4 

9 H O H H O H 

B u O C - C - C - N - C 1N N a O H l » q ) 

C H , C0 ,E t H ^ M c 0 H 

I 9 4 % 
H - C - C H . 

I 
C H , 

6 

0 H 0 H H O H ^ 
II I II I I I / C T V 

i B u O - C - C - C - N - C C - U ) ) 

H - C - C H , 
I 
C H , 

t-BuO-R.S-mleu-R,S-Phe(tf-GH)-OH 

7 

2 Synthes i s of a r e t r o - i n v e r s o analog of t e n t o x i n . 
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3. EDWARDS ET AL. Naturally Occurring Cyclic Peptides 

O H H 

t-Bu0-R.S-mLeu-R.S-Phe(j8-0H)-0H - r B u O - C - C ^ % = C - V O ) 
N a O A c , 

- 2 H 2 0 C H , 

9 6 % H - C - C H , 

C H , 

O H O H C - H O H O H C H , 0 

H - G l y - A l a - OMe , E tOAc , e - B u O - C - C - C - N - C — C - N - C H , - C - N - C - C - O C H , 

54% C H , H 

H - C - C H , 
I 
C H , 

t -BuO-R,S-ml_eu-A z Phe-Gly-Ala-OMe 

9 

K2CO3, CH31^ i-BuO-R,S-mLeu-N(CH3)A*Phe-Gly-Ala-OMe NH3(1)^ 
18-crown-6 MeOH 

9 8 % 1 0 9 3 % 

t-BuO-R,S-mLeu-N(CH3)A*Phe-Gly-Ala-NH2 Ph-I-(OCOCF3)2 
C H 3 C N / H 2 O 

4 3 % 

O H O C - H O H O H C H , 
|| I II II II I l l l l ' 

< B u O - C - C - C - N - C C - N - C H , - C - N - C - N H 2 T F A 

C H , C H , H 

H - A - C H , 1 2 

C H , 

t-BuO-R,S-mLeu-N(CH3 )A*Phe-Gly-gAla-H-TFA 

HO-R,S-mLeu-N(CH3 )A* Phe-Gly-gAla-H-TFA E t » N ' P M F , 
13 

p H 8 
4 1 % 

D P P A , H O B t m c yc l oC-R.S-mLeu-N (CH3)A*Phe-Gly-gAla-] 
D M A P , DMF 

2 

Scheme 2 Continued. 
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BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

0 H CH3 
B U O - C - N - C H 2 - C O 2 H + H 2 N - C - C - O C H 3 DCC, HOBt, 

H 0 DMF * 
7 9 % 

Boc-Gly-OH H-Ala-OMe 

O H 0 H C H 3 
t-BuO-C - N H C H 2 C-N-g-g-OCH3 _40% TFA^ 

Boc-Gly-Ala-OMe 

C H 2 C I 2 

87% 

0 I? CH3 
TFA•H2N-CH2-C-N-C-C-OCH3 50% K 2 C O 3 (ag.) 

H 0 EtOAc, O o C * 

TFA-H-Gly-Ala-OMe 

H CH3 
H 2 N - C H 2 -C-N-(J:-^-OCH3 

H-Gly-Ala-OMe 

Scheme 3 Synthes i s of the d i pep t i de H-Gly-Ala-OMe. 
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3. EDWARDS ET AL. Naturally Occurring Cyclic Peptides 47 

Use of A1kyl Spacers 

The use of a l k y l spacers f o r s u b s t i t u t i o n of the pept ide backbone i n 
c y c l i c peptides g ives s t r u c t u r a l s i m p l i f i c a t i o n and i t has been found 
i n some cases t o y i e l d i n t e r e s t i n g s e l e c t i v i t y and b ind ing p rope r t i e s 
i n s tud ie s on enkephal in analogs (38) . Our goal i n i n t r oduc i ng a l k y l 
spacers as part of the c y c l i c pept ide t e n t o x i n was t o assess the r o l e 
of l i p o p h i l i c i t y , and amino ac id s ide cha i n s , r e l a t i v e to the pept ide 
backbone and the N-methyl-dehydrophenyl a l an ine i n b i o l o g i c a l 
a c t i v i t y . Prev ious s tud ies i d e n t i f i e d the key r o l e of N-methyl 
dehydrophenyla lanine i n the b i o l o g i c a l a c t i v i t y of t e n t o x i n (23,39). 
There fo re , we re ta ined the f u n c t i o n a l i t y i n the c y c l i c analog. A 
con s t r u c t i o n of molecular models conta in ing 6 and 8 methylenes i n 
c y c l i c peptides o f 10 and 12 membered-rings ( c yc l o [8 -amino -oc tanoy l -
A z P h e - ] (14) and cyc lo - [6 -aminohexanoy l-A z Phe- ] (15)) demonstrated 
d i f f e r e n c e s i n symmetry and conformat ion. 

The synthes i s of the a l k y l spacer analogs (Scheme 4) employed 
p repara t ion of the C- and N-terminal protected d ipep t i de s 
Boc-6-aminohexanoyl -3-phenylser ine e thy l e s t e r and Boc-8-amino-
oc tanoy l - 3 -pheny l se r i ne ethy l e s t e r . Fo l lowing s a p o n i f i c a t i o n , the 
d ipept ide s were converted t o the az lactones i n 56% y i e l d with a c e t i c 
anhydride and sodium ace ta te . Conversion of the az lactones t o the 
d i pep t i de methyl e s te r s (77% y i e l d ) was accomplished by r e f l u x i n g i n 
methanol with 0.1 equ iva lent of DMAP. Fo l lowing s e l e c t i v e a l k y l at i on 
and C- and N-terminal d e p r o t e c t i o n , c y c l i z a t i o n of the peptides was 
accomplished as p rev i ou s l y d i scussed i n the s e c t i on f o r synthes i s of 
r e t r o - i n v e r s o analogs. The products of the c y c l i z a t i o n reac t ions 
were p u r i f i e d on RP-HPLC and an approximate 2:1 r a t i o of c y c l i c dimer 
t o monomer was found f o l l o w i n g mass s pec t r a l determinat ion of the 
molecu lar weight. Dimer/monomer mixtures of both a l k y l spacer 
backbone s u b s t i t u t e d c y c l i c analogs y i e l d e d s i g n i f i c a n t increases i n 
c h l o r o p h y l l l e v e l s of 170% at 10"& molar concent rat ions when te s ted 
i n l e t t u c e seed l ings ( J .V . Edwards, unpubl ished r e s u l t s ) . 

N-Alky l Dehydropheny la lan ine-conta in ing D i - and T r i p e p t i d e s 

P rev i ou s l y we have demonstrated a s t r u c t u r e / f u n c t i o n r e l a t i o n s h i p 
between N -a l k y l a ted dehydrophenylalani ne-contai ning pept ides and root 
growth promoting and i n h i b i t i n g e f f e c t s (19) . By u t i l i z i n g a 
s e l e c t i v e N - a l k y l a t i o n r e a c t i o n f o r the d e r i v a t i z a t i o n of 
dehydropheny la lan ine-conta in ing peptides with methyl and ethy l 
groups, s yn the t i c l i n e a r fragments of t e n t o x i n were prepared which 
demonstrated both root growth i n h i b i t i n g and promoting e f f e c t s . The 
wheat c o l e o p t i l e assay provides an oppor tun i ty f o r de tec t i on of a 
broad range of b i o l o g i c a l l y a c t i v e substances such as b a c t e r i o s t a t i c , 
f u n g i s t a t i c , a n t i r i c k e t t s i a l , immunosuppresant, phy to tox i c , p lant 
growth i n h i b i t o r s , plant growth promoters, and mycotoxins {9). The 
assay was employed t o assess the b i o l o g i c a l a c t i v i t y of modi f ied 
s y n t he t i c pept ide fragments. S ince the modi f ied t e n t o x i n fragments 
demonstrated an a l t o ge the r d i f f e r e n t b i o l o g i c a l a c t i v i t y i n p lant s 
than t e n t o x i n , the assay a l so provided a means of f u r t h e r assess ing 
the p o t e n t i a l p lant growth regu la to ry e f f e c t s of pept ide analogs. 

American Chemical Society 
Library 

1155 15th St., N.W. 
Washington, D.C. 20036 
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48 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Pept ides were prepared through a s y n t he t i c route s i m i l a r t o one 
reported p rev i ou s l y (Scheme 5 ) . S t r u c t u r a l and stereochemical 
v a r i a t i o n was int roduced i n the amino a c i d s ide cha in at the 
1- p o s i t i o n and i n the N-a lky l group at the 2 - p o s i t i o n . S ub s t i t u t e 
synthes i s at the 1 - p o s i t i o n i s accomplished through use of D and L 
Boc-protected a l k y l amino ac ids and at the 2 - p o s i t i o n through use of 
var ious a l k y l i od ides i n the s e l e c t i v e a l k y l at i on s tep . 

B i o l o g i c a l a c t i v i t y was determined f o r t r i p e p t i d e d e r i v a t i v e s 
and a c y c l i c t e t r a p e p t i d e (F igure 3 ) . The r e s u l t s of the wheat 
c o l e o p t i l e assay are shown i n F igure 4. The t r i p e p t i d e Boc-Leu-
Phe-Gly-OMe (19), con ta in i ng no backbone m o d i f i c a t i o n was used as a 
standard f o r comparison; t h i s analog was the l ea s t a c t i v e (40% 
i n h i b i t i o n at 10~ 3 M) of the pept ides con ta in i ng the o r i g i n a l 
fragment sequence of t e n t o x i n . With conformat ional r e s t r i c t i o n 
imposed (40) by i n co rpo r a t i on of the dehydroamino a c i d at the 
2 - p o s i t i o n (20, Boc-Leu-A zPhe-Gly-OMe) a s l i g h t i nc rease i n 
i n h i b i t i o n was observed (74% at 1 0 " 3 ) . Leucine s ub s t i t u t ed with 
D-a lan ine (21) prov ided no b i o l o g i c a l a c t i v i t y . With f u r t h e r 
c on s t r a i n t imposed by N-methylat ion at the 2 - p o s i t i o n t o g i ve a 
modi f ied fragment (22), i n h i b i t i o n at both 1 0 " 3 and 1 0 " 4 M (44 and 
17% r e s p e c t i v e l y ) was observed. It i s i n t e r e s t i n g tha t analog 22 
gave v i r t u a l l y the exact same i n h i b i t i o n p r o f i l e as [ P r o 1 ] t e n t o x i n 
(23). 

S u b s t i t u t i o n of the 2 - p o s i t i o n amide bond of 22 (Boc-Leu-N 
(CH3)A zPhe-Gly-0Me) with an e thy l group at the n i t rogen of 
dehydrophenyla lanine (24), produced a s h i f t from i n h i b i t i o n to 
promotion at 10~ 4 M (15%) with measurable e f f e c t s at 10 " 5 M. I t i s 
i n t e r e s t i n g t o note that p rehe lminthosporo l , a n a t u r a l l y occur r ing 
phyto tox in and plant growth regu la to ry compound, has e l i c i t e d a 
s i m i l a r i n h i b i t i o n and promotion p r o f i l e t o 24 (41 ) . Prehelmi ntho
sporol and compound 24 are the only compounds of over a thousand 
analogs t e s t ed which d i s p l a y an a u x i n - l i k e a c t i v i t y i n the wheat 
c o l e o p t i l e assay. O l e f i n i c f u n c t i o n a l i t i e s i n compound 24 and 
prehelminthospro l may play a c r i t i c a l r o l e i n the aux in a c t i v i t y . 
P lant growth promotion and i n h i b i t i o n i n l e t t u c e seed l ings has been 
observed to r e s u l t from geometr ical and stereochemical f a c t o r s i n 
o l e f i n-contai ni ng macro l ide isomers (42 ) . P lant growth promotion i s 
not observed when D-Leu i s s u b s t i t u t e d f o r L-Leu i n 24 nor i s i t 
re ta ined when the N-a lky l group i s increased i n s i z e by an a d d i t i o n a l 
methylene (25, Boc-Leu-N(Pr)A z Phe-Gly-0Me). 

To assess the e f f e c t of varying the type of a l k y l s ide cha in at 
the 1 - p o s i t i o n , v a l i n e analogs were t e s t e d . S u b s t i t u t i o n of va l i ne 
at the 1 - p o s i t i o n wh i le r e t a i n i n g N-methyl dehydrophenyl a l an ine gave 
the analog Boc-Val-N(Me)A z Phe-Gly-0Me (26); t h i s analog e l i c i t e d a 
weaker i n h i b i t o r y response i n the wheat c o l e o p t i l e assay than the 
l euc i ne ana log. However, the corresponding N-ethy lated analog 
(Boc-Va l -N(Et )A z Phe-Gly -0Me, 27) gave a promotion e f f e c t at 1 0 * 4 M 
c oncen t r a t i on . As observed with the l e u c i n e s e r i e s , the promotion 
was not s i g n i f i c a n t with an N-propyl group at the 2 - p o s i t i o n , (analog 
28). 

These s tud ies demonstrated the s e n s i t i v i t y of the wheat 
c o l e o p t i l e assay t o both s ide cha in and backbone mod i f i c a t i on s i n 
pep t i de s . Though the pept ides demonstrated r e l a t i v e l y low s p e c i f i c 
a c t i v i t y compared t o some other compounds t e s t ed i n the wheat 
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3. EDWARDS ET AL. Naturally Occurring Cyclic Peptides 49 

Boc-N-CH 2-(CH 2) n-CH 2--C-OH + H 2 N - C H - C - 0 - C H 2 - C H 3 

A fxaal 'l^l HO-C-H I l _ X a a J 16b n-5 J L 
I 1. Mixed Anhydride ($£) 

J2. Saponification 
Boc-Xaa-D fL~Phe(p-OHH OH 
Ac20 
NaOAc 

N ^ O 

H 

^N—Boc 

17a n-3 
17b n-5 

MeoH 
DMAP 

Boc-Xaa-A zPhe-OMe 

1. Selective Alkylation 
(CH3I/K2C03/18-Crown-6) 

2. C and N Terminal Deprotection 

3. Cyclization, DPPA, 0°C 
Et3N: (HOBT, DMAP) 

cyclo C-Xaa-N(R)A zPhe-3 
14 and 15 

Scheme 4 Synthes i s of a l k y l spacer analogs of t e n t o x i n . 

Synthetic Steps 

D-Ala, Val 
L or D-Leu D,L-Phe(0OH) Gly 

Boc-

8oc-

Boc-

Boc 

Boc-

Boc-

Boc-

OH p-TsoH 

1. 

2. 

OCH 2-CH 3 

OCH 2-CH 3 

OH 

-A zPhe (azlactone) 

-0-CH 3 

- O-CH3 

- O-CH3 

Scheme 5 Synthes i s of N -a l ky l a ted dehydrophenylalani ne-contai ni ng 
t r i p e p t i d e s . D e t a i l s of the r e a c t i o n steps have been 
p r e v i o u s l y repor ted. Data from r e f . 23. 
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50 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

H 3 C -{-0 

C H • 

oOyH H 
II IT I 

O 
II 

- C - N - C H - C - N - C -I I l 
H R„ R 

0 
II 

- C H 2 - C - 0 - C H 3 

CH 3 CH 3 

20. R2=CH2-C-CH3, R3=H 
i 

H 

2L R2=CH3, R3=CH3 

CH 3 

22. R2=CH2-C-CH3, R3=CH3 

H 
CH 3 

24. R2=CH2-C-CH3, R3=CH2-CH3 

H 

25. R2=€H2-C-CH3 , R3=CH2-CH2-CH3 

H 

^ C H 3 26. R2=HC ̂  , R3=CH3 

— CH 3 

^ . C H 3 

27. R2=HC ^ , R3=CH2-CH3 

— ^ C H 3 

28. R 2 =«C; 
.CH 3 

CH 3 ' 
R 3

=CH 2-CH 2-CH 3 

F igure 3 S t r u c t u r a l formulas f o r analogs t e s t ed i n the wheat 
c o l e o p t i l e assay. Analogs of t h i s t r i p e p t i d e were 
s ub s t i t u t ed at the 1 and 2 p o s i t i o n wh i l e r e t a i n i n g the 
dehydrophenylalanine r i ng and g l y c i ne methyl e s t e r 
r e s i due s . The t r i p e p t i d e t e r t - b u t y l o x y c a r b o n y l -
l e u c y l - p h e n y l a l a n y l - g l y c i n e methyl e s t e r . 
Cyc lo [P ro -Leu -N(Me)A z Phe-G ly - ] or [ P r o 1 ] t e n t o x i n . 
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3. EDWARDS ET AL. Naturally Occurring Cyclic Peptides 51 

• - Significant Promotion (P««0.01) 

mm 
x 3 2 4 2 5 2 2 21 

1 8 i * A T T T i 

J — | ~ | ~ | ~ t • " • t • " " • ~ B " " B i C 0 N T R 0 L 

I I I I • • • - [ • I I 4 I I I I 

14 

12H 

io" ,id" 4io" ,io" e io"*io 4 io" s io" e io" 3 id 4 id" 8 io" 6 io" aio" 4io" ,io" e 

MOLAR CONCENTRATION 

F igure 4 Wheat C o l e o p t i l e s tudy. 
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52 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

c o l e o p t i l e b ioassay (8) the t rend of promotion observed with the 
2 - p o s i t i o n N-ethy lated t r i p e p t i d e , and the s i m i l a r i t y i n b i o l o g i c a l 
p r o f i l e s between the s yn the t i c fragment and [ P r o 1 ] t e n t o x i n 
demonstrate s t r u c t u r e - f u n c t i o n t r end s . Furthermore, our previous 
work (19) shows a s i m i l a r p lant growth r egu l a t i n g t rend i n 
d icoty ledenous p lant s with pept ides at lower concent rat ions (10~ 6 M) 
and cor roborates the e f f e c t i v ene s s of the wheat c o l e p t i l e assay i n 
assess ing the plant growth r egu l a t i n g p rope r t i e s of pept ide s . 

Cyc lopropy l Amino Ac ids 

A number of n a t u r a l l y - o c c u r r i n g m i c r o b i a l l y and p lant-produced 
cyc lopropy l amino ac ids have been d i s cove red . Our i n t e r e s t i n these 
types of analogs stems from the stereochemical s i m i l a r i t y between the 
dehydrophenyl a l an ine cons t i tuen t i n t e n t o x i n and cyc lop ropy l pheny la
l an i ne (F igure 5 ) . The double bond at the alpha carbon r e s t r i c t s 
r o t a t i o n about the Ca-Cf$ bond so that the beta f u n c t i o n a l i t y i s f i x e d 
i n space with respect t o the amino ac id m o i e t i e s . With the 
s u b s t i t u t i o n of a cyc lopropy log of the amino ac id i n which the C a -C3 
bond forms one s ide of the three-membered r i n g a s i m i l a r e f f e c t i s 
ach ieved . The best known of the cyc lopropy logs found i n nature i s 
1 -aminocyc lopropane- l - ca rboxy l i c ac id (ACC) which i s a key 
in te rmed ia te i n the b i o s yn the s i s of e thy lene , a f r u i t r i pen ing 
hormone i n p lant s (43) . Three cyc lop ropy l analogs [ c i s and 
t r a n s - a l p h a - ( c a r b o x y c y c l o p r o p y l ) g l y c i n e and exo(c i s ) -3 ,4-methano-
p r o l i n e ] were i s o l a t e d and cha r a c te r i z ed from seeds of Aesculus 
p a r v i f l o r a and akee seed (44 ) . C i s - a l pha - ( ca rboxycyc l op ropy l ) g l y c i ne 
i s a potent i n h i b i t o r of the growth of c e r t a i n p lant s eed l i n g s . 
Coronat ine , produced by Pseudomonas co rono fac ience , i s a t o x i n which 
induces c h l o r o s i s on the leaves of I t a l i a n rye grass and a l so expands 
potato c e l l s at concent rat ions of 1 x 10~ 7 M (45 ) . These types of 
analogs may be worthy of f u r t h e r e x p l o r a t i o n as p o t e n t i a l crop 
p r o t e c t i o n agents. It has been noted that the pseudo-conjuqat ion of 
the amino ac id c a r b o x y l , which occurs as a r e s u l t of the spZ 
cha rac te r of the cyclopropane r i n g , may f u n c t i o n with the beta group 
of the cyc lopropy l moiety se rv ing as a r e a c t i v e f u n c t i o n a l i t y of 
value i n the des ign of enzyme i n h i b i t o r s . ACC reacts r e a d i l y with a 
py r idoxa l dependent enzyme i n Pseudomonas g i v i n g oxobutyrate and 
ammo n i a . 

The use of cyc lopropy l amino ac ids of the E and 1 c on f i g u r a t i on s 
g ive r i s e to a number of isomers depending on the nature of the R 
group; t h i s process can be used t o exp lore the r o l e of R group 
o r i e n t a t i o n i n b i o a c t i v e amino ac ids and pep t i de s . Our goal was the 
i n c o r p o r a t i o n of cyc lopropy l phenyl a l an ine i n t o t e n t o x i n analogs 
(Scheme 6 ) . The analog c y c l o - [ P r o - Leu -V z Phe -G l y ] was synthes ized by 
fo rmat ion of the amide bond between g l y c i n e and p r o l i n e . The 
precursor P ro -Leu-V z Phe-Gly was synthes ized by c l a s s i c a l methods 
us ing a c t i v e e s t e r coup l i ng s . Beginning with HC1 .V zPhe-0Me (provided 
by Dr. C. H. Stammer), Boc - l euc ine N-hydroxy succ in imide e s te r was 
coupled i n 51% y i e l d fo l lowed by h yd r o l y s i s of the methyl e s te r i n 
86% y i e l d . G l yc i ne methyl e s t e r was then coupled t o the d i pep t i de 
succ in imide e s t e r i n q u a n t i t a t i v e y i e l d . A f t e r removal of the 
Boc -p ro tec t ing group, Boc -p ro l i ne N-hydroxy succ in imide e s te r was 
coupled to the t r i p e p t i d e i n 80% y i e l d . The methyl e s t e r and 
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Cyclo-CPro-Leu-V z Phe-GlyD 

F igure 5 S t ruc tu re s of t e n t o x i n and [ P r o 1 , V z P h e 3 ] t e n t o x i n . 

Pro Leu V ' P h e Gly 

Boc-
Boc-
Boc-

H -

Boc-
Boc-
Boc~ 
Boc-
Boc-

" Q H W S C H " 

Leu V z P h e 

•OSu H 

DPPA 

OMe 
OMe 
OH 
OSu H- -OMe 

-OMe 
-OMe 
-OMe 
-OH 
-OH 

7 

Scheme 6 Synthes i s of [ P r o 1 , V z P h e 3 ] t e n t o x i n. 
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54 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Boc-group were sequentially removed to give the unprotected 
tetrapeptide which was then cyclized using the DPPA procedure. HPLC 
purification isolated three major peaks. The results of a lettuce 
seedling assay involving treatment with the cyclopropyl phenyl alanine 
containing-tentoxin analogs showed no significant depletion of 
chlorophyll levels. 

Summary 

Naturally occurring cyclic tetrapeptides with phytoactive properties 
may be used as templates in designing compounds of potential use in 
agriculture. The bioactive cyclic tetrapeptides are amenable to 
computational chemistry analyses and their secondary structure is 
well characterized and may be mimicked by simpler nonpeptidic 
molecules. Tentoxin, HC toxin, and synthetic fragments have shown 
particular potential since they exhibit both herbicidal and growth 
promoting activity. The synthetic approaches to the introduction of 
amide bond surrogates may prove useful in developing pesticides or 
crop improvement agents from naturally occurring plant-active 
peptides. Many peptides with modified amide bonds offer increased 
proteolytic resistance, and assessing conformation properties versus 
biological activity may prove useful in the development of potential 
leads for new product lines. 
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Chapter 4 

Toxins of Phytopathogenic Microorganisms 
Structural Diversity and Physiological Activity 

S. Sakamura, A. Ichihara, and T. Yoshihara 

Department of Agricultural Chemistry, Faculty of Agriculture, Hokkaido 
University, Sapporo 060, Japan 

Plant pathogenic fungi and bacteria produce a number 
of phytotoxins and there is current interest in the 
use of their compounds and derivatives for 
agrochemicals. After commenting on the significance 
of toxin reseach, recent progress in the area of 
bacterial toxins and host-specific toxins is briefly 
mentioned. Recently, we have found several 
physiologically active compounds including novel ones, 
that is, betaenones and aphidicolanes from Phoma 
betae, reduced perylenequinones and anthraquinones 
from Stemphylium botryosum, and cyclopentanoid 
sesquiterpenes from timothy stalks infected with 
Epichloe typhina. 

The chemistry of toxins produced by plant pathogens has made rapid 
progress in the last twenty years. At the present time, the number 
of toxins elucidated based on their chemical structures is more than 
170 compounds and the number increases every year (1). 

The chemical studies of toxins have been undertaken with the 
purpose of (a) understanding the causal factor in plant diseases and 
(b) discovering of physiologically active principles, including 
plant regulating substances. 

In general, isolation of these compounds is carried out 
starting from culture broths or infected plant material. Toxins are 
structurally unique and belong to the class of secondary metabolites 
which almost all come from fungi except a few from certain bacteria. 
There has been no evidence that a toxin was confirmed from 
biotrophic fungi or plant material infected with these fungi. 

Bacterial phytotoxins 

Several phytotoxins have been isolated from the Pseudomonas group of 
plant pathogenic bacteria and their structures elucidated. Though 
some reviews on bacterial phytotoxins have appeared (2-4), 
particular points require summarization. 

0097-6156/88/0380-0057$06.00/0 
o 1988 American Chemical Society 
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58 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Pseudomonas syringae pv. t a b a c i , which causes w i l d f i r e disease 
of tobacco, produces tabtoxin C5)• Recently the s t r u c t u r e of 
tabtoxin was confirmed v i a t o t a l synthesis (6). The s t r u c t u r e of 
phaseolotoxin (7), produced by Pseudomonas syringae pv. p h a s e o l i c o l a 
which causes halo b l i g h t of bean, has been r e v i s e d because new mass 
spectrum data were provided (8). More r e c e n t l y i n t e r e s t i n g 
b i o s y n t h e t i c studies of coronatine (9) i s o l a t e d from Pseudomonas 
syringae pv. atropurpurea, the causal agent of chocolate spot 
disease on I t a l i a n ryegrass, have shown that the a c i d i c component, 
coronafacic a c i d , was derived from a branched polyketide with f i v e 
acetate u n i t s and one pyruvate (10). 

H o s t - S p e c i f i c Toxins 

Thirteen species of f u n g i which produce h o s t - s e l e c t i v e or host-
s p e c i f i c toxins are known and they belong to the genus A l t e r n a r i a 
(6 species) and Helminthosporium (4 species) and the others (11). 
These toxins have a s p e c i f i c a l l y high t o x i c i t y toward the r e s t r i c t e d 
hosts, such as c u l t i v a r s and species of p l a n t . Thus these compounds 
are regarded as a primary determinant i n pathogenesis and are 
sometimes c a l l e d pathotoxins. The p r i n c i p a l t o x i n i s s t r u c t u r a l l y 
diverse, u s u a l l y occurs together with c l o s e l y r e l a t e d compounds, and 
sometimes i n the company of non-host s p e c i f i c toxins as w e l l . Based 
on the chemical s t r u c t u r e , the toxins are c l a s s i f i e d as 
cyclopeptides, amino a c i d e s t e r s , a l i p h a t i c aminopolyol e s t e r s , 
p o l y a l c o h o l s , a l i p h a t i c p o l y o l lactones, or sesquiterpene 
galactosides. The pathogens of d i f f e r e n t species a l s o produce 
toxins analogus to each other i n t h e i r s t r u c t u r e s . An example of 
t h i s can be seen with HMT- and PM-toxins ; they both possess an 
a l i p h a t i c p o l y a l c o h o l s t r u c t u r e (11). 

Fungal Nonhost-Specific Toxins 

A number of phytotoxic metabolites which are non-host s p e c i f i c have 
been i s o l a t e d and i d e n t i f i e d by us from the f o l l o w i n g f u n g i , Phoma 
betae (synonym: P h y l l o s t i c t a betae) and Stemphylium botryosum. 

Betaenones and aphidicolanes (12-16). Phoma betae F r i e s , a 
causal agent of root rot and l e a f spot diseases of sugar beets i s 
grown on a potato-sugar medium, and the c u l t u r e d f i l t r a t e s are 
subjected to e x t r a c t i o n . The i n d i v i d u a l toxins are i s o l a t e d by 
e x t r a c t i o n with EtOAc, s i l i c a g e l chromatography and preparative 
TLC. A bioassay i s performed which c o n s i s t s of measuring the growth 
i n h i b i t i o n of l e t t u c e seedlings. As a r e s u l t , the p h y s i o l o g i c a l l y 
a c t i v e compounds i s o l a t e d were divi d e d i n t o two groups. One group 
belongs to the novel d e c a l i n d e r i v a t i v e s and are named betaenones 
A ( l ) , B(jy, C(3), D(4), E(5) and F(6^. The other was a p h i d i c o l i n 
(7) and i t s newly i d e n t i f i e d analogs 3-deoxyaphidicolin (8), 
aphidicolin-17-monoacetate (9) and a p h i d i c o l i n - 3 , 18-orthoacetate 
(10). ~" 
~* In our i n vivo experiments (data not shown), a p h i d i c o l i n and 

i t s analogs cause a marked i n h i b i t i o n of DNA synthesis and show 
s e l e c t i v i t y f o r DNA polymerase a(17). On the other hand, betaenone 
C(3^ strongly i n h i b i t e d both the p r o t e i n and RNA synthesis compared 
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H 15 

'OH HO 

R, R 2 

2-COCH 2 CH 2 OH - C H 3 

| - C O C H = C H O H - C H 3 

J c O C H 2 C H 2 O H -CHjOH 

5-COCH 3 - C H 3 

6 C O C H 2 C H 2 O A c - C H 3 
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60 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

with A and B. Betaenone C, however, d i d not s i g n i f i c a n t l y i n h i b i t 
DNA syntheses. Among the betaenones, C(3) was determined to 
have the mcst i n h i b i t o r y e f f e c t as tested on growth of r i c e 
seedlings (18) (Table 1). 

Table 1. E f f e c t of betaenones and aphidicolanes on root 
elongation of r i c e seedlings 

5.23 0 
1.40 73 
4.80 8 
0.56 89 
1.64 69 
2.17 59 
1.90 64 
1.75 67 

Toxin Root elongation % of i n h i b i t i o n 
(10~ 4 M) (cm) 

Control 
Betaenone A ( l ) 
Betaenone B(j2) 
Betaenone C(3^ 
Ap h i d i c o l i n ( 7 ) 
3-deoxyaphidocolin(8) 
Aphidicolin-17-monoacetate(9) 
A p h i d i c o l i n - 3 , 18-orthoacetate(10) 

a) Mean length, average of 20 seedlings 

I t should be noted that we e s t a b l i s h e d betaenone B(2j) to be 
biosynthesized from eight acetate u n i t s v i a the polyketide pathway 
with the o r i g i n of the f i v e branched methyl groups from methionine 
(16). Very r e c e n t l y feeding experiments with [1--^C, -^0] acetate 
revealed that i n the l^C-NMR spectrum of enriched 2^ only the 
i s o t o p i c s h i f t e d s i g n a l was observed at C-16 [A + 0.05ppm], but not 
at C - l and C-18. This means that the oxygen atom at C - l does not 
o r i g i n a t e from the acetate and absence of the expected i s o t o p i c 
s i g n a l a s c r i b a b l e to C-18 would be due to the rap i d exchange of the 
lab e l e d oxygen of the end carboxyl group of the polyketide chain. 
On the other hand, a d d i t i o n of ancymidol, a potent cytochrome P-450 
i n h i b i t o r , i n t o the culture has caused an i n h i b i t i o n of betaenone 
formation and a concomitant accumulation of a p l a u s i b l e 
intermediate, probetaenone I (13,) . These feeding and i n h i b i t o r 
experiments c l e a r l y show that 11 i s an intermediate i n the 
biosynthesis of 2 and presents a unique b i o s y n t h e t i c pathway 
i n v o l v i n g an intramolecular D i e l s - A l d e r r e a c t i o n of a t r i e n e 11a as 
a key step (Oikawa, H.; Ichihara, A.; Sakamura, S., submitted 
f o r p u b l i c a t i o n ) . 

More r e c e n t l y c l o s e l y analogous metabolites to betaenones, 
stemphyloxins I and II have been i d e n t i f i e d from Stemphylium 
botryosum f . sp. l y c o p e r s i c i , and they correspond to betaenones C 
(3) and A(^L) r e s p e c t i v e l y . The compounds of both groups d i f f e r from 
one another i n that the C-^ methyl of betaenones i s replaced with 
the hydroxymethyl of stemphyloxins. 

Manulis et a l . demonstrated, using growing tomato c e l l s , that 
stemphyloxins and betaenones comparably i n h i b i t p r o t e i n synthesis 
(19). The data i n d i c a t e that lower concentrations of stemphyloxins 
were required f o r 50% i n h i b i t i o n than f o r betaenones. The r e s u l t s 
p a r a l l e l those from of the r i c e s e e d l i n g t e s t . 

Reduced perylenequinones and anthraquinones. A s t r a i n , Stemphylium 
botryosum i s o l a t e d from a beet plant with the l e a f spot disease, was 
examined to obtain phytotoxins from the cultured broths. Procedures 
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4. SAKAMURA ET AL. Toxins of Phytopathogenic Microorganisms 61 

o f t h e c u l t u r e o f t h e f u n g u s , i s o l a t i o n o f t h e p h y t o t o x i c 
compounds, b i o a s s a y and t h e s t r u c t u r a l d e t e r m i n a t i o n were s i m i l a r t o 
t h o s e f o r Phoma b e t a e . S e v e r a l compounds were i d e n t i f i e d as t h e 
known compounds namely, s c y t a l o n e ( 1 2 ) , s t e m p h y p e r y l e n o l ( 1 3 ) , 
d a c t y l a r i o l ( 1 4 ) , m a c r o s p o r i n ( 1 5 ) , and a l t e r p o r i o l A o r B(16) 
( 2 0 , 2 1 ) . Two new compounds were named s t e m p h y l e n o l s A ( 1 7 ) and 
B ( 1 8 ) , b o t h b e i n g a t r o p i s o m e r s o f e a c h o t h e r . By u s i n g t h e 
p r e g e r m i n a t e d l e t t u c e and b e e t s e e d l i n g s b i o a s s a y , d a c t y l a r i o l (14) 
was more i n h i b i t o r y i n t h e l e t t e r s e e d l i n g e l o n g a t i o n t e s t t h a n t h e 
o t h e r s , and an e f f e c t i v e dose f o r i n h i b i t i o n was o b s e r v e d a t a 
c o n c e n t r a t i o n o f 12.5 ppm f o r b e e t . S t e m p h y p e r y l e n o l (13) and 
s c y t a l o n e (12) showed moderate i n h i b i t o r y a c t i v i t y , whereas t h e 
d i m e r i c a n t n r a q u i n o n e s a l t e r p o r r i o l ( 1 6 ) , s t e m p h y l e n o l s ( 1 7 , 18^ and 
monomeric m a c r o s p o r i n (15) showed no s i g n i f i c a n t e f f e c t ( T e s h i m a , 
Y.; I c h i h a r a , A.; Sakamura, S. i n p r e p a r a t i o n ) . 

F u n g i t o x i c compounds ( 2 2 , 2 3 ) , c h o k o l s and c h o k o l i c a c i d A. Choke 
d i s e a s e f u n g i ( E p i c h l o e t y p h i n a ) i n f e c t t i m o t h y p l a n t s and f o r m 
s t r o m a t a on them. The s t r o m a i s termed " c h o k e " and impedes t h e 
d evelopment o f t h e p a n i c l e . On t h e o t h e r hand, i n f e c t e d t i m o t h y 
p l a n t s a c q u i r e an i n d u c e d r e s i s t a n c e a g a i n s t a n o t h e r i n v a d e r , t h e 
l e a f s p o t d i s e a s e p a t h o g e n ( C l a d o s p o r i u m p h l e i ) . One o f t h e 
r e s i s t a n c e mechanisms i s l i k e l y t o be t h a t some m e t a b o l i t e ( s ) o f 
choke d i s e a s e f u n g i have i n h i b i t o r y e f f e c t s a g a i n s t t h e l e a f s p o t 
d i s e a s e f u n g i . We have been e x p l o r i n g t h e f u n g i t o x i c compounds f r o m 
t h e c h o k e s t o e x p l a i n t h e r e s i s t a n c e phenomenon. F o r m o n i t o r i n g t h e 
a c t i v i t y , TLC b i o a u t o g r a p h y u s i n g C l a d o s p o r i u m h e r b a r u m was 
employed. 

The 70% EtOH e x t r a c t s o f t h e f r e s h c hokes were p a r t i t i o n e d i n t o 
n-hexane and EtOAc s o l u b l e f r a c t i o n s . E ach f r a c t i o n was 
c h r o m a t o g r a p h e d on s i l i c a g e l and Sephadex LH-20, and f u r t h e r 
p u r i f i e d by HPLC. The f u n g i t o x i c compounds i s o l a t e d were d e s i g n a t e d 
c h o k o l A ( 1 9 ) , B ( 2 0 ) , C ( 2 1 ) , D ( 2 2 ) , E ( 2 3 ) and F ( 2 4 ) and c h o k o l i c a c i d 
A ( 2 5 ) . Tlie s p e c t r a l d a t a , t o g e t h e r w i t h s p i n d e c o u p l i n g 
e x p e r i m e n t s , s u g g e s t e d t h a t t h e c h o k o l s p o s s e s s t h e same f i v e 
membered r i n g s y s t e m w i t h v a r i e d s i d e c h a i n s . The r e l a t i v e 
s t e r e o c h e m i s t r y o f t h e common f i v e membered r i n g s y s t e m was 
d e t e r m i n e d by n u c l e a r O v e r h a u s e r e f f e c t d i f f e r e n c e s p e c t r o s c o p y o f 
c h o k o l C ( 2 1 ) . The a b s o l u t e c o n f i g u r a t i o n o f c h o k o l E ( 2 p was 
c o n f i r m e d by i t s CD s p e c t r u m w i t h t h e c h e l a t i n g r e a g e n t E u ( f o d ) 3 and 
i t s c h e m i c a l c o n v e r s i o n t o e p i c y c l o n e r o d i o l o x i d e (24) , t h e a b s o l u t e 
c o n f i g u r a t i o n o f w h i c h was e v i d e n t . Thus t h e s t e r e o c h e m i s t r y o f 
c h o k o l E ( 2 3 ) was d e t e r m i n e d t o be 2S, 3R, 6R and 10R i n t h e 
d e p i c t e d s t r u c t u r e . 

N e r o l i d y l p y r o p h o s p h a t e i s an i n t e r m e d i a t e i n t h e b i o s y n t h e s i s 
(25) o f c y c l o n e r o d i o l w h i c h p o s s e s s e s a n o v e l t y p e s k e l e t o n w i t h 
f i v e c a r b o n members i n t h e s e s q u i t e r p e n o i d s and t h e same a b s o l u t e 
c o n f i g u r a t i o n as c h o k o l s . B i o s y n t h e s e s o f c h o k o l s and c h o k o l i c a c i d 
A(£5,) a r e l i k e l y t o be v i a t h e n e r o l i d y l p y r o p h o s p h a t e pathway. 

U s i n g TLC b i o a u t o g r a p h y , a minimum q u a n t i t y o f t h e f u n g i t o x i c 
a c t i v i t y p e r s p o t was o b t a i n e d f o r e a c h compound; c h o k o l A ( 2 5 y g ) , 
B ( 5 u g ) , C ( 5 y g ) , D(5yg) and E ( 5 0 y g ) . 

Two r e p o r t s on t h e s y n t h e s i s o f c h o k o l A ( 1 9 ) have been 
p u b l i s h e d ; one c o n c e r n s t h e s y n t h e s i s o f t h e r a c e m i c compound (26) 
and t h e o t h e r c o n c e r n s e n a n t i o s e l e c t i v e s y n t h e s i s ( 2 7 ) . 
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Significance and application of toxins 

a) Selection of disease resistant plants (28). When resistant 
plants are treated with a specific toxin, the visible and 
physiological changes similar to those found in infected plants 
occur. Certain pathogen-produced metabolites, pathotoxins, could 
serve as valid substitutes for living pathogens to develop the 
disease symptom. Thus, it has been possible to identify disease-
resistant individuals by selecting from populations those plants 
which are resistant to the toxins. In addition to these toxins, 
non-specific toxins that cause disease symptoms such as necrosis, 
browning leaf spots, chlorosis and cytotoxicity, may be used for 
the selection of disease resistant plants. Instead of using 
whole plants, the tests have been directed towards using 
protoplast, cell and tissue cultures. Extensive studies have 
been hindered by the limited supply of purified toxins but, with 
synthetic toxins materials and their mimics probably available, 
the difficulties should be reduced. 

b) Utilization of toxins for agrochemicals (29). Since some of 
phytotoxins are known to have herbicidal activity as well as 
various other physiological activity, they may be potent for use 
as herbicides or plant growth regulating substances, though 
complete biological testing will be required. For example, 
although aphidicolin is noted as an antiviral and antimitotic 
compound, aphidicolin has recently been found to be very 
effective for inducing high synchronization of plant cells in 
liquid culture (30). Also those compounds are useful as lead or 
model compounds for the design of new agrochemicals. 
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Chapter 5 

Production of Herbicidal and Insecticidal 
Metabolites by Soil Microorganisms 

R. M. Heisey1,3, S. K. Mishra1, A. R. Putnam1, J. R. Miller1, 
C. J. Whitenack1, J. E. Keller1, and J. Huang2 

1Pesticide Research Center, Michigan State University, East Lansing, 
MI 48824 

2Rhone-Poulenc Ag Company, Research Triangle Park, NC 27709 
A screening program directed toward discovery of soil 
microorganisms that produce herbicidal and insecticidal 
compounds is described. Microorganisms, especially 
actinomycetes, were isolated from soil samples, grown 
in broth, and bioassayed on seeds, seedlings, and 
mosquito larvae. Approximately 4-12% of the microbial 
isolates showed strong herbicidal activity in initial 
screens. A similar proportion was insecticidal. 
Several herbicidal (cycloheximide, geldanamycin, 
nigericin, (+)-epiepoformin, 3-hydroxybenzyl alcohol, 
2-methylhydroquinone) or insecticidal (valinomycin) 
compounds produced by these microorganisms have been 
isolated, identified, and evaluated for potential as 
pesticides. The results demonstrate that soil 
microorganisms produce numerous pesticidal metabolites 
and support the validity of a microbial approach to 
discovery of new pesticides. 

Many m i c r o o r g a n i s m s i n d i g e n o u s t o t h e s o i l , e s p e c i a l l y a c t i n o m y c e t e s , 
p r o d u c e b i o l o g i c a l l y a c t i v e s e c o n d a r y m e t a b o l i t e s . The t h o u s a n d s o f 
a n t i b i o t i c s d i s c o v e r e d s i n c e t h e 1930's, when i n t e n s i v e s c r e e n i n g f o r 
s u c h compounds began, i s i m p r e s s i v e e v i d e n c e . R e c e n t l y , i n t e r e s t h as 
f o c u s s e d on m i c r o o r g a n i s m s as a s o u r c e o f p e s t i c i d a l compounds. A 
number o f m i c r o b i a l m e t a b o l i t e s e x h i b i t i n g h e r b i c i d a l , i n s e c t i c i d a l , 
and n e m a t o c i d a l a c t i v i t i e s h a v e been f o u n d ( 1 - 5 ) . 

The p o t e n t i a l o f t h e m i c r o b i a l a p p r o a c h t o p r o d u c i n g p e s t i c i d e s 
i s e v i d e n c e d by t h e a v e r m e c t i n s , a group o f m e t a b o l i t e s f r o m 
S t r e p t o m y c e s a v e r m i t i l i s . The a v e r m e c t i n s , and t h e i r s e m i s y n t h e t i c 
d e r i v a t i v e i v e r m e c t i n , a r e a c t i v e a g a i n s t c e r t a i n nematodes and 
a r t h r o p o d s a t e x t r e m e l y low d o s e s , b u t have r e l a t i v e l y low mammalian 
t o x i c i t y ( 6 - 9 ) . They have been h i g h l y e f f e c t i v e i n v e t e r i n a r y u s e 
and now show much p r o m i s e f o r t r e a t i n g human i n f e s t a t i o n s ( H ) , 1 1 ) . 

B i a l a p h o s i s a n o t h e r m i c r o b i a l m e t a b o l i t e w i t h i n t e r e s t i n g 
p e s t i c i d a l p o t e n t i a l ( 4 , 5, 1 2 ) . I t i s p r o d u c e d by h y g r o s c o p i c u s 
3Current address: Department of Biological Sciences, Fordham University, Bronx, N Y 10458 

0097-6156/88/0380-0065$06.00/0 
© 1988 American Chemical Society 
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66 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

and Sj_ viridochromogenes and has strong postemergence h e r b i c i d a l 
a c t i v i t y against many p l a n t s . The chemical composition and 
phytotoxic e f f e c t s of bialaphos are somewhat s i m i l a r to those of the 
widely-used s y n t h e t i c h e r b i c i d e glyphosate, suggesting the 
p o s s i b i l i t y of using microorganisms to produce an a g r i c u l t u r a l l y 
important h e r b i c i d e . 

We have been i n v e s t i g a t i n g s o i l microorganisms f o r the 
production of h e r b i c i d a l and i n s e c t i c i d a l metabolites f o r the past 
s i x years. Our e f f o r t s have concentrated on the actinomycetes 
because t h i s group i s known to produce many b i o a c t i v e compounds. We 
have a l s o screened numerous fungi and non-actinomycete b a c t e r i a . 
This chapter describes our screening program, summarizes r e s u l t s , and 
discusses some of the p e s t i c i d a l compounds we have i d e n t i f i e d . 

M a t e r i a l s and Methods 

I s o l a t i o n and Culture of Microorganisms. S o i l samples c o l l e c t e d from 
a v a r i e t y of h a b i t a t s and geographic l o c a t i o n s were s e r i a l l y d i l u t e d 
and p l a t e d onto s e l e c t i v e c u l t u r e media (13, 14). The following were 
t y p i c a l l y used: f o r actinomycetes, a r g i n i n e - g l y c e r o l - s a l t s agar (15), 
starch-casein agar containing a n t i f u n g a l and a n t i b a c t e r i a l 
a n t i b i o t i c s (16), NZ amine A agar, threonine agar, and asparagine-
biphenyl agar (14); f o r non-actinomycete b a c t e r i a , n u t r i e n t agar 
containing the a n t i f u n g a l a n t i b i o t i c s n y s t a t i n and cycloheximide 
(17); f o r f u n g i , Czapek's agar containing the a n t i b a c t e r i a l 
a n t i b i o t i c chloramphenicol (T7). Inoculated p e t r i dishes were 
incubated at 25-28 C. Colonies that developed on these p l a t e s w i t h i n 
3 or 4 weeks were t r a n s f e r r e d to other p l a t e s containing a r g i n i n e -
g l y c e r o l - s a l t s agar, A-9 agar (1_8), yeast extract-malt e x t r a c t -
glucose agar (14^) or NZ amine A agar. I d e n t i f i c a t i o n and taxonomy 
were according to p r e v i o u s l y published c r i t e r i a and methods (19-21). 

Broth c u l t u r e s f o r p e s t i c i d e screening were grown i n 0.5-L or 2-
L, baffle-bottomed Erlenmeyer f l a s k s containing 100 or 400-500 ml of 
A-9 ( f u l l or h a l f - s t r e n g t h ) or yeast extract-malt extract-glucose 
broth. Cultures were incubated i n darkness f o r 5-14 days, depending 
upon the microorganism, at 25-28 C on o r b i t a l shakers at 200 (0.5-L 
f l a s k s ) or 110 (2-L f l a s k s ) rpm. The c u l t u r e s were divi d e d a f t e r 
incubation, with part of the broth going to the h e r b i c i d e screens and 
part to the i n s e c t i c i d e screens. 

Herbicide Screening. Our t e s t s f o r h e r b i c i d a l compounds improved as 
we gained experience. I n i t i a l l y , m i c r o b i a l i s o l a t e s were grown f o r 
two weeks on s o l i d medium i n square p e t r i dishes and assayed with 
s u r f a c e - s t e r i l i z e d seeds of garden cress (Lepidium sativum), 
barnyardgrass (Echinochloa c r u s g a l l i ) , and cucumber (Cucumus 
sati v u s ) ( 1 3 , 22). 

The primary h e r b i c i d e screen was l a t e r s i m p l i f i e d to use l i q u i d 
c u l t u r e broth (1^3, 23). Seeds of garden cress and barnyardgrass were 
placed on f i l t e r paper i n p e t r i dishes and moistened with d i l u t i o n s 
of m i c r o b i a l c u l t u r e broth ( t y p i c a l l y 1:4, v:v, b r o t h : d i s t i l l e d 
water). The bioassays were incubated i n darkness at 25-28 C f o r 72 
hr. Germination and r a d i c l e growth of the seeds were then evaluated 
r e l a t i v e to c o n t r o l seeds moistened with d i s t i l l e d water. In many 
bioassays, the dishes were subsequently incubated 72 hr more i n l i g h t 
to observe c h l o r o p h y l l development i n the seedlings. 
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M i c r o b i a l i s o l a t e s that showed promising a c t i v i t y i n the primary 
screens were subsequently evaluated i n secondary screens. D i l u t i o n s 
of m i c r o b i a l broth were sprayed d i r e c t l y onto seedlings grown i n s o i l 
i n styrofoam (18xl3x5-cm) f l a t s i n the greenhouse. D i l u t e d , 
homogenized c u l t u r e broth ( t y p i c a l l y 1:1 or 1:9, v:v, b r o t h : d i s t i l l e d 
water, 7.5 ml per f l a t ) containing 0.1% surfa c t a n t ( S u r f e l , Union 
Carbide Corporation) was sprayed onto 10-day-old seedlings. Plant 
species used i n secondary screens included barnyardgrass, large 
crabgrass ( D i g i t a r i a s a n g u i n a l i s ) , green f o x t a i l ( S e t a r i a v i r i d i s ) , 
proso m i l l e t (Panicum miliaceum), redroot pigweed (Amaranthus 
r e t r o f l e x u s ) , purslane (Portulaca o l e r a c e a ) , and v e l v e t l e a f 
(AbutiIon t h e o p h r a s t i ) . The e f f e c t s were evaluated f o r 14 days a f t e r 
treatment. 

I n s e c t i c i d e Screening. Tests f o r i n s e c t i c i d a l metabolites used 
fourth i n s t a r mosquito larvae (Aedes aegypti, R o c k e f e l l e r s t r a i n ) i n 
180-ml polystyrene urine specimen cups (17). The larvae were placed 
into 90 ml of d i s t i l l e d water i n the cups, 10 ml of m i c r o b i a l c u l t u r e 
broth were added, and the cups were gently a g i t a t e d . Controls 
received an i d e n t i c a l amount of non-inoculated c u l t u r e medium instead 
of m i c r o b i a l broth. The bioassays were maintained at room 
temperature and evaluated a f t e r 2, 24, and 48 hr. I f the i n i t i a l 
0.1-strength d i l u t i o n showed i n t e r e s t i n g a c t i v i t y , 0.01- and 0.001-
strength d i l u t i o n s were a l s o t e s t e d . Evaluation was f a c i l i t a t e d by 
holding the bioassay cups over a h i g h - i n t e n s i t y lamp. Healthy 
mosquito larvae r a p i d l y wriggled away from the l i g h t . Intoxicated 
larvae moved more slowly or not at a l l . 

I d e n t i f i c a t i o n of P e s t i c i d a l Metabolites. The l a r g e r volumes of 
m i c r o b i a l c u l t u r e broth needed f o r i s o l a t i o n of the p e s t i c i d a l 
compounds were t y p i c a l l y produced with A-9 medium i n shaken 2-L 
f l a s k s or a 100-L s t a i n l e s s s t e e l fermentor. P e s t i c i d a l compounds 
were extracted from the c u l t u r e broth or c e l l cake with 
dichloromethane, dichloromethane/methanol (3:1, v:v), or d i e t h y l 
ether. E x t r a c t s and f r a c t i o n s were concentrated at 55 C or lower 
with r o t a r y evaporation i n vacuo and/or under a stream of nitrogen 
gas. F r a c t i o n a t i o n of the crude e x t r a c t s and p u r i f i c a t i o n of 
p e s t i c i d a l components were done with solvent p a r t i t i o n i n g , column and 
t h i n - l a y e r chromatography, and high pressure l i q u i d chromatography. 
Bioassays on garden cress seeds or mosquito larvae were used to 
follow p e s t i c i d a l a c t i v i t y throughout e x t r a c t i o n and i s o l a t i o n 
procedures. I d e n t i f i c a t i o n of the p u r i f i e d compounds was with mass 
spectrometry, JH and ^ C NMR spectroscopy, IR spectrophotometry, and 
co-chromatography with authentic samples. 

Results and Discussion 

Approximately 1500 m i c r o b i a l i s o l a t e s were tested f o r production of 
p e s t i c i d a l metabolites. About 4-12% caused strong i n h i b i t i o n of seed 
germination or seedling growth i n the primary screens f o r h e r b i c i d a l 
a c t i v i t y . A s i m i l a r proportion was h i g h l y t o x i c to mosquito larvae. 
The percentage of m i c r o b i a l i s o l a t e s showing strong h e r b i c i d a l 
a c t i v i t y i n the secondary screens was much lower, t y p i c a l l y only 1-2% 
of the i n i t i a l t o t a l . 

To determine which m i c r o b i a l groups were most l i k e l y to y i e l d 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

00
5



68 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

p e s t i c i d e - p r o d u c i n g i s o l a t e s , we c o n d u c t e d a s t u d y where 
a c t i n o m y c e t e s and o t h e r m i c r o o r g a n i s m s i s o l a t e d f r o m 18 s o i l s a m ples 
were i d e n t i f i e d and t e s t e d f o r t o x i n p r o d u c t i o n (JJ7, 2 3 ) . The 
a c t i n o m y c e t e genus S t r e p t o m y c e s y i e l d e d t h e g r e a t e s t number o f 
p e s t i c i d e - p r o d u c i n g i s o l a t e s ( T a b l e I ) . The p e r c e n t a g e o f p e s t i c i d e -
p r o d u c i n g S t r e p t o m y c e s s p e c i e s , o u t o f t h e t o t a l t e s t e d , was a l s o 
h i g h compared t o most o t h e r g r o u p s . The a c t i n o m y c e t e g e n e r a 
A c t i n o p l a n e s , N o c a r d i o p s i s , and S t r e p t o v e r t i c i l l i u m a l s o y i e l d e d a 
c o m p a r a t i v e l y h i g h p e r c e n t a g e o f t o x i n - p r o d u c i n g i s o l a t e s , however, 
t h e a b s o l u t e number o b t a i n e d f r o m t h e s e g e n e r a was l o w e r . 

S e v e r a l o f t h e p e s t i c i d a l compounds and p r o d u c e r m i c r o o r g a n i s m s 
a r e d i s c u s s e d b e low. 

C y c l o h e x i m i d e . F i g u r e 1 shows symptoms o f p h y t o t o x i c i t y t h a t 
o c c u r r e d i n s e c o n d a r y s c r e e n s o f c e r t a i n a c t i n o m y c e t e s . Damage was 
c h a r a c t e r i z e d by s e v e r e b u r n i n g o f l e a v e s and s t u n t i n g o f p l a n t s and 
sometimes began t o a p p e a r w i t h i n 24-48 h r o f s p r a y i n g . D e a t h ensued 
i f i n j u r y was s e v e r e ; l e s s i n j u r e d p l a n t s e v e n t u a l l y r e c o v e r e d . 
C u l t u r e b r o t h f r o m t h e s e i s o l a t e s a l s o s t r o n g l y i n h i b i t e d s e e d 
g e r m i n a t i o n and s e e d l i n g g r o w t h i n t h e p r i m a r y s c r e e n s . 
C y c l o h e x i m i d e ( F i g u r e 2) was p r i m a r i l y r e s p o n s i b l e f o r t h i s i n j u r y 
and was f o u n d t o be p r e s e n t i n t h e c u l t u r e b r o t h o f an a p p r e c i a b l e 
p r o p o r t i o n o f o u r most p h y t o t o x i c S t r e p t o m y c e s i s o l a t e s (1JJ, 2 4 ) . 
C y c l o h e x i m i d e i s a p o t e n t i n h i b i t o r o f s e e d g e r m i n a t i o n and s e e d l i n g 
g r o w t h , a c o n c e n t r a t i o n o f 1 ug/ml c a u s i n g 50% i n h i b i t i o n o f r a d i c l e 
g r o w t h o f g a r d e n c r e s s ( F i g u r e 3 ) . C y c l o h e x i m i d e c a n r e a d i l y be 
p a r t i t i o n e d f r o m c u l t u r e b r o t h w i t h d i c h l o r o m e t h a n e and d e t e c t e d w i t h 
t h i n - l a y e r c h r o m a t o g r a p h y (13). R o u t i n e t e s t i n g o f p h y t o t o x i c 
a c t i n o m y c e t e s i s t h e r e f o r e u s e f u l f o r i d e n t i f y i n g c y c l o h e x i m i d e 
p r o d u c e r s e a r l y i n t h e s c r e e n i n g program. 

C y c l o h e x i m i d e , an i n h i b i t o r o f p r o t e i n s y n t h e s i s , i s p r o d u c e d by 
S t r e p t o m y c e s g r i s e u s , n o u r s e i , n a r a e n s i s , p u l v e r a e u s , a l b u s , and 
o r n a t u s ( 2 5 - 2 7 ) . I t has s t r o n g a n t i f u n g a l a c t i v i t y ( 2 8 , 29) and has 
been u s e d as an a g r i c u l t u r a l f u n g i c i d e ( 3 0 ) . I t i s a l s o h i g h l y 
r e p e l l e n t t o r a t s ( 3 1 , 3 2 ) . T o x i c i t y t e s t s i n d i c a t e an LD50 
( i n t r a v e n o u s ) t o m i c e o f 150 mg/kg ( 2 9 ) . C y c l o h e x i m i d e has 
p r e v i o u s l y been f o u n d t o i n h i b i t g e r m i n a t i o n o f r a d i s h , p e a , and 
wheat; t o i n j u r e young l e a v e s ; and t o c a u s e t o x i c i t y t o c e r t a i n a l g a e 
( 3 3 - 3 5 ) . I t c a n a p p a r e n t l y be a b s o r b e d and t r a n s l o c a t e d ( 3 6 , 37^). 
C y c l o h e x i m i d e has been c o n s i d e r e d f o r u s e as a h e r b i c i d e i n J a p a n 
( 5 ) , b u t c u r r e n t l y a p p e a r s t o have l i t t l e p o t e n t i a l f o r s u c h u s e i n 
t h e U n i t e d S t a t e s . 

G e l d a n a m y c i n and N i g e r i c i n . A s t r a i n o f S^ h y g r o s c o p i c u s ( d e s i g n a t e d 
V-9 i n 13) was i s o l a t e d t h a t s t r o n g l y i n h i b i t e d s e e d g e r m i n a t i o n and 
s e e d l i n g g r o w t h , b u t d i d n o t p r o d u c e d e t e c t a b l e amounts o f 
c y c l o h e x i m i d e . G e l d a n a m y c i n and n i g e r i c i n ( F i g u r e 2) were 
s u b s e q u e n t l y i s o l a t e d and i d e n t i f i e d ( 3 8 ) . B o t h were h i g h l y 
p h y t o t o x i c and c a u s e d 50% r e d u c t i o n o f g a r d e n c r e s s r a d i c l e 
e l o n g a t i o n a t c o n c e n t r a t i o n s o f 3 ug/ml o r l e s s ( F i g u r e 3 ) . 

G e l d a n a m y c i n i s an a n s a m y c i n a n t i b i o t i c . I t was f i r s t r e p o r t e d 
i n 1970 f r o m S^ h y g r o s c o p i c u s v a r . g e l d a n u s ( 3 9 , 4 0 ) . S t r u c t u r a l l y , 
i t i s i d e n t i c a l t o h e r b i m y c i n B e x c e p t i t has a m e t h o x y l g r o u p on 
c a r b o n 17 ( 4 1 , 4 2 ) . The h e r b i m y c i n s a r e a l s o a n s a m y c i n a n t i b i o t i c s 
p r o d u c e d by S^ h y g r o s c o p i c u s t h a t have s t r o n g h e r b i c i d a l e f f e c t s ( 4 1 , 
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5. HEISEY ET AL. Herbicidal and Insecticidal Metabolites 69 

T a b l e I . P e s t i c i d a l a c t i v i t y o f a c t i n o m y c e t e s and o t h e r m i c r o 
o r g a n i s m s i s o l a t e d f r o m 18 s o i l s a m ples and t e s t e d i n p r i m a r y 
h e r b i c i d e and i n s e c t i c i d e s c r e e n s 

No. o f i s o l a t e s s h o w i n g 
No . o f i s o l a t e s s t r o n g p e s t i c i d a l a c t i v i t y on: 

Genus t e s t e d C r e s s B a r n y a r d g r a s s M o s q u i t o 

S t r e p t o m y c e s 266/302* 47 24 26 
M i c r o m o n o s p o r a 134 1 0 2 
A c t inomadur a// 59 3 2 3 
A c t i n o p l a n e s 46 6 3 4 
Rhodococcus 26 0 0 0 
M i c r o p o l y s p o r a 24 1 1 2 
N o c a r d i a 22 0 0 0 
N o c a r d i o p s i s # 22 4 2 1 
S t r e p t o s p o r a n g i u m 22 1 1 1 
O e r s k o v i a 21 0 0 1 
Thermomonospora 21 0 0 1 
Thermoact inomyces@ 19 0 0 0 
S t r e p t o v e r t i c i l l i u m 18 1 0 3 
Sa c c h a r o m o n o s p o r a 16 0 0 0 
P r o m i c r o m o n o s p o r a 15 0 0 0 
D a c t y l o s p o r a n g i u m 11 0 0 0 
M i c r o b i s p o r a 11 0 0 0 
C h a i n i a 8 0 0 1 
P s e u d o n o c a r d i a 7 0 0 0 
Unknown a c t i n o m y c e t e s 28 2 2 0 
N o n - a c t i n o m y c e t e b a c t e r i a 40 1 0 3 
F u n g i 70 5 3 7 

^Number o f i s o l a t e s t e s t e d = 266 i n h e r b i c i d e s c r e e n s and 302 i n 
i n s e c t i c i d e s c r e e n s . 

^Use o f t h e s e names does n o t i m p l y a u t h o r s 1 endorsement r e g a r d i n g 
v a l i d i t y . 

@Organisms a p p e a r e d s i m i l a r t o T h e r m o a c t i n o m y c e s p e p t o n o p h i l u s . 
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70 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

F i g u r e 1. P h y t o t o x i c i t y o f c u l t u r e b r o t h f r o m a c y c l o h e x i m i d e -
p r o d u c i n g a c t i n o m y c e t e s t r a i n ( r i g h t , T 1 6 1 ) . M i c r o b i a l b r o t h was 
s p r a y e d o n t o f o l i a g e o f cucumber ( f o r e g r o u n d ) , c o r n , and s o y b e a n 
( r e a r ) . C o n t r o l ( l e f t ) r e c e i v e d an e q u i v a l e n t volume o f 
p r e v i o u s l y s t e r i l e c u l t u r e b r o t h . 
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CYCLOHEXIMIDE C H 3 C H 3 

GELDANAMYCIN 

NIGERICIN 

F i g u r e 2. S t r u c t u r e s o f h e r b i c i d a l and i n s e c t i c i d a l m e t a b o l i t e s 
r e c e n t l y i s o l a t e d f r o m m i c r o o r g a n i s m s . 
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72 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

A 3 ) . G e l d a n a m y c i n i n h i b i t s DNA s y n t h e s i s , i s s t r o n g l y a c t i v e 
a g a i n s t tumor c e l l s , and i s m o d e r a t e l y t o x i c t o c e r t a i n f u n g i , 
b a c t e r i a , and p r o t o z o a ( 3 9 , AA ). I t s a c u t e o r a l t o x i c i t y t o r a t s i s 
2500-5000 mg/kg, and t h e i n t r a p e r i t o n e a l LD50 f o r m i c e i s a b o u t 1 
mg/kg ( 3 9 ) . 

N i g e r i c i n , a p o l y e t h e r a n t i b i o t i c , was f i r s t r e p o r t e d i n 19A9 
and was l a t e r f o u n d t o be i d e n t i c a l t o p o l y e t h e r i n A, p r o d u c e d by S. 
h y g r o s c o p i c u s ( A 5 - A 7 ) . N i g e r i c i n i n f l u e n c e s c a t i o n t r a n s p o r t a c r o s s 
membranes ( A 8 - 5 2 ) . I t a l s o i n h i b i t s p h o t o p h o s p h o r y l a t i o n ( A 8 ) , Gram-
p o s i t i v e b a c t e r i a , m y c o b a c t e r i a , and c e r t a i n f u n g i ( A6, 5 3 ) , and i s 
p a t e n t e d as a f e e d a d d i t i v e t o i m p r o v e w e i g h t g a i n i n c a t t l e (5A, 
5 5 ) . I t s i n t r a p e r i t o n e a l LD50 r a n g e s f r o m 2.5 t o 10-15 mg/kg f o r m i c e 
(46, 5 3 ) . 

We have e v a l u a t e d g e l d a n a m y c i n and n i g e r i c i n as p r e - and 
p o s t e m e r g e n c e h e r b i c i d e s . T e s t s were done i n loamy sand s o i l i n 
s t y r o f o a m f l a t s ( 1 8 x l 3 x 5 - c m ) i n t h e g r e e n h o u s e a t a p p l i c a t i o n s o f 0 
( c o n t r o l ) , 0.3, 0.6, 1.1, 2.2, and A.5 k g / h a . A p p l i e d p r e e m e r g e n c e , 
g e l d a n a m y c i n c a u s e d s t a t i s t i c a l l y s i g n i f i c a n t i n h i b i t i o n o f 
b a r n y a r d g r a s s , g a r d e n c r e s s , p r o s o m i l l e t , and r e d r o o t p i g w e e d a t 0.6 
kg/ha o r l e s s ( T a b l e I I ) . L a r g e c r a b g r a s s and g i a n t f o x t a i l were 
l e s s s e n s i t i v e and were s i g n i f i c a n t l y i n h i b i t e d o n l y by A.5 kg/ha. 
V e l v e t l e a f was n o t a p p r e c i a b l y i n h i b i t e d by g e l d a n a m y c i n a p p l i e d 
p reemergence a t r a t e s up t o A.5 k g / h a . N i g e r i c i n was l e s s e f f e c t i v e 
t h a n g e l d a n a m y c i n as a preemergence h e r b i c i d e . A l t h o u g h i t 
s i g n i f i c a n t l y i n h i b i t e d c r e s s a t 1.1 kg/ha o r h i g h e r , and l a r g e 
c r a b g r a s s a t A.5 k g / h a , i t d i d n o t c o n s i s t e n t l y i n h i b i t any o f t h e 
o t h e r s p e c i e s ( T a b l e I I ) . 

P o s t e m e r g e n c e , g e l d a n a m y c i n had l i t t l e e f f e c t and d i d n o t 
s t a t i s t i c a l l y r e d u c e g r o w t h o f any o f t h e a s s a y s p e c i e s a t d o s e s up 
t o A.5 kg/ha ( T a b l e I I ) . N i g e r i c i n was s t r i k i n g i n i t s p o s t e m e r g e n c e 
e f f e c t on v e l v e t l e a f and c r e s s , w h i c h were s i g n i f i c a n t l y i n h i b i t e d a t 
r a t e s as low as 0.3 kg/ha. Damage t o v e l v e t l e a f was c h a r a c t e r i z e d by 
s t u n t i n g and n e c r o s i s o f l e a v e s ( F i g u r e A ) . I n t h e s p e c i e s s e n s i t i v e 
t o g e l d a n a m y c i n and n i g e r i c i n , most p l a n t s n o t i n i t i a l l y k i l l e d 
resumed n o r m a l g r o w t h w i t h i n 2-3 weeks f o l l o w i n g i n j u r y . 

E p i e p o f o r m i n , H y d r o x y b e n z y l A l c o h o l , and M e t h y l h y d r o q u i n o n e . An i s o 
l a t e o f t h e f u n g u s S c o p u l a r i o p s i s b r u m p t i i p r o d u c e d c u l t u r e b r o t h 
t h a t s t r o n g l y i n h i b i t e d g a r d e n c r e s s and b a r n y a r d g r a s s a t 1:1 ( v : v ) 
d i l u t i o n i n t h e p r i m a r y s c r e e n s . A s o l v e n t e x t r a c t o f t h e c u l t u r e 
b r o t h , a p p l i e d p o s t e m e r g e n c e a t A.5 k g / h a , r e d u c e d g r o w t h o f c e r t a i n 
b r o a d l e a v e d s p e c i e s by 25-50% ( 5 6 ) . T h r e e p h y t o t o x i n s were i s o l a t e d : 
( + ) - e p i e p o f o r m i n , 3 - h y d r o x y b e n z y l a l c o h o l , and 2 - m e t h y l h y d r o q u i n o n e 
( F i g u r e 2 ) . E p i e p o f o r m i n was most p h y t o t o x i c and showed s t r o n g 
a c t i v i t y on r e d r o o t p i g w e e d and m u s t a r d ; 3 - h y d r o x y b e n z y l a l c o h o l 
m o d e r a t e l y i n h i b i t e d r e d r o o t p i g w e e d ; 2 - m e t h y l h y d r o q u i n o n e showed 
o n l y weak a c t i v i t y on any o f t h e a s s a y s p e c i e s . 

The t h r e e p h y t o t o x i n s we i s o l a t e d f r o m S c o p u l a r i o p s i s b r u m p t i i 
have p r e v i o u s l y been r e p o r t e d f r o m o t h e r f u n g i : 3 - h y d r o x y b e n z y l 
a l c o h o l and 2 - m e t h y l h y d r o q u i n o n e f r o m P e n i c i l l i u m u r t i c a e ( 5 7 , 5 8 ) , 
2 - m e t h y l h y d r o q u i n o n e f r o m N e c t r i n a e r u b e s c e n s ( 5 9 ) and Phoma s p e c i e s 
( 6 0 ) , and ( + ) - e p i e p o f o r m i n f r o m an u n i d e n t i f i e d f u n g u s ( 6 T ) . Two-
m e t h y l h y d r o q u i n o n e i s a l s o p r o d u c e d by c e r t a i n b e e t l e s as a d e f e n s e 
compound ( 6 2 - 6 5 ) . P h y t o t o x i c o r g r o w t h - r e g u l a t o r y e f f e c t s have 
p r e v i o u s l y been r e p o r t e d f o r ( + ) - e p i e p o f o r m i n and 3 - h y d r o x y b e n z y l 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

00
5



5. HEISEYETAL. Herbicidal and Insecticidal Metabolites 73 

o 

DOSE (ug/dish) 

F i g u r e 3. E f f e c t o f c y c l o h e x i m i d e ( C ) , g e l d a n a m y c i n ( G ) , and 
n i g e r i c i n (N) on r a d i c l e g r o w t h o f g a r d e n c r e s s . Dose i s t h e 
amount o f compound p e r 1.5 m l o f d i s t i l l e d w a t e r a p p l i e d t o e a c h 
b i o a s s a y d i s h . 

T a b l e I I . H e r b i c i d a l e f f e c t s o f geldanamycin (G) and n i g e r i c i n (N) t o 
s e v e r a l p l a n t s p e c i e s i n s o i l . Rates of a p p l i c a t i o n were 0 ( c o n t r o l ) , 
0.3, 0.6, 1.1, 2.2, and A.5 kg/ha 

B i o a s s a y species@ 
A p p l i c a t i o n Compound Response BYGR GACR GIFT LACG PRMI RRPW VELE 

Preemergence G Y i e l d * 49 32 75 1AQ 37 13 89 
MIR// 0.6 0.6 A.5 A.5 0.3 0.3 >A.5 

N Y i e l d 8A 2 65 70 79 38-- 91 
MIR >A.5 1.1 >4.5 A.5 >A.5 >A.5 >A.5 

Postemergence G Y i e l d 95 122 107 96 97 _ _ 10A 
MIR >A.5 >A.5 >A.5 >A.5 >A.5 >A.5 

N Y i e l d 108 52 77 81 119 53 
MIR >A.5 0.3 >A.5 >A.5 >A.5 -- 0.3 

* Y i e l d i s oven-dry w e i g h t o f s h o o t s i n t r e a t m e n t s r e c e i v i n g A.5 kg/ha 
e x p r e s s e d as p e r c e n t a g e o f c o n t r o l . 

^MIR (minimum i n h i b i t o r y r a t e ) i s the l o w e s t a p p l i c a t i o n ( i n kg/ha) 
r e q u i r e d t o cause c o n s i s t e n t s t a t i s t i c a l l y s i g n i f i c a n t ( 5 % LSD) 
i n h i b i t i o n r e l a t i v e t o c o n t r o l . 

@Bioassay s p e c i e s : BYGR = b a r n y a r d g r a s s , GACR = garden c r e s s , GIFT = 
g i a n t f o x t a i l , LACG = l a r g e c r a b g r a s s , PRMI = proso m i l l e t , RRPW = 
r e d r o o t pigweed. 
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F i g u r e A. E f f e c t o f n i g e r i c i n on v e l v e t l e a f s e e d l i n g s ( r i g h t ) 8 
days a f t e r p o s t e m e r g e n c e a p p l i c a t i o n o f 0.5 l b / a c r e (0.6 k g / h a ) . 
The c o n t r o l ( l e f t ) r e c e i v e d no n i g e r i c i n . 
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5. HEISEY ET AL, Herbicidal and Insecticidal Metabolites 75 

alcohol (61, 66), whereas insecticidal (67-70) and antibiotic (71-
73) activity have been reported for 2-methylhydroquinone. 

Valinomycin. A strain of Streptomyces griseus was discovered that 
produced strongly mosquitocidal culture broth. Bioassays of the 
crude broth indicated an LC50 at 0.001- to 0.0001-strength dilution. 
The producing microorganism was atypical in spore chain morphology 
from previously described S. griseus (74). Two insecticidal 
compounds have been isolated from the microbial cells. One was 
identified as valinomycin (Figure 2) and found to have an LC50 of 2-3 
ug/ml on mosquito larvae. The other has not yet been obtained in 
sufficient quantity for identification or accurate insecticidal 
evaluation. 

Valinomycin has previously been reported as a metabolite of S. 
fulvissimus (75) and S. roseochromogenes (76). Our producing strain 
differs somewhat from these in both morphology and physiology 
(74). Valinomycin was patented for insecticidal, nematocidal, and 
acaricidal use in 1970 (76) and is active against Mycobacterium 
tuberculosis (75). Valinomycin influences cation movement across 
membranes (77, 78) and uncouples oxidative phosphorylation (79). 

Conclusions 

The results of our work indicate that soil microorganisms 
produce a variety of herbicidal and insecticidal metabolites. 
Continued screening of microbial isolates will undoubtedly reveal 
additional pesticidal compounds and producer organisms. We believe 
future work will eventually lead to discovery of new microbial 
metabolites that have potential for commercial development as 
pesticides. 
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Chapter 6 

Diverse but Specific Biological 
Activities of Four Natural 

Products from Three Fungi 

Horace G. Cutler1, Eberhard Ammermann2, and James P. Springer3 

1Richard B. Russell Research Center, Agricultural Research Service, 
U.S. Department of Agriculture, Athens, GA 30613 

2Badische Anilin- und Sodafabrik Aktiengesellschaft, Landwirtschaftliche 
Versuchsstation, D-6703 Limburgerhof, Federal Republic of Germany 

3Merck Therapeutic Institute, Rahway, NJ 07065 
Biologically active natural products isolated 
from fungi fall into three general categories. 
Those isolated for medicinal antibiotic activity 
years ago that have not been tested for agricul
tural use; those recently isolated as mycotoxins 
that have not been tested in other biological 
systems; and novel products. Four examples are 
given. Cyclopenin and cyclopenol, isolated in 
1954; 3,7-dimethyl-8-hydroxy-6-methoxyisochro
man, isolated in 1979; and the novel metabolite 
cinereain, isolated in 1987. The diversity of 
structure, activity and possible applications of 
these products to agriculture are discussed. 

One of the great problems in dealing with biologically active 
natural products i s that individuals tend to compartmentalize 
their thinking when i t comes to working with a specific com
pound and i t s congeners. There i s a lack of perception that 
these natural substances may have very diverse activities in 
specific, but unrelated, biological systems. Those who deal 
with pharmaceuticals, for example antimicrobials, often f a i l 
to translate their discoveries to other fields, such as agro
chemicals, with the consequence that much potentially valu
able material i s lost. For some reason, disciplines f a i l to 
communicate with each other and work performed within a dis
cipline may be done for no apparent cause other than the pur
suit of pure knowledge. Another di f f i c u l t y arises in that a 
sense of defeat overcomes those who would venture into the 
isolation of new natural products from microorganisms; their 
f i r s t reaction i s to say that the odds for discovering novel 
structures are very slim and their application for practical 
use i s even slimmer. In this chapter three classes of com
pounds, a l l natural products from microorganisms, w i l l be 
discussed relative to these general observations and should 
be viewed as cautionary verses (to avoid myopia) for those 

0097-6156/88/0380-0079$06.00/0 
© 1988 American Chemical Society 
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80 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

who are interested in agrochemical development and those in
volved in a singular discipline who would like to diversify 
their scientific portfolio. 

Cyclopenin, cyclopenol, diazepam, and related structures. 
While searching for biologically active structures, espe
ci a l l y those that inhibit plant growth, we accessed a fungus, 
isolated from pecan kernels (Carya illinoensis), that had 
undergone insect damage. The organism, identified as an 
aberrant strain of PeniciIlium cyclopium (NRRL 6233) produced 
two metabolites, cyclopenin and cyclopenol (1), in addition 
to another metabolite, compactin (Figure 1), which showed no 
growth regulatory properties in the etiolated wheat (Triticum 
aestiyum L., cv. Wakeland) coleoptile assay (2). Compactin 
later underwent independent development by the pharmaceutical 
industry for drug use to reduce blood serum cholesterol (3). 
However, i t transpired that cyclopenin (Figure 2) s i g n i f i 
cantly inhibited (P<0.01) the growth of.etiolated wheat 
coleoptiles 100 and 33% at 10 and 10 M, respectively, 
whi^e cyclopenol (Figure 2) inhibited coleoptiles only 20% at 
10 M. The coleoptile bioassay has been described in 
detail (4,5). Thus, the two molecules which differ by a 
single hydroxyl group versus a proton at the C15 position 
have markedly different inhibiting properties by a greater 
than tenfold factor. 
Because of the biological activities observed in the p r i 

mary wheat coleoptile bioassay, the two metabolites were eval
uated in greenhouse-grown intact plants. These included bean, 
corn, and tobacco. Solutions of cyclopenin and cyclopenol 
were formulated in 10% acetone?plus_Tween 20_(0.1%) in water, 
and plants were treated at 10 , 10 and 10 M. 
Nine-day old bean plants (Phaseolus vulgaris L. cv. Black 
Valentine) were sprayed with 1 ml per plant, in aerosol, of 
each concentration when they were in the f i r s t true leaf 
stage; four plants were included in each pot. Tobacco plants 
(Nicotiana tabacum L. cv. Hicks) were six-weeks old when 
individually sprayed with test solutions, using 1 ml per 
plant. Corn plants (Zea mays L. cv. Norfolk Market White), 
on the other hand, had 100 u l of each test solution 
introduced individually into leaf sheaths when one-week old. 

The results of these tests demonstrated that tobacco plants 
were unaltered by applications of cyclopenin, or cyclopenol. 
However, cyclopenin induced malformationsqf the f i r s t t r i f o l -
iates_^n bean which were pronounced at 10 M, but slight 
at 10 M, one week following treatment. In addition, 
growth of the upper trifoliates were inhibited relative to 
those of control plants. Cyclopenol treated plants resembled 
control plants. The effects in corn were noted within 24 
hours with cyclopenin and there was necrosis and stem col
lapse at 10"" M. After 48 hours, these effects were even 
more pronounced and at two weeks following treatment plants 
that ha Ĵ survived were stunted relative to control plants. 
The 10" M treatments were normal. In contrast, cyclopenol 
treated plants were unaffected. Two conclusions were drawn 
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6. CUTLER ET AL. Natural Products from Fungi 81 

from these experiments. First, cyclopenin was more active 
than cyclopenol in plants. Second, cyclopenin selectively 
inhibited the growth of corn, a monocotyledon, induced morpho
logical changes in bean plants, a dicotyledonous 
nitrogen-fixer, and produced no apparent changes in tobacco. 
Most importantly, cyclopenol was relatively inactive in 
plants. 

It i s important to highlight the fact that neither cyclo
penin nor cyclopenol were novel metabolites. "Cyclopenin" 
(actually a mixture of cyclopenin and cyclopenol) had been 
described as early as 1954 by Bracken (6) when the mixture 
had been isolated from P. cyclopium. Clarification as to the 
exact nature of "cyclopenin" came with the work of Mohammed 
and Luckner in 1963 when the individual structures of 
cyclopenin and cyclopenol were elucidated as metabolites 
emanating from P. cyclopium and P. viridicatum (7). Neverthe
less, cyclopenin had been shown to have slight antibiotic 
activity against Micrococcus pyogenes var. aureus and 
Escherichia c o l i (8). It has to be assumed that the original 
examination of these two organisms was prompted for two 
reasons. Primarily, the exercise was probably intended to 
discover new antibiotics for medicinal use but, as i s so 
often the case, some rather intriguing chemistry which was 
essential to determine the absolute structure became the 
major focus. It is significant, as we shall see later, that 
the biological objectives remained relatively narrow. It is 
also significant that the plant growth regulatory, and other 
properties, were not noted earlier because exactly 20 years 
elapsed between the f i r s t report (6) of the isolation of 
cyclopenin and cyclopenol, and the disclosure of their rela
tive activities in plant, and other systems (1). 

During the course of our investigations we had two extra
ordinary pieces of good luck each unrelated to the other. 
Both metabolites had been tested in a few screening programs 
as potential agrochemicals but these were limited because of 
the small amounts of chemicals available. However, the f i r s t 
piece of luck was that we tested cyclopenin and cyclopenol in 
antifungal assays using greenhouse grown tomato plants that 
supported the plant pathogen Phythophthora infestans, the 
late blight of potato, under ideal conditions to propagate 
the disease. This organism, f i r s t recorded in the United 
States and Europe about 1840, was responsible for destroying 
the potato crop in Ireland in 1846-1847, the period known as 
the Great Famine, and prompted the subsequent emigration of 
one-quarter of the Irish population to a l l parts of the 
world, especially the United States. The disease i s s t i l l a 
problem in Europe today, and in the United States the number 
of applications of fungicides to control this pest ranges 
from 8 to 18 times per season. The crop is grown on a l i t t l e 
more than 1.0 million acres, mostly in northern states, to 
yield a basic commodity worth in excess of $1 b i l l i o n per 
year. Unfortunately, there is presently a great deal of 
dispute concerning the use of synthetic fungicides relative 
to their potential harm to humans. A biodegradable fungicide 
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82 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

would be of benefit to the food industry though i t would have 
to retain i t s integrity long enough to control a pathogen to 
be of commercial value and would have to be non-carcinogenic. 
Cyclopenol controlled P. infestans in greenhouse experiments 
and closely paralleled responses obtained with the standard 
fungicide Metiram (Table I). Cyclopenin did not possess 
fungicidal properties. Neither metabolite was active against 
Plasmopora v i t i c o l a f a disease of grapes. Note that the 
substitution at C15 i s of paramount importance relative to 
specific biological activity. 

Table I. Effectiveness of cyclopenin and cyclopenol 
in controlling Phytophthora infestans in greenhouse-
grown tomato plants (Lycopersicon esculentum L.) 
relative to Metiram, 24 hours following treatment 

Treatment Concentration (%) Disease Index (%) 

Cyclopenin 0.025 15 
Cyclopenol 0.025 5 
Metiram 0.025 0 
Control 0 70 

The other serendipitous event was the testing of both meta
bolites for acute toxicity. Day-old-chicks were dosed, via 
crop intubation, with 1 ml of corn o i l containing 25, 125, 
250, and 500 mg/kg body weight of cyclopenin or cyclopenol 
(1). We reported that cyclopenin caused drowsiness in chicks 
within 2 hours following administration with the 250 mg/kg 
dose, but that they had a l l recovered within 18 hours. 
Planning to obtain an LD™, the dose was increased to 500 
mg/kg body weight and witnin 1 hour the chicks were intoxi
cated, and prostrate. They recovered with no apparent i l l 
effects, other than slight drowsiness, in 18 hours. Cyclo
penol induced none of these effects in chicks at these 
levels. 

It was after these results had been published that the ob
vious structural relationship between cyclopenin and the ben
zodiazepine structure, 7-chloro-1,3-dihydro-1-methyl-5-phenyl 
-2H-1,4-benzodiazepin-2-one (diazepam, or valium), a tranquil
izer that enjoyed great popularity in the 1960's and early 
1970,s (9), came to our attention. Comparison of that struc
ture (Figure 3) with cyclopenin indicates the following d i f 
ferences. The methyl group attached to N1 i s substituted by 
a single proton in cyclopenin. There is a common carbonyl at 
C2 in both substances. There is an epoxide at C3 in cyclopen
in which is attached to a phenyl group. The N4 has an associ
ated methyl group in cyclopenin. At N4, there i s an adjacent 
carbonyl attachment in cyclopenin: that same nitrogen, in 
diazepam, has a double bond in conjunction with a benzene 
ring. An important addition in diazepam is the heavy atom, 
CI, at the C7 position. The major difference between these 
metabolites i s , then, the presence of a heavy atom in the one 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

00
6



CUTLER ET AL. Natural Products from Fungi 

Figure 1• Compactin. 

0 19 

R=H CYCLOPENIN 
R = OH CYCLOPENOL 

Figure 2. Cyclopenin and cyclopenol. 

CH3 

Figure 3. Diazepam (Valium). 
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84 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

and an epoxide in the other. Epoxides are notoriously active 
in biological systems, the case of the 12,13 epoxytrichothe-
cenes being typical (10) and, in that case, the opening of 
the epoxide ring eliminates biological activity. The 
selective activity of each of these fungal metabolites raises 
a series of questions. Why i s cyclopenin active against some 
plants (wheat, bean, corn) yet inactive against others 
(tobacco) and why does i t possess tranquilizing properties 
against vertebrates? Why does i t not control P. infestans? 
Conversely, why does cyclopenol inhibit the growth of wheat 
and P. infestans, yet i t does not control the growth of the 
other plants tested nor does i t appear to have any 
tranquilizing properties? There are very few answers at 
present, but one important observation is that the etiolated 
wheat coleoptile assay has been shown to detect plant growth 
promoters, inhibitors, antimicrobials, immunosuppressants, 
and mycotoxins (4,5). It does not, however, detect compounds 
that have neurological action (5). 

Recently, when diazepam was tested against-wheat coleop
t i l e s , i t inhibited their growth 100% at 10 M (11). This 
places the relative activity, in the same biological system, 
between cyclopenin and cyclopenol, so the situation now 
exists where a common pharmaceutical, an analog of cyclopenin 
and cyclopenol, has activity against plants. Obviously, fur
ther examination of the molecule w i l l be carried out by us in 
both microbial and plant systems. But we now come to a fur
ther mystery. It would seem doubtful that the pharmaceutical 
industry synthesized only diazepam for c l i n i c a l studies as a 
tranquilizer. Surely other derivatives were made, including 
heavy atom substituents; but were they tested in biological 
systems other than vertebrates? The circumstances surrounding 
cyclopenin and cyclopenol become even more puzzling because 
in 1968 there was a description of the synthesis of cyclope
nin (12). A year later, a scheme appeared for the synthesis 
of cyclopenin and isocyclopenin (13) and confirmation of the 
spiro structure, postulated for cyclopenin, was made. By 
1970, the sterospecific synthesis of dl-cyclopenin and d l -
cyclopenol had transpired (14) so that a l l prior work was 
corroborated. Then, in 1974, derivatives of (±) cyclo
penin were produced (15) and three of the four contained one 
or two chlorine atoms (Figure 4). Including the starting 
materials, there were 36 precursors. While the chemistry was 
elegant, not a single statement referred to testing in biolog
ic a l systems either at the time or possibly in the future. 
It seems probable that the relationship between cyclopenin 
and diazepam was missed by these authors because there were 
no chlorine substitutions at the C6, 7, 8, or 9 positions in 
cyclopenin. However, the chlorinated derivatives are excel
lent candidates for biological testing. 
Almost 24 years have elapsed since the f i r s t disclosure of 

the "cyclopenins" from P. cyclopium and a fair volume of syn
thetic work has been accomplished. But apparently the various 
disciplines have not been communicating too well with each 
other. The evidence suggests that a few of the synthetic 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

00
6



6. CUTLER ET AL. Natural Products from Fungi 

derivatives of cyclopenin, and i t s analogs, may be potential 
agrochemicals. At a minimum the basic template i s a reason
able one for making other derivatives for use as plant growth 
regulators or antimicrobials. 

3,7-Dimethyl-8-hydroxy-6-methoxyisochroman (3,7-DHMI). Even 
in supposedly well ordered management systems, communications 
between disciplines break down. Such was the case with 3,7-
DHMI (Figure 5), a metabolite isolated from PeniciIlium 
steckii found growing on moldy millet hay (16) which was 
implicated in the death of a herd of cattle. Earlier, 
strains of P. steckii had been shown to be toxic to cultured 
cells and animals (17), while another isolate from moldy 
chocolate syrup ki l l e d brine shrimp and chick embryos (18). 
The toxin was not isolated from P. steckii until the moldy 
hay incident, but certain strains of P. steckii had been 
shown to produce c i t r i n i n (19) (Figure 6), a nephrotoxin 
which also inhibits the growth of etiolated wheat coleoptiles 
(11). When 3,7-DHMI was administered to day-old chicks, in 
corn o i l via crop incubation, the LE>r Q of pure material was 
800 mg/Kg which is a relatively high figure but, as the dis
coverers state, the situation was unique because the observed 
toxicity in cattle was due to the large quantities of the 
toxin produced by the organism. As a result of purification, 
the specific activity of the molecule was reduced because the 
relative solubility of the metabolite was decreased when in
troduced in vivo (16), a common phenomenon. No ci t r i n i n was 
found among the fermentation products. 

Disclosure of the 3,7-DHMI toxin was published in 1979. 
Subsequently, in 1987, we were involved with an organism in 
which there was a contaminating fungus, Penicillium corylo-
philum, that was eventually isolated. Extracts of that organ
ism yielded a metabolite that inhibited the growth of etio
lated wheat coleoptiles. However, there was not, as we had 
earlier surmised, a biologically active natural product in 
the original fungal accession but the metabolite from the con 
taminating funqus inhibited wheat coleoptile growth by 100 
and 43% at 10 and 10 M, respectively, relative to con
trols and had identical chemical and physical properties to 
3,7-DHMI. It was further tested on greenhouge-grown bean, 
corn, and tobacco plants (vide supra) at 10 , 10" , and 
10"" M. Only corn exhibited leaf necrosis at 10 M with
in 20 hours following application (11). Two salient points 
emerged from our discovery. While we had been working very 
closely with the laboratory that had originally isolated 3,7-
DHMI we had, for some reason, failed to include the metabo
l i t e in our discussions, resulting in a dormant period of 8 
years during which some valuable agrochemical work might have 
been done. And while the molecule was not highly active 
against plants, i t did exhibit selective herbicidal activity, 
and because of the relatively large quantity of material af
forded by fermentation, there exists the possibility of syn
thesizing some active derivatives for testing in diverse 
systems. 
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BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

1. CI H 
2. H CI 
3. CI CI 

Figure 4. Synthetic cyclopenin derivatives. 

Figure 5. 3,7-dimethyl-8-hydroxy~6-methoxyisochroman. 
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6. CUTLER ETAL. Natural Products from Fungi 87 

Cinereain. A recurring criticism levied against the search 
for natural products from microorganisms is that the odds for 
discovering new structures are slim. Yet, in fact, dozens of 
new substances are discovered annually. Between 1971 and 
1983, the number of newly elucidated fungal metabolites alone 
increased by 2000 according to one source (20). This does 
not include those that may have been acquired by fermentation 
industries and which are proprietary information, nor does i t 
include bacterial products. Of these 2000, the number tested 
in biological systems seems to have been very limited. The 
problem in searching for new compounds is one of permutations 
coupled with the intuition to make the proper accessions from 
the right place, and luck. In addition, the fermentation 
process employed is also extremely important. 

A new metabolite that has recently come to light is 
cinereain, isolated from Botrytis cinerea (Figure 7). The 
organism is generally associated, by oenophiles, with the 
disease commonly called the "noble rot" of grapes. Its 
presence causes the ripened grape to shrivel on the vine, 
increasing the relative amount of sugars and giving the 
vintage a distinctive flavor.The production of noble rot wine 
is generally limited to the sauternes and related wines; 
supplies are meagre and the cost is high. B. cinerea also 
attacks other fruits and vegetables both in the f i e l d and 
during storage (21). Our particular strain came from a bin of 
stored sunflower seed (Helianthus annuus L.), and the metabo
l i t e was subsequently obtained from solid fermentation on 
shredded wheat (22) supplemented with yeast extract, broth, 
and sucrose. Cinereain, which was obtained in limited quan
ti t y , was a bright red crystalline product whose structure 
was unequivocally determined by single crystal x-ray diffrac
tion, supported by H and C NMR spectroscopy. The pure 
material inhibited-the growth of etiolated wheat coleoptiles 
100 and 34% at 10 and 10 M relative to controls. This 
level of activity is similar to that obtained with 3,7-DHMI. 
No effects were noted in experiments with greenhouse-grown 
bean or tobacco plants, but there were some slight necrotic 
and chlorotic effects induced in corn plants five days 
following treatment with 10" M solutions of the metabo
l i t e . Two weeks following treatment, the plant appeared to 
be growing normally. In antimicrobial assays with Bacillus 
subtilis, B. cereus, Mycobacterium thermosphactum (a l l Gram-
positive), Escherichia c o l i y and Citrobacter freundii (both 
Gram-negative) there were no effects with concentrations of 
cinereain up to 500 ug/disk. Fungal assays were not included. 
It should be reiterated that the primary assay detects many 
types of biological activity and i t is tempting to predict 
possible systems in which cinereain may eventually find a 
use. The curious structure is certainly novel: the seven-
membered oxepine ring i s rare among natural products and 
selective reduction of either the C2 or C14, or both, car
bonyl s and further derivatization should lead to some imagi
native chemistry and compounds with selective biological 
activity. 
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Figure 6. Citrinin. 

17 18 

Figure 7. Cinereain. 
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6. CUTLER ETAL. Natural Products from Fungi 89 

In the final analysis, there are many microbial natural 
products that possess biological activity which may have 
potential as plant growth regulating substances and pesti
cides. This includes antimicrobials for use in crop protec
tion. Many compounds, and their synthetic derivatives, 
appear not to have been tested in either singular or diverse 
biological systems (pharmaceutical or agrochemical). Perhaps 
what is now needed is a handbook of natural products listing 
their chemical and biological properties in multiple systems 
so that ready cross-reference can be made. In spite of the 
necessity of highly specific, high specific activity, biode
gradable agrochemicals (especially fungicides) there is a 
lack of inter-disciplinary communication. Part of this is 
surely due to the secretive nature of commercial development, 
however, much remains to be accomplished and much of the 
accomplishment will be brought about by unifying the 
disciplines. 
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Chapter 7 

Avermectins: Biological and Pesticidal Activities 

J. R. Babu 

Agricultural Research and Development, Merck Sharp & Dohme Research 
Laboratories, Three Bridges, NJ 08887 

The avermectins, which show highly potent, broad 
spectrum of activities against plant parasitic 
mites, insects and nematodes were discovered in 
a screening program for natural products of 
microbial origin. The successful 
characteristics of this program are discussed. 
The GABAergic mode of action of the avermectins 
is unique. Other novel biological properties 
include: rapid photodegradation of foliar 
surface deposits, translaminar activity which 
maintains a pesticidal reservoir within the 
leaf; sublethal effects on organisms, such as 
debilitated feeding and reduction in 
fecundity; and virtual immobility and 
microbial decomposition in soil. 

The d i s covery of the avermectin f a m i l y of mac rocyc l i c 
l ac tones produced by the s o i l act inomycete Streptomyces 
a v e r m i t i l i s marks an i n s t r u c t i v e chapter i n the search f o r 
na tu ra l products of m i c r o b i a l o r i g i n . They were not found i n 
a g e n e r a l i z e d , broad spectrum sc reen, but i n one which had 
demonstrable elements o f r a t i o n a l e and s p e c i f i c o b j e c t i v e s . 
In d i s cu s s i n g the c h a r a c t e r i s t i c s of the succes s fu l sc reen ing 
program which l ed to the d i s cove ry o f the avermectins a t the 
Merck Sharp and Dohme Research L a b o r a t o r i e s , Campbell e t cH. 
[1) po i n t out t ha t the d i s covery "..was by no means 
s e r e n d i p i t o u s ; those who were seeking found what they 
sought " . The i r account and those o f S tap ley and Woodruff 
(2) and Woodruff and Burg (3) g ive the d e t a i l s of the 
i n i t i a t i o n and o r gan i z a t i on of the screening e f f o r t s and 
t h e i r denouement as the avermect ins. 

0097-6156/88/0380-0091$06.00/0 
c 1988 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

00
7



BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

The avermectins were d i scovered i n an an the lm in t i c 
screening program i n which m i c r ob i a l fe rmentat ion broths were 
t e s t ed i n mice aga ins t the nematode Nematospiroides dubius. 
Two c h a r a c t e r i s t i c s o f t h i s screen ing program are worth 
ment ion ing. F i r s t , i n s tead of i n v i t r o , " r a t i o n a l i s t " t e s t s 
such as t a r ge t enzyme i n h i b i t i o n or recepto r b i nd i n g , the 
fe rmentat ion broths were te s ted by being admin i s tered i n d i e t 
to nematode- infested mice; even though such an HI v i vo 
approach was expens ive, i t s imul taneous ly t e s t ed f o r e f f i c a c y 
aga ins t a p a r a s i t e and t o x i c i t y to the hos t , which 
con t r i bu ted to the speed o f f u r t h e r work on the a c t i v e 
e n t i t i e s . Second, a d e l i b e r a t e cho ice was made to emphasize 
the s e l e c t i o n of microorganisms of unusual morphological 
t r a i t s and n u t r i t i o n a l requirements (2). Indeed, the 
c u l t u r e s o f S. a v e r m i t i l i s have c h a r a c t e r i s t i c s which 
i n c l u d i n g brownish-grey spore masses, smooth spore s u r f a ce , 
sporophores forming compact to s l i g h t l y open s p i r a l s and 
presence of melanoid pigments are u n l i k e those o f any 
o ther p r e v i ou s l y descr ibed spec ies o f Streptomyces. Burg et 
a K £4) have g iven the taxonomic d e s c r i p t i o n and the 
fe rmentat ion procedures f o r S. a v e r m i t i l i s . 

Among the avermect ins , avermectin B,, and to a l e s s e r 
ex ten t avermectin B« , have been s tud ied w i th reference to 
p l an t p a r a s i t i c m i te ? , i n s e c t s and nematodes. S ince the 
i n t r o d u c t o r y summary by P u t t e r e t £ 5 ) , a l i m i t e d review 
of the a g r i c u l t u r a l m i t i c i d a l and i n s e c t i c i d a l a c t i v i t i e s o f 
avermect in B. has been pub l i shed by Dybas and Green £ 6 ) . 
More r e c e n t l y , Strong and Brown £7) have compiled a 
comprehensive review of the l i t e r a t u r e on the a g r i c u l t u r a l 
and v e t e r i n a r y i n s e c t i c i d a l a c t i v i t i e s of the avermect ins . 
In the context of t h i s symposium, I in tend t h i s a r t i c l e not 
as a comprehensive review but as a way o f d i s cu s s i n g some o f 
the unique b i o l o g i c a l p r ope r t i e s o f the avermectins i n 
r e l a t i o n to t h e i r a c t i v i t i e s aga ins t nematodes, mites and 
i n s e c t s of a g r i c u l t u r a l importance. 

Chemistry and Nomenclature 

The avermectins comprise a complex of 8 d i s c r e t e but c l o s e l y 
r e l a t e d mac rocyc l i c l a c tone s . W i th in t h i s complex there are 
fou r major components — avermectins A- , A 2 , B, and B 2 

and fou r minor homologous H b " components-A,. , A«. , B,. ana 
Bpu. Mixtures of the homologous substances con ta in i ng 
approx imately 80% or more o f the " a " and 20% or l e s s of the 
corresponding " b " components are u s u a l l y r e f e r r e d to as 
avermectin A p avermectin B^, avermectin A 2 , and avermectin 
B 2 . 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

00
7



BABU Avermectins: Biological and Pesticidal Activities 

A composite s t r u c t u r e of the avermectins i s g iven i n 
F igure 1. I t c on s i s t s of a r i g i d 16-membered lac tone r i n g 
system, a s p i r o k e t a l forming two 6-membered r i n g s , and a 
cyclohexene d i o l or methoxycyclohexenol c i s - f u s e d to a 
five-membered c y c l i c e t he r . In a d d i t i o n , the s t r u c t u r e s are 
c h a r a c t e r i z e d by a d i s a ccha r i de s ub s t i t uen t c o n s i s t i n g o f two 
i d e n t i c a l monomers, a lpha -L -o leandro se , coupled to carbon-13 
through an oxygen bond. 

The l a r ge "A" des i gnat ion r e f e r s t o the avermectin 
components i n which a methoxy group i s present at C-5 and the 
l a rge "B " r e f e r s to the corresponding C-5 hydroxy ana log. 
The s ub s c r i p t " 1 " i s used to i d e n t i f y those components w i th a 
22,23-double bond. The s ub s c r i p t " 2 " i d e n t i f i e s those 
components w i th a 23-hydroxyl group. Both "A" and "B" s e r i e s 
o f components are f u r t h e r c h a r a c t e r i z e d by the presence of a 
secondary-buty l s ub s t i t uen t i n the 25-carbon p o s i t i o n , wh i l e 
the minor homolog conta ins an i sop ropy l s u b s t i t u e n t . 

D e t a i l s o f the steps l ead ing to the e l u c i d a t i o n of the 
s t r u c tu re s o f the avermectins have been pub l i shed e a r l i e r 
( 8 , 9 ) . F i s he r and Mrozik [10) g i ve a comprehensive review of 
the chemistry o f the avermectins and o f a complex of 13 
c l o s e l y r e l a t e d compounds known as milbemycins which were 
i s o l a t e d from S. hygroscopicus by Japanese researchers (11, 

avermectins i s the absence o f the 13-hydroxy d i s a ccha r i de 
s ub s t i t uen t and s a t u r a t i o n a t the 22 ,23 -pos i t i on s i n a l l the 
reported milbemycin compounds. Another major d i f f e r e n c e i s 
the presence o f methyl and ethy l groups attached to C-25 of 
the milbemycins wh i l e the avermectins have secondary buty l 
and i sopropy l groups. 

While the avermectins as a c l a s s are a c t i v e aga in s t 
nematodes, i n s e c t s , mites and other a r thropods , they show 
d i f f e r e n c e s i n terms of degrees of a c t i v i t y (6). Components 
o f the "B" s e r i e s are more b i o l o g i c a l l y a c t i v e than those of 
the "A" s e r i e s . Among the "B" s e r i e s , avermectin B, 
( con ta i n i ng 80% or more o f avermectin B, and 20% or l e s s of 
avermect in B .̂ ) has been predominantly s tud ied as an 
a g r i c u l t u r a l a c a r i c i d e and i n s e c t i c i d e . Avermectin B« , and 
i t s s o i l metabo l i t e known as avermectin B2 a -23-ketone nave 

been s tud ied f o r t h e i r s o i l nemat ic ida l a c t i v i t i e s . A 
s y n t he t i c d e r i v a t i v e of avermectin B*, 
22,23-dihydroavermect in B,, known by the gener ic name 
i ve rmect in has been developed f o r v e t e r i n a r y and human hea l th 
uses (14, 15, 16, 17). 

The word "ABAMECTIN' has been accepted as the 
nonpropr ie ta ry common name f o r avermectin B, [18, 19). I t i s 
c u r r e n t l y marketed as Av id and Vertimec which are the trade 

12, 13). A notab le d i f f e r e n c e 
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94 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

OCH 

AVERMECTIN A : R 5 = O C H 3 

1 : X = -CH=CH-

^25 

B : R s = OH 

OH 

X = - C H o - C H -

b : R 2 5 = >f 

IVERMECTIN : R 5 = OH X = - C H 2 - C H 2 - R 2 5 = AND 

AVERMECTIN B 2 a 23-KET0NE : R 5 = OH X = - C H 2 - C - ^25 "^^H AND N ^ 

Figure 1: S t ruc tu re s of the avermectins (Courtesy of H. 
Mroz i k , Merck and Co. , I n c . ) . 
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BABU Avermectins: Biological and Pesticidal Activities 

names f o r an e m u l s i f i a b l e concentrate con ta i n i ng 1.8% w/v o f 
abamectin f o r use aga ins t p l an t p a r a s i t i c mites and i n sec t s 
i n a g r i c u l t u r e . A f f i r m i s the t rade name f o r a b a i t 
f o rmu la t i on con ta in i ng 0.011% w/w of abamectin f o r use 
aga in s t the red imported f i r e ant So lenops i s i n v i c t a . I t i s 
a l s o used as a c a t t l e an the lm in t i c and e c t o p a r a s i t i c i d e as a 
1% w/v i n j e c t a b l e under the t rade name Avomec i n A u s t r a l i a . 

E a r l y pharmaco log ica l , b i ophy s i c a l and b iochemical 
s tud ie s used severa l avermectins such as avermectin EL, the 
B, component alone and i ve rmect in £ 20 ) . Observat ions from 
these s tud ie s and the s t r u c t u r e - a c t i v i t y r e l a t i o n s h i p s (10) 
show there i s no evidence f o r q u a l i t a t i v e d i f f e r e n c e s i n the 
mode o f a c t i o n o f the avermect ins . There fo re , i n t h i s 
d i s c u s s i o n , the word ' a ve rmect i n s ' w i l l be used as a gener ic 
re fe rence . 

Mode of A c t i on 

E a r l y observat ions on the s e l e c t i v e b i o l o g i c a l a c t i v i t i e s o f 
the avermectins were ins t rumenta l i n understanding t h e i r mode 
of a c t i o n . While showing strong a n t h e l m i n t i c , i n s e c t i c i d a l 
and a c a r i c i d a l a c t i v i t i e s , they were i n e f f e c t i v e aga ins t 
P la tyhe lminths such as f l u k e s and tapeworms. Avermectins 
were a l s o i n a c t i v e aga in s t b a c t e r i a , yeasts and protozoa. An 
e a r l i e r r epo r t that a methanol e x t r a c t o f a c u l t u r e of S. 
a v e r m i t i l i s i n h i b i t e d some f i lamentous fung i by i n t e r f e r i n g 
w i th c h i t i n b i o s yn thes i s £21) has been proved to be erroneous 
by Oni sh i and M i l l e r £22) who showed tha t o l i gomyc in (23) and 
an an t i f unga l polyene produced by the organism accounted f o r 
the an t i f unga l a c t i v i t y and that pure avermectin B, d i d not 
a f f e c t the fung i or t h e i r c h i t i n metabol ism. S i m i l a r l y , 
Gordnier e t (24) have been unable to detec t i n h i b i t i o n of 
c h i t i n a s e or c h i t i n synthetase de r i ved from a v a r i e t y of 
i n s e c t s . 

Thus the conc lu s i on was that there must be a s p e c i f i c 
t a r g e t f o r the avermect ins ' a c t i v i t y i n nematodes and 
arthropods which i s e i t h e r absent or i n a c c e s s i b l e i n f u n g i , 
b a c t e r i a , and P l a t yhe lm in th s . Wang £25) g ives an e x c e l l e n t , 
p r o t a g o n i s t ' s account of the e f f o r t s wfiich l ed to the 
conc lu s i on t ha t the avermectins ac t on i n ve r t eb ra te s by 
p o t e n t i a t i n g the a c t i v i t y o f gamma-aminobutyric a c i d (GABA) 
which i s an i n h i b i t o r y neuro t ransmi t te r i n t h e i r nervous 
systems. Wright £20) g ives a comprehensive review of the 
work done on understanding the mode of a c t i o n o f the 
avermectins and S t r e t t o n e t al_. £16) have reviewed the mode 
o f a c t i o n w i th s p e c i f i c re ference to nematodes. S ince a 
d e t a i l e d a n a l y s i s of the work done to understand the mode of 
a c t i o n i s out o f the scope of t h i s a r t i c l e , I w i l l prov ide a 
summary of the cu r ren t knowledge on the mode of a c t i o n i n 
r e l a t i o n to the observed b i o l o g i c a l a c t i v i t i e s . 
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BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

E l e c t r o p h y s i o l o g i c a l research done soon a f t e r the 
d i s cove ry of the avermectins wi th the nematode A s ca r i s (26) 
and the crustacean arthropod l o b s t e r £27) showed tha t 
avermectins funct ioned as po s t - s ynap t i c agon i s t s of GABA, 
p o t e n t i a t i n g the GABA-mediated c h l o r i d e ion channel 
conductance. C o r o l l a r y work £28) demonstrated tha t 
avermectins markedly s t imu la ted the re lea se of GABA from r a t 
b r a i n synaptosomes which had been preloaded w i th 
r a d i o l a b e l e d GABA. Fur ther work on the GABA-receptor 
p reparat ions der i ved from mammalian b ra i n (28, 29) showed 
tha t avermectins b ind to GABA-receptors and a l so increased 
the a f f i n i t y o f these receptor s f o r benzodiazepams £30 ) . I t 
i s a l s o known tha t GABA i t s e l f a l s o s t imu la te s the b ind ing of 
benzodiazepams to the GABA-receptors £ 31 ) . S ince both GABA 
and the avermectins s t imu l a t e benzodiazepam b i n d i n g , one can 
i n f e r t ha t avermect ins , l i k e GABA, open the c h l o r i d e channel 
o f the GABA-receptor and thus avermectins behave as GABAergic 
a gon i s t s . 

There fo re , w i th re fe rence to nematodes and i n s e c t s , the 
cu r r en t exp lana t i on f o r the mode of a c t i o n i s t ha t 
avermectins s t imu l a te the re lea se o f GABA from nerve endings 
and then enhance the b ind ing of GABA to recepto r s i t e s on the 
post s ynapt i c membrane of an i n h i b i t o r y motoneuron i n the 
case of nematodes, and on the p o s t - j u n c t i o n membrane of a 
muscle c e l l i n the case of i n sec t s and other ar thropods. The 
enhanced GABA-binding r e s u l t s i n an increased f l ow of 
c h l o r i d e ions i n t o the c e l l w i th consequent h y p e r p o l a r i z a t i o n 
and e l i m i n a t i o n of s i gna l t r an sm i s s i on . An i n d i r e c t ye t 
strong evidence t ha t GABA p lays a r o l e i s tha t the e f f e c t s o f 
avermectins on i n ve r t eb ra te s can be reversed by the chemicals 
p i c r o t o x i n or b i c u c u l l i n e £32) which ac t as GABA-antagonists 
by s l i g h t l y d i f f e r e n t mechanisms £33 , 34). P i c r o t o x i n 
n o n c o m p e t i t i v e ^ antagonizes GABA(35 ) , wh i l e b i c u c u l l i n e 
c o m p e t i t i v e l y antagonizes by d i s p l a c i n g GABA from the b ind ing 
s i t e s on the recepto r (36). 

While the GABAergic mechanism has been l a r g e l y accepted, 
the re are a l s o i n d i c a t i o n s tha t avermectins have more than 
one mode o f a c t i o n . At l e a s t two d i s t i n c t s i t e s o f a c t i o n , 
d i f f e r i n g i n t h e i r l o c a t i o n , pharmacological behavior or 
both, have been recognized i n arthropods £37, 38) and 
nematodes £26, 39). S t r e t t o n et a K £16) conclude: "Whether 

s i t e s are comparable i n d i f f e r e n t phyla (Nematoda and 
Arthropoda) i s not c l e a r . A common thread i n many cases i s 
t h a t there are c o r r e l a t i o n s between AVM ( s i c ) s e n s i t i v e l o c i 
and the presence of (gamma)-aminobutyric a c i d (GABA) 
s e n s i t i v e mechanisms i n v o l v i n g a c h l o r i d e ion pe rmeab i l i t y 
change". 

there system, and whether the two 
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BABU Avermectins: Biological and Pesticidal Activities 

A c t i v i t y Aga ins t S o i l Nematodes 

The b i o l o g i c a l a c t i v i t i e s o f the avermectins on p l an t 
p a r a s i t i c nematodes have most ly been s tud ied i n terms of 
t h e i r gross e f f e c t s on the movement and i n f e c t i v e behavior o f 
the j u v e n i l e s of the rootknot nematodes Meloidogyne spp. 
J u ven i l e s of M. i n cogn i t a exposed to a 120-mM aqueous 
s o l u t i o n o f abamectin or B 2 a - 23 - ke tone showed a three-phase 

response c o n s i s t i n g of i n i t i a l l o s s o f movement w i t h i n 10 
minutes wh i l e being respons ive to touch, p a r t i a l recovery 
w i t h i n 30 minutes of exposure and i r r e v e r s i b l e l o s s o f 
movement a f t e r 2 hours {32 ) . I t i s not known i f the 
i n t e r v a l s between responses are dependent upon the 
concen t ra t i on of the chemical i n the s o l u t i o n . The i n i t i a l 
l o s s of movement i n M. i n cogn i t a may be r e f l e c t i v e of the 
avermect in s ' a c t i v i t y as GABA-agonists at the i n h i b i t o r y 
synapses i n nematodes £ 4 0 ) ; t h i s p o s s i b i l i t y has been 
supported by the ob se rva t i on s , as mentioned e a r l i e r , of 
Wright e t a h £32) tha t GABA antagon i s t s p i c r o t o x i n and 
b i c u c u l l i n e counteracted the i n h i b i t o r y e f f e c t s of 
avermectins on the locomotion of the j u v e n i l e s . Under s o i l 
f r e e cond i t i on s Bp -23-ketone reduced the i nva s i on of 
cucumber roots by M. i n cogn i t a j u v e n i l e s and t h e i r f u r t h e r 
development at concent ra t ions much lower than were needed to 
immobi l i ze them. I t has been proposed i n t h i s context tha t 
avermectins a f f e c t the roo t - seek ing behavior o f j u v e n i l e s , a 
mode of a c t i o n a l s o suggested f o r organophosphorus and 
carbamate nematic ides £ 4 1 ) . Avermectin B« d i d not a f f e c t 
the po s t - i n va s i on development of M. i n cogn i t a j u v e n i l e s i n 
tomato roots exposed to 1.0 ppm w/v s o l u t i o n s 48-72 hours 
po s t - i n v a s i on £ 1 6 ) . Abamectin and avermectin B« showed only 
l i m i t e d downward movement: spray ing of a e r i a l par t s o f tomato 
p lant s w i th 1000 ppm w/v s o l u t i o n s r e s u l t e d i n on ly minor 
i n h i b i t i o n o f root g a l l i n g (Merck and Co., I nc . , 
unpub l i shed) . Eggs of M. i n cogn i t a p laced i n a 0.1 ppm w/v 
aqueous s o l u t i o n of avermectin B ? -23-ketone f a i l e d to hatch , 
but when they were r i n sed i n water 1 96 hours l a t e r , hatch ing 
occu r red , which Wright e t § 2 . (41) suggest i n d i c a t e s tha t 
embryogenesis proceeded normalTy~~and t ha t hatch ing was ha l ted 
by the immob i l i z a t i on of the j u v e n i l e s by the chemica l . 
Avermectins begin to immobi l i ze nematodes w i t h i n 10 minutes 
o f exposure £42 , 32) , wh i l e a c e t y l c h o l i n e s t e r a s e i n h i b i t o r s 
such as oxamyl cause h y p e r a c t i v i t y . This i s probably the 
reason behind the reduced oxygen consumption by j u v e n i l e s o f 
th ree Meloidogyne spp. exposed to 0.05 ppm s o l u t i o n s of 
avermectin B ^ (43). 

When incorporated i n t o s o i l , avermectin B ? was s l i g h t l y 
more potent than abamectin and was about 10-30 times more 
potent than severa l organophosphate and carbamate nematic ides 
aga in s t M. i n cogn i t a (44, 45). The longer s o i l r e s i dua l 
a c t i v i t y o f avermectin B 0 , w i th a h a l f - l i f e i n s o i l of 
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BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

2.5-3.0 days, has been a s c r i bed to i t s convers ion by s o i l 
microorganisms to avermectin Bp -23-ketone ( 5 ) , i t s e l f having 
a s o i l h a l f - l i f e of about 30 dafs (46) . I n t e r e s t i n g l y , 
P r e i s e r e t a2« (44) determined that the nemat ic ida l potency 
of B^ -23-ketone was s l i g h t l y g rea te r than t ha t of B« ; i t i s 
p o s s i b l e tha t the g reate r s o i l nemat ic ida l potency Bp i s a 
combination of i t s own nemat ic ida l a c t i v i t y combined w i th 
tha t o f i t s s o i l me tabo l i t e . 

S t r e t t on e t cH. (16) have reviewed the m i c r op l o t and 
l a r ge s ca le f i e l d t r i a l s done w i th avermectin B., Bp and 
Bp -23-ketone. The s a l i e n t observat ion was t ha t at s o i l 
a p p l i c a t i o n ra tes ranging from 0.168 to 1.52 kg a i /hec ta re 
a l l the avermectins were e f f e c t i v e i n c o n t r o l l i n g the 
rootknot nematodes. However, the d i f f e r e n c e s i n e f f i c a c y 
among the avermectins observed i n the c o n t r o l l e d greenhouse 
experiments do not obta in i n the l a r ge s ca le f i e l d t r i a l s , at 
l e a s t among the l i m i t e d number done so f a r . In t h i s con tex t , 
the i n f l uence of the phys ico-chemica l p r ope r t i e s on the 
behav ior of the avermectins i n s o i l should be cons idered. 
The water s o l u b i l i t y of abamectin i s 7.8 ppb w/v and i t s 
l each ing p o t e n t i a l through many types of s o i l i s extremely 
low £47, 48 ) , w i th the r e s u l t tha t the chemical does not move 
i n t o the rF i zosphere r e a d i l y unless mechan ica l l y incorporated 
to a s u f f i c i e n t depth. These f a c t o r s have l i m i t e d the 
succes s fu l use of the avermectins as s o i l nemat ic ides . 
P a r a d o x i c a l l y however, the phys ico-chemica l p r ope r t i e s a l s o 
con fe r many p o t e n t i a l advantages upon the use of the 
avermectins as nemat ic ides . The i r r ap i d degradat ion and poor 
m o b i l i t y suggest tha t f i e l d a p p l i c a t i o n s would not r e s u l t i n 
p e r s i s t e n t res idues or contaminat ion o f ground water (48). 

Photodegradation 

Extens ive and r a p i d photodegradation a f t e r a p p l i c a t i o n to 
p l a n t sur faces appears to be a prominent c h a r a c t e r i s t i c of 
abamectin. 

Studies on the f a t e of t r i t i a t e d abamectin a f t e r 
a p p l i c a t i o n to cotton leaves showed tha t the compound was 
r a p i d l y degraded on l e a f s u r f a ce s ; a t 48 hours 
po s t - t rea tment , only 18.4% of the recovered r a d i o a c t i v e 
mate r i a l was abamectin £48 ) . Jenk ins e t a2. £49) app l i ed 
abamectin to greenhouse-grown chrysanthemums at 22.4 and 44.8 
g a i /hec ta re and determined tha t d i s l odgeab le abamectin 
res idues on the l e a f sur faces were reduced by 90-98% by 24-72 
hours p o s t a p p l i c a t i o n (F igure 2 ) . While the dynamics of the 
degradat ion would vary depending upon the morphology of the 
l e a f su r face and the i n t e n s i t y of the l i g h t , i t i s c l e a r t ha t 
the sur face depos i t s of abamectin are degraded r a p i d l y . 
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BABU Avermectins: Biological and Pesticidal Activities 

The r ap i d disappearance of the sur face depos i t s of 
abamectin i s an advantage i n terms of nontarget , b e n e f i c i a l 
organisms. An example of t h i s can be seen i n the case of 
f o r ag i ng honeybees (F igure 3 ) . F ie ld-grown a l f a l f a f o l i a g e 
t r ea ted w i th abamectin at d i f f e r e n t ra tes was c o l l e c t e d a t 
va r i ous post - t reatment i n t e r v a l s . Bees were then kept i n 
continuous contac t w i th t h i s f o l i a g e f o r 24 hours at which 
t ime t h e i r m o r t a l i t y was assessed. There was a steady 
d e c l i n e i n m o r t a l i t y , r e s u l t i n g i n v i r t u a l l y no m o r t a l i t y a t 
36 hours post - t reatment (50) . 

Trans!aminar A c t i v i t y 

In s p i t e of the observed r a p i d degradat ion o f the su r face 
d e p o s i t s , abamectin shows high p o s t - a p p l i c a t i o n r e s i dua l 
a c t i v i t y on l eaves . This anomaly can be exp la ined 
as being due to the t ran s l amina r a c t i v i t y o f abamectin. 

Trans laminar a c t i v i t y o f chemical r e f e r s to the movement 
o f chemical from the t r e a t e d sur face i n t o the l e a f so tha t 
i n s e c t or mite pests feed ing on the untreated sur face would 
be a f f e c t e d £ 5 1 , 52). In the context of abamectin, i t can be 
proposed t ha t wh i l e the sur face depos i t s are q u i c k l y dep leted 
(48, 53) , the amount which has penetrated i n t o the l e a f forms 
a w i t h i n - t h e - l e a f r e s e r v o i r , which g i ve abamectin i t s 
r e s i dua l m i t i c i a l a c t i v i t y £ 6 ) . 

Wright e t a h £54) have demonstrated such t ran s l amina r 
a c t i v i t y i n bean, cot ton and chrysanthemum leaves . In t h e i r 
exper iments, abamectin was app l i ed to the upper or lower 
su r face of the l e a f and mites were conf ined on the oppos i te 
s u r f ace . The d i f f e r e n c e s i n the a c t i v i t y o f abamectin among 
the three p l an t s are p o s s i b l y due to s t r u c t u r a l d i f f e r e n c e s 
i n the c u t i c u l a r waxes; Wright e t a2. (54) do po in t out t h a t 
bean leaves have the l e a s t and chrysanthemum the most waxy 
c u t i c l e . There were no s i g n i f i c a n t d i f f e r e n c e s i n 
t r an s l amina r movement whether the chemical was app l i ed t o the 
upper and lower s u r f ace . Th is observat ion i s o f p a r t i c u l a r 
i n t e r e s t because pene t ra t i on of chemicals i n t o leaves i s 
u s u a l l y assumed to be g rea te r through the lower than the 
upper l e a f su r face £55, 56). 

L i t t l e i s known about abamect in ' s pat te rns o f movement 
w i t h i n the l e a f a f t e r i t has penetrated the c u t i c l e or 
whether i t s presence i n the l e a f mesophyll i s a p o p l a s t i c or 
s ymp la s t i c or both. However, p l an t p a r a s i t i c mites are 
d e s t r u c t i v e feeders and withdraw the contents o f the pa l i s ade 
c e l l s and those of the mesophyll £57, 58) and thus seem to 
inges t s u f f i c i e n t amounts of abamectin a s soc i a ted e i t h e r w i th 
the cytoplasm or the c e l l w a l l s . The depth of penet ra t i on 
need not extend from the t r ea ted upper epidermis to the 
unt reated lower epidermis (or v i c e versa) where mites feed : 
i t i s known tha t the s t y l e t s of the t e t r a n y c h i d mite 
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100 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

FOLIAR RESIDUES (ng/cm sq.) 
8 T 

0 8 16 24 32 40 48 56 64 72 
TIME HOURS (POST-TREATMENT) 

Figure 2: F o l i a r d i s l odgeab le res idues (expressed as 
nanograms/cm ) o f abamectin app l i ed a t two d i f f e r e n t rates to 
chrysanthemum l eave s , determined at d i f f e r e n t times a f t e r 
app l i c a t i on . (Adap ted from r e f . 49) . 

1 0 0 -

AQE (HRS) OF RESIDUE 

F igure 3: E f f e c t s on honeybees (Apis m e l l i f e r a ) o f res idues of 
abamectin app l i ed a t two rates onto a l f a l f a f o l i a g e . Bees 
were in t roduced onto t r e a t ed f o l i a g e bear ing res idues aged f o r 
d i f f e r e n t time per iods (Adapted from r e f . 50). 
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BABU Avermectins: Biological and Pesticidal Activities 

Tetranychus u r t i c a e can penetrate the l e a f to a depth of 
70-100 urn on a bean l e a f of approx imately 180 urn th i cknes s 
1 5 8 ) . 

Behavior i n S o i l 

Gu l l o e t £46) d i scovered tha t avermectin B ? incubated i n 
a sandy loam s o i l under greenhouse cond i t i on s was r a p i d l y 
degraded, w i th a h a l f - l i f e of 2.5 to 3.0 days, to a 
metabo l i t e i d e n t i f i e d as a 23-keto d e r i v a t i v e formed by s o i l . 
Th i s metabo l i t e was formed by s o i l microorganisms: i n 
s t e r i l i z e d moist s o i l a f t e r 13 days, l e s s than 1% of the 
added Bp was converted to the metabo l i t e compared w i th 44% 
under n o n - s t e r i l e c o n d i t i o n s . At l e a s t three microorganisms 
capable of such t rans fo rmat ion have been repor ted (46) . 

S i m i l a r s tud ie s on the f a t e of t r i t i u m - l a b e l e d 
avermect in B- i n three kinds of s o i l have shown tha t under 
aerob ic cond i t i on s i t was degraded a t a r ap id r a t e , w i th a 
h a l f - l i f e i n sandy loam of 14-28 days, i n c l a y 25-56 days, 
and i n coarse sand 56 days. The major s o i l degradat ion 
product was an e q u i l i b r i u m mixture w i th a r a t i o o f 1:2.5 of 
the 8-a lpha-hydroxy d e r i v a t i v e and the corresponding 
open- r ing aldehyde d e r i v a t i v e £ 4 8 ) . No f u r t h e r work 
regard ing the nemat ic ida l a c t i v i t y o f these metabo l i te s has 
been repor ted . 

Letha l And Sub letha l A c t i v i t i e s 

Avermectins d i f f e r fundamental ly from other neuroact ive 
p e s t i c i d e s , probably i n keeping w i th t h e i r GABAergic mode of 
a c t i o n , i n t ha t they do not cause h y p e r a c t i v i t y i n the 
a f f e c t e d organisms. Immob i l i za t ion o f nematodes soon a f t e r 
exposure to avermectins as reported by Wright et a h £32) was 
a l s o reported e a r l i e r £5) i n the case of mites and i n s e c t s . 
The e f f e c t s o f such a mode of a c t i o n , depending upon the 
degree of exposure to the chemica l , can be l e t h a l or 
s u b l e t h a l . 

As Strong and Brown £7) observe, there i s no 
s a t i s f a c t o r y d e f i n i t i o n of a " l e t h a l e f f e c t " ; however, death 
i n the sense o f an i r r e v e r s i b l e e f f e c t , de s c r i bed , f o r 
example, by Deecher et a h £59) as f a i l u r e to respond to 
t a c t i l e s t imu l u s , occurs i n 72-120 hours a f t e r s u f f i c i e n t 
exposure to abamectin. The comparative symptoms of t o x i c i t y 
o f abamectin and the p y re th r o i d cypermethr in when app l i ed 
t o p i c a l l y to the l ep idopte ran i n s e c t cotton bollworm 
( H e l i o t h i s zea) l a r vae are i l l u s t r a t i v e (B. I. G o l l , personal 
communication]". In the case of abamectin, there was f l a c c i d 
p a r a l y s i s , ce s s a t i on o f f eed i n g , a r r e s ted ecdys i s mani fested 
as the presence of head capsule a t the t i p o f the mandibles 
and a s i l v e r y grey c o l o r o f an otherwise unaf fec ted body w i th 
the presence o f heartbeat observable i n the t h i r d p o s t e r i o r 
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102 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

abdominal segment. The presence of heartbeat has a l s o been 
observed i n H. zea adu l t s which have ingested abamectin (60). 
Cypermethr in, i n c o n t r a s t , r e s u l t ed in r ap id convu l s ions and 
a shrunken l a r v a l body accompanied by an in tense darkening of 
the c u t i c l e . 

Apart from the d i r e c t t o x i c e f f e c t s r e s u l t i n g i n 
m o r t a l i t y , an i n s e c t i c i d e or a m i t i c i d e can have other 
n o n l e t h a l , ye t d e l e t e r i o u s e f f e c t s on the organism. Mo r i a r t y 
(61) desc r ibed many such e f f e c t s induced by a number of 
e a r l i e r i n s e c t i c i d e s . Kumar and Chapman £62) r e c e n t l y 
repor ted on such sub le tha l e f f e c t s such as the i n h i b i t i o n of 
f e e d i n g , developmental d i s turbances and reduc t i on i n 
f e c u n d i t y i n the diamondback moth P l u t e l l a x y l o s t e l l a . 
Knowles £63) has desc r ibed the e f f e c t s , other than l e t h a l i t y , 
o f some formamidines on p l an t p a r a s i t i c m i te s . 

Among such sub le tha l e f f e c t s o f the avermect ins , reduced 
f e c u n d i t y has a t t r a c t e d p a r t i c u l a r a t t e n t i o n . Lofgren and 
W i l l i ams £64) observed t ha t abamectin, when fed to the 
c o l o n i e s , i n h i b i t e d the rep roduct i ve c apac i t y o f the queens 
of the red imported f i r e ant S. i n v i c t a , w i th the r e s u l t a n t 
t r u n c a t i o n of the c o l o n i e s . Subsequently, Glancey et a h 
(65) h i s t o l o g i c a l l y examined the ova r ie s of queens from 
c o l o n i e s t r ea ted 22-weeks e a r l i e r and desc r ibed the damage 
as: hypertrophy of the squamous ep i t he l i um which sheathes the 
o v a r i o l e s and pycnosis o f the nurse c e l l n u c l e i which 
r e s u l t e d i n complete absence or reduc t i on i n the numbers and 
s i z e o f eggs produced. 

There have a l s o been repor t s o f reduced f e cund i t y among 
s u r v i v o r s o f l ep idopte ran i n sec t s exposed to abamectin. 
Adu l t s of the cod l i n g moth Cydia pomonella developing from 
l a r vae exposed to abamectin produced s i g n i f i c a n t l y fewer 
eggs £66 ) . Beach and Todd £67) fed abamectin to male and 
female adu l t s of soybean looper Pseudoplus ia inc ludens and 
subsequent matings o f such i n sec t s r e s u l t e d i n reduced 
f e c u n d i t y and f e r t i l i t y . A v a r i a t i o n has been tha t of 
Robertson e t £68) where f e r t i l i t y but not f e cund i t y was 
a f f e c t e d i n matings of males and females of the western 
spruce budworm Chor i s toneura o cc i den ta l i s developed from 
l a r v a e exposed to abamectin. Sub le tha l e f f e c t s have been 
reported to i n c l ude post-embryonic development of some 
i n s e c t s ; H e l i o t h i s v i re scens and H. zea l a r vae which 
su rv i ved abamectin treatment cont inued mo l t ing but d i d not 
s u r v i ve pupation £69 ) . The consequence was t ha t even at 
doses below LD few adu l t s emerged from the pupae. 
Sub letha l doses r e s u l t e d i n prevent ion of pupation i n the 
eas te rn ye l l ow j a c k e t Vespula macu l i f rons (70) and extens ion 
of the pupal per iod i n c od l i n g moth C. pomonella l a r vae (66). 

An i n s e c t i c i d e ' s e f f e c t on rep roduct i ve p o t e n t i a l can be 
caused by a lowered i nc idence of mat ing, a shortened l i f e 
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span, the suppress ion of the reproduct i ve organs and a d i r e c t 
t o x i c e f f e c t on the eggs (62). There i s no evidence t h a t 
abamectin a f f e c t s i n s e c t or mite rep roduct i ve t i s s ue s 
d i r e c t l y . Even the ovar ian reg re s s i on i n S. i n v i c t a observed 
by Glancey et a h £65) should be cons idered from the 
pe r spec t i ve that at the time of t h e i r observat ions 22 weeks 
had elapsed s i nce t reatment. The observed e f f e c t s could have 
been due to s t a r v a t i o n of the queen and the r e s u l t a n t 
d y s f unc t i ona l changes i n the general metabol ism. The 
i n t r o d u c t i o n of c on t r o l s c o n s i s t i n g of untreated but s ta rved 
queens and h i s t o l o g i c a l observat ions at s ho r te r 
post - t reatment i n t e r v a l s would c l a r i f y t h i s r e p o r t . In the 
absence of d i r e c t observat ions on oogenesis or embryogenesis, 
the reduced e f f e c t s o f abamectin on f e cund i t y w i l l have to 
f o l l o w the obverse of the hormol igos i s hypothes is proposed by 
Luckey £71) i n t ha t s ub le tha l po i son ing i s l i k e l y to reduce 
the general f i t n e s s o f the i n sec t s or mites and thereby t h e i r 
reproduct i ve c a p a c i t y and even the post-embryonic 
development. 

A r e s u l t of immob i l i z a t i on i s the ce s sa t i on o f f eed i ng , 
which has been termed as feed ing i n h i b i t i o n . Strong and 
Brown £7) ob jec t to such a d e s c r i p t i o n on the reasoning t ha t 
an t i f eedan t p rope r t i e s should not be a sc r ibed to a chemical 
unless such p rope r t i e s can be separated from general t o x i c i t y 
and d e b i l i t a t i o n . In my exper ience, i n a l l in s tances where 
immob i l i z a t i on o r ce s s a t i on o f feed ing have been observed, 
death e v e n t u a l l y r e s u l t e d . I t appears tha t an observed 
sub le tha l e f f e c t i s r e a l l y the beginning of the l e t h a l 
e f f e c t . The r e l a t i o n s h i p s between the concent ra t i on of the 
chemica l , speed of a c t i v i t y on d i f f e r e n t i n sec t s and the 
consequences o f d e b i l i t a t e d f eed i n g , f o r example, the 
reduc t i on i n the l e a f area consumed, are ye t to be s t ud i ed . 

D i f f e r e n t i a l T o x i c i t i e s 

Among the i n sec t s which were recorded as being a f f e c t e d by 
abamectin were three l ep idop te ran i n sec t s aga in s t which 
abamectin showed d i f f e r e n t i a l t o x i c i t y £ 5 ) . The f o l i a r 
i n ge s t i on t o x i c i t y LCg 0 va lues ( f o r neonate l a rvae ) were 
0.02 ppm f o r the tomato hornworm Manduca s e x t a , 0.75-1.2 ppm 
f o r the cabbage looper T r i c h o p l u s i a ni and 1.5 ppm f o r the 
southern armyworm S. e r i d a n i a . Further research on the 
t o x i c i t y of abamectin to l ep idopte ran i n sec t s has shown some 
i n t e r e s t i n g c h a r a c t e r i s t i c s o f abamectin. 

Anderson e t a h (72) conf irmed the observat ion by Pu t t e r 
et cH. £5) t h a t S. e r i d a n i a was l e s s s e n s i t i v e to abamectin 
tTTan H. v i r e s c e n s , both i n t r ea ted f o l i a g e i n ge s t i on by 
neonate and t o p i c a l a p p l i c a t i o n s to t h i r d i n s t a r l a r vae among 
the H e l i o t h i s spp. H. v i re scens i s more s u s c e p t i b l e to 
abamectin than H. zea (73, 74). B u l l £69) conf i rms the 
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104 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

d i f f e r e n c e s i n the s e n s i t i v i t i e s . o f H. v i re scens and H. zea 
and a l s o demonstrates the marked i n s e n s i t i v i t y o f the f a T T 
armyworm S. f r u g i p e r d a . 

The reasons f o r the d i f f e r e n c e s i n the t o x i c i t y of 
abamectin to the d i f f e r e n t l ep idopte ran i n sec t s are not 
c l e a r . Bu l l £ 6 9 ) , by us ing o r a l l y admin i s tered t r i t i a t e d -
B, , observed t ha t p h y s i o l o g i c a l processes l i k e absorpt ion 
ffom the l a r v a l midgut, metabolism and e x c r e t i o n of the 
metabo l i t e s were slower i n H. v i re scens than i n H. zea or S. 
f r u g i p e r d a . S i m i l a r l y , s i g n i f i c a n t l y more t r i t i a t e d 
avermect in B, was recovered from the heads o f H. v i r e s cen s . 
Ne i the r s lower metabolism nor f a s t e r accumulat ion i n the head 
can c a t e g o r i c a l l y e x p l a i n the g rea te r s e n s i t i v i t y o f H. 
v i r e s c e n s , con s i de r i ng tha t there were no s i g n i f i c a n t 
d i f f e r e n c e s between H. zea and S. f r ug ipe rda i n the 
metabolism o f avermectin B- . There were s u b s t a n t i a l 
d i f f e r e n c e s between them i n t h e i r s u s c e p t i b i l i t y to 
avermectin B, . Th i s aspect can be b e t t e r understood by 
t e s t i n g the hypothes is tha t d i f f e r e n t i a l s e n s i t i v i t y i s 
r e l a t e d to d i f f e r e n c e s i n the a f f i n i t y t o , and t he re fo re the 
accumulat ion o f , abamectin a t the GABA-receptors i n the 
i n s e c t s (69). 

Conc lus ion 

In summarizing the b i o l o g i c a l - p e s t i c i d a l a c t i v i t i e s o f the 
avermect ins , two paradox ica l p r ope r t i e s can be noted. F i r s t , 
f o l i a r su r face depos i t s are r a p i d l y degraded w i th the r e s u l t 
t h a t many b e n e f i c i a l organisms do not encounter the t o x i c 
e n t i t y s i g n i f i c a n t l y . However, avermectins seem to penetrate 
the l e a f l ame l l ae and be a v a i l a b l e as a p e s t i c i d a l r e s e r v o i r 
aga in s t mites and i n s e c t s . Second, w h i l e they are potent 
aga in s t s o i l nematodes, they are a l s o nea r l y i n s o l u b l e i n 
water and have an extremely low l each ing p o t e n t i a l . A 
c l e a r e r understanding of the mechanisms behind the l e a f 
c u t i c u l a r penet ra t i on would be h e l p f u l i n f i n d i n g ways to 
i nc rea se the t o x i c r e s e r v o i r w i t h i n the l e a f wh i l e the 
su r face depos i t s remain low, w i th the attendant advantages. 
S i m i l a r l y , d e f i n i n g the mechanisms o f s o i l b ind ing would be 
h e l p f u l i n f i n d i n g ways to inc rease the avermect ins ' m o b i l i t y 
and presence i n s o i l water to act aga ins t nematodes. 

The sub le tha l a c t i v i t i e s of the avermectins a l s o need 
f u r t h e r s c r u t i n y . For example, i s the reduct i on i n f e cund i t y 
a d i r e c t e f f e c t or an i n d i r e c t one due to the e f f e c t of the 
avermectins on the ' f i t n e s s ' o f the organism? The 
consequences of reduced f e cund i t y and d e b i l i t a t e d feed ing 
need to be q u a n t i f i e d i n terms of the e f f e c t s on the pest 
popu la t ion dynamics. More research along the l i n e s tha t B u l l 
(69) suggests can e x p l a i n the mechanisms behind the l e s s e r 
s u s c e p t i b i l i t y of some economica l l y important l ep idop te ran 
i n s e c t s . 
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BABU Avermectins: Biological and Pesticidal Activities 

The avermectins mark an important event in the search 
for natural products of microbial origin which are useful in 
agriculture. However, they may be only the beginning. Given 
their broad range of pesticidal activities, it is possible 
that future screening programs or semisynthetic modifications 
will yield entities which have one or more characteristics 
such as exclusive miticidal or insecticidal activity, 
enhanced cuticular penetration, resistance to 
photodegradation and greater soil mobility. 
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Chapter 8 

Fungal Elicitors of Phytoalexins and 
Their Potential Use in Agriculture 

Jack D. Paxton 

Department of Plant Pathology, University of Illinois, Urbana, IL 61801 

Fungal elicitors of plant phytoalexins 
[natural plant antibiotics] (1) have the 
potential of becoming a new class of plant 
protectants and herbicides. Progress has been 
made recently to characterize elicitors 
chemically and further study their application 
to agriculture. The best characterized 
elicitor at present is from the cell walls of 
the Oomycete Phytophthora megasperma f. sp. 
glycinea. The smallest active, and potentially 
the most useful, fragment of this elicitor is 
a heptaglucan with specific structural 
requirements (2). Other fungal polysaccharides 
also elicit phytoalexin production in plants 
but their structures are not as well 
characterized. Fungal pectinases also have 
been implicated in phytoalexin elicitation. 
These enzymes appear to elicit phytoalexin 
production by releasing pectic fragments from 
the cell walls of plants (3). 

The use of elicitors in agriculture holds 
exciting promise. Because phytoalexins have an 
important role in plant disease and pest 
resistance, their controlled elicitation could 
be used to stimulate natural disease and pest 
resistance without the use of environmentally 
damaging compounds. The toxicity of 
phytoalexins toward the plant in which they 
are produced might also be used to create a 
new class of herbicides, elicitors that cause 
the plant to 'self destruct'. 

Plant diseases are caused by a range of organisms 
including bacteria, fungi, insects, nematodes and 
viruses. The diseases caused by these pathogens 

0097-6156/88/0380-0109$06.00/0 
c 1988 American Chemical Society 
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110 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

c o l l e c t i v e l y c a u s e s i g n i f i c a n t y i e l d l o s s e s o n c r o p s 
a r o u n d t h e w o r l d . P l a n t p a t h o g e n s h a v e e v o l v e d h i g h l y 
s p e c i f i c m e c h a n i s m s t o r e c o g n i z e a n d a t t a c k m a n y o f o u r 
c r o p p l a n t s a n d e v e n c i r c u m v e n t o u r a t t e m p t s a t 
c o n t r o l l i n g t h e m . S e v e r a l m e t h o d s o f c o n t r o l l i n g p l a n t 
d i s e a s e s h a v e b e e n d e v i s e d . T h e s e i n c l u d e b r e e d i n g f o r 
p l a n t d i s e a s e r e s i s t a n c e , c h e m i c a l c o n t r o l e i t h e r b e f o r e 
o r a f t e r t h e p l a n t i s a t t a c k e d , a g r i - c u l t u r a l p r a c t i c e s , 
a n d b i o l o g i c a l c o n t r o l . 

E a c h m e t h o d o f d i s e a s e c o n t r o l h a s p r o b l e m s a s s o c i a t e d 
w i t h i t . New r a c e s o f p a t h o g e n s e m e r g e t o d e f e a t g e n e s 
f o r r e s i s t a n c e . Some f u n g i c i d e s a n d p e s t i c i d e s h a v e 
r e s u l t e d i n t h e b u i l d - u p o f p a t h o g e n s a n d p e s t s r e s i s t a n t 
t o t h e s e c h e m i c a l s . A d v e r s e e n v i r o n m e n t s c a n s t r e s s a 
n o r m a l l y r e s i s t a n t p l a n t a n d c a u s e i t t o b e c o m e 
s u s c e p t i b l e t o s p e c i f i c m i c r o o r g a n i s m s a n d p e s t s . 
T h e r e f o r e , n e w m e t h o d s o f d i s e a s e c o n t r o l a r e n e e d e d t o 
r e d u c e c r o p l o s s e s . 

T h e m e c h a n i s m s o f p l a n t d i s e a s e r e s i s t a n c e h a v e b e e n 
s t u d i e d e x t e n s i v e l y t o i m p r o v e c o n t r o l o f p l a n t d i s e a s e s . 
F o r t h i s p u r p o s e a m o d e l s y s t e m o f a n i m p o r t a n t d i s e a s e , 
P h y t o p h t h o r a r o o t r o t , o n a n i m p o r t a n t U . S . c r o p , 
s o y b e a n s , w a s d e v e l o p e d . S o y b e a n i s a m a j o r e x p o r t c r o p 
w o r t h $ 1 0 b i l l i o n p e r y e a r i n t h e U.S., a n d i t h a s b e e n 
v a r i o u s l y e s t i m a t e d t h a t P h y t o p h t h o r a r o o t r o t c a n r e d u c e 
t h e y i e l d o f t h i s c r o p b y 1 t o 4 8 % ( 4 ) . T h i s r e p r e s e n t s a 
$ 1 0 0 m i l l i o n t o $ 1 b i l l i o n l o s s p e r y e a r ! T h e p a t h o g e n 
w h i c h c a u s e s t h i s s e v e r e d i s e a s e i s q u i t e v a r i a b l e ; 25 
r a c e s o f t h e p a t h o g e n h a v e b e e n r e p o r t e d ( 5 ) . O t h e r 
P h y t o p h t h o r a s p e c i e s h a v e d e v e l o p e d r e s i s t a n c e t o t h e 
b e s t c h e m i c a l c o n t r o l , m e t a l a x y l ( 6 ) . T h e r e f o r e , i t 
b e c o m e s i m p e r a t i v e t o u n d e r s t a n d p l a n t d i s e a s e a n d p e s t 
r e s i s t a n c e b e t t e r , a n d t o l e a r n h o w f u n g a l e l i c i t o r s 
m i g h t b e u s e d i n p l a n t d i s e a s e a n d p e s t c o n t r o l . 

B y s t u d y i n g P h y t o p h t h o r a r o o t r o t o f s o y b e a n , a b e t t e r 
u n d e r s t a n d i n g h a s b e e n g a i n e d o f how p l a n t s c a n r e c o g n i z e 
p a t h o g e n s ( b y t h e i r e l i c i t o r s ) a n d w h a t t h e y o f t e n d o 
a f t e r a p a t h o g e n i s r e c o g n i z e d ( p r o d u c e p h y t o a l e x i n s ) . 

P h y t o a l e x i n s a n d t h e i r e l i c i t o r s 

P h y t o a l e x i n s a r e l o w m o l e c u l a r w e i g h t , a n t i m i c r o b i a l 
c o m p o u n d s t h a t a r e b o t h s y n t h e s i z e d b y a n d a c c u m u l a t e d i n 
p l a n t s a f t e r e x p o s u r e t o m i c r o o r g a n i s m s [_L] • S e v e r a l 
l i n e s o f e v i d e n c e s u g g e s t t h a t t h e s e c o m p o u n d s h a v e a n 
i m p o r t a n t r o l e i n p l a n t d i s e a s e a n d p e s t r e s i s t a n c e 

T h e a c c u m u l a t i o n o f p h y t o a l e x i n s i n p l a n t s c a n b e 
e v o k e d b y b i o l o g i c o r n o n - b i o l o g i c t r e a t m e n t s [ 1 0 - 1 3 1 . 
E x a m p l e s o f n o n - b i o l o g i c t r e a t m e n t s t h a t l e a d t o t h e 
a c c u m u l a t i o n o f p h y t o a l e x i n s a r e t r e a t m e n t w i t h 
u l t r a v i o l e t l i g h t , s a l t s o f h e a v y m e t a l s , a n d f r e e z i n g o f 
t i s s u e s . E l i c i t o r s a r e c o m p o u n d s t h a t a r e c a p a b l e o f 
e v o k i n g t h e a c c u m u l a t i o n o f p h y t o a l e x i n s i n p l a n t s 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

00
8



8. PAXTON Fungal Elicitors of Phytoalexins 111 

f14 — 19 1 . B i o l o g i c e l i c i t o r s can be d i v i d e d i n t o 
endogenous, such as fragments of p e c t i n molecules from 
p l a n t c e l l w a l l s , and exogenous, such as carbohydrate 
and g l y c o p r o t e i n m o l e c u l e s from f u n g a l c e l l w a l l s 
f20-241. In t h i s paper I w i l l c o n f i n e the d i s c u s s i o n to 
recent work on fungal b i o l o g i c e l i c i t o r s of ph y t o a l e x i n s . 

Phytoalexins from a larg e number of d i f f e r e n t p l a n t s 
have been c h e m i c a l l y c h a r a c t e r i z e d . These p h y t o a l e x i n s 
i n c l u d e i s o f l a v a n o i d - d e r i v e d p t e r o c a r p a n compounds 
c h a r a c t e r i s t i c o f the Leguminosae, s e s q u i t e r p e n o i d 
compounds c h a r a c t e r i s t i c of the Solanaceae, phenanthrene 
compounds c h a r a c t e r i s t i c o f t h e O r c h i d a c e a e and 
a c e t y l e n i c compounds c h a r a c t e r i s t i c of the Compositae 
(Figure 1) . 

G l y c e o l l i n , a p h y t o a l e x i n of soybeans, occurs as a 
s e r i e s of isomers f i r s t i d e n t i f i e d by Lyne et a l . [2 51 ; 
the t h r e e most common isomers are shown i n F i g u r e 2 . 
P l a n t s f r e q u e n t l y produce a s e r i e s of a c t i v e isomers and 
r e l a t e d phytoalexins [2_£] . 

E l i c i t o r s 

E l i c i t o r s were f i r s t d i s c o v e r e d by Cruickshank [27.] , who 
found a p r o t e i n , M o n i l i c o l i n A (Mr=6K), produced by 
M o n o l i n i a f r u c t i c o l a . T h i s p r o t e i n e l i c i t s t h e 
p h y t o a l e x i n p h a s e o l l i n i n garden beans but not the 
r e l a t e d p h y t o a l e x i n s i n pea or broad bean. Another 
p r o t e i n , f o u nd o n l y r e c e n t l y t o be p r o d u c e d by 
Phytophthora p a r a s i t i c a var. n i c o t i a n a e . i s a c t i v e at 20 
ng/cotylendon [4x10" -^mole] . T h i s p r o t e i n (Mr=46K) may 
be a fi 1-4 endoxylanase [2JL] . Many of the e l i c i t o r s 
s t u d i e d are carbohydrates [2 9,301 . That carbohydrates 
c a r r y ' r e c o g n i z a b l e i n f o r m a t i o n ' i s w e l l known. An 
example of s p e c i f i c r e c o g n i t i o n of s u b t l e changes i n 
su r f a c e carbohydrates i s the human blood group antigens 
(31). 'Recognition' of microorganisms i s being s t u d i e d i n 
s e v e r a l p l a n t - m i c r o o r g a n i s m i n t e r a c t i o n s [.3_2] . Another 
area of i n t e r e s t i s how the e l i c i t o r s i g n a l i s transduced 
to the p l a n t nucleus f o r d i r e c t e d p r o c e s s i n g of n u c l e i c 
a c i d s and/or de novo production of p r o t e i n s • 

An e l i c i t o r produced by P_. mega spe rma f . sp. 
g l y c i n e a was i d e n t i f i e d by Frank and Paxton [3_4] as a 
g l y c o p r o t e i n . Ayers et a l [35-381 i s o l a t e d four d i f f e r e n t 
carbohydrate f r a c t i o n s from Phytophthora megasperma f . 
sp. g l y c i n e a t h a t were a c t i v e i n e l i c i t i n g p h y t o a l e x i n 
p r o d u c t i o n by soybean s u s p e n s i o n c e l l s r2 5 1 and 
co t y l e d o n s , u s i n g a b i o a s s a y developed by Frank and 
Paxton [341 . An e l i c i t o r from t h i s fungus has been 
c h a r a c t e r i z e d and synth e s i z e d [40,411 , and i s shown 
i n F i g u r e 3. The soybean p l a n t contains enzymes capable 
of r e l e a s i n g a c t i v e fragments from the walls of Oomycetes 
f 4 2 , 4 3 1 , which a l s o e l i c i t i n o t h e r p l a n t systems 
[44,45]. 
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112 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Orchinol S a f y n o 1 

F i g u r e 1. P h y t o a l e x i n s f r o m : L e g u m i n o s a e , p i s a t i n 
f r o m p e a s ; S o l a n a c e a e , r i s h i t i n f r o m p o t a t o ; 
O r c h i d a c e a e , o r c h i n o l f r o m O r c h i s s p p . ; C o m p o s i t a e , 
s a f y n o l f r o m s a f f l o w e r . 
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PAXTON Fungal Elicitors of Phytoalexins 

F i g u r e 3. E l i c i t o r d e r i v a t i v e f r o m P h y t o p h t h o r a 
megasperma f . s p . g l y c i n e a . 
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Anderson [ 4 6 1 found t h a t C o l l e t o t r i c h u m 
lindimuthaneum, the c a u s a l agent of bean anthracnose, 
produced a compound i n c u l t u r e which was a c t i v e i n a 
s p e c i f i c manner even at 10 ng/ml. Hamdan and Dixon r471 
f o u n d t h a t t h i s fungus p r o d u c e s a m a n n o s e - r i c h 
p o l y s a c c h a r i d e t h a t e l i c i t s three enzymes i n p h y t o a l e x i n 
s y n t h e s i s and found a p o l y s a c c h a r i d e with lower mannose 
c o n t e n t , t h a t p r e f e r e n t i a l l y i n d u c e d one of t h e s e 
enzymes, chalcone synthase. 

C h i t i n , an important component of nematode eggs, 
i n s e c t e x o s k e l e t o n s and the c e l l w a l l s of many p l a n t 
pathogenic f u n g i , a l s o i s an e f f e c t i v e e l i c i t o r . Hadwiger 
and c o l l e a g u e s [4JL] found t h a t c h i t o s a n , a d e a c y l a t e d 
fragment of c h i t i n , at 10 ug/ml e l i c i t s p h y t o a l e x i n 
accumulation i n peas, and a c t s as a f u n g i c i d e a g a i n s t 
Fusarium s o l a n i , a pathogen of peas. The heptamer was the 
smallest a c t i v e polymer s i z e . 

V a rious r e s e a r c h e r s have s t u d i e d the e l i c i t a t i o n of 
p o t a t o p h y t o a l e x i n s by a r a c h i d o n i c and e i c o s a p e n t a e n o i c 
a c i d s f 2 4 , 4 9-51 1 . These compounds are r e l e a s e d by 
Phytophthora i n f e s t a n s , e l i c i t p h y t o a l e x i n accumulation 
i n potato at 10 u g / t i s s u e s l i c e , and are p o t e n t i a t e d by 
glucans from t h i s fungus [JIL2] . 

V e r t i c i l l i u m albo-atrum r e l e a s e s a glucan [Mr <1.8 
Kd] w i t h ft 1-3 l i n k a g e s , t h a t e l i c i t s p h y t o a l e x i n 
p r o d u c t i o n i n tomato [JL3.] • 

Endogenous e l i c i t o r s 

Endogenous e l i c i t o r s are compounds t h a t e i t h e r e x i s t 
pre-formed i n the p l a n t or are fragments of pre-formed 
compounds, and can e l i c i t p h y t o a l e x i n accumulation by the 
p l a n t . The best known of these e l i c i t o r s i s p e c t i n or i t s 
fragments [ 5 4 - 5 7 1 . P e c t i n fragments a l s o can p o t e n t i a t e 
the a c t i v i t y of other e l i c i t o r s r 58 y 5 91 . T h i s suggests 
t h a t damage to a p l a n t c e l l w a l l may a c t i v a t e s e v e r a l 
d e f e n s e r e s p o n s e s i n c l u d i n g enhanced p h y t o a l e x i n 
a c c u m u l a t i o n . Many p l a n t pathogens produce v a r i o u s 
enzymes capable of degrading p e c t i n , presumably as a 
source of n u t r i e n t s , and these enzymes have been shown to 
be good e l i c i t o r s of phytoalexin accumulation [56,60,611. 

V a i l l i n c o u r t [.62J r e c e n t l y d e v i s e d a b i o a s s a y f o r 
g l y c e o l l i n e l i c i t o r s i n soybean r o o t s , t h a t presumably 
does not r e q u i r e wounding. 

S p e c i f i c i t y and E l i c i t o r s 

One d i s c o n c e r t i n g aspect of most of the e l i c i t o r s s t u d i e d 
so f a r i s the l a c k of c o n f i r m e d s p e c i f i c i t y i n 
p h y t o a l e x i n e l i c i t a t i o n . This i s i n c o n t r a s t to the c l e a r 
host s p e c i f i c i t y shown by the pathogen. The a v a i l a b i l i t y 
of such s p e c i f i c e l i c i t o r s would be u s e f u l because i t 
would a l l o w r a t h e r s p e c i f i c t a r g e t i n g of p l a n t s to be 
p r o t e c t e d or k i l l e d . 
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Some work suggests that t h i s i s p o s s i b l e f63-651. De 
Wit and Spikman o b t a i n e d a g l y c o p r o t e i n from the 
i n t e r c e l l u l a r f l u i d s o f tomato t i s s u e i n f e c t e d by 
incompatible races of Cladosporium fulvum, that e l i c i t e d 
n e c r o s i s c h a r a c t e r i s t i c of an inc o m p a t i b l e i n t e r a c t i o n 
[ r e s i s t a n c e ] as e a r l y as 7 hours a f t e r treatment [jLfL] • 
T h i s g l y c o p r o t e i n d i d not cause n e c r o s i s i n the 
s u s c e p t i b l e c u l t i v a r s of tomato. The same fungus grown on 
tomato e x t r a c t s produced o n l y n o n - s p e c i f i c e l i c i t o r s . 
C o l l e t o t r i c h u m lindemuthaneum produced r a c e - s p e c i f i c 
e l i c i t o r s , a c t i v e at 0.01 ug/ml on garden bean [_67] . Keen 
and others r e p o r t e d these e l u s i v e s p e c i f i c e l i c i t o r s i n 
P h y t o p h t h o r a megasperma f . sp. g l y c i n e a [681 . The 
e l i c i t o r s appeared to be g l y c o p r o t e i n s , but were n e i t h e r 
c h e m i c a l l y c h a r a c t e r i z e d nor t h e i r a c t i v i t y confirmed. 
P l a n t c e l l membranes undoubtly have r e c e p t o r s f o r these 
e l i c i t o r s and attempts have been made t o i d e n t i f y these 
receptors [_££] . 

Crop P r o t e c t i o n 

Cross p r o t e c t i o n of p l a n t s a g a i n s t d i s e a s e has been 
demonstrated s e v e r a l times. This p r o t e c t i o n i s e f f e c t e d 
by f i r s t i n o c u l a t i n g p l a n t s w i t h an a v i r u l e n t 
microorganism; then, a f t e r a p e r i o d of time, ranging up 
to s e v e r a l days, i n o c u l a t i o n with a no r m a l l y v i r u l e n t 
microorganism w i l l not cause d i s e a s e . This phenomenon may 
be a k i n t o the v a c c i n a t i o n of humans with the cowpox 
v i r u s t o p r o t e c t them from smallpox. 

The use of e l i c i t o r s of p h y t o a l e x i n p r o d u c t i o n i n 
pl a n t s as pr o t e c t a n t s was f i r s t suggested by Paxton [20.] . 
Since that time s e v e r a l companies have become i n t e r e s t e d 
i n a p p l y i n g t h i s knowledge t o c r e a t e a new type of 
'f u n g i c i d e ' t h a t uses the p l a n t ' s own defense mechanisms 
to p r o t e c t i t from d i s e a s e . These ' f u n g i c i d e s ' , which 
might be r e l a t i v e l y s t a b l e p o l y s a c c h a r i d e s o r 
g l y c o p r o t e i n s , would be welcome a d d i t i o n s f o r p l a n t 
p r o t e c t i o n , because, u n l i k e most of the other f u n g i c i d e s , 
these compounds g e n e r a l l y would have low impact on the 
environment and non-target organisms. 

E l i c i t o r s , as ' f u n g i c i d e s ' , would need t o be 
formulated t o remain on the su r f a c e of the p l a n t u n t i l 
the p l a n t i s wounded, or pathogens or i n s e c t s i n t r o d u c e 
the compound i n t o the c e l l d u r i n g a t t a c k . For use as 
h e r b i c i d e s , e l i c i t o r s would need t o be fo r m u l a t e d t o 
enter the p l a n t immediately a f t e r a p p l i c a t i o n . 

Suppressors of Phytoalexin Production 

Suppressors are compounds produced by f u n g i , that prevent 
e l i c i t a t i o n of ph y t o a l e x i n accumulation. An e x t r a c e l l u l a r 
mannan-glycoprotein (presumably an inver t a s e ) produced by 
Phytophthora megasperma f. sp. g l y c i n e a supresses the 
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response o f soybean p l a n t s t o the g l u c a n e l i c i t o r 
produced by the same fungus [11]. T h i s suppression i s of 
i n t e r e s t , e s p e c i a l l y because of i t s race s p e c i f i c nature. 
The races of P h y t o p h t h o r a megasperma f. sp. g l y c i n e a , 
t h a t a t t a c k a g i v e n set of soybean c u l t i v a r s , produce 
compounds t h a t suppress p h y t o a l e x i n accumulation (that 
c o u l d be e l i c i t e d by the glucan) only on those c u l t i v a r s . 
Doke and Tomiyama [7_2_] r e p o r t e d t h a t ft 1-3 g l u c a n 
m o l e c u l e s of 17-23 g l u c o s e u n i t s from P h y t o p h t h o r a 
i n f e s t a n s suppressed p h y t o a l e x i n a c c u m u l a t i o n i n an 
a n t i c i p a t e d r a c e - s p e c i f i c manner i n potato c u l t i v a r s . 

Suppressors may be important f o r v i r u l e n c e of fungal 
pathogens by a l l o w i n g a pathogen t o a t t a c k i t s host 
r a p i d l y . They c o n c e i v a b l y c o u l d be used as h e r b i c i d e s 
[ f o r example suppression of nightshade (Solanum nigrum) 
i n crops] s i n c e they should i n c r e a s e the aggressiveness 
o f n a t u r a l pathogens on t a r g e t p l a n t s . S p e c i f i c 
suppressors c o u l d prove u s e f u l as s e l e c t i v e h e r b i c i d e s , 
but f i r s t they must be c h e m i c a l l y c h a r a c t e r i z e d and t h e i r 
a c t i v i t y confirmed. 

Commercial P o t e n t i a l f o r E l i c i t o r s i n Plant P r o t e c t i o n 

The commercial a p p l i c a t i o n of e l i c i t o r s and suppressors 
i n p l a n t p r o t e c t i o n i s suggested by the i n t e r e s t t h a t 
s e v e r a l companies have i n d e v e l o p i n g carbohydrates f o r 
a p p l i c a t i o n s i n medical s c i e n c e . B i c a r b AB of Lund Sweden 
and Chembiomed of Edmonton, Canada are two such companies 
engaged i n R&D and marketing of b i o l o g i c a l l y a c t i v e 
carbohydrates. Carbohydrates I n t e r n a t i o n a l AB of A r l o v , 
Sweden [a s u b s i d i a r y of Volvo AB] a l s o i s l o o k i n g f o r 
novel ways t o s y n t h e s i z e complicated carbohydrates found 
i n human membranes. 

IGENE Biotechnology of Columbia, MD r e c e n t l y developed 
a c h i t i n n e m a t i c i d e , C l a d o S a n , which has been 
s u c c e s s f u l l y u s e d i n nematode c o n t r o l by R. 
Rodriquez-Kabana, at Auburn U n i v e r s i t y . Other companies 
a l s o are l o o k i n g i n t o the p r o d u c t i o n of c h i t i n f o r 
d i s e a s e c o n t r o l . Large masses of crab s h e l l s , which are 
predominantly c h i t i n , are wasted p r e s e n t l y . 

Future Research 

Sugar polymers contained i n c e l l w alls of p l a n t s , animals 
and microorganisms are important r e g u l a t o r s of p l a n t c e l l 
a c t i v i t i e s , i n c l u d i n g a c c u m u l a t i o n of p h y t o a l e x i n s 
e f f e c t i v e a g a i n s t i n v a d i n g i n s e c t s , b a c t e r i a and f u n g i . 

The a p p l i c a t i o n of our knowledge of e l i c i t o r s and 
f u n g i c i d e f o r m u l a t i o n i s an area t h a t needs our immediate 
a t t e n t i o n . Understanding how these molecules f u n c t i o n i n 
p l a n t d i s e a s e and p e s t r e s i s t a n c e w i l l s i g n i f i c a n t l y 
improve our l i v e s by i n c r e a s i n g crop y i e l d s and lowering 
food c o s t s . 
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Chapter 9 

Endophytic Bacteria for the Delivery 
of Agrochemicals to Plants 

Jed W. Fahey 

Crop Genetics International, 7170 Standard Drive, Hanover, MD 21076 

A novel delivery system (InCide) utilizing naturally 
occuring plant endophytic bacteria is being developed 
for the systemic delivery of agrichemicals 
in-planta. Host crops are systemically colonized by 
the endophyte, thus providing an environmentally safe 
vehicle with which to deliver potent, targeted, 
biologically-derived agrichemicals to the plants. 
InCide products, including those having insecticide, 
fungicide, bactericide, viricide, nematicide and 
plant growth enhancer activity are designed to be 
applied as a seed, seedling or young plant treatment 
only once during the life of a plant. They exploit 
the biological characteristics of a natural 
endophytic microbe by systemically colonizing the 
xylem and achieving sustained levels in their host 
plants. Because of their in-planta growth, effects 
on non-target organisms and the environment are 
minimized and significant advantages are afforded 
over current externally applied agrichemicals. 
The first InCide product is an endophyte of corn that 
has been genetically modified by insertion of a gene 
from Bacillus thuringiensis encoding for the 
production of a highly specific insecticidal protein 
(delta-endotoxin) active against the European Corn 
Borer. Refinement and scale-up of techniques for 
inoculation of this product into corn seeds will 
permit rapid commercialization of this new delivery 
system. 

An e x a m i n a t i o n o f p l a n t - a s s o c i a t e d m i c r o b e s w i l l i l l u s t r a t e t h e 
d i v e r s i t y o f r e l a t i o n s h i p s e x i s t i n g between p l a n t s and " i n t e r n a l l y 
d w e l l i n g " p l a n t - n e u t r a l o r b e n e f i c i a l m i c r o b e s . J u s t how some o f 
t h e s e r e l a t i o n s h i p s e v o l v e d i s n o t f u l l y u n d e r s t o o d , b u t t h e r e a r e 
a v a r i e t y o f s t a b l e , m u t u a l i s t i c o r s y m b i o t i c r e l a t i o n s h i p s between 

0097-6156/88/0380-0120$06.00/0 
° 1988 American Chemical Society 
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9. FAIIEY Bacterial Delivery of Agrochemicals 121 

h i g h e r p l a n t s and m i c r o b i a l e n d o p h y t e s . E n d o p h y t e s a r e m i c r o b e s 
w h i c h l i v e w i t h i n p l a n t s . M a i n t e n a n c e o f a l l p l a n t - e n d o p h y t e 
r e l a t i o n s h i p s r e q u i r e t h a t a l t h o u g h t h e p l a n t may r e c o g n i z e t h e 
i n v a d e r , i t does n o t t r i g g e r any o v e r t p a t h o g e n i c r e s p o n s e t o t h e 
m i c r o b e o r t h a t t h e m i c r o b e s u c c e s s f u l l y a v o i d s t h e p l a n t ' s d e f e n s e 
r e a c t i o n s and does n o t cause d i s e a s e . Numerous 
p l a n t - e n d o p h y t e i n t e r a c t i o n s have been i d e n t i f i e d o v e r t h e p a s t 
c e n t u r y . To d a t e , o n l y t h e R h i z o b i u m s p e c i e s , n o t even t r u e 
e n d o p h y t e s b u t m i l d p l a n t pathogens o f t h e legume f a m i l y , have been 
c o m m e r c i a l i z e d f o r t h e i r a g r i c u l t u r a l p o t e n t i a l as s y m b i o n t s . 

N a t u r a l l y O c c u r r i n g E n d o p h y t e s 

The n o d u l a t i o n o f legumes l i k e s oybean, c l o v e r and a l f a l f a by t h e 
g r a m - p o s i t i v e R h i z o b i u m & B r a d y r h i z o b i u m i s by f a r t h e most 
t h o r o u g h l y c h a r a c t e r i z e d p l a n t - m i c r o b e r e l a t i o n s h i p and t h e o n l y 
one w h i c h has been e x p l o i t e d c o m m e r c i a l l y . R h i z o b i u m s p e c i e s i n 
s y m b i o t i c a s s o c i a t i o n w i t h p l a n t s a r e r e s p o n s i b l e f o r t h e 
c o n v e r s i o n o f as much as 2 x 1 0 7 t o n s o f a t m o s p h e r i c N 2 p e r 
y e a r t o ammonium ( 1 ) . T h i s " f i x e d " n i t r o g e n i s t h e n u t i l i z e d by 
p l a n t s f o r t h e s y n t h e s i s o f amino a c i d s and p r o t e i n . I n R h i z o b i u m 
s y m b i o s e s , t h e b a c t e r i a i n f e c t p l a n t r o o t s and a r e t h e n c o n t a i n e d 
w i t h i n s p e c i a l i z e d s t r u c t u r e s c a l l e d r o o t n o d u l e s . A h i g h l y 
i n t e g r a t e d e x p r e s s i o n o f genes f r o m b o t h t h e p l a n t and t h e b a c t e r i a 
l e a d t o t h e f o r m a t i o n o f a m o r p h o l o g i c a l l y d i s t i n c t n o d u l e , w i t h 
i t s own m e r i s t e m a t i c r e g i o n s and v a s c u l a r i n n e r v a t i o n . A m o l e c u l e 
v e r y s i m i l a r t o t h e h e m o g l o b i n f o u n d i n b l o o d i s s y n t h e s i z e d t o 
p r o t e c t t h e o x y g e n - s e n s i t i v e enzyme, n i t r o g e n a s e , and t h e b a c t e r i a 
a c t u a l l y a l t e r t h e i r m o r p h o l o g y once e s t a b l i s h e d i n a d e v e l o p i n g 
n o d u l e . W i t h o u t t h e p r o t e c t i v e e n v i r o n m e n t and c a r b o n s u p p l y 
a f f o r d e d t h e b a c t e r i a by t h e p l a n t , t h e b a c t e r i a w o u l d n o t p e r f o r m 
t h e e n e r g y - i n t e n s i v e p r o c e s s o f n i t r o g e n r e d u c t i o n . W i t h o u t t h e 
b a c t e r i a ' s s i g n i f i c a n t n i t r o g e n i n p u t , t h e p l a n t s w o u l d n o t , i n 
many c a s e s , be a b l e t o p r o s p e r i n an o t h e r w i s e n i t r o g e n p o o r 
e n v i r o n m e n t . T h i s n a t u r a l p l a n t - b a c t e r i a l s y m b i o s i s c a n t h e r e f o r e 
save f a r m e r s g r o w i n g many l e g u m i n o u s c r o p s f r o m t h e c o n s i d e r a b l e 
e x p ense a s s o c i a t e d w i t h f e r t i l i z e r n i t r o g e n i n p u t and may p e r m i t 
c e r t a i n s p e c i e s t o t h r i v e i n a r e a s w h i c h t h e y m i g h t o t h e r w i s e n o t 
o c c u p y . 

C e r t a i n non-legumes a l s o f o r m r o o t n o d u l e s w h i c h a r e 
r e s p o n s i b l e f o r n i t r o g e n f i x a t i o n . The m i c r o b e f o u n d i n a l l 
non-legume r o o t n o d u l e s ( a c t i n o r h i z a l p l a n t s ) s t u d i e d t o d a t e i s 
t h e a c t i n o m y c e t e , F r a n k i a . Most a c t i n o r h i z a l s y m b y o t i c 
a s s o c i a t i o n s a r e f o u n d i n woody p l a n t s i n t h e t e m p e r a t e o r c o l d 
z o n e s o f t h e N o r t h e r n H emisphere. Over 178 s p e c i e s i n 20 d i f f e r e n t 
g e n e r a have been documented t o c o n t a i n a c t i n o r h i z a l s y m b i o n t s ( 2 ) . 
There a r e two m a j o r m o r p h o l o g i c a l t y p e s o f a c t i n o r h i z a l n o d u l e s : 
The A l n u s - t y p e o r c o r a l l o i d n o d u l e s a r e s h o r t , s t u b b y , 
d i c h o t o m o u s l y b r a n c h e d g r o w t h s on l a t e r a l r o o t s . M y r i c a - t y p e o r 
l o b e d n o d u l e s a r e t h i n , and prod u c e n e g a t i v e l y g e o t r o p i c r o o t l e t s 
a t t h e i r apex ( 3 ) . 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

00
9



122 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Stem n o d u l e s , t o o , a r e formed on c e r t a i n members o f t h e 
Leguminosae f a m i l y by R h i z o b i u m b a c t e r i a . These n i t r o g e n - f i x i n g 
s y m b i o s e s have been documented i n t h r e e g e n e r a o f p r e d o m i n a n t l y 
t r o p i c a l o r h y d r o p h y t i c p l a n t s Aeschvnomene. S e s b a n i a 
and N e p t u n i a , w h i c h a r e r e p r e s e n t e d by a b o u t 200, 70 and 15 s p e c i e s 
r e s p e c t i v e l y ( 4 ) . N i t r o g e n f i x a t i o n by t h e endophyte i n stem 
n o d u l e s and t h e p r o t e c t i o n o f t h e o x y g e n - s e n s i t i v e m i c r o b i a l enzyme 
seems t o be a c c o m p l i s h e d v i a a s i m i l a r s t r a t e g e m o f l e g h e m o g l o b i n 
and n o d u l e m o r p h o l o g y t o t h a t a d o p t e d by t h e legume r o o t n o d u l e s . 

L e a f n o d u l e s o c c u r p r e d o m i n a n t l y i n t h e f a m i l i e s R u b i a c e a e and 
M y r s i n a c e a e w h i c h c o n t a i n o v e r 400 n o d u l e - f o r m i n g s p e c i e s ( 5 ) . 
These f a m i l i e s o f p r e d o m i n a n t l y s u b - t r o p i c a l s h r u b s a r e n o d u l a t e d 
by a gram n e g a t i v e , p l e i o m o r p h i c b a c t e r i u m i n an a s s o c i a t i o n w h i c h 
i n a t l e a s t one s p e c i e s ( P s y c h o t r i a b a c t e r i o p h i l a ) has been shown 
t o be o b l i g a t e ( 6 ) . I n a d d i t i o n , one f a m i l y o f m o n o c o t s , 
D i o s c o r e a c e a e has been i d e n t i f i e d as h a v i n g a s p e c i e s w i t h l e a f 
n o d u l e s c o l o n i z e d by e n d o p h y t i c b a c t e r i a ( 7 ) . A l t h o u g h t h e n a t u r e 
o f t h e s e s y m b i o s e s a r e n o t f u l l y u n d e r s t o o d , i t i s h y p o t h e s i z e d 
t h a t t h e b a c t e r i a have a g r o w t h p r o m o t i n g e f f e c t . 

There i s a t l e a s t one w e l l - c h a r a c t e r i z e d a s s o c i a t i o n o f a 
h e t e r o c y s t o u s , n i t r o g e n - f i x i n g b l u e g r e e n a l g a ( c y a n o b a c t e r i u m ) 
w i t h a p l a n t . The c y a n o b a c t e r i u m Anabaena sp. d e v e l o p s i n a 
m u t u a l i s t i c r e l a t i o n s h i p w i t h t h e w a t e r f e r n ( A z o l l a s p . ) . 
Anabaena i s a f i l a m e n t o u s , p h o t o s y n t h e t i c c y a n o b a c t e r i u m c o n t a i n i n g 
h e t e r o c y s t s a t i n t e r v a l s a l o n g a c h a i n o f v e g e t a t i v e c e l l s . These 
h e t e r o c y s t s c o n t a i n t h e r e q u i s i t e enzymes f o r d i - n i t r o g e n 
f i x a t i o n . A z o l l a p r o v i d e s " s a f e h a r b o u r " f o r t h e N 2 - f i x i n g 
s y m b i o n t w i t h i n c a v i t i e s o r n o d u l e s on t h e u n d e r s i d e s o f i t s 
l e a v e s . 

A n o t h e r i m p o r t a n t and e x t r e m e l y w i d e s p r e a d g r o u p o f e n d o p h y t e s 
i s t h e m y c o r r h y z a l f u n g i . These f u n g i r a m i f y t h r o u g h o u t t h e r o o t 
c e l l s o f p l a n t s and a r e h y p o t h e s i z e d t o f u n c t i o n by a i d i n g i n t h e 
m o b i l i z a t i o n o f r e l a t i v e l y i n s o l u b l e s o i l n u t r i e n t s s u c h as 
p h o s p h a t e and z i n c t o t h e p l a n t . A s c r i b i n g a g e n e r a l i z e d f u n c t i o n 
t o t h e s e e n d o p h y t e s i s t h e o b j e c t o f c o n s i d e r a b l e c o n t r o v e r s y . 
E n d o - m y c o r r h y z a e p e n e t r a t e and r a m i f y t h r o u g h o u t c e r t a i n r o o t 
c e l l s . E c t o - m y c o r r h y z a e a r e t h o s e whose hyphae do n o t p e n e t r a t e 
t h e r o o t c e l l s , b u t e i t h e r e n v e l o p t h e r o o t s a n d / o r e n t e r t h e space 
between r o o t c e l l s , u s u a l l y o u t s i d e t h e e n d o d e r m i s . The m a j o r i t y 
o f h i g h e r p l a n t t a x a f o r m a s s o c i a t i o n s w i t h m y c o r r h y z a l e n d o p h y t e s . 

The Acremonium-type f u n g i a r e e n d o p h y t e s o f c e r t a i n t y p e s o f 
g r a s s e s . They have been r e s p o n s i b l e f o r s i g n i f i c a n t o u t b r e a k s o f 
l i v e s t o c k t o x i c i t y i n f o r a g e g r a s s e s , however, t h e y a r e a l s o 
r e s p o n s i b l e f o r c o n f e r r i n g b e n e f i c i a l q u a l i t i e s t o c e r t a i n o f t h e i r 
h o s t s . Enhanced p e r f o r m a n c e , enhanced i n s e c t r e s i s t a n c e and 
i m p r o v e d p e r s i s t a n c e o f L o l i u m and F e s t u c a s p e c i e s have been 
documented i n t u r f g r a s s s t a n d s c o l o n i z e d by s p e c i e s o f Acremonium 
( 8 ) . 
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9. FAHEY Bacterial Delivery of Agrochemicals 123 

And f i n a l l y , t h e r e a r e t h e x y l e m - i n h a b i t i n g b a c t e r i a . These 
b a c t e r i a a r e n o t u b i q u i t o u s , b u t c e r t a i n s p e c i e s c a n r e l i a b l y be 
r e c o v e r e d f r o m t h e i r h o s t p l a n t s p e c i e s i n a p a t t e r n w h i c h s u g g e s t s 
t h a t t h e s e b a c t e r i a may be p a r t o f t h e n o r m a l m i c r o f l o r a o f t h o s e 
h o s t s . B a c t e r i a f r o m 13 d i f f e r e n t g e n e r a were i s o l a t e d f r o m t h e 
x y l e m o f h e a l t h y C i t r u s t r e e s (9) w h i c h were c o l o n i z e d a t l e v e l s 
o f u p t o 2 x 10* CFU/g. The p r e s e n c e i n C i t r u s o f l a r g e numbers 
o f d i v e r s e e n d o p h y t i c b a c t e r i a has been c o n f i r m e d i n s u b s e q u e n t 
s t u d i e s ( Z a b l o t o w i c z , R.M., A l l e l i x , p e r s o n a l 
c o m m u n i c a t i o n ) . a l t h o u g h t h i s phenomenon a p p e a r s t o be t h e e x c e p t i o n 
and n o t t h e r u l e . X y l e m i n h a b i t i n g e n d o p h y t i c b a c t e r i a may be 
r e s p o n s i b l e f o r t h e f r e q u e n t l y o b s e r v e d i n a b i l i t y o f p l a n t t i s s u e 
c u l t u r i s t s t o " d i s i n f e s t " c u l t u r e s o f r i g o r o u s l y s u r f a c e - s t e r i l i z e d 
e x p l a n t m a t e r i a l . The f a i l u r e o f c e r t a i n s p e c i e s t o grow i n - v i t r o 
c o u l d i n f a c t be r e l a t e d t o a s t i m u l a t o r y e f f e c t o f an e n d o p h y t i c 
m i c r o b e w h i c h c a n n o t be r e p r o d u c e d i n t h e c u l t u r e o f i s o l a t e d , 
b a c t e r i a - f r e e e x p l a n t s . I t i s t h e s e x y l e m - i n h a b i t i n g e n d o p h y t e s 
w h i c h we a r e e x p l o i t i n g . 

C r o p P r o t e c t i o n 

Today's c r o p p r o t e c t i o n m a r k e t was c r e a t e d and i s p r e s e n t l y 
d o m i n a t e d by t h e c h e m i c a l i n d u s t r y . B i o l o g i c a l s a c c o u n t f o r o n l y 
$100 m i l l i o n o f t h i s $14 b i l l i o n m a r k e t . A l t h o u g h s y n t h e t i c 
c h e m i c a l s p r e s e n t l y d o m i n a t e t h e m a r k e t , t h e s a f e t y o f t h e s e 
c h e m i c a l s has been c a l l e d i n t o q u e s t i o n . B i o l o g i c a l p e s t i c i d e s a r e 
known t o be s a f e b u t have l a c k e d t h e e f f i c a c y o f s y n t h e t i c 
c h e m i c a l s . The s a f e t y i s s u e o f c h e m i c a l s and t h e e f f i c a c y p r o b l e m 
o f b i o l o g i c a l p e s t i c i d e s a r e c o n s e q u e n c e s o f t h e i r e x t e r n a l 
a p p l i c a t i o n . C u r r e n t l y u t i l i z e d methods f o r a p p l i c a t i o n o f e i t h e r 
c h e m i c a l s o r b i o l o g i c a l s ( e . g . f o l i a r s p r a y s , s o i l a p p l i c a t i o n s o r 
seed t r e a t m e n t s ) , a l l i n v o l v e p l a c i n g t h e t r e a t m e n t o u t s i d e t h e 
p l a n t even i f t h e t r e a t m e n t s t h e m s e l v e s have s y s t e m i c a c t i v i t y . 

W i t h o u t c o n v e n t i o n a l p e s t c o n t r o l , f o o d p r o d u c t i o n i n t h e U.S. 
a l o n e c o u l d d r o p by as much as o n e - t h i r d . D e s p i t e t h e p r e s e n c e o f 
c h e m i c a l p e s t i c i d e s , more t h a n o n e - t h i r d o f t h e w o r l d ' s p o t e n t i a l 
c r o p y i e l d i s s t i l l l o s t t o f u n g a l d i s e a s e s and i n s e c t p e s t s . Some 
c h e m i c a l p r o d u c t s l e a v e t o x i c r e s i d u e s on t h e c r o p , l e a c h i n t o 
g r o u n d w a t e r and a r e t o x i c t o f a r m w o r k e r s . W h i l e c h e m i c a l s a r e 
e f f e c t i v e a g a i n s t a b r o a d s p e c t r u m o f p l a n t p e s t s , t h e y c a n d e s t r o y 
n a t u r a l p e s t p r e d a t o r s and o t h e r b e n e f i c i a l o r g a n i s m s . F o r many 
p e s t i c i d e s and f o r e x t e r n a l l y d e l i v e r e d b i o l o g i c a l s , m u l t i p l e 
a p p l i c a t i o n s a r e r e q u i r e d because t h e p r o d u c t s a r e d i l u t e d by r a i n , 
d i s s i p a t e d by w i n d and de g r a d e d by s u n l i g h t and m i c r o o r g a n i s m s . 
The e f f e c t i v e n e s s o f c h e m i c a l s may d e c l i n e o v e r t i m e due t o t h e 
dev e l o p m e n t o f r e s i s t a n c e by t h e t a r g e t p e s t s . There i s much l e s s 
r i s k o f t a r g e t p e s t s d e v e l o p i n g r e s i s t a n c e t o e n d o p h y t e - d e l i v e r e d 
a g r i c h e m i c a l s b ecause o f th e manner i n w h i c h t h e y a r e e x p o s e d and 
th e v a s t l y s m a l l e r q u a n t i t i e s o f a c t i v e i n g r e d i e n t w h i c h t h u s need 
t o be p r e s e n t i n t h e c r o p . F i n a l l y , government r e g u l a t i o n s 
p r o t e c t i n g consumers, w o r k e r s and t h e e n v i r o n m e n t a r e i n c r e a s i n g l y 
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124 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

r e s t r i c t i n g t h e use o f p r e s e n t l y - r e g i s t e r e d c h e m i c a l p r o d u c t s and 
a r e m a k i n g t h e i n t r o d u c t i o n o f new c h e m i c a l p r o d u c t s more 
d i f f i c u l t . The r e g u l a t o r y g r o u n d - r u l e s f o r t h e i n t r o d u c t i o n o f 
b i o l o g i c a l s a r e c u r r e n t l y b e i n g w r i t t e n as numerous g r o u p s a r e i n 
t h e p r o c e s s o f a t t e m p t i n g t o f i e l d - t e s t and r e g i s t e r s u c h p r o d u c t s . 

E n d o p h y t i c B a c t e r i a . A New D e l i v e r y System 

I n C i d e b i o p e s t i c i d e t e c h n o l o g y i s a s y s t e m o f c r o p p r o t e c t i o n 
i n w h i c h b i o l o g y i s s u b s t i t u t e d f o r c h e m i s t r y : I n c i d e p r o d u c t s a r e 
m i c r o o r g a n i s m s g e n e t i c a l l y e n g i n e e r e d t o be b o t h e n v i r o n m e n t a l l y 
s a f e and e f f i c a c i o u s . I n C i d e p r o d u c t s a r e d e s i g n e d t o f u n c t i o n 
i n t e r n a l l y i n a p l a n t ' s v a s c u l a r s y s t e m . They i n v o l v e t h e use o f 
n a t u r a l l y - o c c u r i n g e n d o p h y t e s f o r t h e p r o d u c t i o n and d e l i v e r y o f 
c r o p p r o t e c t a n t s and g r o w t h e n h a n c e r s . Methods have been 
d e v e l o p e d t o s c r e e n , i d e n t i f y , r e c o v e r and c h a r a c t e r i z e e n d o p h y t i c 
m i c r o o r g a n i s m s . CGI has c o n d u c t e d an e x t e n s i v e s e a r c h f o r and 
a n a l y s i s o f e n d o p h y t e s c a p a b l e o f c o l o n i z i n g t h e m a j o r c r o p s and 
now has a l a r g e c o l l e c t i o n o f e n d o p h y t e s . M i c r o o r g a n i s m s a r e 
s e l e c t e d f o r t h e Company's c o l l e c t i o n b a s e d on a b i l i t y t o l i v e 
i n s i d e , and i n a b i l i t y t o l i v e o u t s i d e , t h e t a r g e t c r o p s . CGI has 
i n d e n t i f i e d e n d o p h y t e s c a p a b l e o f c o l o n i z i n g c o r n , c o t t o n , 
s o y b e a n s , wheat and r i c e as w e l l as o t h e r m a j o r c r o p s . I n C i d e 
p r o d u c t s a r e b e i n g d e v e l o p e d t o s o l v e many o f t h e p r o b l e m s 
a s s o c i a t e d w i t h e x t e r n a l l y a p p l i e d c h e m i c a l s and b i o l o g i c a l s . 
T h ere a r e numerous e c o n o m i c , e n v i r o n m e n t a l and t e c h n o l o g i c a l 
a d v a n t a g e s t o be r e a l i z e d by u s i n g e n d o p h y t i c b a c t e r i a f o r t h e 
d e l i v e r y o f a g r i c h e m i c a l s t o p l a n t s . Some o f t h e a d v a n t a g e s o f 
t h i s t e c h n o l o g y o v e r c o n v e n t i o n a l d e l i v e r y o f p e s t i c i d e s i n c l u d e s : 

Economic A d v a n t a g e s . 

o S i n g l e A p p l i c a t i o n . Seed i n o c u l a t i o n o r i n o c u l a t i o n o f 
t h e j u v e n i l e p l a n t s w i t h an a p p r o p r i a t e e n dophyte r e s u l t s 
i n c o l o n i z a t i o n o f t h a t p l a n t . The en d o p h y t e s l i v e 
i n s i d e t h e p l a n t and a r e t h u s p r o t e c t e d f r o m t h e e x t e r n a l 
e n v i r o n m e n t . 
E x t e r n a l l y a p p l i e d c h e m i c a l s and b i o l o g i c a l s a r e 
u n p r o t e c t e d and o f t e n r e q u i r e m u l t i p l e a p p l i c a t i o n s . 

o M i n u t e Dosage. Seed a p p l i c a t i o n o f e n d o p h y t e s c a n be 
a c c o m p l i s h e d w i t h o n l y m i l l i g r a m q u a n t i t i e s o f b a c t e r i a 
p e r a c r e . A f t e r a p p l i c a t i o n , t h e e n d o p h y t e s m u l t i p l y 
i n s i d e e a c h p l a n t so t h a t t h e f i n a l m a n u f a c t u r i n g s t e p 
o c c u r s a f t e r t h e p o i n t o f s a l e . 
C o n v e n t i o n a l e x t e r n a l l y a p p l i e d c h e m i c a l s a r e g e n e r a l l y 
a p p l i e d i n pounds p e r a c r e . 

o S u s t a i n e d P o t e n c y . E n dophytes c a n t h r i v e and p r o d u c e t h e 
d e s i r e d a g r i c h e m i c a l f o r t h e d u r a t i o n o f t h e p l a n t ' s 
l i f e . 
E x t e r n a l l y a p p l i e d p r o d u c t s a r e a d v e r s e l y a f f e c t e d o r 
r e n d e r e d i n e f f e c t i v e by t h e e n v i r o n m e n t and by s u b s e q u e n t 
p l a n t g r o w t h . 
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9. FAHEY Bacterial Delivery of Agrochemicals 125 

E n v i r o n m e n t a l A d v a n t a g e s . 

o C o n t a i n e d A c t i v i t y . E n dophytes s u r v i v e and f u n c t i o n o n l y 
w i t h i n t h e p l a n t w h i c h t h e y p r o t e c t o r enhance. 
E x t e r n a l l y a p p l i e d p r o d u c t s a r e d i s p e r s e d w i d e l y e a c h 
t i m e t h e y a r e a p p l i e d . 

o P l a n t Dependency. E n d o p h y t e s , by n a t u r e , do n o t 
s u r v i v e o u t s i d e t h e p l a n t and t h e r e f o r e do n o t m u l t i p l y o r 
s p r e a d i n t h e e n v i r o n m e n t o r r e m a i n a c t i v e a f t e r 
h a r v e s t . E x t e r n a l l y a p p l i e d m i c r o o r g a n i s m s must s u r v i v e 
i n t h e e n v i r o n m e n t t o be e f f e c t i v e . 

o No T o x i c R e s i d u e s . Endophyte p r o d u c t s c a n be d e s i g n e d t o 
be e n v i r o n m e n t a l l y s a f e and d e g r a d a b l e . Most e x t e r n a l l y 
a p p l i e d p e s t i c i d e s must r e s i s t d e g r a d a t i o n t o be 
e f f e c t i v e . 

T e c h n o l o g i c a l A d v a n t a g e s . C e r t a i n endophyte p r o d u c t s may have 
t h e f o l l o w i n g t e c h n o l o g i c a l a d v a n t a g e s o v e r g e n e t i c a l l y 
i m p r o v e d p l a n t s : 

o R a p i d Development. C h a n g i n g t h e g e n e t i c s o f 
m i c r o o r g a n i s m s i s a more r a p i d and s i m p l e r p r o c e s s t h a n 
c h a n g i n g t h e g e n e t i c s o f p l a n t s . 

o E a r l y C o m m e r c i a l i z a t i o n . Development o f e n d o p h y t e - b a s e d 
p r o d u c t s does n o t r e q u i r e m u l t i - y e a r p l a n t b r e e d i n g 
p r o g r a m s . 

o Wide A p p l i c a b i l i t y . E n d o p h y t e - b a s e i p r o d u c t s c a n be 
d e s i g n e d t o f u n c t i o n i n a w i d e range o f c o m m e r c i a l l y 
u s e f u l v a r i e t i e s o f t h e t a r g e t e d c r o p . 

o Y i e l d . Endophyte d e l i v e r y has m i n i m a l i m p a c t on h o s t 
p l a n t p h y s i o l o g y ( e . g . l i t t l e o r no e f f e c t on y i e l d , 
v i g o u r o r q u a l i t y ) . I n many i n s t a n c e s , c h a n g i n g t h e 
g e n e t i c s o f p l a n t s can r e d u c e y i e l d s u b s t a n t i a l l y . 

o R e p e a t S a l e s . Many end o p h y t e s a r e n o t seed t r a n s m i t t e d 
and f a r m e r s w i l l need t o p u r c h a s e p r o d u c t s b a s e d on t h e s e 
o r g a n i s m s e a c h g r o w i n g s e a s o n . New p l a n t v a r i e t i e s 
n o r m a l l y have r e p e a t s a l e s o p p o r t u n i t i e s o n l y when t h e 
p u r c h a s e d seed i s a h y b r i d . 

P r o g r e s s i s underway t o d e v e l o p t h e I n C i d e d e l i v e r y s y s t e m f o r 
t h e d e l i v e r y o f i n s e c t i c i d e s , f u n g i c i d e s , n e m a t i c i d e s , v i r i c i d e s 
and b a c t e r i c i d e s t o p r o t e c t c o r n , c o t t o n , s o y b e a n s , r i c e and wheat, 
as w e l l as o t h e r v e g e t a b l e , f o r e s t r y , and h o r t i c u l t u r a l c r o p s . We 
a r e d e v e l o p i n g a f a m i l y o f g e n e t i c a l l y e n g i n e e r e d b i o p e s t i c i d e s 
u s i n g e n d o p h y t e s t h a t c o l o n i z e t h e m a j o r c r o p s and genes t h a t 
p r o t e c t a g a i n s t m a j o r p l a n t p e s t s . 
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BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

F i g u r e 1. Lumen o f x y l e m aerenchyma o f Zea mays v a r . FR632 
c o l o n i z e d w i t h e n d o p h y t i c b a c t e r i u m C l a v i b a c t e r x y l i i s u b s p . 
c y n o d o n t i s . F r e e z e - f r a c t u r e s u r f a c e r e v e a l s a n n u l a r r i n g s on 
l e f t o f p l a t e . M a g n i f i c a t i o n = 4250 X 
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9. FAHEY Bacterial Delivery of Agrochemicals 127 

The first InCide product under development is an insecticide 
for the United States and French corn market. We are conducting 
extensive field and greenhouse trials with our best corn 
endophyte. These tests are designed to accumulate data for product 
registration in the United States and France. We are seeking 
regulatory approval to field test our first recombinant corn 
insecticide product in the United States and France in the spring 
of 1988. This product uses the endophyte, Clavibacter xyli subsp. 
cynodontis. a Coryneform bacterium which was originally isolated 
from-a non-crop plant and can be reproducibly introduced into corn 
(Fig. 1). This bacterium has been transformed by inserting a gene 
encoding for production of an insecticidal protein from the 
bacterium Bacillus thuringiensis (B.t.). B.t. has experienced 
decades of safe use as an insecticidal product. B.t. was first 
sold in France in 1939 and has been a leading biological 
insecticide in the U.S. since registration in 1961. There are 
more than one thousand B.t. isolates, each with one or more genes 
having a specific spectrum of insecticidal activity. Some B.t. 
genes are active against certain lepidoptera (caterpillars) and 
others are toxic to certain coleoptera (beetles). For its initial 
products, the Company purchased the rights to a B.t. gene effective 
against the caterpillar stage of European Corn Borer. Insect 
feeding trials have shown that the toxin produced by the B.t. gene 
is lethal to the European Corn Borer. 

The wild-type endophyte rapidly colonizes the xylem of 
inoculated corn plants and achieves average levels of up to 1 x 
108 CFU/g fresh weight of tissue. It systemically colonizes the 
roots, stem, leaves and husks of inoculated plants and can be 
detected within a week of inoculation but it does not transmit via 
the seed of colonized plants. 

Endophytes can be found throughout the plant kingdom. Natural 
endophytes exist which provide manifold benefits to the plants with 
which they are associated. We are using the tools of biotechnology 
to add specific beneficial qualities to carefully chosen 
endophytes. By selective enhancement, endophytes can be engineered 
to help solve some of agriculture's most pressing problems using a 
biological system which has been around for millions of years. 
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Chapter 10 

Phenol Glycosides in Plant 
Defense Against Herbivores 

Paul B. Reichardt1, Thomas P. Clausen1, and John P. Bryant2 

1Department of Chemistry, University of Alaska, Fairbanks, 
AK 99775-0520 

2Institute of Arctic Biology, University of Alaska, Fairbanks, 
AK 99775-0180 

Phenol glycosides are commonly found as plant 
metabolites, but little is known about their 
functional significance in the plants which 
produce them. We have found that several 
phenol glycosides are important components of 
the chemical defenses of two woody plants, 
Populus balsamifera and P. tremuloides. In 
these cases the phenol glycosides contribute 
to plant defense by converting to active 
defensive chemicals in damaged plant tissues. 
These findings suggest that phenol glycosides 
may play similar roles in many plants but that 
their contributions to defense have gone 
undetected because of their indirect 
involvement. Consideration of the phenol 
glycosides found in agricultural plants as 
potential precursors of defensive metabolites 
could lead to a new appreciation of their 
roles in crop resistance to pests. 

P h e n o l g l y c o s i d e s a r e among t h e most common and w i d e - s p r e a d o f 
a l l p l a n t m e t a b o l i t e s . From t h e i r f i r s t i s o l a t i o n f r o m p l a n t s 
b y P i r i a i n 1845 ( 1 ) , t h e y have o c c u p i e d a p r o m i n e n t p l a c e i n 
p h y t o c h e m i c a l i n v e s t i g a t i o n s . S e v e r a l h u n d r e d o f t h e s e 
s u b s t a n c e s a r e now known ( e . g . 2 ) , r a n g i n g i n s t r u c t u r e f r o m 
v e r y s i m p l e t o v e r y complex ( F i g u r e 1 ) . 

E ven t h o u g h t h e t e r m " p h e n o l g l y c o s i d e " h a s b e e n u s e d b y 
c h e m i s t s f o r o v e r a c e n t u r y , t h e r e r e m a i n s some a m b i g u i t y o v e r 
i t s e x a c t meaning. Some a u t h o r s have u s e d t h e t e r m t o r e f e r t o 
any n a t u r a l p r o d u c t h a v i n g a s t r u c t u r e w h i c h i n c l u d e s a 
p h e n o l i c r e s i d u e bonded t o a c a r b o h y d r a t e w h i l e o t h e r s have 
e x c l u d e d any compounds w h i c h c a n be c l a s s i f i e d as f l a v o n o i d s . 
I n t h i s p a p e r we w i l l employ t h e l a t t e r , more r e s t r i c t i v e , 
d e f i n i t i o n . 

0097-6156/88/0380-0130$06.00/0 
c 1988 American Chemical Society 
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REICHARDT ET AL. Phenol Glycosides in Plant Defense 

13 °g'u 

F i g u r e 1. Examples o f p h e n o l g l y c o s i d e s p r o d u c e d b y p l a n t s .  P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

01
0



132 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

C h e m i s t r y 

P e r h a p s p h e n o l g l y c o s i d e s have a t t r a c t e d t h e a t t e n t i o n o f 
c h e m i s t s p r i m a r i l y b e c a u s e o f t h e c h a l l e n g e s i n v o l v e d i n t h e i r 
c h a r a c t e r i z a t i o n . Many o f them a r e l a b i l e s u b s t a n c e s w h i c h a r e 
d i f f i c u l t t o i s o l a t e and p u r i f y . F o r many y e a r s i s o l a t i o n o f 
p h e n o l g l y c o s i d e s was a c c o m p l i s h e d by t e d i o u s g r a v i t y c o l u m n 
c h r o m a t o g r a p h y on p o l y a m i d e (3) o r g e l f i l t r a t i o n (4) s u p p o r t s 
f o l l o w e d b y d i f f i c u l t r e c r y s t a l l i z a t i o n s . O f t e n t i m e - c o n s u m i n g 
p r e t r e a t m e n t o f e x t r a c t s ( c o u n t e r c u r r e n t e x t r a c t i o n and l e a d 
s u b a c e t a t e t r e a t m e n t s ) were r e q u i r e d p r i o r t o c h r o m a t o g r a p h y , 
and t h e s e p r e t r e a t m e n t s commonly r e s u l t e d i n t h e i s o l a t i o n o f 
a r t i f a c t s ( 5 ) . The r e c e n t d e v e l o p m e n t o f f l a s h c h r o m a t o g r a p h y 
(6) has d r a m a t i c a l l y s i m p l i f i e d i s o l a t i o n p r o c e d u r e s ( 7 ) , and 
modern c h r o m a t o g r a p h y c o u p l e d w i t h e n z y m a t i c t r a n s f o r m a t i o n s 
o f f e r s p r o m i s e f o r f u r t h e r s i m p l i f i c a t i o n o f t h e i s o l a t i o n 
p r o t o c o l s ( C l a u s e n , T.P., U n i v e r s i t y o f A l a s k a F a i r b a n k s , 
u n p u b l i s h e d d a t a ) . 

Once p u r i f i e d , p h e n o l g l y c o s i d e s r e m a i n r e l u c t a n t t o 
r e v e a l t h e i r c h e m i c a l s t r u c t u r e s . C l a s s i c a l l y , s t r u c t u r e 
e l u c i d a t i o n has r e s t e d upon c h e m i c a l o r e n z y m a t i c h y d r o l y s i s 
f o l l o w e d b y s e p a r a t e s t r u c t u r a l d e t e r m i n a t i o n s o f t h e a g l y c o n e 
( " genin") and c a r b o h y d r a t e . R e p e t i t i o n o f t h e p r o c e d u r e 
e m p l o y i n g a p r o p e r l y d e r i v a t i z e d p h e n o l g l y c o s i d e i s t h e n 
u s u a l l y r e q u i r e d t o l o c a t e t h e s i t e a t w h i c h t h e g l y c o s i d e i s 
l i n k e d t o t h e g e n i n (8.). R e c e n t a d v a n c e s i n s p e c t r o s c o p y h a v e , 
however, p r e s e n t e d more d i r e c t methods f o r s t r u c t u r e 
e l u c i d a t i o n . M o l e c u l a r f o r m u l a s and f r a g m e n t a t i o n p a t t e r n s c a n 
now be o b t a i n e d f r o m h i g h r e s o l u t i o n f a s t atom bombardment and 
f i e l d d e s o r p t i o n mass s p e c t r a l a n a l y s e s (9) o f t h e s e non
v o l a t i l e compounds. A t o m i c c o n n e c t i v i t i e s and, i n some c a s e s , 
c o m p l e t e s t r u c t u r e s c a n be d e t e r m i n e d b y a n a l y s i s o f H- and 
1 3C-NMR s p e c t r a ( 7 ) , e s p e c i a l l y w i t h t h e a i d o f 2D NMR 
t e c h n i q u e s ( 1 0 ) . 

S i m i l a r l y , a n a l y s i s o f p h e n o l g l y c o s i d e m i x t u r e s has b e e n 
d r a m a t i c a l l y f a c i l i t a t e d by modern c h r o m a t o g r a p h i c t e c h n i q u e s . 
The o l d e r methods o f p a p e r o r t h i n l a y e r c h r o m a t o g r a p h y c o u p l e d 
w i t h s p r a y r e a g e n t s f o r d e t e c t i o n (11) have b e e n r e p l a c e d b y 
gas c h r o m a t o g r a p h i c a n a l y s e s o f d e r i v a t i z e d p h e n o l g l y c o s i d e s 
(12) o r d i r e c t c h r o m a t o g r a p h i c a n a l y s e s o f p h e n o l g l y c o s i d e s by 
h i g h p e r f o r m a n c e l i q u i d c h r o m a t o g r a p h y (13.) . The l a t t e r method 
i s p a r t i c u l a r l y e f f e c t i v e when a d i o d e a r r a y d e t e c t o r i s 
e m p l o y e d b e c a u s e t h e U V / V i s s p e c t r a o b t a i n e d c a n be u s e d t o 
s u b s t a n t i a t e s t r u c t u r a l a s s i g n m e n t s f o r p e a k s o t h e r w i s e b a s e d 
s o l e l y on r e t e n t i o n t i m e s ( 1 4 ) . 

B i o s y n t h e s i s 

I t a p p e a r s t h a t t h e most common b i o s y n t h e t i c r o u t e t o p h e n o l 
g l y c o s i d e s i n v o l v e s a f i n a l s t e p w h i c h c o u p l e s t h e p r e f o r m e d 
g e n i n ( u s u a l l y a s h i k i m a t e ) and c a r b o h y d r a t e . The f i n a l s t e p 
i s c a t a l y z e d by a t r a n s f e r a s e w h i c h u s u a l l y a l s o h a s h y d r o l y t i c 
( " g l y c o s i d a s e " ) a c t i v i t y ( 1 5 ) . 
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10. REICHARDT ET AL. Phenol Glycosides in Plant Defense 133 

B i o l o g i c a l p r o p e r t i e s o f p h e n o l g l y c o s i d e s 

Two g e n e r a l b i o l o g i c a l p r o p e r t i e s seem t o be a s s o c i a t e d w i t h 
p h e n o l g l y c o s i d e s : 1) t h e y have a b i t t e r t a s t e , a t l e a s t t o 
humans (16) and 2) many p h e n o l g l y c o s i d e s o r t h e i r a g l y c o n e s 
a r e t o x i c t o a v a r i e t y o f o r g a n i s m s ( 1 5 , 1 7 ) . O t h e r s p e c i a l i z e d 
p r o p e r t i e s a s c r i b e d t o i n d i v i d u a l p h e n o l g l y c o s i d e s i n c l u d e 
e n z y m a t i c i n h i b i t i o n ( 1 8 ) , p h y t o a l e x i c p r o p e r t i e s ( 1 9 ) , and 
r e g u l a t i o n o f p l a n t g r o w t h (15 ,20, 2JL) . 

A g r i c u l t u r a l r e l e v a n c e o f p h e n o l g l y c o s i d e s 

P h e n o l i c g l y c o s i d e s have b e e n f o u n d i n a w i d e v a r i e t y o f e d i b l e 
p l a n t s - b o t h w i l d and c u l t i v a t e d - as w e l l as i n many f o r a g e 
c r o p s ( 2 2 , 2 3 ) . I n t e r e s t i n t h e a g r i c u l t u r a l l y - r e l e v a n t p h e n o l 
g l y c o s i d e s h a s c e n t e r e d on t h e i r g e n e r a l l y b i t t e r t a s t e ( 1 6 ) , a 
p r o p e r t y w h i c h r e n d e r s them u n d e s i r a b l e c o n s t i t u e n t s o f 
f o o d s t u f f s . However, i t i s c l e a r t h a t b i t t e r n e s s i s n o t a 
u n i f o r m t r a i t o f d i e t a r y p h e n o l g l y c o s i d e s , as s t r i k i n g l y 
e x e m p l i f i e d b y t h e f a c i l e c o n v e r s i o n o f n a r i n g i n ( a b i t t e r 
p r i n c i p l e o f g r a p e f r u i t ) t o t h e s w e e t - t a s t i n g i s o m e r , n a r i n g i n 
c h a l c o n e ( 2 4 ) . 

E c o l o g i c a l r e l e v a n c e o f p h e n o l g l y c o s i d e s 

G l y c o s y l a t i o n as t h e most common f i n a l s t e p i n t h e b i o s y n t h e s i s 
o f most p h e n o l g l y c o s i d e s and t h e b i o l o g i c a l a c t i v i t i e s 
a s c r i b e d t o many p h e n o l g l y c o s i d e s o b v i o u s l y r a i s e t h e q u e s t i o n 
o f t h e i r r a i s o n d ' e t r e ( e s p e c i a l l y v i s a v i s t h e p h e n o l i c 
g e n i n s ) . C e r t a i n l y t h i s q u e s t i o n has n o t l a c k e d f o r a n s w e r s . 
Over one h u n d r e d y e a r s ago E r r a r a (2.5) f i r s t a n s w e r e d t h i s 
q u e s t i o n b y p r o p o s i n g t h a t p h e n o l g l y c o s i d e s p r o t e c t p l a n t s 
f r o m " t h e v o r a c i t y o f a n i m a l s " . However, t h e i n t e r v e n i n g y e a r s 
have s e e n t h e emergence o f a number o f c o m p e t i n g p r o p o s a l s 
i n c l u d i n g : s e c o n d a r y f o o d r e s e r v e s (2£) , w a s t e m e t a b o l i t e s 
( 2 7 ) , d e t o x i f i e d d e r i v a t i v e s o f p h y t o t o x i c a g l y c o n e s ( 1 5 ) , 
p r o t e c t o r s o f p h e n o l s f r o m o x i d a t i o n ( 2 8 ) , a n d - - i n some c a s e s - -
p l a n t g r o w t h r e g u l a t o r s (20,21)• 

I n t h i s p a p e r we w i s h t o r e t u r n t o E r r a r a ' s ' s i n i t i a l 
s u g g e s t i o n and e v a l u a t e t h e c u r r e n t s t a t u s o f h i s p r o p o s a l . 
Compared t o t h e o f t e n a c c e p t e d maxim o f p h e n o l g l y c o s i d e s 
c o n s t i t u t i n g a common mode o f c h e m i c a l d e f e n s e , h a r d d a t a t o 
s u p p o r t t h i s c o n t e n t i o n a r e s p a r s e . 

T h e r e i s some e v i d e n c e t o s u g g e s t t h a t p h e n o l g l y c o s i d e s 
c o n s t i t u t e a p l a n t d e f e n s e a g a i n s t p o l y p h a g o u s ( g e n e r a l i s t ) and 
some o l i g o p h a g o u s h e r b i v o r e s , b u t i t i s l a r g e l y c o r r e l a t i v e i n 
n a t u r e . Markham (16) and Edwards (29) d e m o n s t r a t e d t h e 
a v e r s i o n o f opossums t o P o p u l u s and S a l i x s p e c i e s c o n t a i n i n g 
r e l a t i v e l y h i g h l e v e l s o f s a l i c i n (1) and i t s d e r i v a t i v e s and 
a s c r i b e d t h e p r o t e c t i o n t o t h e b i t t e r t a s t e o f p h e n o l 
g l y c o s i d e s . T a h a v a n a i n e n e t a l . (30) l i k e w i s e d i s c o v e r e d a 
n e g a t i v e r e l a t i o n s h i p b e t w e e n p a l a t a b i l i t i e s o f S a l i x s p e c i e s 
t o t h e m o u n t a i n h a r e (Lepus t i m i d u s ) and p h e n o l g l y c o s i d e 
c o n t e n t . They a d d i t i o n a l l y d e m o n s t r a t e d t h e u n p a l a t a b i l i t i e s 
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134 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

o f p h e n o l g l y c o s i d e - c o n t a i n i n g e x t r a c t s o f S a l i x t o L. t i m i d u s . 
L i n d r o t h e t a l . h a v e d e m o n s t r a t e d t h e n e g a t i v e e f f e c t s o f 
p h e n o l g l y c o s i d e s f r o m P o p u l u s t r e m u l o i d e s on t h e p e r f o r m a n c e 
o f P a p i l l o g l a u c u s l a r v a e (31) and have a s c r i b e d t h e e f f e c t t o 
t h e l e v e l s o f s a l i c o r t i n (2) and t r e m u l a c i n (3) i n t h e l e a v e s 
(32) . Z u c k e r (.33) has t e n u o u s l y s u g g e s t e d t h a t p h e n o l 
g l y c o s i d e s o f P o p u l u s a n g u s t i f o l i a l e a v e s i n h i b i t t h e 
s u c c e s s f u l c o l o n i z a t i o n o f t h i s p l a n t b y a g a l l - f o r m i n g a p h i d 
(Pemphigus b e t a e ) . 

Some o l i g o p h a g o u s and monophagous ( s p e c i a l i s t ) i n s e c t 
h e r b i v o r e s , however, a p p a r e n t l y u t i l i z e p h e n o l g l y c o s i d e s as 
p o s i t i v e c u e s f o r f e e d i n g . T a h a v a n a i n e n e t a l . (34) have 
r e p o r t e d t h a t f o u r l e a f b e e t l e s p e c i e s s e l e c t t h e i r f a v o r e d 
h o s t p l a n t s ( S a l i x sp.) b a s e d upon t h e p l a n t ' s s u i t e o f p h e n o l 
g l y c o s i d e s . When t h e f a v o r e d h o s t p l a n t was removed i n f e e d i n g 
t r i a l s , i n s e c t s s h i f t e d t o t h e S a l i x s p e c i e s h a v i n g a p h e n o l 
g l y c o s i d e c o n t e n t most l i k e t h e p r e f e r r e d h o s t . 

A v e r y r e v e a l i n g s t u d y o f e x p l o i t a t i o n o f p h e n o l 
g l y c o s i d e s b y h e r b i v o r e s has b e e n r e p o r t e d i n a s e r i e s o f 
p a p e r s b y R o w e l l - R a h i e r and P a s t e e l s (3j>-41) . They d i s c o v e r e d 
s e v e r a l o l i g o p h a g o u s c h r y s o m e l i d b e e t l e s w h i c h p r e f e r S a l i x 
h o s t s r i c h i n s a l i c i n (37.f4Q) and one b e e t l e w h i c h u t i l i z e s a 
s a l i c o r t i n - c o n t a i n i n g S a l i x s p e c i e s ( 3 5 ) . I n t h e s e c a s e s t h e 
p h e n o l g l y c o s i d e does n o t s e r v e as a f e e d i n g c u e ; b u t i t i s 
m e t a b o l i z e d b y t h e b e e t l e t o p r o d u c e s a l i c a l d e h y d e ( 4 ) , a 
d e f e n s i v e c h e m i c a l u t i l i z e d b y t h e i n s e c t , and g l u c o s e , w h i c h 
s e r v e s as a s i g n i f i c a n t e n e r g y s o u r c e ( 4 1 ) . S m i l e y e t a l . (42) 
h ave e x t e n d e d t h i s work t o a N o r t h A m e r i c a n e c o s y s t e m . They 
f o u n d t h a t t h e l a r v a e o f t h e C a l i f o r n i a n S i e r r a Nevada b e e t l e 
( C h r v s o m e l a a e n i c o l l i s ) p r e f e r S a l i x l e a v e s w h i c h h a v e h i g h 
s a l i c i n l e v e l s and t h a t l a r v a e p l a c e d on S a l i x l e a v e s w i t h h i g h 
s a l i c i n c o n t e n t h a v e a h i g h e r s u r v i v a l r a t e t h a n l a r v a e p l a c e d 
on l e a v e s l o w i n s a l i c i n . 

I n summary, we may s a y t h a t t h e few r e p o r t s on p h e n o l 
g l y c o s i d e s as m e d i a t o r s o f p l a n t / h e r b i v o r e i n t e r a c t i o n s s u g g e s t 
t h a t E r r a r a ' s ' s p r o p o s a l has some m e r i t b u t t h a t i t s g e n e r a l i t y 
r e m a i n s t o be d e t e r m i n e d . F u r t h e r m o r e , b e y o n d t h e work o f 
R o w e l l - R a h i e r and P a s t e e l s t h e r e i s a g e n e r a l l a c k o f 
i n f o r m a t i o n on t h e c h e m i s t r y b e h i n d t h e o b s e r v e d r e s p o n s e s o f 
h e r b i v o r e s t o p h e n o l g l y c o s i d e s . 

P h e n o l g l y c o s i d e s and d e f e n s e o f A l a s k a n woody p l a n t s 

O ver t h e p a s t s e v e r a l y e a r s we have i n v e s t i g a t e d t h e r o l e s o f 
p h e n o l g l y c o s i d e s i n two woody p l a n t / h e r b i v o r e i n t e r a c t i o n s 
w h i c h have s i g n i f i c a n t i m p l i c a t i o n s i n h i g h - l a t i t u d e e c o s y s t e m s 
o f N o r t h A m e r i c a . I n e a c h c a s e we were drawn t o s t u d y p h e n o l 
g l y c o s i d e s b y r e s u l t s o b t a i n e d f r o m b i o a s s a y e x p e r i m e n t s , and 
we have b e e n a b l e t o d e f i n e t h e e c o l o g i c a l r o l e s o f t h e s e 
compounds o n l y b y p a y i n g a t t e n t i o n t o t h e i r d e t a i l e d s t r u c t u r e s 
and t h e dynamic n a t u r e o f t h e i r e x i s t e n c e i n p l a n t s . 

Our i n i t i a l e n c o u n t e r came a b o u t d u r i n g a t t e m p t s t o 
c h e m i c a l l y d e f i n e t h e r e a s o n s f o r t h e s e l e c t i v e u s e o f b a l s a m 
p o p l a r ( P o p u l u s b a l s a m i f e r a ) p a r t s and g r o w t h s t a g e s b y t h e 
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10. REICHARDT ET AL. Phenol Glycosides in Plant Defense 135 

snowshoe h a r e (Lepus a m e r i c a n u s ) . F i e l d o b s e r v a t i o n s ( B r y a n t , 
J . P . , U n i v e r s i t y o f A l a s k a F a i r b a n k s , u n p u b l i s h e d d a t a ) 
i n d i c a t e d t h a t i n t e r n o d e s (stems b e t w e e n b u d s ) and b a r k a r e t h e 
o n l y p a r t s o f w i n t e r - d o r m a n t b a l s a m p o p l a r e a t e n b y h a r e s . 
F u r t h e r m o r e , o n l y o l d e r i n t e r n o d e s f r o m mature s a p l i n g s a r e 
u t i l i z e d ; a l l i n t e r n o d e s f r o m j u v e n i l e p l a n t s and c u r r e n t - y e a r 
g r o w t h i n t e r n o d e s f r o m mature p l a n t s a r e i g n o r e d b y t h e h a r e s . 

G u i d e d b y p a l a t a b i l i t y b i o a s s a y r e s u l t s f r o m e x t r a c t s o f 
p o p l a r , we t e n t a t i v e l y c o n c l u d e d t h a t e t h e r s o l u b l e m e t a b o l i t e s 
i n t h e i n t e r n o d e s (stems b e t w e e n b u d s ) were r e s p o n s i b l e f o r 
h a r e s ' s e l e c t i v e u se o f t h i s p o t e n t i a l f o o d s o u r c e . 
S u b s e q u e n t l y we f o u n d t r i c h o c a r p i g e n i n ( b e n z y l g e n t i s a t e , !)) t o 
be a m a j o r component o f t h i s e x t r a c t , as h a d b e e n p r e v i o u s l y 
r e p o r t e d b y P e a r l and D a r l i n g ( 4 3 ) . We were e n c o u r a g e d when we 
f o u n d t h i s s u b s t a n c e , w h i c h has a p e p p e r y f l a v o r and c a u s e s 
numbness t o t h e mouth and gums when t a s t e d , t o be a d e t e r r e n t 
t o h a r e f e e d i n g . However, a p r o b l e m d e v e l o p e d when we 
d i s c o v e r e d t h a t h a r e s r e a d i l y consume p o p l a r i n t e r n o d e s w h i c h 
o u r a n a l y s e s showed c o n t a i n e d c o n c e n t r a t i o n s o f 5 w e l l above 
t h o s e w h i c h c a u s e d c o m p l e t e a v e r s i o n i n t h e b i o a s s a y s ( M a t t e s , 
B.R., U n i v e r s i t y o f A l a s k a F a i r b a n k s , u n p u b l i s h e d r e s u l t s ) . 
More c a r e f u l i n v e s t i g a t i o n r e v e a l e d t h a t l i t t l e , i f any, f r e e 5 
o c c u r s i n t h e p l a n t b u t t h a t i t i s p r o d u c e d f r o m t r i c h c o c a r p i n 
(6) d u r i n g e x t r a c t i o n o f f r e s h p l a n t m a t e r i a l w i t h d i e t h y l 
e t h e r . F u r t h e r e x p e r i m e n t s r e v e a l e d t h a t t h i s h y d r o l y s i s 
d u r i n g e x t r a c t i o n i s a p p a r e n t l y c a t a l y z e d b y a p l a n t - c o n t a i n e d 
enzyme w h i c h i s p r e s u m a b l y s e g r e g a t e d f r o m t h e a p p a r e n t l y 
p a l a t a b l e s u b s t r a t e (6) b u t i s r e l e a s e d d u r i n g t h e d i s r u p t i v e 
e v e n t s a s s o c i a t e d w i t h t h e e x t r a c t i o n p r o c e s s ( 4 4 ) . We 
c o n c l u d e d , however, t h a t t h i s p o t e n t i a l l a t e n t d e f e n s e o f 
p o p l a r t o h a r e s i s i n e f f e c t i v e due t o t h e r e l a t i v e l y s l o w r a t e 
o f r e a c t i o n e x p e r i e n c e d i n p l a n t m a t e r i a l d u r i n g h e r b i v o r y . 

F u r t h e r i n v e s t i g a t i o n o f t h e l i p i d s and p h e n o l g l y c o s i d e s 
o f P. b a l s a m i f e r a p r o v i d e d an e v e n more i n t e r e s t i n g and 
e c o l o g i c a l l y r e l e v a n t a s p e c t o f p h e n o l g l y c o s i d e b i o c h e m i s t r y 
o f t h i s p l a n t . Among t h e e t h e r - s o l u b l e m e t a b o l i t e s o f b a l s a m 
p o p l a r i n t e r n o d e s , we d i s c o v e r e d 6 - h y d r o x y c y c l o h e x e n o n e ( 7 ) . A 
s e c o n d m a j o r p h e n o l g l y c o s i d e p r o v e d t o be s a l i c o r t i n (2) ( 4 4 ) . 
B a s e d upon s t r u c t u r a l c o n s i d e r a t i o n s and t h e r e p o r t b y P e a r l 
and D a r l i n g (45) t h a t 2 p r o d u c e s c a t e c h o l (8) upon b a s i c 
h y d r o l y s i s , we i n v e s t i g a t e d t h e b i o c h e m i c a l r e l a t i o n s h i p 
b e t w e e n 2 and 7. We were g r a t i f i e d t o f i n d t h a t an enzyme 
p r e p a r a t i o n f r o m p o p l a r i n t e r n o d e s r e a d i l y c o n v e r t s 2 t o 7 and 
1. I n t h i s c a s e , we f o u n d t h a t t h e u n p a l a t a b l e p r o d u c t (7) i s 
n o t an a r t i f a c t . Thus t h e p h e n o l g l y c o s i d e (2) i s a b i o s y n -
t h e t i c p r e c u r s o r o f a d e f e n s i v e c h e m i c a l as w e l l as a l a t e n t 
a d d i t i o n a l s o u r c e o f t h e d e t e r r e n t w h i c h i s p r o d u c e d f r o m 2 a t 
some unknown r a t e d u r i n g h e r b i v o r y . F u r t h e r m o r e , t h e o t h e r 
p r o d u c t f r o m t h i s r e a c t i o n (1) c o u l d w e l l s e r v e as t h e 
b i o s y n t h e t i c p r e c u r s o r o f a n o t h e r d e f e n s i v e m e t a b o l i t e (4) o f 
P. b a l s a m i f e r a ( C l a u s e n , T.P., U n i v e r s i t y o f A l a s k a F a i r b a n k s , 
u n p u b l i s h e d r e s u l t s ) . 

A t t h i s p o i n t o u r work on t h e d e f e n s i v e c h e m i s t r y o f P. 
b a l s a m i f e r a p a i d d i v i d e n d s i n o u r p a r a l l e l s t u d y o f t h e l a r g e 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

01
0



136 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

OH 

O C 
OR 

6 R = glu 
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a s p e n t o r t r i x ( C h o r i s t o n e u r a c o n f l i c t a n a ( W a l k e r ) ) / q u a k i n g 
a s p e n (P. t r e m u l o i d e s ) i n t e r a c t i o n . I n t h i s s t u d y we h a d s e t 
o u t t o examine t h e r e a s o n s b e h i n d t h e p o p u l a t i o n c y c l e s o f t h i s 
moth s p e c i a l i s t . Our h y p o t h e s i s was t h a t h e r b i v o r y - i n d u c e d 
changes i n h o s t p l a n t c h e m i s t r y c a u s e s a d r o p i n d i e t a r y 
q u a l i t y o f t h e l e a v e s , l e a d i n g t o a p r e c i p i t o u s d e c l i n e i n moth 
p o p u l a t i o n s i n y e a r s f o l l o w i n g s e v e r e d e f o l i a t i o n o f t h e 
p l a n t s . 

Our d i s c o v e r i e s t h a t t h e m a j o r p h e n o l g l y c o s i d e s o f 
q u a k i n g a s p e n f o l i a g e were s a l i c i n ( 1 ) , s a l i c o r t i n ( 2 ) , 
t r e m u l a c i n ( 3 ) , and t r e m u l o i d e n (9) and t h a t t h e same l e a v e s 
c o n t a i n e d 7 l e d us t o e v a l u a t e t h e i m p o r t a n c e o f t h e i r 
b i o c h e m i c a l r e l a t i o n s h i p s t o t h e s u i t a b i l i t y o f q u a k i n g a s p e n 
f o l i a g e as f o o d f o r t h e l a r g e a s p e n t o r t r i x l a r v a e . I n i t i a l l y 
we d e m o n s t r a t e d t h a t p h e n o l g l y c o s i d e - c o n t a i n i n g f r a c t i o n s f r o m 
a s p e n l e a v e s r e d u c e d t h e p e r f o r m a n c e o f C. c o n f l i c t a n a l a r v a e 
( 4 6 ) . S u b s e q u e n t l y we d i s c o v e r e d t h a t a l l p h e n o l g l y c o s i d e s 
e x c e p t 9 a d v e r s e l y a f f e c t l a r v a l p e r f o r m a n c e b u t t h a t 2 and 3 
a r e p a r t i c u l a r l y d e t r i m e n t a l i n t h i s r e g a r d ( B r y a n t , J . P . , 
U n i v e r s i t y o f A l a s k a F a i r b a n k s , u n p u b l i s h e d r e s u l t s ) . F u r 
t h e r m o r e , d i s r u p t i o n o f a s p e n l e a f t i s s u e l e a d s t o t h e 
p r o d u c t i o n o f 7 f r o m b o t h 2 and 3. The p r o d u c t o f t h e s e 
t r a n s f o r m a t i o n s a p p a r e n t l y r e d u c e s l e a f q u a l i t y t o t h e l a r v a e 
b y d i s r u p t i n g t h e i n s e c t s ' m e t a b o l i s m due t o i t s r e a c t i v i t y as 
an e l e c t r o p h i ] •» o r a f t e r i t s f a c i l e c o n v e r s i o n t o p h e n o l o r 
c a t e c h o l ( F i g u r e 2 ) . 

E x p e r i m e n t s w i t h i n t a c t a s p e n s a p l i n g s r e v e a l e d a n o t h e r 
f a c e t o f t h e r o l e p h e n o l g l y c o s i d e s p l a y i n t h e p l a n t ' s 
r e s p o n s e t o l e a f damage. P e r f o r a t i o n o r c l i p p i n g t h e edges o f 

B a v e s , as m i g h t o c c u r d u r i n g i n s e c t a t t a c k , c a n e l i c i t t h e 
w r a n s l o c a t i o n o f 2 and 3 f r o m i n t e r n o d e s t o l e a v e s . Thus t h e 
p l a n t ' s r e s p o n s e t o l e a f damage i s a t l e a s t t w o - f o l d : 1) 
c o n v e r s i o n o f two p h e n o l g l y c o s i d e s t o a d e f e n s i v e c h e m i c a l and 
2) r e p l a c e m e n t and enhancement o f p h e n o l g l y c o s i d e r e s e r v e s i n 
damaged l e a v e s b y t r a n s l o c a t i o n ( C l a u s e n , T.P., U n i v e r s i t y o f 
A l a s k a F a i r b a n k s , u n p u b l i s h e d r e s u l t s ) . 

I t i s i n t e r e s t i n g t o c o n s i d e r t h e s e f i n d i n g s i n l i g h t o f 
t h e r e s u l t s o f two o t h e r s t u d i e s . Among t h e i n s e c t - m e d i a t e d 
t r a n s f o r m a t i o n s d e s c r i b e d b y R o w e l l - R a h i e r and P a s t e e l s i s t h e 
c o n v e r s i o n o f 2 t o 4 and g l u c o s e by P. v i t e l l i n a e ( 3 6 ) . B a s e d 
upon t h i s i n f o r m a t i o n , and o u r f i n d i n g s , one c a n s u r m i s e t h a t 1_ 
i s a l s o p r o d u c e d d u r i n g t h e s e t r a n s f o r m a t i o n s . What w o u l d be 
t h e e f f e c t o f i t s p r o d u c t i o n on t h e i n s e c t ? The two o p t i o n s 
seem t o be t h a t 1) i t s a d v e r s e e f f e c t s a r e t h e p r i c e t h e i n s e c t 
p a y s f o r m e t a b o l i c e n e r g y and d e f e n s i v e c h e m i c a l (4) o r t h a t 2) 
t h e i n s e c t i n c o r p o r a t e s 7 i n t o i t s d e f e n s i v e s e c r e t i o n , t h u s 
m a k i n g t h r e e - f o l d use o f - d i e t a r y 2. 

The r e l e v a n c e o f o u r f i n d i n g s t o t h e P. g l a u c a / P . 
t r e m u l o i d e s s y s t e m s t u d i e d b y L i n d r o t h e t a l . (3JL) seems more 
c l e a r c u t . They r e p o r t t h a t o f t h e f o u r p h e n o l g l y c o s i d e s ( 1 , 
2, 3, and 9) f o u n d i n P. t r e m u l o i d e s f o l i a g e , o n l y two (2 and 
3) c a u s e d e c r e a s e s i n p e r f o r m a n c e o f P. g l a u c a l a r v a e (32.) . I t 
i s h i g h l y l i k e l y t h a t t h e b i o c h e m i c a l t r a n s f o r m a t i o n s o f 2 and 
3 t o 7 d e s c r i b e d h e r e e x p l a i n t h i s o b s e r v a t i o n . 
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138 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

A p r o p o s a l f o r t h e d e f e n s i v e s i g n i f i c a n c e o f p h e n o l g l y c o s i d e s 
i n p l a n t s 

I f t h e r e i s any g e n e r a l i t y t o a d e f e n s i v e r o l e o f p h e n o l 
g l y c o s i d e s i n p l a n t s , i t a p p e a r s t o be i n t h e i r a b i l i t y t o 
f u n c t i o n as m o b i l i z a b l e d e f e n s e s . G l y c o s y l a t i o n o f p h e n o l i c 
m e t a b o l i t e s o f f e r s two a d v a n t a g e s t o b i o l o g i c a l s y s t e m s : 1) 
g e n e r a l l y , a l t h o u g h n o t a l w a y s , i t i n c r e a s e s t h e w a t e r 
s o l u b i l i t y o f t h e m e t a b o l i t e (15) and 2) i t a t t e n u a t e s t h e 
t o x i c (15., 17) and d e s t r u c t i v e p r o p e r t i e s (15.) o f t h e f r e e 
p h e n o l . Thus t h e p h e n o l g l y c o s i d e s c a n r e a d i l y be t r a n s l o c a t e d 
b y p l a n t s and e n z y m a t i c a l l y c o n v e r t e d t o d e f e n s i v e s u b s t a n c e s 
a t t h e s i t e o f a t t a c k . W h i l e t h i s p r o p o s a l i s b a s e d upon d a t a 
f r o m o n l y t h r e e p h e n o l g l y c o s i d e s ( 2 , 3, and 6 ) , one c a n 
e n v i s i o n a t l e a s t one o t h e r m e c h a n i s t i c s c e n a r i o , e x e m p l i f i e d 
b y s a l i c i n (1) - p e r h a p s t h e most commonly f o u n d p h e n o l 
g l y c o s i d e i n p l a n t s . B i o c h e m i c a l c o n v e r s i o n o f 1 t o 10 ( w i t h R 
= PO3H" , f o r example) c o u l d e a s i l y l e a d t o 11 as d e p i c t e d i n 
F i g u r e 3. T h i s p r o d u c t w o u l d u n d o u b t e d l y be an e x c e l l e n t 
e l e c t r o p h i l e ( F i g u r e 3; 47-49) and t h u s i n t e r f e r e w i t h 
h e r b i v o r e m e t a b o l i s m i n a manner s i m i l a r t o t h a t a s c r i b e d t o 
s e s q u i t e r p e n e l a c t o n e s (50) and o t h e r M i c h a e l a c c e p t o r s ( 4 9 ) . 
The p o t e n t i a l i m p o r t a n c e o f t h e p r o c e s s d e p i c t e d i n F i g u r e 3 
goes w e l l b e y o n d i t s a p p l i c a t i o n t o s a l i c i n i n t h a t many o f t h e 
known p h e n o l g l y c o s i d e s c o n t a i n p a r t s t r u c t u r e s ( e . g . 12 and 
13) w h i c h c o u l d s e r v e as p r e c u r s o r s t o a n a l o g u e s o f 11 
( q u i n o n e m e t h i d e s ; 4 8 ) . 

An a p p r e c i a t i o n o f t h e p r a c t i c a l c o n s e q u e n c e s o f t h e 
b i o c h e m i c a l l a b i l i t y o f p h e n o l g l y c o s i d e s a l l o w s one t o 
c o n s i d e r t h e i r r o l e s i n p l a n t d e f e n s e f r o m a new p e r s p e c t i v e . 
We c a n move f r o m t h e c l a s s i c a l a p p r o a c h o f c o r r e l a t i n g 
h e r b i v o r e b e h a v i o r w i t h c h e m i c a l c o n s t i t u e n t s o f p l a n t s t o one 
w h i c h i s b a s e d , a t l e a s t i n p a r t , upon a f u n d a m e n t a l 
u n d e r s t a n d i n g o f t h e c h e m i s t r y b e h i n d t h e i n t e r a c t i o n s . The 
p o t e n t i a l p a y o f f o f t h i s a p p r o a c h i s t h a t i t has p r e d i c t i v e as 
w e l l as r e t r o s p e c t i v e p r o p e r t i e s . Thus we b e l i e v e t h a t 
E r r a r a ' s ' s (25) o l d p r o p o s a l t h a t p h e n o l g l y c o s i d e s p r o v i d e 
p l a n t s w i t h d e f e n s e f r o m h e r b i v o r e s c a n o n l y be f u l l y e v a l u a t e d 
by s t u d i e s w h i c h a r e b a s e d upon d e t a i l e d c o n s i d e r a t i o n s o f 
p h e n o l g l y c o s i d e s t r u c t u r e and e l u c i d a t i o n o f b i o c h e m i c a l 
t r a n s f o r m a t i o n s . 

The a p p l i c a t i o n o f s u c h an a p p r o a c h t o a g r i c u l t u r a l 
p l a n t s c o u l d have a d r a m a t i c e f f e c t upon t h e p r e s e n t v i e w t h a t 
p h e n o l g l y c o s i d e s a r e g e n e r a l l y u n d e s i r a b l e c o n s t i t u e n t s o f 
c r o p s . C o n s i d e r , f o r example, t h e p o t e n t i a l e c o l o g i c a l r o l e s 
o f two p h e n o l g l y c o s i d e s , v i c i n e and c o n v i c i n e , i n f a v a beans 
( V i c i a f a b a ) . These two s u b s t a n c e s r a p i d l y u n d e r g o b o t h 
e n z y m a t i c and c h e m i c a l h y d r o l y s i s t o /3-D-glucose and a g l y c o n e s 
- d i v i c i n e and i s o v a m i l , r e s p e c t i v e l y . The l a t t e r two 
s u b s t a n c e s a r e p o t e n t r e d u c i n g a g e n t s (51,52) and c a u s e 
d e c l i n e s i n g l u t a t h i o n e and ATP l e v e l s i n human b l o o d c e l l s 
( 5 3 ) . T h e i r r o l e s i n t h e a c u t e human h e m o l y t i c anemia known as 
f a v i s m have b e e n e x t e n s i v e l y i n v e s t i g a t e d (52,54,.55), and t h e y 
a r e known t o i n h i b i t t h e g r o w t h o f c e r t a i n p l a n t p a t h o g e n s 
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F i g u r e 2. E c o l o g i c a l l y r e l e v a n t a s p e c t s o f t h e c h e m i s t r y and 
b i o c h e m i s t r y o f 6 - h y d r o x y c y c l o h e x e n o n e . 

glu glu 

+ glu • OR" 

F i g u r e 3. H y p o t h e t i c a l pathway f o r b i o c h e m i c a l m o b i l i z a t i o n 
o f s a l i c i n f o r d e f e n s i v e p u r p o s e s . 
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140 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

(.56). However, the generality of the roles of these four 
compounds in the defense of Vicia faba is unknown. 

As agricultural practice moves away from use of "hard" 
pesticides, the efficacies of intrinsic defensive systems of 
crops will become more important. If phenol glycosides prove 
to be significant components of the chemical defenses of 
cultivated plants (as they appear to be in at least some wild 
plants), no longer will they be viewed as totally undesirable 
constituents. In fact, they could become important ingredients 
of integrated pest management systems. 
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Chapter 11 

Biosynthetic Relationship Among Cyanogenic 
Glycosides, Glucosinolates, 

and Nitro Compounds 

Eric E. Conn 
Department of Biochemistry and Biophysics, University of California—Davis, 

Davis, CA 95616 

Three different groups of natural products — cyanogenic 
glycosides, glucosinolates and nitro compounds — are 
known to be derived from amino acids. Studies indicate 
that the initial biosynthetic reactions for all three 
types of compounds are N-hydroxylation followed by 
oxidative decarboxylation of the N-hydroxyamino acid so 
formed to yield the corresponding aldoxime. The biosyn
thetic pathways then diverge at this common precursor to 
produce the different natural products. 

T h i s p a p e r d e s c r i b e s t h e b i o s y n t h e t i c r e l a t i o n s h i p between cyano
g e n i c g l y c o s i d e s , g l u c o s i n o l a t e s and n i t r o compounds. These w e l l -
known n i t r o g e n o u s n a t u r a l ( s e c o n d a r y ) p l a n t p r o d u c t s s h a r e t h e 
f o l l o w i n g p r o p e r t i e s : t h e y e x i s t i n t h e p l a n t s as g l y c o s i d e s ; t h e i r 
r e s p e c t i v e a g l y c o n e s d e r i v e t h e i r n i t r o g e n and most o f t h e i r c a r b o n 
atoms from p r o t e i n amino a c i d s ; and t h e y e x e r t d e l e t e r i o u s e f f e c t s 
on a n i m a l s t h a t i n g e s t t h e p l a n t t h a t c o n t a i n s t h e compounds. These 
e f f e c t s r a n g e from a c u t e t o x i c i t y o f t e n r e s u l t i n g i n d e a t h t o i n d i 
r e c t e f f e c t s c a u s e d by m e t a b o l i t e s p r o d u c e d i n t h e a n i m a l a f t e r 
i n g e s t i o n . 

S t r u c t u r e s and D i s t r i b u t i o n 

The c y a n o g e n i c g l y c o s i d e s , w h i c h have t h e g e n e r a l f o r m u l a shown h e r e 

R-L ^ 0 - J 3 - g - g l u c o p y r a n o s e 

R 2
 X C N 

have t h e w i d e s t d i s t r i b u t i o n o f t h e t h r e e t y p e s o f compounds under 
d i s c u s s i o n . On h y d r o l y s i s t h e y y i e l d a s u g a r , u s u a l l y D - g l u c o s e , 
and an a - h y d r o x y n i t r i l e ( c y a n o h y d r i n ) w h i c h s u b s e q u e n t l y d i s s o c i a t e s 
t o form HCN and a c a r b o n y l compound. The l a t t e r may be e i t h e r 
a r o m a t i c o r a l i p h a t i c ( 1 ) . A p p r o x i m a t e l y 2000 s p e c i e s o f p l a n t s , 
i n c l u d i n g b o t h gymnosperms and mon o c o t y l e d e n o u s and d i c o t y l e d e n o u s 

0097-6156/88/0380-0143$06.00/0 
• 1988 American Chemical Society 
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144 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

a n g i o s p e r m s r e p r e s e n t i n g more t h a n 100 f a m i l i e s , a r e known t o be 
c y a n o g e n i c . The presumed p h y s i o l o g i c a l r o l e o f t h e s e compounds i s 
t h a t o f d e f e n s e a g a i n s t h e r b i v o r e s , and t h e r e i s s i g n i f i c a n t 
e v i d e n c e t o s u p p o r t t h i s r o l e ( 2 , 3 ) . 

The g l u c o s i n o l a t e s o r m u s t a r d o i l g l y c o s i d e s have t h e g e n e r a l 
f o r m u l a shown h e r e . A g a i n t h e a g l y c o n e m o i e t y may be e i t h e r 

R — C — S — g l u c o s e 
II 
N — 0 S 0 3 " 

a l i p h a t i c o r a r o m a t i c . These compounds, however, have a much more 
l i m i t e d d i s t r i b u t i o n b e i n g c o n f i n e d a l m o s t e n t i r e l y t o members o f 
t h e Cruciferae. 

Compounds b e a r i n g an a l i p h a t i c n i t r o g r oup have been r e p o r t e d 
i n o n l y a few p l a n t s , m a i n l y legumes ( 4 ) . 3 - N i t r o p r o p a n o l e x i s t s as 
a J 3 - g l u c o s i d e i n Astragalus where i t has been g i v e n t h e name m i s e r o -
t o x i n ( 5 ) . 3 - N i t r o p r o p a n o i c a c i d (NPA) i s f o u n d e s t e r f i e d t o 
g l u c o s e and may e x i s t as t h e mono-, d i - , t r i - and t e t r a e s t e r s ( 6 ) . 
I n a d d i t i o n t o t h e s e a l i p h a t i c compounds, l - n i t r o - 2 - p h e n y l e t h a n e has 
been r e p o r t e d i n two s p e c i e s o f S o u t h A m e r i c a n Lauraceae ( 7 ) and 
Tropaeolum majus ( 8 ) . 1 ( 4 ' - H y d r o x y p h e n y l ) - 2 - n i t r o e t h a n e (HPNE) has 
been i s o l a t e d as i t s g l u c o s i d e from Thalictrum a q u i l e g i f o l i u m ( 9 ) . 
These n i t r o d e r i v a t i v e s t h e r e f o r e have t h e most r e s t r i c t e d d i s t r i b u 
t i o n o f t h e t h r e e g r o u p s o f compounds u n d e r d i s c u s s i o n . 

B i o s y n t h e s i s o f C y a n o g e n i c G l y c o s i d e s 

The b i o s y n t h e t i c o r i g i n o f t h e c y a n o g e n i c g l y c o s i d e s has been 
e x t e n s i v e l y i n v e s t i g a t e d . Work p r i m a r i l y i n o u r l a b o r a t o r y and i n 
t h a t o f G. B u t l e r i n New Z e a l a n d i n i t i a l l y d e m o n s t r a t e d t h e 
p r e c u r s o r - p r o d u c t r e l a t i o n s h i p shown i n F i g u r e 1 ( 1 , 1 0 ) . I n t h i s 
c o n v e r s i o n , i t was e a r l y e s t a b l i s h e d t h a t t h e c a r b o x y l c a r b o n atom 
o f t h e p r e c u r s o r amino a c i d was l o s t , b u t t h e c a r b o n - c a r b o n bond 
between C 2 and C 3 , as w e l l as t h e c a r b o n - n i t r o g e n bond between C 2 

and t h e amino n i t r o g e n r e m a i n e d i n t a c t d u r i n g b i o s y n t h e s i s . Thus 
a l l i n t e r m e d i a t e s i n t h e b i o s y n t h e t i c pathway had t o be n i t r o g e n o u s , 
and o x i d a t i o n s r e s u l t i n g i n a n i t r i l e c a r b o n and an o x y g e n a t e d 
c a r b o n atom a t C 3 must o c c u r d u r i n g b i o s y n t h e s i s . 

A l a r g e body o f e v i d e n c e i s a v a i l a b l e w h i c h s u p p o r t t h e 
b i o s y n t h e t i c pathway shown i n F i g u r e 2 ( 1 , 1 0 , 1 1 ) . I n i t i a l l y , t h e 
amino n i t r o g e n o f t h e p r e c u r s o r amino a c i d i s o x y g e n a t e d t o form t h e 
c o r r e s p o n d i n g N-hydroxyamino a c i d i n a r e a c t i o n r e q u i r i n g NADPH. 
The n e x t s t e p i n v o l v e s c o n v e r s i o n o f t h e N-hydroxyamino a c i d t o t h e 
c o r r e s p o n d i n g a l d o x i m e . The o v e r a l l r e a c t i o n i s a 2 - e l e c t r o n o x i d a 
t i v e d e c a r b o x y l a t i o n and n e i t h e r t h e c o r r e s p o n d i n g N-hydroxyamine 
n o r k e t o a c i d a r e i n t e r m e d i a t e s . D e h y d r a t i o n o f t h e a l d o x i m e , i n a 
r e a c t i o n r e q u i r i n g NADPH, y i e l d s t h e n i t r i l e , and s t e r e o s p e c i f i c 
o x y g e n a t i o n o f t h e l a t t e r w i l l p r o d u c e t h e c y a n o h y d r i n . 

These f o u r r e a c t i o n s a r e c a t a l y z e d by a membrane-bound enzyme 
s y s t e m w h i c h e x h i b i t s many o f t h e p r o p e r t i e s ( c h a n n e l i n g , c a t a l y t i c 
f a c i l i t a t i o n ) o f a m u l t i - e n z y m e complex. The l a s t s t e p o f t h e 
b i o s y n t h e t i c s e quence, w h i c h i s g l u c o s y l a t i o n o f t h e c y a n o h y d r i n , i s 
c a t a l y z e d by a s o l u b l e U D P G - g l u c o s y l t r a n s f e r a s e . Membrane-bound 
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. CONN Cyanogenic Glycosides, Glucosinolates, and Nitro Compounds 

HO' 

H ^ / H Glu-(K SH

 =

 H X / C ~ N 

H NH 2 

L s-Tyrosine 

G l i K K x / H 

H O ^ ^ " HO" 

(S)-Dhurrin 

glucopyranose 

H 

.-C02H 

H NH 2 

Ls-Phenylalanine 

H > /Q-p-D-glucopyranose 

(R)-Prunasin 

CH 3 * V 
H CH 3v /0-£-D-glucopyranose 

C H 3 ^ \ .-C02H C H 3 ^ \ 
3 V 3 C=N 

H NH 2 

L s-Valine Linamarin 

C H 2 

CoHi 2 n 5 

H CH3-^ •0-£-D-glucopyranose 

C0 2H C 2 H 5 < \ r 

H NH 2 

(3S)-L s-lsoleucine 

CH-3\ H v 
CH 

CH, 

^C=N 

(R)-Lotaustralin 

Glu-O. /H 
CH; 

CH 3 

.C02H 
/ C^N C H / 

C=N 

0-/3-D-glucopyranose 

H NH 2 

L -Leucine (S)-Proacacipetalin 

F i g u r e 1. The p r e c u r s o r - p r o d u c t r e l a t i o n s h i p between c e r t a i n 
amino a c i d s and c y a n o g e n i c g l y c o s i d e s . ( R e p r o d u c e d w i t h 
p e r m i s s i o n from Fed. P r o c . 1982 41, 2639. C o p y r i g h t 1982 Fed. 
Amer. Soc. E x p t l . B i o l o g y ) 
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R H 

C ^COOH 

H CH 
I 
NH2 

AMINO ACID 

R-C + CN" 
H 

ALDEHYDE CYANIDE 

R H 

^ C ^ COOH 

~/\/ -
NHOH 

N-HYDROXL AMINO 
ACID 

R^ O-Glu 

C / \ 
III 
N 

CYANOGENIC 
GLUCOSIDE 

\ 
.OH 

a-HYDROXYNITRILE 

V 
\ H 

II 

NOH 

ALDOXIME 

R H 

X 
III 
N 

NITRILE 

F i g u r e 2. The b i o s y n t h e t i c pathway f o r c y a n o g e n i c g l y c o s i d e s . 
( R e p r o d u c e d w i t h p e r m i s s i o n from R e f . 10. C o p y r i g h t 1979 
S p r i n g e r . )  P
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11. CONN Cyanogenic Glycosides, Glucosinolates, and Nitro Compounds 147 

enzyme systems have been d e s c r i b e d f o r Sorghum bicolor ( 1 2 ) , 
Triglochin maritima ( 1 3 ) , Linum usitatissimun ( 1 4 ) , and Trifolium 
repens ( 1 5 ) . The pathway i s u n u s u a l i n t h a t i t i n v o l v e s n i t r o g e n o u s 
compounds (N-hydroxyamino a c i d s , a l d o x i m e s , and n i t r i l e s ) n o t 
n o r m a l l y e n c o u n t e r e d i n amino a c i d m e t a b o l i s m . 

B i o s y n t h e s i s o f G l u c o s i n o l a t e s 

A c l o s e r e l a t i o n s h i p between c y a n o g e n i c g l u c o s i d e s and g l u c o s i n o 
l a t e s was e s t a b l i s h e d when E.W. U n d e r h i l l , L. W e t t e r and t h e i r 
a s s o c i a t e s showed t h a t a l d o x i m e s a r e i n t e r m e d i a t e s i n t h e b i o s y n t h e 
s i s o f g l u c o s i n o l a t e s . T h e r e i s e x t e n s i v e l i t e r a t u r e w h i c h s u p p o r t s 
t h e r o l e o f t h e amino a c i d , N-hydroxyamino a c i d , a l d o x i m e , t h i o -
h y d r o x i m i c a c i d and d e s u l f o g l u c o s i n o l a t e i n t h e b i o s y n t h e t i c pathway 
shown i n F i g u r e 3 ( 1 6 , 1 7 ) . The o t h e r compounds p o s t u l a t e d as i n t e r 
m e d i a t e s have n o t been t e s t e d p r i m a r i l y b e c a u s e o f t h e i r i n s t a b i l 
i t y . The k e t o x i m e , w h i c h i s t a u t o m e r i c w i t h t h e α-nitroso a c i d , i s 
n o t an e f f e c t i v e p r e c u r s o r o f t h e g l u c o s i n o l a t e ( 1 6 ) . I n t h e c a s e 
o f c y a n o g e n i c g l y c o s i d e s , t h e k e t o x i m e i s a l s o c o n s i d e r e d n o t t o be 
an i n t e r m e d i a t e b e c a u s e t h e α-hydrogen atom i s r e t a i n e d when t h e 
p r e c u r s o r amino a c i d i s o x i d a t i v e l y d e c a r b o x y l a t e d t o form t h e 
a l d o x i m e (B.L. M 0 l l e r , u n p u b l i s h e d ) . 

B i o s y n t h e s i s o f N i t r o Compounds 

F u n g a l b i o s y n t h e s i s . The b i o s y n t h e s i s o f 2 - n i t r o p r o p a n o i c a c i d 
(NPA) has been t h e s u b j e c t o f numerous s t u d i e s . The e a r l i e s t p a p e r s 
were c o n c e r n e d w i t h t h e o r i g i n o f t h e n i t r o g r o u p w i t h some i n v e s t i 
g a t o r s f a v o r i n g an o x i d i z e d , i n o r g a n i c n i t r o g e n a c i d (HNO3 o r HNO2) 
as t h e donor. O t h e r s p o s t u l a t e d an o r g a n i c n i t r o g e n compound as t h e 
p r e c u r s o r ( r e v i e w e d i n 18) and i n t h e s p e c i f i c c a s e o f NPA, e v i d e n c e 
s u p p o r t i n g a s p a r t i c a c i d was a c q u i r e d ( 1 9 ) . A f t e r n e a r l y two 
d ecades d u r i n g w h i c h l i t t l e work was done, B a x t e r and a s s o c i a t e s 
have r e c e n t l y shown t h a t t h e c a r b o n ( C 2 ) - n i t r o g e n bond i n a s p a r t i c 
a c i d i s c o n s e r v e d d u r i n g t h e b i o s y n t h e s i s o f NPA from t h a t amino 
a c i d i n Pénicillium atrovenetum ( 2 0 ) . More r e c e n t l y , t h e same l a b o 
r a t o r y has d e m o n s t r a t e d t h a t b o t h oxygen atoms i n t h e n i t r o g r o u p o f 
NPA a r i s e from m o l e c u l a r θ£, b u t d i d n o t s p e c u l a t e on t h e n a t u r e o f 
any p o s s i b l e i n t e r m e d i a t e s i n t h e f u n g a l b i o s y n t h e s i s ( 2 1 ) . 

B i o s y n t h e s i s i n p l a n t c e l l c u l t u r e s . 1 ( 4 * - H y d r o x y p h e n y 1 ) - 2 -
n i t r o e t h a n e (HPNE) has r e c e n t l y been o b s e r v e d i n c e l l s u s p e n s i o n 
c u l t u r e s o f C a l i f o r n i a poppy (Eschscholtzia c a l i f o r n i c a ) w h i c h have 
been o s m o t i c a l l y s t r e s s e d ( 2 2 ) . These e x p e r i m e n t s were c o n d u c t e d t o 
see w h e t h e r s u c h s t r e s s e d c e l l s m i g h t p r o d u c e c y a n o g e n i c g l y c o s i d e s 
b e c a u s e B e r l i n and a s s o c i a t e s some t i m e e a r l i e r had d e m o n s t r a t e d t h e 
p r o d u c t i o n o f i s o q u i n o l i n e a l k a l o i d s i n s t r e s s e d c e l l s o f E. 
c a l i f o r n i c a ( 2 3 ) . S i n c e t h i s p l a n t i s a l s o h i g h l y c y a n o g e n i c , i t 
was hoped t h a t t h i s s p e c i e s m i g h t a l s o p r o d u c e a c y a n o g e n i c 
s u b s t a n c e u nder s t r e s s . 

C e l l s were grown t o s t a t i o n a r y phase and t h e n p l a c e d i n 0.6 M 
s o r b i t o l , t h e same osmoticum u s e d by B e r l i n et al. t o i n d u c e t h e 
f o r m a t i o n o f a l k a l o i d s . A f t e r p e r i o d s r a n g i n g from one t o 11 d a y s , 
c e l l s were h a r v e s t e d , l y s e d and almond e m u l s i n was added t o 
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11. CONN Cyanogenic Glycosides, Glucosinolates, and Nitro Compounds 149 

h y d r o l y z e any c y a n o g e n i c g l y c o s i d e t h a t m i g h t be p r e s e n t . ( D i f f e r 
e n t i a t e d poppy p l a n t s c o n t a i n d h u r r i n and t r i g l o c h i n i n ; t h e s e a r e 
c y a n o g e n i c g l y c o s i d e s d e r i v e d f r o m t y r o s i n e . ) As shown i n F i g u r e 4, 
HCN was r e l e a s e d f r o m a bound fo r m and c o u l d be q u a n t i f i e d a l t h o u g h 
t h e amount formed was l e s s t h a n 1% o f t h a t o c c u r r i n g i n d i f f e r e n t i a 
t e d p l a n t t i s s u e s . The amount o f HCN formed by s t r e s s e d c e l l s was 
dependent on t h e c o n c e n t r a t i o n o f t h e osmoticum b u t i n d e p e n d e n t o f 
t h e n a t u r e o f t h e o s m o t i c a g e n t . 

I n an e f f o r t t o i d e n t i f y t h e s o u r c e o f t h e HCN r e l e a s e d by 
e m u l s i n t r e a t m e n t , microsomes were i s o l a t e d from s t r e s s e d c e l l s and 
i n c u b a t e d w i t h L - ^ U - ^ C ) - t y r o s i n e and NADPH. T h i s a c t i o n was t a k e n 
when L - ( U - ^ C ) - t y r o s i n e was a d m i n i s t e r e d t o t h e s t r e s s e d c e l l s and 
f a i l e d t o p r o d u c e any l a b e l l e d d h u r r i n o r t r i g l o c h i n i n . I t was f e l t 
t h a t m i c r o s o m a l p r e p a r a t i o n s , e n r i c h e d i n t h e b i o s y n t h e t i c enzymes, 
m i g h t a l l o w d e t e c t i o n o f cyanogens. When e x t r a c t s o f s u c h i n c u b a 
t i o n s were p r o c e s s e d and a n a l y z e d by HPLC, s m a l l amounts o f r a d i o 
a c t i v i t y were d e t e c t e d i n 4 - h y d r o x y p h e n y l a c e t o n i t r i l e , an i n t e r 
m e d i a t e i n d h u r r i n b i o s y n t h e s i s , b u t much more was l o c a t e d i n an 
unknown t h a t was s u b s e q u e n t l y i d e n t i f i e d as HPNE ( F i g u r e 5 ) . I n t h e 
p r e s e n c e o f U D P - g l u c o s e , t h e HPNE was g l u c o s y l a t e d on t h e a r o m a t i c 
h y d r o x y 1 g r o u p t o form t h e c o r r e s p o n d i n g g l u c o s i d e . The m i c r o s o m a l 
s y n t h e s i s was s t r o n g l y dependent on NADPH; NADH was l e s s t h a n h a l f 
e f f e c t i v e . Such p r e p a r a t i o n s w i l l n o t u t i l i z e o t h e r amino a c i d s 
( e . g . a s p a r t i c ) b u t w i l l u t i l i z e 4 - h y d r o x y p h e n y l a c e t a l d o x i m e and 
NADPH as s u b s t r a t e s and t o form HPNE. U n s t r e s s e d c e l l s f a i l e d t o 
y i e l d a c t i v e m i c r o s o m a l p r e p a r a t i o n s . 

T h i s f i n d i n g r a i s e s t h e q u e s t i o n o f w h e t h e r HPNE o c c u r s 
n a t u r a l l y i n d i f f e r e n t i a t e d poppy p l a n t s . Such has n e v e r been 
r e p o r t e d b u t some p r e l i m i n a r y e v i d e n c e s u g g e s t s t h a t s u c h a compound 
i s p r e s e n t a t v e r y low c o n c e n t r a t i o n i n f l o w e r s o f C a l i f o r n i a poppy. 
On t h e o t h e r hand, HPNE has been i s o l a t e d f rom Thalictrum aquilegi-
folium, a c y a n o g e n i c s p e c i e s t h a t c o n t a i n s cyanogens d e r i v e d from 
t y r o s i n e ( 9 ) . 

Summary 

F i g u r e 6 summarizes t h e c e n t r a l r o l e o f a l d o x i m e s i n t h e b i o s y n t h e 
s i s o f c y a n o g e n i c g l y c o s i d e s , g l u c o s i n o l a t e s and n i t r o compounds. 
The e v i d e n c e s u p p o r t i n g a l d o x i m e s ( t o g e t h e r w i t h N-hydroxyamino 
a c i d s and n i t r i l e s ) as i n t e r m e d i a t e s i n t h e f o r m a t i o n o f c y a n o g e n i c 
g l y c o s i d e s i s e x t e n s i v e , b o t h a t t h e l e v e l o f t h e i n t a c t p l a n t and 
i n c e l l f r e e e n z y m a t i c s t u d i e s ( 1 ) . The r o l e o f t h e a l d o x i m e as an 
i n t e r m e d i a t e i n g l u c o s i n o l a t e b i o s y n t h e s i s i s a l s o documented, 
a l t h o u g h much r e m a i n s t o be l e a r n e d about o t h e r i n t e r m e d i a t e s and 
t h e enzymes i n v o l v e d ( 1 6 , 1 7 ) . The r o l e o f 4 - h y d r o x y p h e n y l a c e t a l 
doxime i n t h e f o r m a t i o n o f HPNE by microsomes i s o l a t e d from s t r e s s e d 
c e l l s u s p e n s i o n c u l t u r e s o f C a l i f o r n i a poppy i s a l s o c l e a r , a l t h o u g h 
t h e n a t u r a l o c c u r r e n c e o f HPNE i n t h i s p l a n t has n o t been o b s e r v e d 
( 2 2 ) . 

These t h r e e g r o u p s o f n a t u r a l p r o d u c t s have i n common an 
o x i d i z e d n i t r o g e n atom t h a t i s d e r i v e d by t h e o x i d a t i o n o f t h e 
n i t r o g e n o f an amino a c i d . The c o r r e s p o n d i n g N-hydroxyamino a c i d i s 
e s t a b l i s h e d as a p r e c u r s o r i n t h e c a s e o f c y a n o g e n i c g l y c o s i d e s and 
g l u c o s i n o l a t e s . O x y g e n a t i o n o f t h e a l d o x i m e n i t r o g e n w o u l d y i e l d 
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Figure 4. Release of HCN from cell-suspension cultures of E. 
c a l i f o r n i c a c u l t i v a t e d i n B5 medium i n the presence and absence 
of 6% s o r b i t o l f o r 11 d. S o l i d l i n e , c e l l s i n B5 medium. Broken 
l i n e , c e l l s i n B5 medium plus 6% s o r b i t o l . The c e l l s d i d not 
increase i n fr e s h weight under these conditions. (Reproduced 
with permission from Ref. 22. Copyright 1985 Springer.) 
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i l l 

- n i l 

I I I I I I I LU L 

2 6 10 141 
ml 

22 

F i g u r e 5. S e p a r a t i o n by HPLC o f t h e p r o d u c t s formed when L - ( U -
1 C) t y r o s i n e and NADPH were i n c u b a t e d w i t h microsomes i s o l a t e d 
f r o m s o r b i t o l - t r e a t e d c e l l - s u s p e n s i o n c u l t u r e s o f E. cal i f o r n i c a . 
R e f e r e n c e compounds: ( 1 ) L - t y r o s i n e ( p a r t o f t h e l a r g e peak o f 
p o l a r compounds); ( 2 ) 4 - h y d r o x y p h e n y l a c e t a l d o x i m e ; ( 3 ) 4-
h y d r o x y b e n z a l d e h y d e ; ( 4 ) 4 - h y d r o x y p h e n y l a c e t o n i t r i l e ; ( 5 ) 1-
( 4 ' h y d r o x y p h e n y l ) - 2 - n i t r o e t h a n e . S o l i d l i n e , a b s o r p t i o n a t 276 
nm; b r o k e n l i n e , r a d i o a c t i v i t y . ( R e p r o d u c e d w i t h p e r m i s s i o n from 
R e f . 22. C o p y r i g h t 1985 S p r i n g e r . ) 
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11. CONN Cyanogenic Glycosides, Glucosinolates, and Nitro Compounds 153 

the oc-nitroso-compound that is tautomeric with the nitro compound. 
This mechanism is consistent with the recent finding by Baxter et 
al. (21) showing that both oxygens in the nitro group of NPA are 
derived from molecular oxygen. 

While oxygenation of the aldoxime carbon atom would yield a 
hydroxamic acid, such compounds are not effective precursors of 
glucosinolates (16). The oxidation of aldoximes to further inter
mediates in the formation of glucosinates may therefore involve 
thiol adducts as shown in Figure 3. Also, the enzymatic dehydration 
of aldoximes to form nitriles in the formation of cyanogenic glyco
sides is known to require NADPH (12). Finally, it has recently been 
observed that three oxygen atoms are required when L-tyrosine is 
oxidized to 4-hydroxymandelonitrile by sorghum microsomes (24). All 
of these findings indicate that the reaction sequences shown in 
Figure 6 may undergo modification, although it is unlikely that the 
role of the aldoxime as a common intermediate will change in view of 
its demonstrated effectiveness both in vivo and in vitro. 
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Chapter 12 

Biological Effects of Glucosinolates 

F. S. Chew 

Department of Biology, Tufts University, Medford, MA 02155 

The glucosinolate-thioglucosidase system potentially 
generates hundreds of compounds, but knowledge of 
autolysis conditions permits prediction of the pro
ducts. How these products are generated, how their 
precursors are distributed and compartmentalized, and 
how these products affect herbivorous insects, patho
gens, other plants, and potential symbionts are ex
amined. 

The g l u c o s i n o l a t e - t h i o g l u c o s i d a s e system has long been the d e f i n i n g 
phytochemical character of the order Capparales (J_,_2) . This system 
and i t s components have been preeminent subjects of chemical i n v e s t 
i g a t i o n s of species i n t h i s order. 

Comprehensive reviews of many aspects of the gl u c o s i n o l a t e s and 
t h e i r h y d r o l y s i s products have been published r e l a t i v e l y r e c e n t l y 
(_3^4,_5) · In a d d i t i o n to then-current d i s c u s s i o n s of g l u c o s i n o l a t e 
h y d r o l y s i s , these reviews include e s p e c i a l l y u s e f u l compendia of the 
d i s t r i b u t i o n of g l u c o s i n o l a t e s i n food and forage sources, and d i s 
cussions of the e f f e c t s of g l u c o s i n o l a t e s and t h e i r h y d r o l y s i s 
products on domesticated b i r d s and mammals. 

Much evidence suggests that g l u c o s i n o l a t e s and t h e i r h y d r o l y s i s 
products are b i o l o g i c a l l y a c t i v e , but the conditions that determine 
these e f f e c t s are not yet wel l understood. We know l i t t l e of the 
conditions under which components of t h i s system are d e l i v e r e d to 
the s i t e s of b i o l o g i c a l a c t i v i t y i n tar g e t organisms. In t h i s paper 
I explore the causes for the d i v e r s i t y of e f f e c t s observed f o r g l u 
c o s i n o l a t e s and t h e i r h y d r o l y s i s products on i n t e r a c t i o n s of c r u c i -
f e r s with other oranisms, e s p e c i a l l y herbivorous i n s e c t s and f u n g i . 
I focus p r i m a r i l y on the following questions: _i) How does the gluco
s i n o l a t e - t h i o g l u c o s i d a s e system produce diverse h y d r o l y s i s products? 
i i ) How i s t h i s system d i s t r i b u t e d and compartmentalized? and i i i ) 
How does t h i s system and i t s products a f f e c t herbivorous i n s e c t s , 
other p l a n t s , and fungi? 

0097-6156/88/0380-0155S07.75/0 
© 1988 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

01
2



156 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

The G l u c o s i n o l a t e - t h i o g l u c o s i d a s e System 

The h y d r o l y s i s of g l u c o s i n o l a t e s Figure 1 ) involves enzymatic 
attack on the t h i o g l u c o s i d e bond to y i e l d D-glucose, acid s u l f a t e 
ion , and an unstable aglycone Figure 1) that rearranges non-
enzymatically to form any of several products. Skeletons of some 
products are shown i n Figure 1 ( I I I , IV, V, V I ) . Given an estimated 
a c t i v a t i o n energy of 22.6 Kcals/mole for thermal degradation of a l -
l y l g l u c o s i n o l a t e (6) i t i s doubtful that g l u c o s i n o l a t e h y d r o l y s i s 
occurs to any s i g n i f i c a n t extent under n a t u r a l thermal conditions 
without i n v o l v i n g the enzyme. Non-enzymatic thermal degradation of 
the few g l u c o s i n o l a t e s i n v e s t i g a t e d so f a r produces chemical species 
i d e n t i c a l to products of enzymatic h y d r o l y s i s (_7, _8) · 

Components of the endogenous pl a n t system comprise both the 
thioglucoside glucohydrolase enzymes (EC 3.2.3.1) — a family of 
g l y c o p r o t e i n enzymes, and i t s 3-D-thioglucoside substrates. In 
a d d i t i o n , t h i s enzyme-substrate system sometimes includes an un
usual t h i r d component, a s p e c i f i e r p r o t e i n (9) which does not attack 
the substrate i t s e l f , but whose presence d i r e c t s the h y d r o l y s i s r e 
a c t i o n . Other components that may be endogenous include c a t a l y t i c 
amounts of ferrous ions and L-ascorbic a c i d , which a c t i v a t e s many 
thioglucosidase isoenzymes (J_0) . 

The most frequent f a t e of the unstable aglycone generated by 
i n i t i a l g l u c o s i n o l a t e h y d r o l y s i s i s to undergo rearrangement 
spontaneously v i a one of two pathways : a proton-independent Lossen 
rearrangement with a concerted loss of s u l f a t e to y i e l d an i s o t h i o -
cyanate, and a competing proton-dependent d e s u l f u r a t i o n to y i e l d a 
n i t r i l e . The s t r u c t u r a l d i v e r s i t y of products generated by gluco
s i n o l a t e h y d r o l y s i s i s due to three major causes: a) the s t r u c t u r a l 
d i v e r s i t y of the p r e c u r s o r s — t h e g l u c o s i n o l a t e s themselves; b) the 
s p e c i f i c endogenous or exogenous conditions under which components 
of the system i n t e r a c t (pH, ferrous i o n s ) ; and c) the presence of 
e p i t h i o s p e c i f i e r p r o t e i n (ESP). A fourth s e t of f a c t o r s , enzyme 
c h a r a c t e r i s t i c s (substrate a f f i n i t y , temperature and pH optima), may 
a l t e r r e l a t i v e proportions of products by causing some glucosino
l a t e s with d i f f e r e n t R-groups to be hydrolyzed a t d i f f e r e n t rates. 

R-Groups. Glucosinolate R-groups generate corresponding aglycones 
so that s e r i e s of one aglycone t y p e — i s o t h i o c y a n a t e s , for example— 
are to be expected. In a d d i t i o n , c e r t a i n s t r u c t u r a l groups are r e 
quired f o r rearrangement to some aglycone products. Aglycones from 
only three n a t u r a l l y - o c c u r r i n g g l u c o s i n o l a t e s rearrange to form or
ganic thiocyanates. Aglycones from i n d o l y l and p-hydroxybenzyl g l u 
c o s i n o l a t e s are thought to form unstable isothiocyanates (ΓΧ, Figure 
2) and thiocyanate i o n . I n d o l y l alcohols may then condense to form 
diindolylmethane (XI.* Figure 2) · Aglycones from g l u c o s i n o l a t e s that 
contain β-hydroxyl-substituted side-chains may spontaneously c y c l i z e 
to form the corresponding oxazolidine-2-thiones (e.g. XIV, Figure 
3) . Terminally unsaturated alkenyl groups are required for forma
t i o n of e p i t h i o n i t r i l e s (e.g. XVI, Figure 3). 

pH, Ferrous Ions. In general, a u t o l y s i s under neut r a l or near-
ne u t r a l pH r e s u l t s i n the formation of i s o t h i o c y a n a t e . In c o n t r a s t , 
the predominant product of enzymatic h y d r o l y s i s a t a c i d pH i s the 
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12. CHEW Biological Effects of Glucosinolates 157 

S-B-D-Glucose 

N O S C V 
• thioglucosidase 

(Ml) R — N = C = S 

(IV) R — S — C = N 

(V) R - C = N 

(VI) C H 2 C H — C H 2 — C = N 

S 

SH 

NOSO3" 

(•D 

Figure 1. A g l u c o s i n o l a t e (I) i s enzymatically hydrolyzed to an 
unstable intermediate ( I I ) . Subsequent rearrangement depends on 
R-group c h a r a c t e r i s t i c s and h y d r o l y s i s conditions and may y i e l d 
the corresponding isothiocyanate ( I I I ) , organic thiocyanate (IV), 
n i t r i l e (V), or e p i t h i o n i t r i l e (VI). 
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158 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

S - β - D - G l u c o s e 

C H 2 - C ^ 

i f ' N N O S 0 3 ' 

S thioglucosidase 

Ν 
R 

(VII) 

R R 

(XI) 

Figure 2. p-hydroxybenzyl and i n d o l y l g l u c o s i n o l a t e s (VII) y i e l d 
the corresponding i n d o l y l n i t r i l e (VIII) a t acid pH; a t neutral 
pH, an unstable isothiocyanate (IX) forms and y i e l d s thiocyanate 
ion and i n d o l y l a l c o h o l (X) which may condense to form d i i n d o l y l -
methane (XI)· 
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12. CHEW Biological Effects of Glucosinolates 159 

S -B -D-G lucose 

C H 2 = C H — C H — C H o — C v 

OH 
(XII) 

NOSO3" 

C H 2 = C H — C H — C H 2 — C 
SH 

I 
OH 

(XIII) 

NOSO3" 

thioglucosidase 

(XIV) CH 2=CH-CH- •CH 2 

NH 

Fe* 

^ C " 
II 
s 

< X V) C H 2 = C H — C H — C H 2 - C= Ν 

OH 

Fe* 

ESP 
(XVI) 

S 
/ \ 

CH 2 C H — C H — C H 2 - C = Ν 
OH 

Figure 3. A g l u c o s i n o l a t e with a (3-hydroxylated side chain (XII) 
i s enzymatically hydrolyzed to form an unstable intermediate 
(XIII) · Subsequent rearrangement involves three a l t e r n a t i v e 
pathways mediated by the presence or absence of ferrous ions and 
e p i t h i o s p e c i f i e r p r o t e i n : spontaneous c y c l i z a t i o n y i e l d s the 
oxazolidine-2-thione (XIV); ferrous ions mediate rearrangement to 
the corresponding n i t r i l e (XV) or e p i t h i o n i t r i l e (XVI) i f the 
g l u c o s i n o l a t e contains a t e r m i n a l l y unsaturated group and e p i 
t h i o s p e c i f i e r p r o t e i n i s present. 
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160 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

n i t r i l e . In a model system of p u r i f i e d enzyme from Brassica napus 
and synthesized 2-hydroxy-3-butenyl g l u c o s i n o l a t e , the major gluco
s i n o l a t e found i n B. napus, the pH of r e a c t i o n mixtures and the 
nature and r e l a t i v e proportions of the products were monitored (11). 
In an unbuffered aqueous system, pH decreased as the h y d r o l y s i s pro
gressed, from 6.94 a t time zero to 6.03 when the amount of substrate 
became l i m i t i n g . In t h i s pH range, only the oxazolidine-2-thione 
was formed, presumably from spontaneous c y c l i z a t i o n of the unstable 
isothiocyanate i n i t i a l l y formed. In systems buffered to s p e c i f i c pH 
ranging from 2.6 to 9.7, n i t r i l e was the sole product a t pH below 
ca. 3.4, and oxazolidinethione was the s o l e product at pH ca. 5.4 
and above. At intermediate pH, there was a gradual s h i f t i n r e l 
a t i v e proportions of the two products. This v a r i a t i o n i n r e l a t i v e 
product composition with varying r e a c t i o n time and pH i s s i m i l a r to 
r e s u l t s using a l l y l and 2-phenylethyl g l u c o s i n o l a t e s with enzyme 
preparations from commercial mustard seed (_V2 ) · 

The a d d i t i o n of ferrous ions to r e a c t i o n mixtures promotes 
formation of the n i t r i l e from the aglycone (_1_3 ) . The e f f e c t s of 
ferrous i o n on the degradation of .· yglucosinolate and extracted 
a l k e n y l g l u c o s i n o l a t e mixtures were examined over a pH range from 
3.5 to 7.5, using crude e x t r a c t s of enzyme from Brassica juncea and 
j3. napus (14, 15). In the absence of ferrous i o n , the formation of 
a l k e n y l isothiocyanates and a l k e n y l n i t r i l e s was a function of pH of 
the r e a c t i o n mixture. At pH 3.5, n i t r i l e dominated the mix of hy
d r o l y s i s products, but a t pH 7.5, only a l k e n y l isothiocyanates were 
formed. With the a d d i t i o n of 2.5 mM ferrous ion, the r e l a t i v e 
amount of n i t r i l e increased at a l l pH values from 3.5 to 7.5, but 
the isothiocyanate s t i l l predominated at pH 7.5. At low pH, a pro
ton may block Lossen rearrangement of the aglycone, thus promoting 
formation of the n i t r i l e . The ferrous i o n may serve a s i m i l a r func
t i o n i n the rearranging aglycone (J_2/ J_4, J_5) · Ferrous ions might 
a l s o a c t by complexing ascorbic a c i d (a c o - f a c t o r of some thiogluco-
s i d a s e s ) , making i t unavailable to isoenzymes that promote i s o t h i o 
cyanate production (16) · This idea i s c o n s i s t e n t with the e a r l y ob
s e r v a t i o n (JO that ferrous ions catalyse n i t r i l e formation d i r e c t l y 
without mediation by pH. On the basis of evidence from degradation 
of a l k e n y l g l u c o s i n o l a t e mixtures and s i l v e r s i n i g r a t e , a model ana
log of the aglycone from a l l y l g l u c o s i n o l a t e , i t was shown that 
common t h i o l compounds such as L-cysteine and glutathione s i m i l a r l y 
a c c e l e r a t e n i t r i l e formation (15) . This c a t a l y s i s of n i t r i l e form
a t i o n by t h i o l s , i n the presence of ferrous ions, was a t t r i b u t e d to 
r a p i d d e s u l f u r a t i o n competing with the Lossen rearrangement (15)· 
V a r i a t i o n i n endogenous i r o n pools among species may account f o r the 
d i f f e r e n c e between species that form isothiocyanates upon a u t o l y s i s 
versus those that y i e l d n i t r i l e s (17). 

E p i t h i o s p e c i f i e r p r o t e i n . Formation of e p i t h i o n i t r i l e s represents a 
t h i r d pathway f o r a l k e n y l g l u c o s i n o l a t e s with t e r m i n a l l y unsaturated 
carbon. This outcome i s mediated by e p i t h i o s p e c i f i e r p r o t e i n (ESP) 
and the s p e c i f i c conditions under which the thioglucoside cleavage 
occurs. ESP i s a small p r o t e i n (MW 30,000-40,000) f i r s t i s o l a t e d 
from Crambe a b y s s i n i c a seed meal (9_) · While t h i s p r o t e i n does not 
i t s e l f have thioglucosidase a c t i v i t y , i t i n t e r a c t s with thiogluco-
sidase to promote s u l f u r t r a n s f e r from the S-glucose moiety to the 
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12. CHEW Biological Effects of Glucosinolates 161 

terminal a l k e n y l moiety. Combinations of thioglucosidase and ESP 
from various p l a n t sources produced the same products, demonstrat
ing that e p i t h i o n i t r i l e s are formed from g l u c o s i n o l a t e s by the same 
mechanism i n a l l c r u c i f e r s tested (J_8) · These fi n d i n g s were extend
ed to the thioglucosidase-producing fungus A s p e r g i l l u s sydowi, sug
gesting that thioglucosidase enzymes from both p l a n t and fungal 
sources function s i m i l a r l y (̂ _9) . This s i m i l a r i t y prompted specula
t i o n that amino a c i d sequences near the a c t i v e s i t e s may be high l y 
conserved e v o l u t i o n a r i l y (J_9 ). The intramolecular t r a n s f e r of s u l 
fur may occur i n an enzyme c l e f t of a thioglucosidase-ESP complex, 
and work demonstrating the f a i l u r e of competing alkenyl substrate to 
i n h i b i t ESP-mediated a d d i t i o n of s u l f u r to the alk e n y l group sup
ports the idea of intramolecular t r a n s f e r (20). D i r e c t ev^ence was 
provided by the demonstration that l a b e l l e d g l u c o s i n o l a t e S was 
tra n s f e r r e d to the corresponding e p i t h i o n i t r i l e rather than to com
pet i n g u n l a b e l l e d produce (21) . K i n e t i c studies show that ESP i n h i 
b i t s thioglucosidase a c t i v i t y non-competitively, providing evidence 
that that ESP i n t e r a c t s a t a s i t e on the thioglucosidase other than 
the substrate binding s i t e (V7). A d d i t i o n of exogenous ferrous ion 
to ESP-mediated h y d r o l y s i s i n a u t o l y t i c r e a c t i o n mixtures containing 
synthesized 2-hydroxy-3-butenyl g l u c o s i n o l a t e resulted i n e p i t h i o n i 
t r i l e increase at the expense of the oxazolidine-2-thione ( c y c l i z e d 
from the isothiocyanate) ( V7)· This e f f e c t was proportionate to 
ferrous i o n concentration, and demonstrated that ferrous ions are 
e s s e n t i a l to e p i t h i o n i t r i l e formation, not merely a co-factor that 
s t a b i l i z e s the ESP ( 17) . In some B. napus c u l t i v a r s , ESP was pres
ent but i n a c t i v e u n t i l exogenous ferrous ions were added, a f t e r 
which e p i t h i o n i t r i l e s became the major h y d r o l y s i s product (17). 
With a l l y l g l u c o s i n o l a t e as a substrate, the e p i t h i o n i t r i l e was 
formed a t the expense of both the isothiocyanate and the a l k e n y l n i -
t r i l e , suggesting that the three products represent competing path
ways from a common aglycone precursor (J_8) · With 2-hydroxy-3-
butenyl g l u c o s i n o l a t e as a substrate, although oxazolidine-2-thione 
decreased with i n c r e a s i n g ESP a c t i v i t y , the r a t i o of a l k e n y l n i t r i l e 
(1-cyano-2-hydroxybut-3-ene i n t h i s case) to the e p i t h i o n i t r i l e (1-
cyano-2-hydroxybut-3,4-epithiobutane) remained constant (about 1 : 
2.5) ( V7) . This observation supports the p o s s i b i l i t y that ferrous 
ions promote formation of a n i t r i l e precursor a t the expense of i s o 
thiocyanate (which i n t h i s case c y c l i z e s to the 5- v i n y l - o x a z o l i d i n e -
2-thione) and that subsequent p a r t i t i o n to al k e n y l and e p i t h i o n i 
t r i l e s i s then mediated by ESP (22,17). 

The p o s s i b i l i t y of stereoisomeric i n t e r a c t i o n of ESP was inves
t i g a t e d by using ESP from p l a n t sources with stereoisomeric sub
s t r a t e s : Crambe aby s s i n i c a where the na t u r a l substrate i s epi-pro-
g o i t r i n ((S)-2-hydroxy-3-butenyl g l u c o s i n o l a t e ; and from Bra s s i c a 
campestris where the nat u r a l substrate i s p r o g o i t r i n , or (R)-2-hy-
droxy-3-butenyl g l u c o s i n o l a t e . Thioglucosidases from se v e r a l 
sources were used: Aspergllus sydowi, where there i s no endogenous 
na t u r a l substrate, and from the three c r u c i f e r s , C. a b y s s i n i c a , B. 
campestris, and Sinapis alba (23). No c l e a r d i f f e r e n c e between the 
ESPs was demonstrated. In nearly a l l combinations studied, the 
r a t i o of the diastereomeric products, erythro/threo cyanoepithiobu-
tanes (XX,XXI, Figure 4), was the same, about 1.4 to 1. This r a t i o 
compares to the 1.25 to 1 r a t i o reported f o r a u t o l y s i s of the CJ. 
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162 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Figure 4. (S)-2-hydroxy-3-butenyl g l u c o s i n o l a t e ( e p i - p r o g o i t r i n ) 
(XVII) may be enzymatically hydrolyzed by two a l t e r n a t i v e path
ways: to (S)-1-cyano-2-hydroxy-3-butene (XVIII) and the o x a z o l i -
dine-2-thione, ( R ) - g o i t r i n (XIX); a l t e r n a t i v e l y , i n the presence 
of ferrous ions and e p i t h i o s p e c i f i e r p r o t e i n , h y d r o l y s i s y i e l d s 
the diastereomer e p i t h i o n i t r i l e s , erythro-1-cyano-2-hydroxy-3, 
4-epithiobutane (XX) and threo-1-cyano-2-hydroxy-3, 4-epithiobu-
tane (XXI). 
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12. CHEW Biological Effects of Glucosinolates 163 

a b y s s i n i c a seed (24) . A more extreme r a t i o i n the case of j3. alba 
thioglucosidase combined with ESP from B, campestris may r e f l e c t 
s t e r i c c o n s t r a i n t s : i n e p i p r o g o i t r i n , the S i - S i face of the v i n y l 
group i s on the same side as the 2-hydroxy group; t h i s arrange
ment may a f f e c t the i n t e r a c t i o n with the ESP-thioglucosidase com
plex (_23 ) . 

Thiocyanate formation. Organic thiocyanates ( d i s t i n c t from i o n i c 
thiocyanate l i b e r a t e d by rearrangement of aglycones from i n d o l y l and 
p-hydroxybenzyl g l u c o s i n o l a t e s ) , are a f o u r t h p o t e n t i a l h y d r o l y s i s 
product, formed i n a few natural systems by only three glucosino
l a t e s . The f i r s t i s a l l y l ( i n Thlaspi arvense, [ 2 ^ ] ) . The second 
i s benzyl ( i n seeds, but not leaves of Lepidium sativum, leaves of 
Coronopus didymus, [25,26], leaves and seeds of Lepidium ruderale 
and I j. virginicum [27 ] ) . The t h i r d i s 4-methylthiobutyl ( i n leaves 
of D i p l o t a x i s t e n u i f o l i a and Eruca s a t i v a [28], though f a i l u r e to 
confirm these observations suggests sporadic occurrence [27], and 
leaves of Alyssum species [27]) . 

The formation of organic thiocyanates and cyanoepithioalkanes 
share s e v e r a l s i m i l a r i t i e s (9 ,̂J_6,_20) : both processes are r e s t r i c t e d 
to substrates with s p e c i f i c s t r u c t u r e s , both are h e a t - l a b i l e , and 
both are sus c e p t i b l e to o x i d a t i o n . Formation of organic thiocyan
ates i s r e s t r i c t e d to g l u c o s i n o l a t e s with R-groups that form stable 
c a t i o n s , R (a c h a r a c t e r i s t i c of the three that are found i n natural 
systems). Evidence for t h i s substrate r e s t r i c t i o n i s provided by 
f a i l u r e to produce organic thiocyanates from g l u c o s i n o l a t e s s i m i l a r 
to the n a t u r a l substrates (28,29). Degradation of synthesized pro-
p y l g l u c o s i n o l a t e by ext r a c t s from Thlaspi arvense seeds was studied, 
but no propyl thiocyanate was found (_29) . Crude enzyme preparations 
from I j. sativum seed convert pure b e n z y l g l u c o s i n o l a t e to the thiocy
anate as well as the isothiocyanate and n i t r i l e , but convert the 
s t r u c t u r a l l y s i m i l a r 2-phenylethyl g l u c o s i n o l a t e only to the i s o t h i 
ocyanate and n i t r i l e (30). 

The d i s t r i b u t i o n of thiocyanate-forming a c t i v i t y among c r u c i f e r 
species and p l a n t parts suggests that some endogenous f a c t o r with 
r e s t r i c t e d d i s t r i b u t i o n i s involved, because a s t r u c t u r a l substrate 
r e s t r i c t i o n alone could not account f o r the f i n d i n g of organic t h i o 
cyanates i n leaves of some Lepidium species but only the seeds of 
others (31_) . By monitoring autolysates from Lepidium sativum seeds 
heated for varying periods from a few minutes to several hours, i t 
was shown that i n these seeds, thiocyanate-producing a c t i v i t y i s 
more h e a t - l a b i l e and i s l o s t p r i o r to thioglucosidase a c t i v i t y (3_1_) . 
This unknown thiocyanate-forming f a c t o r apparently acts c a t a l y t i c a l -
l y to r e d i r e c t the Lossen rearrangement that would otherwise occur 
spontaneously. Although not yet i s o l a t e d , t h i s d etection of a t h i o 
cyanate-forming f a c t o r as d i s t i n c t from thioglucosidase a c t i v i t y i s 
a promising development i n the study of a d i f f i c u l t problem f o r 
which numerous s o l u t i o n s have been considered (20,25,28,29,31,32). 

Enzyme c h a r a c t e r i s t i c s . Beyond the s t r u c t u r a l d i v e r s i t y of products 
p o t e n t i a l l y generated from a s i n g l e g l u c o s i n o l a t e , the co-occurrence 
of d i f f e r e n t g l u c o s i n o l a t e s i n plants and p l a n t parts permits con
s i d e r a b l e d i v e r s i t y of aglycone p r o f i l e s . This d i v e r s i t y of pro
f i l e s r e f l e c t s both d i f f e r e n t i a l accumulation of s p e c i f i c glucosino
l a t e s i n plants and p l a n t parts and d i f f e r e n t i a l a c t i v i t y of t h i o -
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164 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

glucosidases towards some substrates (3_3) . Broad substrate s p e c i f i 
c i t i e s are observed f o r thioglucosidase a c t i v i t y from many sources, 
but the few t h i o g l u c s i d a s e s examined so far do hydrolyze some gluco
s i n o l a t e s at d i f f e r e n t rates (seed thioglucosidases of Brassica 
napus [11 ,34] , Sinapis alba [_34] ) . In p a r t i c u l a r , g l u c o s i n o l a t e s 
with more h y d r o p h i l i c side-chains (such as hydroxyl-substituted 
groups), produce aglycone products at slower rates, and rate d i f f e r 
ences may r e f l e c t n o n - s p e c i f i c hydrogen-bonding between glucosino
l a t e and enzyme that hinders binding a t the a c t i v e s i t e (11) . None 
of these d i f f e r e n c e s i n substrate a f f i n i t y are associated with i n d i 
v i d u a l isoenzymes i s o l a t e d from Sinapis alba and Brassica napus 
(JJ_,J3£) · However, correspondence between r e l a t i v e proportions of 
glu c o s i n o l a t e precursors and the r e s u l t i n g aglycone products may 
thus be mediated by d i f f e r e n t i a l thioglucosidase binding s p e c i f i c i t y 
as well as d i f f e r e n t i a l accumulation i n p l a n t p a r t s . 

Knowledge of the r e l a t i v e proportions of s p e c i f i c glucosino
l a t e s may be a poor i n d i c a t o r of the r e l a t i v e proportions of a g l y 
cone species presented to target organisms. For example, i n a 
Brassi c a napus c u l t i v a r , 2-hydroxy -3-butenyl g l u c o s i n o l a t e was r e 
ported as the predominant g l u c o s i n o l a t e , but thioglucosidase a c t i v 
i t y from that c u l t i v a r was greater towards a l l y l g l u c o s i n o l a t e than 
towards the hydroxy-substituted compound (JM_) . The 2-hydroxy-3-but-
enyl g l u c o s i n o l a t e i s the major natural substrate (3_,3S), but gluco
s i n o l a t e p r o f i l e s i n c u l t i v a r s and l o c a l populations of wild 
Brassica species vary widely (36,37,38,39). Given the t h i o g l u c o s i d 
ase a c t i v i t i e s observed however, aglycones from the several a l k e n y l 
g l u c o s i n o l a t e s and the a l l y l precursor 3-methylthioglucosinolate (_5) 
reported i n B. napus (_3) may be more important i n the i n i t i a l prod
ucts of h y d r o l y s i s than t h e i r in s i t u concentrations would i n d i c a t e . 
Such e f f e c t s could be responsible f o r the observation that a u t o l y s i s 
products change as a u t o l y s i s proceeds (32)· In another example, 
a u t o l y s i s of a l l y l g l u c o s i n o l a t e i n F a r s e t i a spp. forms p r i m a r i l y 
the isothiocyanate (31) , but i n Brassica oleracea, the product i s 
p r i m a r i l y n i t r i l e (11,38) · 

Botanical occurrence and compartmentation 

Glucosinolates co-occur with thioglucosidases among species of the 
order Capparales, as f a r as i s known. Glucosinolates have been re
corded s p o r a d i c a l l y i n representatives of a number of p l a n t f a m i l i e s 
outside the order Capparales (_2 ), but the status of accompanying 
thioglucosidase a c t i v i t y i n these plants i s l e s s c e r t a i n . Reports 
of trace amounts of g l u c o s i n o l a t e h y d r o l y s i s products (0.1-5 ug/g 
wet tissue) i n v o l a t i l e s of three unrecorded s o u r c e s — P l a n t a g o major 
and an u n i d e n t i f i e d Plantago species (Plantaginaceae [27, ̂ 0] ), an 
edib l e fungus (4J_) and cocoa beans (Sterculiaceae [42] )—suggest 
more widespread occurrence of g l u c o s i n o l a t e s and thioglucosidase ac
t i v i t y . However, these reports were not confirmed i n ^. major (43) 
or i n cocoa beans (44) . No explanation f o r the apparent discrepan
c i e s has been proposed, and r e s o l u t i o n awaits furt h e r s c r u t i n y . 

System components. A large number of R-group substituents 
(approaching 100) i s reported from plants of the Capparales (3 )̂. 
Most R-groups derive from carbon skeleons of p r o t e i n amino a c i d pre
cursors (5) · Glucosinolates derived from chain-lengthened homologs 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

01
2



12. CHEW Biological Effects of Glucosinolates 165 

of amino acids are common, but the d i s t r i b u t i o n of these homologs i s 
apparently confined to the Capparales (e.g., 45)· Some unusual R-
group modifications include r e c e n t l y reported hydrox- and methox-
and r i n g oxygenated indole g l u c o s i n o l a t e s (46-50) and the 3-glyco-
sy l a t e d side chains of R-groups, prominent i n representatives of the 
Resedaceae and Moringaceae (_51_,_52). Glucosinolates within p l a n t 
species and i n d i v i d u a l p l a n t s u s u a l l y form s e r i e s r e l a t e d by homolo-
g i z a t i o n , hydroxylation, or oxidation (e.g. 5 3 - 5 7 ) , with character
i s t i c q u a n t i t a t i v e p r o f i l e s f o r d i f f e r e n t p l a n t parts (3^,5^,59) · 

Thioglucosidase isoenzymes from p l a n t sources show s u b s t a n t i a l 
d i v e r s i t y i n physico-chemical c h a r a c t e r i s t i c s ( 3_3) , but broad sub
s t r a t e s p e c i f i c i t y i s the r u l e (3,33)· D i s t r i b u t i o n of isoenzymes 
i s o r g a n - s p e c i f i c . E l e c t r o p h o r e t i c examination of isoenzymes from 
many p l a n t organs or t i s s u e s demonstrates that the d i s t i n c t i v e pat
terns vary by species ( JJ_,_33 ,_34,60,6j_), organ (62: ,J53,64), and age 
(62)· L i t t l e has been i n f e r r e d from the or g a n - s p e c i f i c d i s t r i b u 
t i o n s of isoenzymes, but such d i s t i n c t i v e patterns beg explanation. 
One important question i s to determine whether the biochemical be
havior of the p a r t i c u l a r isoenzymes corresponds to endogenous cond
i t i o n s found i n that p l a n t t i s s u e (e.g., pH optima), or to cond
i t i o n s i n the target organism, or to p a r t i c u l a r g l u c o s i n o l a t e s that 
dominate the p r o f i l e of that t i s s u e (_62) · Thioglucosidase a c t i v i t y 
i n t i s s u e s d e c l i n e s with age (65-67; Bones, A. Proc 7 t h I n t ' l . Rape-
seed Cong., 1988, i n p r e s s ) . 

Enzymes with thioglucosidase a c t i v i t y are unusual outside the 
gl u c o s i n o l a t e - c o n t a i n i n g angiosperms· Such a c t i v i t y has been ob
served i n the fungi A s p e r g i l l u s syndowi (68) and A s p e r g i l l i s niger 
( 6 9 , 7 0 ) , the i n t e s t i n a l b a c t e r i a Enterobacter cloacae (71) and Par-
acolobactrum aerogenoides (72) and some muscles of the head and tho
r a c i c regions of the crucivorous aphids Brevicoryne brassicae and 
Lipaphis e r i s i m i (73) . These aphid thioglucosidases hydrolyze 2-hy-
droxy-2-phenylethyl g l u c o s i n o l a t e i n v i t r o and e x h i b i t electrophor
e t i c m o b i l i t i e s d i s t i n c t from those of isoenzymes i s o l a t e d from 
t h e i r h o s t p l a n t s . This d i s t i n c t i v e biochemical behavior does not 
rule out the p o s s i b i l i t y that the thioglucosidases are modified from 
enzymes acquired from the hostplant, i n con t r a s t to the de novo syn
th e s i s involved i n endogenous thioglucosidases i n the b a c t e r i a and 
f u n g i . This p o s s i b i l i t y would require t e s t i n g i n model hostplant 
systems because these aphids feed only on c r u c i f e r s , which, of 
course, a l s o contain t h i o g l u c o s i d a s e s . Glucosinolates have been 
found i n aphid honeydew (7_4) · 

The occurence of the t h i r d component, the e p i t h i o s p e c i f i e r pro
t e i n , has been sought so f a r only within a small number of c r u c i f e r 
species since i t s i s o l a t i o n from Crambe ab y s s i n i c a seed meal {9) · 
S p e c i f i e r p r o t e i n has been found i n growing parts of Brassica 
oleracea c u l t i v a r s (white cabbage and Brussels sprouts), and seeds 
of Brassica campestris ( 7 5 ) , Crambe aby s s i n i c a and tu r n i p (18 ) , but 
not i n Sinapis alba seed or horseradish root (_1_8) · ESP a c t i v i t y has 
been i d e n t i f i e d by studying formation of e p i t h i o n i t r i l e by endogen
ous enzyme systems i n seeds of _B. campestris, J3. napus, and Lepidium 
sativum using r e a c t i o n mixtures from which endogenous g l u c o s i n o l a t e s 
were removed and replaced by known amounts of 2-hydroxy-3-butenyl 
g l u c o s i n o l a t e (17) . S i m i l a r a c t i v i t y was sought but not found i n 
seeds of Nasturtium o f f i c i n a l e (38)· Various species i n other c r u 
c i f e r genera produce e p i t h i o n i t r i l e s upon a u t o l y s i s , and i f form-
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166 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

a t i o n of t h i s product always involves an ESP (j4,75), then these 
species may be expected to contain p r o t e i n s with ESP a c t i v i t y . 
These include ( i n a d d i t i o n to sources l i s t e d above) leaves of C_. 
a b y s s i n i c a and _B. napus (76), Descurainia sophia ( 7 7 ) , and leaves of 
representatives of genera Cardamine, H i r s c h f e l d i a , L o b u l a r i a , Sisym
brium (27). The f i n d i n g of ESP a c t i v i t y i n seed samples of Lepidium 
sativum (containing small amounts of a l l y l g l u c o s i n o l a t e ) , but not 
i n _N. o f f i c i n a l e seeds (containing no a l k e n y l g l u c o s i n o l a t e s ) , sug
gests that ESP co-occurs with terminally unsaturated a l k e n y l gluco
s i n o l a t e s and may be l i m i t e d to species containing these substrates 
(12). 

Component compartmentation. L i t t l e d e f i n i t i v e evidence i s a v a i l a b l e 
concerning how the g l u c o s i n o l a t e - t h i o g l u c o s i d a s e system i s held 
l a t e n t u n t i l the t i s s u e i s d i s r u p t e d . In mature seeds of C a r i c a 
papaya (Caricaceae), benzyl g l u c o s i n o l a t e i s contained i n the seed 
endosperm and thioglucosidase i s found only i n the sarcotestae. In 
immature f r u i t , the benzyl g l u c o s i n o l a t e was found p r i m a r i l y , i f not 
e x c l u s i v e l y , i n the l a t e x , but no thioglucosidase a c t i v i t y was found 
i n the latex (78) . In Cruciferae and other g l u c o s i n o l a t e - c o n t a i n i n g 
p l a n t s , the s i t u a t i o n i s unresolved. I n t a c t c r u c i f e r s release few 
v o l a t i l e s (79-81;82 c i t e d i n S3)· Enzyme and substrate are thus 
c l e a r l y separated, but l o c a l i z a t i o n of thioglucosidase a c t i v i t y i n 
p a r t i c u l a r i s uncertain. 

Discussion has focused on storage of g l u c o s i n o l a t e s and t h i o 
glucosidases i n s p e c i a l i z e d c e l l s , and a l t e r n a t i v e l y , s u b c e l l u l a r 
compartmentation of enzyme and substrate. Morphologically and some
times h i s t o c h e m i c a l l y d i s t i n c t c e l l s , known as i d i o b l a s t s , were ob
served to contain p r o t e i n and f o r nearly a century were assumed to 
contain thioglucosidases (84-86)· In some cases l e v e l s of t h i o g l u 
cosidase a c t i v i t y i n the p a r t i c u l a r p l a n t t i s s u e p a r a l l e l e d i d i o -
b l a s t density, p r o v i d i n g c o r r e l a t i v e evidence f o r the l o c a l i z a t i o n 
of thioglucosidase i n s p e c i a l i z e d c e l l s (86,j87) · Contradictory e v i 
dence suggested that thioglucosidase a c t i v i t y was observed i n the 
absence of c y t o l o g i c a l l y d i s t i n c t c e l l types. I d i o b l a s t s were absent 
from primary roots of plants that show thioglucosidase a c t i v i t y 
(Lepidium sativum [87] , Brassica c h i n e s i s , B* napus, B.oleracea, 
I b e r i s amara, Raphanus s a t i v u s , and Sinapis alba [86])· The corre
l a t i o n of thioglucosidase a c t i v i t y and p r o t e i n - r i c h i d i o b l a s t s was 
s i m i l a r l y poor i n r o o t l e t s and flowers of Sinapis alba and Raphanus 
sativus ((62,63), and i n p i t h c e l l s of horseradish roots (8J3) · Cyto-
chemical work at the u l t r a s t r u c t u r a l l e v e l showed that a majority of 
c e l l s i n rapeseed cotyledons show thioglucosidase a c t i v i t y (89) · 
This suggested that a c t i v i t y was associated with p a r t i c u l a r organ
e l l e f r a c t i o n s , i m p l i c a t i n g s u b c e l l u l a r compartmentation associated 
with the plasmalemma (J39) , smooth endoplasmic reticulum (64) , d i c t y -
osomes (64^), and mitochondria {90) . 

The enzyme and i t s substrates have proved extremely d i f f i c u l t 
to l o c a l i z e c y t o l o g i c a l l y , however, owing to the lack of s p e c i f i c 
histochemical s t a i n s (J34,91_*_92) t and the l a b i l i t y of the components 
of the system. I s o l a t i o n and c u l t u r e of p r o t o p l a s t s (66) suggested 
that thioglucosidase a c t i v i t y , i f contained i n these c e l l s , decreas
ed r a p i d l y with age. C e l l f r a c t i o n a t i o n and c e n t r i f u g a t i o n i n dens
i t y gradients showed broad non- s p e c i f i c d i s t r i b u t i o n of t h i o g l u o s i -
dase a c t i v i t y with many f r a c t i o n s (85)· 
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12. CHEW Biological Effects of Glucosinolates 167 

Grob and Matile (88 r93) provided compelling evidence that 
g l u c o s i n o l a t e s were contained i n vacuoles of horseradish root c e l l s . 
I s o l a t i n g vacuoles by using a c i d phosphatase (an enzyme associated 
with the vacuolar membrane, the tonoplast) as a marker, they demon
st r a t e d that vacuoles contained g l u c o s i n o l a t e s and L-ascorbic a c i d , 
the l a t t e r i n amounts shown to c a t a l y t i c a l l y a c t i v a t e horseradish 
thioglucosidase >800 f o l d , the highest a c t i v a t i o n f a c t o r yet repo r t 
ed ( c f . _13_) . P o s i t i v e c o r r e l a t i o n s between ascorbic acid and gluco
s i n o l a t e l e v e l s during germination have been reported i n Bra s s i c a 
napus, B. juncea and Eruca s a t i v a (94). Yet a furthe r unexpected 
f i n d i n g was reported: a considerable proportion of the thiog l u c o 
sidase a c t i v i t y was found i n s u b c e l l u l a r f r a c t i o n s containing these 
vacuoles but no h y d r o l y s i s products were produced u n t i l the vacuoles 
were disrupted (88). 

An a t t r a c t i v e hypothesis that accounts f o r these discrepancies 
i s that thioglucosidases are c y t o s o l i c enzymes that have a marked 
tendency to adhere to membranes (850 · A d d i t i o n of exogenous gluco
s i n o l a t e s y i e l d e d h y d r o l y s i s products i n s u b c e l l u l a r f r a c t i o n s con
t a i n i n g i n t a c t vacuoles, i f the vacuoles were not bathed i n high 
concentrations of NaCl (85). NaCl i s normally used to maintain os
motic balance, but the concentrations used are i n h i b i t o r y to t h i o 
glucosidase a c t i v i t y (95) . When the vacuoles were disrupted by d i 
l u t i o n of the osmoticum, the thioglucosidases adhering to the 
vacuole surfaces were no longer i n h i b i t e d (85)· Under these osmotic 
conditions however, the vacuoles b u r s t , preventing unambiguous asso
c i a t i o n of thioglu c o s i d a s e a c t i v i t y with the outside surface of the 
tonoplast. S u b s t i t u t i o n of s o r b i t o l f o r the s a l t showed that hydro
l y s i s products were produced when exogenous gl u c o s i n o l a t e s were add
ed to s o l u t i o n s of i n t a c t vacuoles, demonstrating that the enzyme 
a c t i v i t y was associated with the outer surface of the vacuole (85). 
Further, washing membrane preparations r e s u l t e d i n removal of almost 
a l l thiogluosidase a c t i v i t y a f t e r three washings, providing evidence 
that binding occurs, but i s loose. A s s o c i a t i o n of thioglucosidases 
with c y t o s o l i c surfaces of membranes of div e r s e function may thus 
r e f l e c t the _in s i t u l o c a t i o n of t h i s enzyme (8i5) · Further develop
ment of s p e c i f i c t o o l s f o r unambiguously i d e n t i f y i n g t h i o g l u c o s i 
dases (e.g. monoclonal antibodies [Bones, Α.; Espevi, T. Proc. 7th 
I n t ' l . Rapeseed Cong. 1988, i n press]) and substrates, (e.g. immuno
assays f o r g l u c o s i n o l a t e s [ J . P . Sang, State Chemistry Laboratory 
Dept. A g r i c . Rural A f f a i r s , East Melbourne, A u t r a l i a , personal com
munication] ) show promise for d e f i n i t i v e l o c a l i z a t i o n of system 
components· 

E f f e c t s of gl u c o s i n o l a t e s and t h e i r products on ins e c t s and fungi 

I n t e r e s t i n the e f f e c t s of gl u c o s i n o l a t e s and t h e i r h y d r o l y s i s prod
ucts has been manifest at l e a s t since V e r s c h a f f e l t (96) induced 
P i e r i s brassicae and JP. rapae c a t e r p i l l a r s to feed on non-crucifers 
and paper by p a i n t i n g them with j u i c e of Bunias o r i e n t a l i s (a c r u c i -
f e r ) and a s o l u t i o n of s i n i g r i n i t s e l f . Glucosinolates or t h e i r hy
d r o l y s i s products have been implicated i n a v a r i e t y of i n t e r a c t i o n s 
between c r u c i f e r s and t h e i r p o t e n t i a l herbivores, pathogens, compet
i t o r s , and symbionts. 
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168 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Responses to v o l a t i l e s . V o l a t i l e s from i n t a c t or wounded c r u c i f e r s 
act as a t t r a c t a n t s f o r crucivorous i n s e c t s seeking food or egg-laying 
s i t e s . Among crucivorous i n s e c t s , l i t t l e unambiguous information i s 
a v a i l a b l e , owing p a r t l y to the d i f f i c u l t y of bioassays using v o l a 
t i l e s (83), and to the often unknown or unpredictable nature of v o l 
a t i l e h y d r o l y s i s products produced by plants i n s i t u . Rapidly grow
ing plants may induce low l e v e l s of mechanical i n j u r y during c e l l 
transformations, and v o l a t i l e h y d r o l y s i s products might be formed 
most frequently during those times. Finch (83^), who has r e c e n t l y 
reviewed i n s e c t host-seeking behavior i n r e l a t i o n to v o l a t i l e s , 
points out that under laboratory c o n d i t i o n s , the most r a p i d l y grow
ing c u l t i v a t e d c r u c i f e r s tested were those preferred by adults of 
the f l y D e l i a b r a s s i c a e , the moth Piute11a x y l o s t e l l a , and the 
b e e t l e Phaedon c o c h l a e r i a e . A l l y l isothiocyanate a t t r a c t e d adult 
f l i e s of D e l i a (Hylemya) brassicae to i t s source i n g e l a t i n - c e l l u 
lose blocks (97), and f i e l d t r i a l s of isothiocyanates demonstrate 
t h e i r a t t r a c t i v e n e s s to a d u l t f l e a b e e t l e s , P h y l l o t r e t a c r u c i f e r a e 
and _P. s t r i o l a t a (98) , i n contrast to a l l y l thiocyanate (99) . D i f 
f e r e n t i a l responses of adult f l e a beetles to a l l y l isothiocyanate 
were observed i n experiments to design traps (100): traps baited 
with a l l y l isothiocyanate a t t r a c t e d about twice as many P_. 
c r u c i f e r a e as ^ . s t r i o l a t a , but d i d not a t t r a c t P s y l l i o d e s 
punctulata. P i e r i s rapae larvae were a t t r a c t e d to s e v e r a l n a t u r a l 
and s y n t h e t i c isothiocyanates ( a l l y l , benzyl, phenyl and phenyl-
ethyl) (101). Laboratory observations of a l a t e female aphids 
(Brevicoryne brassicae) to a l l y l g l u c o s i n o l a t e and the corresponding 
isothiocyanate showed the aphids were weakly a t t r a c t e d to the i s o 
thiocyanate, but thioglucosidase-generated h y d r o l y s i s products of 
several other g l u c o s i n o l a t e s were not more a t t r a c t i v e than water 
(102). A l l y l g l u c o s i n o l a t e i n water s o l u t i o n was a t t r a c t i v e to the 
midge Dasineura b r a s s i c a e , but since the a t t r a c t i o n was based on o l 
f a c t o r y r e a c t i o n of the midge rather than contact chemoreception, 
the r e s u l t i s p u z z l i n g (103); g l u c o s i n o l a t e degradation could have 
occurred during the experimental choice period, but no information 
on t h i s p oint i s a v a i l a b l e . A l l y l n i t r i l e has been suggested as a 
s p e c i f i c a t t r a c t a n t f o r egg-laying adults of the b u t t e r f l y P i e r i s 
brassicae (104), but t h i s hypothesis has not been tested. That spe
c i f i c h y d r o l y s i s products such as isothiocyanates are perceived as 
parts of v o l a t i l e p r o f i l e s i s demonstrated by the s e v e r a l - o r d e r s - o f -
magnitude reduction i n a t t r a c t i v e n e s s of a l l y l isothiocyanate alone 
compared to v o l a t i l e hostplant extracts (105,106). Such f i e l d r e 
s u l t s on the f l y D e l i a brassicae are corroborated by e l e c t r o p h y s i o 
l o g i c a l work demonstrating that while antennal receptors are s e n s i 
t i v e to a l l y l isothiocyanate, they are s i m i l a r l y responsive to other 
compounds found i n headspace v o l a t i l e s of t h e i r foodplants (107)· 
The suggestion that microorganisms may mediate p l a n t presentation of 
v o l a t i l e s (108), underscores the l i k e l y complexity of p r o f i l e s to 
which herbivorous i n s e c t s are a t t r a c t e d . 

Lepidopteran l a r v a l behavior. Glucosinolates, rather than 
h y d r o l y s i s products, are the a c t i v e contact s t i m u l i i n the feeding 
s p e c i f i c i t y of crucivorous i n s e c t s . Larvae of the c r u c i f e r - f e e d i n g 
moth P l u t e l l a maculipennis were fed c e l l u l o s e - a g a r gels containing a 
v a r i e t y of g l u c o s i n o l a t e s i s o l a t e d from Cruciferae and Tropaeolaceae 
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12. CHEW Biological Effects of Glucosinolates 169 

(109/110)· A l l the g l u c o s i n o l a t e s stimulated feeding a c t i v i t y i n 
these cabbage-reared larvae, e s p e c i a l l y when accompanied by 
nut r i e n t s such as glucose, but a l l y l isothiocyanate alone neither 
stimulated feeding nor increased feeding rates i n combination with 
a l l y l g l u c o s i n o l a t e . Minimum concentrations that e l i c i t feeding r e 
sponses were reported as 8 ppm (109), a concentration comparable to 
thresholds observed i n e l e c t r o p h y s i o l o g i c a l studies of another c r u -
c i f e r s p e c i a l i s t , the b u t t e r f l y P i e r i s brassicae (111). Exogenous 
methyl and a l l y l g l u c o s i n o l a t e s i n semi-synthetic d i e t s of the c r u -
c i f e r s p e c i a l i s t P i e r i s brassicae s i m i l a r l y e l i c i t s l a r v a l feeding 
i n the absence of c r u c i f e r leaves (112) · P̂ . rapae larvae were un
deterred by unnaturally high concentrations of a l l y l g l u c o s i n o l a t e 
infused into leaves (113), and v a r i a t i o n i n concentrations of a l l y l 
g l u c o s i n o l a t e i n plants d i d not a f f e c t l a r v a l feeding behavior 
(114)· Such behavior can probably be a n t i c i p a t e d with a l l c r u c i v o r 
ous p i e r i d l a r v a e . 

In non-crucifer-adapted larvae, responses vary. C a t e r p i l l a r s 
of P a p i l i o polyxenes, an Umbelliferae feeder, were deterred by a l l y l 
g l u c o s i n o l a t e infused i n t o foodplant leaves (>500 ppm of l e a f f r e s h 
weight), while the g e n e r a l i s t Spodoptera e r i d a n i a was unaffected 
u n t i l doses increased above 870 ppm of l e a f fresh weight (113). In 
co n t r a s t , larvae of laboratory-reared and f i e l d - c o l l e c t e d Manduca 
sexta, a Solanaceae feeder that can grow on c r u c i f e r s (115), were 
undeterred by up to 2000 ppm a l l y l g l u c o s i n o l a t e i n semi-synthetic 
agar d i e t s (Chew F.; Mechaber, W., Tufts Univ., unpublished d a t a ) . 

L a r v a l lepidopteran behavior d i f f e r s towards g l u c o s i n o l a t e s 
with d i f f e r e n t R-groups. In P l u t e l l a maculipennis, although a l l y l 
g l u c o s i n o l a t e was the most h i g h l y stimulatory at the lowest con
c e n t r a t i o n presented (4 mg/10 ml water or somewhat less than 400 ppm 
w/v i n the c e l l u l o s e - a g a r g e l s ) , other g l u c o s i n o l a t e s , notably 2-
hydroxy-3-butenyl (the major g l u c o s i n o l a t e c o n s t i t u e n t of cabbage 
[3]), e l i c i t e d greater response at higher concentrations (110) . 
These r e s u l t s suggest that g l u c o s i n o l a t e s could provide a ba s i s f o r 
c a t e r p i l l a r preference among c r u c i f e r parts containing several g l u 
c o s i n o l a t e s Ln d i f f e r e n t proportions. C u r i o u s l y , J?, maculipennis 
larvae were stimulated by low concentrations of 3-butenyl and 2-
phenylethyl g l u c o s i n o l a t e s (both found i n cabbage), but i n co n t r a s t 
to f i n d i n g s f o r P̂ . rapae (113), dramatic evidence of t o x i c i t y to 
larvae was observed: 50% or more of the larvae tested on these com
pounds a t 30-50x the concentration i n cabbage died within the 18 
hour t e s t period (110). Short-chain and unsaturated a l k y l R-groups 
gave the strongest responses i n e l e c t r o p h y i o l o g i c a l studies of 
larvae of another lepidopteran c r u c i f e r - s p e c i a l i s t , Marnestra 
brassicae (116) · Change i n the r e l a t i v e e f f e c t s of d i f f e r e n t gluco
s i n o l a t e s when off e r e d a t several concentrations was also obesrved 
i n P i e r i s brassicae (111), as well as i n f l e a beetles (below). 

Adult beetle responses. The feeding behavior of crucivorous beetles 
a l s o shows d i f f e r e n t i a l response to R-groups (117-119)· A minimum 
threshold concentration of 15.3 - 153 ppm a l l y l g l u c o s i n o l a t e e l i c 
i t e d feeding i n P h y l l o t r e t a c r u c i f e r a e adults (117) a species that 
i s more responsive to t h i s compound than _P. s t r i o l a t a (100) · Benzyl 
g l u c o s i n o l a t e was the most h i g h l y stimulatory compound for sev e r a l 
f l e a beetle species examined: P h y l l o t r e t a c r u c i f e r a e (117), P̂ . 
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nemorum, P_. undulata, P_. testrestigma, and Phaedon cochleariae 
(118) · More recent work shows the most stimulatory compound was i n -
dolylmethyl g l u c o s i n o l a t e , which had not been p r e v i o u s l y tested 
(119) . In c o n t r a s t to r e s u l t s from f l e a b e e t l e s , laboratory tests 
with the seed weevils Ceutorhynchus a s s i m i l i s showed that the longer 
chain a l k e n y l g l u c o s i n o l a t e s and benzyl and j>-hydroxybenzyl gluco
s i n o l a t e s stimulated greater feeding a c t i v i t y than did a l l y l gluco
s i n o l a t e . Other g l u c o s i n o l a t e s were more stimulatory than water but 
les s than a l l y l . S u r p r i s i n g l y , indolylmethyl g l u c o s i n o l a t e was not 
stimulatory compared to water. Glucosinolates with a l k y l R-groups 
dominate seed p r o f i l e s , while i n d o l y l g l u c o s i n o l a t e s , u s u a l l y absent 
from seeds, are often major components of green-part p r o f i l e s (_3) ; 
these f i n d i n g s are roughly c o n s i s t e n t with the microhabitat p r e f e r 
ences of these b e e t l e s , but the c r i t i c a l p l a n t parts are yet to be 
examined. In general, beetle feeding and o v i p o s i t i o n a c t i v i t i e s are 
p o o r l y c o r r e l a t e d with seed g l u c o s i n o l a t e p r o f i l e s ; c l e a r l y i t w i l l 
be important to obtain data on the p r o f i l e s of s p e c i f i c plants 
p a r t s , e.g. the seed pod wall through which seed weevils o v i p o s i t 
(119). Differences i n s e n s i t i v i t y and s p e c i f i c i t y to g l u c o s i n o l a t e s 
was observed among c e l l s i n the medial g a l e a l chemosensillum of the 
red t u r n i p b e e t l e , Entomoscelis americana (121). Some glucosino
l a t e s are not stimulatory to c r u c i f e r s p e c i a l i s t s , e.g. i n d o l y l 
methyl g l u c o s i n o l a t e to seed weevils. S i m i l a r negative r e s u l t s are 
reported f o r E. americana, which does not respond to 2-hydroxy-3-
butenyl g l u c o s i n o l a t e (120), and one s t r a i n of the moth Mamestra 
br a s s i c a e , whose s e n s i l l a do not resond e l e c t r o p h y s i o l o g i c a l ^ to 
benzyl g l u c o s i n o l a t e (116). M i t c h e l l reviews the r o l e of glucosino
l a t e s i n host-plant r e c o g n i t i o n by a d u l t chrysomelid beetles (Mit
c h e l l , B.K., J . Insect P h y s i o l . 1988, i n p r e s s ) . 

L a r v a l lepidopteran chemoreceptors. E l e c t r o p h y s i o l o g i c a l work on 
lepidopterous larvae shows that contact chemoreceptors i n the mouth-
parts respond to g l u c o s i n o l a t e s but are only weakly responsive to 
isothiocyanates (111). In P i e r i s b r a s s i c a e and P̂ . rapae, l a t e r a l 
and medial m a x i l l a r y s e n s i l l a of each species show d i f f e r e n t r e 
sponse p r o f i l e s towards a range of g l u c o s i n o l a t e s tested (methyl, 
a l l y l , benzyl, p-hydroxybenzyl, and s i n a l b i n [where the p-hydroxy-
benzyl anion i s paired with the sinapine c a t i o n ] ) (122). Two d i f 
f e r e n t s t r a i n s of the moth Mamestra brassicae a l s o showed d i f f e r e n 
t i a l s e n s i t i v i t y to s i n a l b i n and benzyl g l u c o s i n o l a t e — o n e not r e 
sponding to benzyl g l u c o s i n o l a t e (116) . The lack of response can be 
a t t r i b u t e d to e i t h e r cations associated with the two g l u c o s i n o l a t e s 
or s t r u c t u r a l d i f e r e n c e s i n the R-groups, or both, since commercial 
preparations of b e n z y l g l u c o s i n o l a t e are the tetramethylammoniurn 
s a l t . In both _P. brassicae and J?, rapae, while both l a t e r a l and 
medial s e n s i l l a are s e n s i t i v e to the benzyl glucosides, only the 
l a t e r a l s e n s i l l a e x h i b i t much s e n s i t i v i t y to methyl and a l l y l gluco
s i n o l a t e (van Loon, J.J.Α., Fdn. A g r i c . Plant Breeding, Wageningen, 
The Netherlands, personal communication). Behavioral consequences 
of some of these chemosensory d i f f e r e n c e s remain to be s t u d i e d . 
Considering that the dose-response curve f o r J?, rapae l a t e r a l sen
s i l l a tested on a l l y l g l u c o s i n o l a t e reaches s a t u r a t i o n at 0.01mM 
s i n i g r i n (well below concentrations found i n c u l t i v a t e d cabbages 
[31]), and that rather weak dose-dependent e f f e c t s are observed i n 
Ρ_· brassicae larvae (111), the response to g l u c o s i n o l a t e s may be a l l 
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12. CHEW Biological Effects of Glucosinolates 171 

-or-none (van Loon, J.J.A,, personal communication). For very com
mon (e.g. a l l y l ) or quite rare g l u c o s i n o l a t e s (e.g. methyl), pre
sence or absence may convey s u f f i c i e n t information. 

O v i p o s i t i o n responses. Adult females of P i e r i s brassicae s i m i l a r l y 
possess t a r s a l contact chemoreceptors that are s e n s i t i v e to gluco
s i n o l a t e s and are probably used during o v i p o s i t i o n (122)· At l e a s t 
one contact chemorecep^or type^responds to gl u c o s i n o l a t e s o l u t i o n s , 
with thresholds of 10 to 10 M. No c o n s i s t e n t d i f f e r e n c e s were 
observed i n receptor responses to a l l y l g l u c o s i n o l a t e , or to the 
sinapine and tetramethylammoniurn s a l t s of p-hydroxybenzyl and benzyl 
g l u c o s i n o l a t e s r e s p e c t i v e l y ( 1 22). Adult females of De l i a brassicae 
f l i e s a l s o possess t a r s a l chemoreceptors that respond to s i n i g r i n at 
s i m i l a r thresholds, but not to the corresponding isothiocyanate 
( 1 23,124). When o v i p o s i t i n g , both i n s e c t s e x h i b i t "drumming" behav
i o r using the t a r s i ; t h i s behavior may enable i n s e c t s to contact 
compounds i n pl a n t saps beneath dry, waxy surfaces (125,126)· 

The r o l e of d i f f e r e n t g l u c o s i n o l a t e s as egg-laying cues for 
p i e r i d b u t t e r f l i e s i s not wel l understood. P i e r i s brassicae w i l l 
lay eggs on non-host surfaces painted with a l l y l g l u c o s i n o l a t e (126) 
or i f t h e i r t a r s i are brushed with the compound (127) . C o r r e l a t i v e 
evidence that egg-laying adults of P.napi d i s t i n g u i s h among groups 
of species that show c o n s i s t e n t d i f f e r e n c e s i n gluc o s i n o l a t e s pro
f i l e s suggests the g l u c o s i n o l a t e s may be used as o v i p o s i t i o n cues 
(128) . In P i e r i s rapae and J>. oleracea, however, a l l y l glucosino
l a t e g e n e r a l l y stimulated o v i p o s i t i o n a c t i v i t y , but d i d not promote 
d i s c r i m i n a t i o n among plants (129; Renwick, J.A.A.,; Radke, C D . J_. 
Insect P h y s i o l . 1988, i n p r e s s ) . Stimulant and deterrent f r a c t i o n s 
were i s o l a t e d from non-host c r u c i f e r s such as Erysimum ch e i r a n -
thoides, and t h e i r r e l a t i v e e f f e c t s correspond to p i e r i d b u t t e r f l y 
behavior towards the i n t a c t p l a n t (Renwick, J.Α.Α., Boyce Thompson 
I n s t i t u t e , C o r n e l l Univ., personal communication). 

Examination of the r e l a t i v e e f f e c t s of primary n u t r i e n t s and 
glu c o s i n o l a t e content i n p l a n t choice by larvae (114,1 30) and adults 
of P̂ . rapae (131) , suggests that g l u c o s i n o l a t e s may often be of 
secondary importance to primary n u t r i e n t s i n food choice. F i e l d ex
periments examining the r e l a t i v e e f f e c t s of gl u c o s i n o l a t e s and p r i 
mary nutr i e n t s on i n s e c t fauna of native c r u c i f e r s s i m i l a r l y suggest 
complex patterns (132,133; C o l l i n g e , S.K.; Louda, S..M. Oecologia 
1988, i n press; C o l l i n g e , S.K.; Louda, S.M., Ann. Ent. Soc. Amer. 
1988, i n press) whose r e s o l u t i o n awaits a d d i t i o n a l information, 
e s p e c i a l l y on mechanisms by which i n d i v i d u a l i n s e c t s respond. 

P h y s i o l o g i c a l responses of l a r v a l Lepidoptera. L i t t l e i s known of 
how c r u c i f e r s p e c i a l i s t s are adapted p h y s i o l o g i c a l l y to glucosino
l a t e s and t h e i r h y d r o l y s i s products, p a r t l y because the most acces
s i b l e species are those with the broadest natural d i e t s (e.g. f o r 
p i e r i d b u t t e r f l i e s , _P. rapae and brassicae [134]), and therefore 
l e a s t l i k e l y to e x h i b i t d i f f e r e n t i a l responses that can be st u d i e d . 
Such d i f f e r e n t i a l responses to glucosides account for t o x i c i t y e f 
fec t s i n other species ( 1 35)· Few data are a v a i l a b l e concerning 
c r u c i f e r s u i t a b i l i t i e s f o r non-pest i n s e c t s . However, the c o i n c i 
dence of poor s u i t a b i l i t y and a c h a r a c t e r i s t i c compound f o r a par
t i c u l a r genus make a p o t e n t i a l r e l a t i o n s h i p worth t e s t i n g (Chew, 
F.S. In Chemical Mediation of Coevolution; Spencer, K.C., Ed. 
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Academic Press: New York, 1988, i n p r e s s ) . Such cases are exempli
f i e d by the genera Allyssum, Erysimum, and Cheiranthus. Representa
t i v e s of these genera were refused by c a t e r p i l l a r s of seven p i e r i d 
species (134) . Representatives of these genera accumulate unusual 
g l u c o s i n o l a t e s thought to be c h a r a c t e r i s t i c (136), but some also 
contain other c l a s s e s of compounds, e.g. cardenolides. These other 
c l a s s e s of compounds are e f f e c t i v e deterrents to various f l e a beetle 
species (118), but the only t e s t done on p i e r i d c a t e r p i l l a r s (137) 
provides negative evidence that i s i n c o n c l u s i v e because the most eu-
rophagous p i e r i d species was tested i n i t s most euryophagous i n s t a r 
(138) . 

Methanolic e x t r a c t s of pupae of Ρ_· brassicae show they contain 
both a l l y l g l u c o s i n o l a t e and a l l y l isothiocyanate, but attempts to 
detect these compounds i n adults and eggs of t h i s species, and l i f e 
stages of _P. rapae were unsuccessful (139) . I t i s presumed that 
these compounds are acquired from the c r u c i f e r food p l a n t s , but e v i 
dence on t h i s p o i n t i s i n c o n c l u s i v e : b u t t e r f l i e s captured i n f i e l d s 
of low-glucosinolate rapeseed plants contained no g l u c o s i n o l a t e s or 
i s o t h i o c y a n a t e s . Whether t h i s s i t u a t i o n r e f l e c t s a poor p l a n t 
source or sporadic sequestration among b u t t e r f l i e s i s not known 
(139) · Chewing i n s e c t s probably in g e s t p r i m a r i l y g l u c o s i n o l a t e 
rather than h y d r o l y s i s products, since b i t e s w i l l not d i s r u p t a l l 
c e l l s and the r e a c t i o n i n s i t u i n d i s r u p t e d p l a n t t i s s u e i s r e l a 
t i v e l y slow (109,117). Among p i e r i d b u t t e r f l y species, the most 
europhyagous (JP. rapae and ^ . brassicae ) have lower midgut pH than 
_P. napi (140), whose foodplant range i s more r e s t r i c t e d (138). If 
the midgut i s a major s i t e of g l u c o s i n o l a t e h y d r o l y s i s i n p i e r i d 
c a t e r p i l l a r s , these conditions might favor formation of n i t r i l e s a t 
the expense of isothiocyanates and t h e i r d e r i v a t i v e s i n the more 
broadly-feeding s p e c i e s . Another lepidopteran c r u c i f e r - f e e d e r , Plu-
t e l l a maculipennis, has midgut pH comparable to that of rapae 
(140) . A l l y l , benzyl and 2-phenylethyl isothiocynates are a l l 
a c u t e l y t o x i c (>50 ppm) to f i r s t - i n s t a r Spodoptera frugiperda, a l 
though they had no adverse developmental e f f e c t s on s u r v i v o r s . 
A l l y l isothiocyanate was a l s o acutely t o x i c to f i n a l - i n s t a r larvae 
of moths Î5. frugiperda, T r i c h o p l u s i a n i , and A n t i c a r s i a gemma t a l i s 
(>approx. 1000-2000 ppm) (Wadleigh, R.W.; Yu, S.J. J . Chem. Ec o l . , 
1988, i n press)· 

In non-crucifer-adapted Lepidoptera, P a p i l i o polyxenes larvae 
feeding on leaves infused with low concentrations of a l l y l g l u c o s i n 
o l a t e were sl u g g i s h and 50% died within the 24-hour t e s t p e r i o d , but 
Spodoptera e r i d a n i a growth e f f i c i e n c i e s were a f f e c t e d only a t very 
high concentrations (113) · The smaller e f f e c t on j3. e r i d a n i a may be 
due to induction of microsomal mixed-function oxidases (113) · These 
enzymes are induced by and metabolize s e v e r a l isothiocyanates, i n 
c l u d i n g a l l y l isothiocyanate, as well as the p o t e n t i a l h y d r o l y s i s 
products i n d o l e - 3 - a c e t o n i t r i l e and i n d o l e - 3 - c a r b i n o l i n the moth 
c a t e r p i l l a r s Spodoptera frugiperda and A n t i c a r s i a gemmatalis (141). 
Some g l u c o s i n o l a t e - r e l a t e d compounds i n c l u d i n g i n d o l e - 3 - a c e t o n i t r i l e 
are e f f e c t i v e inducers of t h i s enzyme a c t i v i t y (141), but induction 
i s not c l e a r l y e s t a b l i s h e d i n other cases (142) . Further, some i s o 
thiocyanates i n h i b i t these enzymes (e.g. 2-phenylethyl, 143). In 
a d d i t i o n , gluthathione transferase a c t i v i t y (analogous to g l u t a 
thione transferase d e x o t i f i c a t i o n of isothiocyanates i n mammals 
(144,145) towards a l l y l and benzyl isothiocyanates was induced by 
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12. CHEW Biological Effects of Glucosinolates 173 

these compounds i n J3. frugiperda and the cabbage looper T r i c h o p l u s i a 
n i i n assays a t pH 6·5 (141), Whether these enzyme systems could 
metabolize isothiocyanates before being attacked by them i n vivo, 
given the high pH of many lepidopteran l a r v a l midguts (140) and the 
binding a f f i n i t i e s of isothiocyanates f o r p r o t e i n s , e s p e c i a l l y a t 
high pH (146,147) i s uncertain. The acute isothiocyanate t o x i c i t i e s 
c i t e d e a r l i e r suggest these compounds reach t h e i r s i t e s of a c t i o n 
despite high pH i n the midget lumen. Curiously, the Solanaceae-
s p e c i a l i s t Manduca sexta not only ate d i e t s containing a l l y l gluco
s i n o l a t e , but also excreted large q u a n t i t i e s of i n t a c t a l l y l gluco
s i n o l a t e i n t h e i r f r a s s p e l l e t s (Chew, F.S.; Mechaber, W., Tufts 
Univ., unpublished d a t a ) . The h i g h l y e f f i c i e n t excretory system of 
_M. sexta, which r a p i d l y excretes the n i c o t i n e normally encountered 
by these animals i n t h e i r tobacco foodplant (148-151), apparently 
also handles a l l y l g l u c o s i n o l a t e . 

Egg s u s c e p t i b i l i t y . Eggs of herbivorous i n s e c t s are sus c e p t i b l e to 
isothiocyanates produced by wounded t i s s u e near o v i p o s i t i o n s i t e s . 
Benzyl isothiocyanate i s t o x i c to eggs and f i r s t i n s t a r s of three 
f r u i t f l y pests of Carica papya at l e v e l s comparable to those produc
ed by ri p e n i n g f r u i t (152) . The e f f e c t of gl u c o s i n o l a t e s and hydro
l y s i s products on eggs of the midge Dasineura brassicae was studied 
by p l a c i n g eggs on Sephadex "beds" which contained representative 
h y d r o l y s i s products of a l l y l g l u c o s i n o l a t e and 2-phenylethyl gluco
s i n o l a t e , i n c l u d i n g isothiocyanates and an e p i t h i o n i t r i l e (153,154) . 
These were chosen because a l l y l g l u c o s i n o l a t e i s a major component 
i n B r a s s i c a juncea and B, n i g r a , which are le s s s u i t a b l e hosts of 
the midge, and phenylethyl g l u c o s i n o l a t e was present i n a l l Brassica 
species i n v e s t i g a t e d (153)· A l l y l isothiocyanate was the most 
t o x i c , l e t h a l a t 10 ppm; t h i s concentration i s well within the range 
of the corresponding parent a l l y l g l u c o s i n o l a t e i n Brassica juncea 
c u l t i v a r s (_55). The e f f e c t i s described as "fumigant", s i m i l a r to 
e a r l y findings of the e f f e c t s of isothiocyanates on vinegar f l i e s 
(Drosophila melanogaster) (155,156). The n i t r i l e 1-cyano-2-phenyl-
ethane was le s s t o x i c than a l l y l i sothiocyanate, and the glucosino
l a t e s i n i g r i n was not t o x i c a t any concentration comparable to i t s 
occurrence i n green p l a n t m a t e r i a l . O v i p o s i t i o n s i t e s f o r these 
midges may accumulate h y d r o l y s i s products because the midge used 
holes made by a seed weevil (155) . Female midges may avoid l a y i n g 
eggs i n recently-made holes, thereby p e r m i t t i n g h y d r o l y s i s to 
approach completion and the products of h y d r o l y s i s to d i f f u s e before 
p l a c i n g eggs i n them (154) · The midge p r e f e r s B, napus to B. j uncea 
under f i e l d c o n ditions (153) and these preferences are c o r r e l a t e d 
with consequences f o r l a r v a l development on the hosts (157) · Among 
c u l t i v a r s of a s i n g l e species, e.g. B. napus or El. campes t r i s c u l t i 
vars with high or low g l u c o s i n o l a t e contents, no preference i n o v i 
p o s i t i o n was observed (157), a f i n d i n g s i m i l a r to those f o r f l e a 
b e etles (119) and some populations of P i e r i s brassicae (127)· 

Pathogens, .competitors, and p o t e n t i a l symbionts. Glucosinolates and 
t h e i r h y d r o l y s i s products have been tested i n v i t r o against the 
c r u c i f e r pathogen Leptosphaeria maculans (stem canker) which attacks 
the green parts of c r u c i f e r s (158). A l l y l , 3-butenyl, 2-hydroxy-3-
butenyl, i n d o l y l and 1-methoxy-indolyl g l u c o s i n o l a t e s and the pro
ducts generated by enzymatic h y d r o l y s i s were tested against an 
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aggressive c u l t u r e of the fungus. I n d i v i d u a l l y , the thioglucosidase 
and g l u c o s i n o l a t e s had no e f f e c t on pathogen growth except s l i g h t 
reduction of growth upon exposure to a l l y l g l u c o s i n o l a t e (158) a t 
high concentrations that might be found i n seeds, but would not be 
expected i n leaves. Degradation of products of a l l g l u c o s i n o l a t e s 
except 5-vinyl-oxazolidine-2-thione, reduced fungal growth in v i t r o . 
The most t o x i c was the h y d r o l y s i s product of a l l y l g l u c o s i n o l a t e a t 
pH 7, presumably a l l y l i s othiocyanate. This i s c o n s i s t e n t with 
f i n d i n g s on the l e a f pathogen Perenospora p a r a s i t i c a (159) and e a r l y 
observations of the acute t o x i c i t y of a l l y l isothiocyanate (compared 
to others) on s e v e r a l pathogenic fungi (160). 3-butenyl i s o t h i o c y a 
nate i s a l s o f u n g i t o x i c , whereas t o x i c i t y of the h y d r o l y s i s products 
of these a l k e n y l g l u c o s i n o l a t e s i s reduced at pH 4, presumably r e 
f l e c t i n g lower t o x i c i t y of n i t r i l e s , a f i n d i n g again c o n s i s t e n t with 
observations on j>. p a r a s i t i c a ( 1 59) · Among the products of h y d r o l 
y s i s from i n d o l y l g l u c o s i n o l a t e s , the i n d o l e - 3 - c a r b i n o l i s more ac
t i v e i n f u n g i t o x i c e f f e c t s , although t h i s e f f e c t could be due to 
d i f f e r e n t i a l s o l u b i l i t y of h y d r o l y s i s products i n the c u l t u r e med
ium, rather than i n t r i n s i c d i f f e r e n t i a l t o x i c i t y (158). The obser
vati o n that 2-hydroxy-3-butenyl h y d r o l y s i s products are not t o x i c to 
these pathogenic fungi suggests that g o i t r o g e n i c g l u c o s i n o l a t e s , 
which are being bred out of c r u c i f e r s because of t h e i r e f f e c t s on 
l i v e s t o c k (4^), confer no b e n e f i t i n r e s i s t a n c e to t h i s pathogen. 

The p o t e n t i a l t o x i c i t y of the t h i o g l u c o s i d a s e - g l u c o s i n o l a t e 
system in_ s i t u has been considered (161) · Based on s u r v i v a l rates 
of the yeast seed pathogen Nematospora sinecauda i n s o l u t i o n s of 
g l u c o s i n o l a t e s with and without thioglucosidase, i t was concluded 
that seed i n f e c t i o n s could be arrested by fungal d i s r u p t i o n of seed 
tissues and concomitant a c t i v a t i o n of the thioglucosidase-glucosino
l a t e system (161). However, the i n d i v i d u a l components i n s i t u d i d 
not prevent i n i t i a l i n f e c t i o n (161)· Several p o t e n t i a l h y d r o l y s i s 
products of g l u c o s i n o l a t e s i n Brassica j uncea were tested in v i t r o ; 
a l l y l isothiocyanate was t o x i c a t concentrations well within the 
range expected i n seeds, but the corresponding n i t r i l e was not toxic 
within t h i s range. The e f f e c t i v e n e s s of g l u c o s i n o l a t e h y d r o l y s i s i n 
a r r e s t i n g invasions by the yeast was demonstrated by showing that 
seed homogenates of two low-glucosinolate c u l t i v a r s of JB. campestris 
were not t o x i c towards the yeast (161)· 

Products of g l u c o s i n o l a t e h y d r o l y s i s sometimes provide 
substrates f o r reactions that a f f e c t pathogen-infected c r u c i f e r s . 
Clubroot disease (Plasmodiophora b r a s s i c a e ) , i n which c e l l p r o l i f e r 
a t i o n leads to the overgrowth symptoms and formation of clubs, has 
been proposed to r e s u l t from _in s i t u conversion of indolymethyl g l u 
c o s i n o l a t e to the auxin precursor i n d o l e - 3 - a c e t o n i t r i l e (162) . Ex
perimental confirmation of t h i s hypothesis was p r o v i ^ d by the 
demonstration that Brassica napus t i s s u e s converted C - i n d o l y l -
methyl g l u c o s i n o l a t e to the corresponding n i t r i l e (^|3)· Conver
si o n of the C - i n d o l e - 3 - a c e t o n i t r i l e to the auxin C-indole a c e t i c 
aci d i n Brassica napus i s catalyzed by a n i t r i l a s e whose a c t i v i t y i s 
higher i n clubroot diseased plants (164). Aut o l y s i s of clubroot r e 
s i s t a n t cabbage t i s s u e produces s i g n i f i c a n t l y l e s s thiocyanate ion 
(presumably from h y d r o l y s i s of indolyl-3-methyl or p-hydroxybenzyl 
g l u c o s i n o l a t e s ) than commercial c u l t i v a r s (120 ug/g dry weight vs 
204 ug/g dry weight) (165,166 c f . 167). However, no r e l a t i o n s h i p 
between t o t a l g l u c o s i n o l a t e l e v e l s and clubroot r e s i s t a n c e occurs 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

01
2



12. CHEW Biological Effects of Glucosinolates 175 

( 1 66-1 68)· Resistance i s p a r t l y mediated by g l u c o s i n o l a t e composi
t i o n ; cabbages with lower l e v e l s of indole-3-methyl g l u c o s i n o l a t e 
deprive the pathogen of i t s supply of auxin precursor. 

A l l e l o p a t h y . Various a l l e l o p a t h i c e f f e c t s have been a t t r i b u t e d to 
c r u c i f e r s ; they have a reputation as poor companion p l a n t s . To some 
degree, t h i s i s a r e s u l t of t h e i r growth c h a r a c t e r i s t i c s , i n which 
they often overtop other plants and e x p l o i t the growing space before 
more slowly growing plants become e s t a b l i s h e d (169). The i n f u s i o n 
of g l u c o s i n o l a t e s i n t o s o i l however, e i t h e r from p l a n t parts used as 
a cover crop and t i l l e d under, or from roots of l i v i n g p l a n t s , which 
leach or secrete i n t a c t g l u c o s i n o l a t e s i n t o the growing medium (170) 
makes i t worth i n q u i r i n g about the e f f e c t s of these compounds on 
other plants or p l a n t symbionts (Vera, C.L.; McGregor, D.I.; Downey, 
R.K. Can. J_. Plant S c i . 1988, i n p r e s s ) . E f f e c t s of i o n i c thiocyan
ate (product from h y d r o l y s i s of i n d o l y l m e t h l y l g l u c o s i n o l a t e s and p-
hydroxy- s u b s t i t u t e d g l u c o s i n o l a t e s ) by growing cabbage, bean, and 
tobacco plants for 5 weeks i n hydroponic s o l u t i o n with exogenous 
thiocyanate i o n . Cabbage plants grew with up to 50 ppm thiocyanate 
ion; bean plants t o l e r a t e d only 5 ppm and tobacco plants died a t 5 
ppm (171) · With i n c r e a s i n g l e v e l s of thiocyanate ion i n the medium, 
l e a f c h l o r o s i s increased i n cabbage and beans; l e v e l s of thiocyanate 
ion increased i n the l e a f t i s s u e of beans ( i n contrast to low accum
ulati o n s of thiocyanate i n leaves of cabbage), suggesting that the 
thiocyanate ion i s an a l l e l o p a t h i c agent (171 ) . Other a l l e l o p a t h i c 
e f f e c t s of c r u c i f e r o u s plants may r e s u l t i n d i r e c t l y from the e f f e c t s 
of c r u c i f e r s on v e s i c u l a r - a r b u s c u l a r mycorrhizal (VAM) f u n g i , which 
gen e r a l l y support symbiosis with c r u c i f e r s poorly or not at a l l ( 1 72 
-175) . Glucosinolate l e v e l i n roots and s u s c e p t i b i l i t y to penetra
t i o n and establishment of symbiosis with B r a s s i c a c u l t i v a r s was not 
c o r r e l a t e d (173-175). VAM fungi germ tubes respond to the presence 
ofgrowth promoters (probably primary n u t r i e n t s ) that c r u c i f e r roots 
apparently exude a t lower l e v e l s than compatible host species (173). 
While the growth of VAM fungi from spore germination to formation of 
appressoria (attachment points) to the roots looked i d e n t i c a l near 
hosts and near c r u c i f e r s , the process required more time near c r u c i 
f e r s , and most of the VAM fungi growing with Brassica napus f a i l e d 
to produce arbuscles (174,175), the organ believed to be the s i t e of 
exchange between VAM fungus and host p l a n t . These findings were ex
tended to wild c r u c i f e r s as well as a range of Brassica c u l t i v a r s , 
but no c o r r e l a t i o n between s u s c e p t i b i l i t y to i n f e c t i o n and g l u c o s i n 
o l a t e l e v e l s or the types of g l u c o s i n o l a t e s found i n seeds of the 
c u l t i v a r s was found (175 ; Tommerup, I.C.; Sang, J.P. Univ. Western 
A u s t r a l i a , unpublished data)· The involvement of h y d r o l y s i s pro
ducts i n t h i s i n t e r a c t i o n i s equivocal because the VAM fungi do not 
penetrate c e l l membranes. In normal hosts, the VAM fungus in v a g i n -
ates the c e l l membrane, and the intimate l o c a l a s s o c i a t i o n may per
s i s t f o r weeks; i n h i g h l y incompatible i n t e r a c t i o n s , however, t h i s 
membrane d i s i n t e g r a t e s within an hour of the fungus penetrating the 
wall (176,177)· Given the s u b c e l l u l a r compartmentation of g l u c o s i n 
o l a t e s and thioglucosidases (85), i t i s p o s s i b l e these are involved. 
The c r i t i c a l t e s t s have yet to be made. The observation that some 
species of c r u c i f e r s , e.g. Raphanus raphanistrum, supported symbio
ses with four species of VAM f u n g i , of which three produced arbus
c l e s , and two produced spores (175), i s promising. 
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Chapter 13 

Naturally Occurring Carbon—Phosphorus 
Compounds as Herbicides 

Robert E. Hoagland 

Southern Weed Science Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, Stoneville, MS 38776 

Since the discovery in 1959 of the first naturally 
occurring compound containing a covalent C-P bond 
(2-aminoethylphosphonic acid, AEP), many phosphonate
-related compounds have been identified in living systems. 
Some information on distribution, metabolic pathways and 
chemical properties exists, but no precise role for these 
compounds is known. In the early 1970's, the importance 
of some natural and synthetic phosphonates and their 
biological activity (e.g., antibiotics, herbicides) was 
recognized. The most successful synthetic phosphonate 
herbicide is glyphosate [N-(phosphonomethyl)glycine]. 
Bialaphos (L-2-amino-4-[(hydroxy)(methyl)phosphinoyl] 
butyryl-L-alanyl-L-alanine), isolated from Streptomyces 
viridochromogenes, was discovered and reported as an 
antibiotic (1972),and later found to be herbicidal. 
Phosalacine, a bialaphos analog, has been isolated from 
Kitasatosporia phosalacinea. Peptidases cleave amino acid 
moieties from the latter two compounds yielding the active 
component phosphinothricin whose site of action is 
inhibition of glutamine synthetase in plants. This 
compound is being marketed as the herbicide glufosinate. 
The biosynthetic pathway for bialaphos and the cloning and 
characterization of genes that code for these conversions 
have recently been elucidated. 

Naturally occurring compounds with potential for use as 
herbicides have recently become of great interest to weed scientists 
and agricultural chemists. This interest may be attributed to the 
facts that natural phytotoxins (1) have a co-evolved species 
specificity, (2) often have diverse chemistries that could lead to 
completely novel synthetic herbicides, (3) may have low mammalian 
toxicity and pose less of a biohazard because they are specific and 
more biodegradable than many commercial herbicides, and (4) may also 
be less costly to register as herbicides by regulatory agencies such 
as EPA. Furthermore, microbial plant pathogens may be directly used 
to control weeds, and two microorganism products currently are 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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commerically a v a i l a b l e f o r weed c o n t r o l (1). This has generated 
i n t e r e s t i n toxins produced by these pathogens as p e s t i c i d e s . Many 
n a t u r a l l y o c c u r r i n g phytotoxic compounds have been found to be 
produced by higher plants, b a c t e r i a , fungi, and animals. An 
ex c e l l e n t review of her b i c i d e s from some of these n a t u r a l sources 
has r e c e n t l y been published (2). 

The focus of t h i s chapter w i l l be to examine some of the 
n a t u r a l l y o c c u r r i n g phosphonate compounds ( i . e . , bialaphos, 
phosalacine, and phosphinothricin) with respect to t h e i r natural 
sources, biochemistry, and b i o l o g i c a l p r o p e r t i e s . S p e c i a l reference 
i s given to t h e i r use and/or p o t e n t i a l use as h e r b i c i d e s , i n c l u d i n g 
t h e i r r e l a t i o n s h i p to some syn t h e t i c phosphonates that have been 
examined f o r b i o l o g i c a l a c t i v i t y . 

Discovery of Carbon-Phosphorus Compounds i n Nature 
Phosphorus i s required f o r the growth and reproduction of a l l 
plants and animals. Organic phosphorus compounds i n the form of 
orthophosphates are involved i n these many l i f e processes and are 
contained i n basic biochemical constituents ( i . e . , p r o t e i n s , 
carbohydrates, n u c l e i c acids, and phospholipids). They are also 
used i n the generation of high energy bonds, provide b u f f e r i n g 
capacity, and the phosphate moiety imparts water s o l u b i l i t y to these 
compounds (3). In s p i t e of the multitude of compounds o c c u r r i n g as 
orthophosphate-oxygen compounds (esters, d i e s t e r s , and phosphoric 
a c i d anhydrides), some organophosphate compounds occur i n nature 
with carbon-phosphorus bonds; i . e . , phosphonates. These compounds 
had been considered as p o s s i b l e n a t u r a l l y o c c u r r i n g compounds by 
Chavane (4) as e a r l y as 1947, but actual i d e n t i f i c a t i o n of the f i r s t 
phosphonate i n a l i v i n g system d i d not occur u n t i l 1959 when 
Horiguchi and Kandatsu (5) found 2-aminoethylphosphonic a c i d (AEP, 
Figure 1) i n an amino a c i d hydrolysate from rumen protozoal l i p i d . 
Over the past 30 years, numerous reports have shown the presence of 
AEP and other phosphonates i n a wide range of organisms, i n c l u d i n g 
b a c t e r i a , protozoa, coelenterates, molluscs, and u n i c e l l u l a r p l a n t s . 

Detection of Phosphonates 
The chemistry of phosphonates has developed r e l a t i v e l y slowly 
compared to that of phosphates. This i s due to the f a c t that the 
carbon-phosphorus bond i s d i f f i c u l t to synthesize and because of the 
vast amount of information on and d i s t r i b u t i o n of phosphate and 
orthophosphate e s t e r s . Furthermore, e a r l y studies on natural 
phosphonates were slow due to the lack of s e n s i t i v e methodology f o r 
dete c t i o n of the carbon-phosphorus bond. These e a r l y studies 
consisted mostly of various chromatographic and i s o l a t i o n 
techniques. E a r l y a n a l y t i c a l methods f o r the detec t i o n of AEP i n 
b i o l o g i c a l materials have been reviewed (6). The procedures u s u a l l y 
involved ion-exchange chromatography f o r the separation of AEP 
followed by det e c t i o n using ninhydrin. Various chromatographic 
modifications of these procedures have been expanded by several 
reseachers (7-10). More r e c e n t l y , g a s - l i q u i d chromatography and 
mass spectrometry have been employed f o r aminophosphonate 
determination (11-13). Use of these l a t t e r two techniques often 
requires d e r i v i t i z a t i o n (14-16). Isotachophoresis has al s o been used 
to analyze aminophosphonates (17). The use of s o p h i s t i c a t e d 
techniques such as NMR has made an a l y s i s of t i s s u e s and t i s s u e 
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184 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

e x t r a c t s more ra p i d and s e n s i t i v e . NMR has been used by a number of 
researchers f o r measuring phosphonates i n t i s s u e e x t r a c t s (18-21), 
various b i o l o g i c a l f l u i d s (22, 23), whole c e l l s (24, 25), and s o i l 
(26). 

Biosynthesis and Metabolism of AEP 
Phosphonates can undergo various biochemical transformations which 
involve synthesis or catabolism of the carbon-phosphorus bond, or 
that proceed l e a v i n g the C-P bond i n t a c t . This l a t t e r category 
includes synthesis and degradation reactions of phosphonolipids, 
phosphonopeptides, other complex compounds, and N-methylation and 
transamination (27, 28). Before 1983, enzymatic conversion of 
phosphoenolpyruvate to 3-phosphonopyruvate v i a intramolecular 
phosphate-phosphonate rearrangement i n v o l v i n g PO aH a migration 
from oxygen to carbon was g e n e r a l l y accepted (29-34). However, the 
enzyme responsible f o r t h i s has not been i s o l a t e d and 
char a c t e r i z e d . In 1983 alkylphosphinous acids were determined as 
precursors of aminophosphonates ( i n c l u d i n g phosphinothricin) and a 
novel pathway of C-P bond biosynthesis was proposed which involves a 
reduction of the phosphate to phosphite ester p r i o r to rearrangement 
of phosphoenolpyruvate (35-37) (Figure 2). Reduced 
3-phosphonopyruvate may then be o x i d i z e d to 3-phosphonopyruvate or 
d i r e c t l y undergo transformations leading to various alkylphosphonate 
compounds. Confirmation of t h i s proposal requires i s o l a t i o n of 
reduced 3-phosphonopyruvate and the enzymes involved. D e t a i l s on 
some of these b i o s y n t h e t i c transformations have r e c e n t l y been 
reported and w i l l be presented l a t e r i n the s e c t i o n concerning 
synthesis of bialaphos. 

The use of labeled presursors of AEP i n i n t a c t c e l l s and 
c e l l - f r e e extracts of Tetrahymena showed that AEP was formed from 
phosphonoenolpyruvate v i a 3-phosphonopyruvate, but the exact 
mechanism of 3-phosphonopyruvate conversion to AEP was unclear. 
Presently two pathways are proposed as summarized i n Figure 3. One 
proposal suggests amination followed by decarboxylation of 
3-phosphonoalanine (31). A second mechanism suggests 
decarboxylation as the f i r s t step followed by phosphonoacetaldehyde 
amination (33). Both pathways may be operative i n some systems 
(33). Biosynthesis of phosphonolipds and N-methylated d e r i v a t i v e s 
have been reviewed elsewhere (38, 39). 

D e t a i l s of c a t a b o l i c routes of natural phosphonates have not 
been e x t e n s i v e l y examined except f o r AEP and 3-phosphonalanine. In 
b a c t e r i a AEP i s degraded i n a two-step process i n v o l v i n g 
transamination whereby AEP donates i t s amino group to pyruvate and 
i s converted to phosphonoacetaldehyde (Figure 4) (40-43). Recently, 
an enzyme responsible f o r t h i s transamination step has been p u r i f i e d 
to homogeneity from Pseudomonas aeruginosa (44). 

Occurrence and D i s t r i b u t i o n of Phosphonates 

AEP and other phosphonates have been found i n a wide d i v e r s i t y of 
l i v i n g organisms; but these plant, animal, and m i c r o b i a l sources 
represent only a minute f r a c t i o n of the t o t a l l i v i n g organisms. The 
true extent of the d i s t r i b u t i o n of these compounds i s confounded by 
(1) the lack of complete surveys within and among species, (2) the 
use of i n s e n s i t i v e techniques f o r detection, and (3) the 
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0 
II 

H 2 N ~ C H 2 - C H 2 - P - 0 H 

OH 

F i g u r e 1. S t r u c t u r e o f 2 - a m i n o e t h y l p h o s p h o n a t e ( A E P ) . 

COOH 0 
I II 
C-Q-P-OH 
II I 
CH2 OH 

r e d u c t i o n 
COOH 0 
I II 
C-Q-P-OH 
II I 
CH2 H 

Rearranr 
gement 

0 
II 

- C-COOH 
1 
CH2 

I 
H-P-OH 

II 
0 

f u r t h e r 
t r a n s f o r 
a t i o n s 

F i g u r e 2. P r o p o s e d pathway f o r C-P bond b i o s y n t h e s i s . 
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NH2 0 0 
I t r a n s a m i - H decarboxy- U 

HOOC-C-H — HOOC-C C-H I n a t i o n I l a t i o n I 
CH2 

decarbo
x y l a t i o n 

CH2 

P0gH2 

CH2 

P03H2 

transami
n a t i o n 

CH2NH2 

CH2 I 
P0aH2 

minor 
pathway 

major 
pathway 

CH2NH2 

CH2 

I 
Ρ 0 Λ 

AEP AEP 

F i g u r e 3. B i o s y n t h e s i s o f 2 a m i n o e t h y l p h o s p h o n a t e (AEP) 

p y r u v a t e 
\ 

2-aminoethylphosphonate 

a l a n i n e 

2-Phosphonoacetaldehyde 

p y r i d o x a l phosphate 

r 

HpO 

a c e t a l d e h y d e + P i 

F i g u r e 4. D e g r a d a t i o n o f 2 - a m i n o e t h y l p h o s p h o n a t e (AEP) by 
B a c i l l u s c e r e u s . 
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13. HOAGLAND Carbon-Phosphorus Compounds as Herbicides 187 

d i s t r i b u t i o n of phosphonates v i a food chains to organisms l a c k i n g 
biosynthesis routes f o r these materials. Table I summarizes the 
date and source of i s o l a t i o n of various n a t u r a l l y - o c c u r r i n g 
phosphonate compounds. Compounds l i s t e d here are amino-
phosphonates, but other phosphonates which are not s u b s t i t u t e d 
amines have been found. These include the a n t i b i o t i c s phosphomycin, 
phosphazomycin A, and phosphazomycin B; the phosphinous a c i d , 
2-hydroxy-2-carboxy-ethylphosphinate; and oxophosphonates. These 
oxophosphonates have been shown to be intermediates i n the 
biosynthesis of AEP and β-phosphonalanine (37). 

Phosphonates u s u a l l y represent a small p o r t i o n of the t o t a l 
phosphorus content of i n d i v i d u a l species. For example, i n f r a c t i o n s 
of several marine animals, phosphonate percentages ranged from 0.16 
to 0.75* of t o t a l phosphorus (50). Arainophosphonic acids i s o l a t e d 
from plankton represented 3* of the t o t a l phosphorus content (51). 
Phosphonate studies i n b a c t e r i a suggest low l e v e l s ; i . e . , l e s s than 
1* of t o t a l phosphorus (7, 9, 52-55). Phosphonates i n protozoa 
associated with the alimentary t r a c t i n ruminants are i n the range 
of several percent of t o t a l phosphorus, but i n other protozoa, such 
as Euglena g r a c i l i s , the l e v e l i s 0.10* of t o t a l phosphorus (53) to 
15* i n Tetralymena p y r i f o r m i s (14). T. p y r i f o r m i s contains 
r e l a t i v e l y high l i p i d concentrations i n microsomes and c i l i a (56, 
57); and due to i t s high phosphonate content and ease of laboratory 
c u l t u r e , t h i s organism has been used i n many studies p e r t a i n i n g to 
the biochemistry of AEP and l i p i d s containing AEP. 

The phylum Coelenterata has been shown to contain many organisms 
with phosphonate compounds, some with l e v e l s up to 50* of t o t a l 
phosphorus (50). Phosphonate occurrence i n other invertebrates i s 
l i m i t e d . AEP has, however, been detected i n three Echinodermata 
[two species of s t a r f i s h (50, 58) and a sea urchin (59), and i n one 
species each of Nemathelminthes (53), Spongia (59)], and Anne1ides 
(59) . Several arthropods (marine crustaceans) a l s o contain AEP 
(8). The highest l e v e l of AEP i n l i v i n g t i s s u e yet reported i s i n 
s n a i l (Helisomia sp) eggs where nearly a l l phosphorus occurs as 
phosphonate phosphorus and 85* of t h i s i s AEP (24). The I s o l a t i o n 
of AEP from t i s s u e s of various ruminating chordates, i n c l u d i n g b r a i n 
(60) , milk (61), l i v e r (62), b i l e (63), blood (64), and sperm (64) 
have suggested to some researchers that the aminophosphonates 
present are released by d i g e s t i o n of protozoa. Phosphonates have 
also been found i n non-ruminating mammals, i n c l u d i n g r a t (12), 
guinea p i g (65), and man (66, 67). AEP has been detected i n human 
t i s s u e s such as br a i n , l i v e r , s k e l e t a l muscle, and heart i n amounts 
of 0.01, 0.02, 0.04, and 0.06* of wet weight, r e s p e c t i v e l y (11). 

Phosphonate d i s t r i b u t i o n i n the plant kingdom Is apparently 
l i m i t e d to the lower fungi and u n i c e l l u l a r plants, but as mentioned 
previously, surveys are incomplete. AEP has been detected i n marine 
phytoplankton (68, 51) and i n a fungus, Pythium prolatum (69). 

Enzyme I n h i b i t i o n by Various Phosphonate Compounds. The e a r l i e s t 
report of enzyme i n h i b i t i o n by phosphonate compounds was the report 
of glutamine synthetase (GS) i n h i b i t i o n by phosphonic analogs of 
glutamic a c i d (70). Since then, numerous reports have i n d i c a t e d 
i n t e r a c t i o n s of phosphonates with many d i f f e r e n t enzymes. Table II 
i s a compilation of some enzymes which show i n v i t r o i n h i b i t i o n by 
various s u b s t i t u t e d phosphonates. Since phosphonates i n h i b i t a wide 
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HOAGLAND Carbon—Phosphorus Compounds as Herbicides 

Table I I . J_n v i t r o Enzyme I n h i b i t i o n by Various Aminophosphonates 
Enzyme name and 
EC number 

Ref. Enzyme name and 1 
EC number 

Ref. 

Adenylosuccinase '71 Carboxypeptidase A 91, 
(4.3.2.2) (3.4.2.1) 92 
Adenylosuccinase 71 Carnosine synthetase 93 
synthetase (6.3.4.4) (6.3.2.11) 
D-Ala-D-Ala synthetase " 72, 73, C h o l i n e s t e r a s e 94 
(6.3.2.4) 74 (3.1.1.8) 
Alanine dehydrogenase 71 Chymotrypsin 95 
(1.4.1.1) (3.4.21.1) 
L-Alanine racemase 75, 76 C y t i d i n e deaminase 96 
(5.1.1.1) 73 (3.5.4.5) 
A l k a l i n e phosphatase 77 5-Dehydroquinate 83 
(3.1.3.1) (4.6.1.3) 
D-Amino a c i d t r a n s  78 3-Deoxy-D-arabino- 97 
aminase (2.6.1.21) heptulosonate-7-

phosphate synthase 
A n g i o t e n s i s c o n v e r t i n g 79, 80, (4.1.2.15) 
enzyme (3.4.15.1) 81, 82 

(4.1.2.15) 
E l a s t a s e (3.4.21.11) 95 

A n t h r a n i l a t e synthase 83 
E l a s t a s e (3.4.21.11) 

(4.1.3.27) 5-Enolpyruvylshikimate- 98 
3-phosphate synthase 5-

Arginase 71, 84 phosphoshikimate-l-carboxy-
(3.5.3.1) v i n y l - t r a n s f e r a s e (2.5.1.19) 
A r g i n i n e transamidinase 71, 84 Ethanolamine phosphate- 99 
(3.5.3.6) c y t i d y l t r a n s f e r a s e 

(2.7.7.14) 
Asparagine synthetase 85 

(2.7.7.14) 
(6.3.1.1) Glutamine synthetase 70, 87, 

(6.3.1.2) 100 -104 
Asparagine synthetase 86 

(6.3.1.2) 100 
(glutamine h y d r o l y z i n g , -Glutamyl c y s t e i n e 105 
6.3.5.4) synthetase (6.3.2.2) 
Asparaginyl-t-RNA 87 Isoleucyl-t-RNA synthetase 106 
synthetase (6.1.1.12) (6.1.1.5) 
Aspartase (4.3.1.1) 71 Leucine aminopeptidase 107 

(3.4.11.1, c y t o s o l i c ) 
Aspartate amino 71 

(3.4.11.1, c y t o s o l i c ) 
t r a n s f e r a s e (2.6.1.1) Leucine aminopeptidase 107 

(3.4.11.2, mircosomal) 
Aspartate carbamoyl 88-90 

(3.4.11.2, mircosomal) 
t r a n s f e r a s e (2.1.3.2) 

Methionyl-t-RNA synthetase 108, 
(6.1.1.10) 109, 110 

O r n i t h i n e carbamoyl 111-113 
t r a n s f e r a s e (2.1.3.3) 

Phenylalanyl-t-RNA 114 
synthetase (6.1.1.b) 
Phospholipase C 115 
(3.1.4.3) 
Pyruvate kinase 116 
(2.7.1.40) 
Rennin (3.4.4.15) 118-120 
Ser i n e transhydroxy- 120 
methylase (2.1.2.1) 

Leucyl-t-RNA synthetase 106 
(6.1.1.4) 
Sphingosine 1-phosphate 121 
lyase (4.7.7.) 
Tyrosinase (1.10.3.1) 107 
Tyrosine amino t r a n s f e r a s e 122 
(2.6.1.5) 
Tyrosine decarboxylase 122 
(4.1.1.25) 
Tyrosyl-t-RNA synthetase 122, 
(6.1.1.1) 114 
UDP-NAMA-L-Ala synthetase 72, 
(6.3.2.8) 73 
Valyl-t-RNA synthetase 106-110, 
(6.1.1.9) 114, 123-124 
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190 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

range of enzyme systems, i t i s h i g h l y probable that s p e c i f i c 
phosphonates can be found which w i l l i n h i b i t key plant enzymes, 
making them p o s s i b l e h e r b i c i d e candidates. Some phosphonate 
compounds can serve as substrates f o r several enzymes. Readers are 
r e f e r r e d to a more comprehensive review f o r f u r t h e r information on 
enzyme phosphonate i n t e r a c t i o n s (38). 

Phosphonates as Herbicides, Plant Growth Regulators, and/or 
Fungicides 

There are many reports i n the s c i e n t i f i c and patent l i t e r a t u r e 
d e s c r i b i n g phosphonates as h e r b i c i d e s , f u n g i c i d e s , and plant growth 
re g u l a t o r s . Table III i s a compilation of some of these compounds 
and shows t h e i r wide d i v e r s i t y of chemical s t r u c t u r e and b i o l o g i c a l 
a c t i v i t y . The most widely known and used of the s y n t h e t i c 
phosphonates with a g r i c u l t u r a l a p p l i c a t i o n s i s the h e r b i c i d e 
glyphosate, N-(phosphonomethyl)glycine, which was introduced i n 1971 
(124). This compound combines high, broad-spectrum h e r b i c i d a l 
a c t i v i t y with low mammalian t o x i c i t y and a short h a l f - l i f e i n 
s o i l s . The i n t e r e s t i n glyphosate i s demonstrated by the voluminous 
reports and patents d e a l i n g with i t s a p p l i c a t i o n and biochemical and 
p h y s i o l o g i c a l a c t i o n . Also, i t s u t i l i t y as a h e r b i c i d e generated an 
enormous response i n the synthesis of analogs. Perhaps up to a 
thousand glyphosate d e r i v a t i v e s and analogs have been synthesized 
and screened f o r h e r b i c i d a l a c t i v i t y (151). This stimulus of 
synthesis produced some compounds with h e r b i c i d a l a c t i v i t y , but none 
with a c t i v i t y comparable to glyphosate. Biochemical and 
p h y s i o l o g i c a l studies on the e f f e c t s of glyphosate have been 
examined by various workers. Figure 5 i n d i c a t e s some of the major 
enzyme systems tes t e d f o r i n v i t r o and i n vivo e f f e c t s of 
glyphosate. The mode of a c t i o n of glyphosate i s considered to be 
the i n h i b i t i o n of 5-enolpyruvylshikimate-3-phosphate synthase 
a c t i v i t y (168). There probably e x i s t nearly 2,000 p u b l i c a t i o n s i n 
the s c i e n t i f i c l i t e r a t u r e on glyphosate and i t s a c t i v i t y i n plants, 
s o i l s , and b a c t e r i a l systems. The reader i s r e f e r r e d to reviews 
which cover the many aspects of the important research conducted on 
t h i s h e r b i c i d e (169, 170, 171). Glyphosate i s not metabolized 
appreciably i n p l a n t s , but some microorganisms degrade i t r a p i d l y , 
and the major metabolite i s aminophosphonic a c i d . This compound i s 
e s s e n t i a l l y non-toxic to f i s h and w i l d l i f e . 

The next three most important compounds i n Table III with regard 
to the present t o p i c are phosphinothricin, bialaphos, and 
phosalacine which are n a t u r a l l y o c c u r r i n g s u b s t i t u t e d phosphonate 
compounds with potent h e r b i c i d a l a c t i v i t y . Bialaphos and 
phosalacine are peptides containing a phosphinothricin moiety. 
Bialaphos has r e c e n t l y been marketed as a h e r b i c i d e i n Japan. This 
n a t u r a l l y o c c u r r i n g h e r b i c i d a l compound i s non-selective and 
c o n t r o l s several species of monocot and d i c o t weeds. I t has a 
h a l f - l i f e of about 20-30 days i n s o i l and has low t o x i c i t y to 
non-target organisms (126). Hoechst AG i s developing chemically 
synthesized phosphinothricin as the h e r b i c i d e HOE 39866, with the 
common name g l u f o s i n a t e (125). In contrast to the many l i t e r a t u r e 
references on glyphosate, r e l a t i v e l y few reports e x i s t on the 
biochemical, p h y s i o l o g i c a l , and applied aspects of bialaphos, 
phosalacine, and phosphinothricin. Most of these deal with the 
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13. HOAGLAND Carbon—Phosphorus Compounds as Herbicides 193 

LIGNINS ' GALLIC ACID 
SINAPIC ACID 
FERULIC ACID 

TANNINS 

\ 
\ 

CHLOROGENIC ACID 

PROTEIN 

CAFFEIC ACID 

ISOFLAVONOIDS 
FLAVONOIDS 
CHALCONES 

i-CINNAMATE » £-COUMARATE 

®T » AMMONIA « 

TRYPTOPHAN PHENYLALANINE 

Ν © S® 
PREPHENATE — — — 

t ® 

CHORISM ATE 

t ® 

t © 

f ® 

SHIKIMATE 

© 
© 

3-DEOXY-D-ARABINO-HEPTULOSONATE-7-P 

© 

ERYTHROSE-4-Ρ· PHOSPHOENOL PYRUVATE 

F i g u r e 5. S c h e m a t i c o f v a r i o u s i n t e r m e d i a t e s and p r o d u c t s o f 
p h e n o l i c m e t a b o l i s m and some o f t h e enzymes w h i c h have been 
examined f o r e f f e c t s o f g l y p h o s a t e . Enzymes: 1, 
3 d e o x y - 2 - o x o - D - a r a b i n o h e p t u l o s a t e - 7 - p h o s p h a t e s y n t h a s e ; 2, 
5 - d e h y d r o q u i n a t e s y n t h a s e ; 3, s h i k i m a t e d e h y d r o g e n a s e ; 4, 
s h i k i m a t e k i n a s e ; 5, 5 - e n o l p y r u v y l s h i k i m a t e -3-phosphate s y n t h a s e ; 
6, c h o r i s m a t e s y n t h a s e ; 7, c h o r i s m a t e mutase; 8, p r e p h e n a t e 
d e h y d r o g e n a s e ; 9, t y r o s i n e a m i n o t r a n s f e r a s e ; 10, p r e p h e n a t e 
d e h y d r a t a s e ; 11, p h e n y l a l a n i n e a m i n o t r a n s f e r a s e ; 12, a n t h r a n i l a t e 
s y n t h a s e ; 13, t r y p t o p h a n s y n t h a s e ; 14, p h e n y l a l a n i n e 
a mmonia-lyase; 15, t y r o s i n e a m monia-lyase; and 16, p o l y p h e n o l 
o x i d a s e . R e p r o d u c e d from R e f . 169. C o p y r i g h t 
1982 A m e r i c a n C h e m i c a l S o c i e t y . 
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194 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

e f f e c t s of phosphinothricin on GS since the compound was i n i t i a l l y 
found to be a strong GS i n h i b i t o r and because i t i s an analog of 
another potent GS i n h i b i t o r , methionine sulfoximine. A b r i e f review 
of the biochemical, p h y s i o l o g i c a l , and mode of a c t i o n research on 
these n a t u r a l l y o c c u r r i n g phosphonate herb i c i d e s w i l l be presented 
i n a l a t e r s e c t i o n of t h i s chapter. 

Fosamine-ammonium, used primarly f o r brush c o n t r o l (172), i s 
tra n s l o c a t e d i n both s u s c e p t i b l e and t o l e r a n t woody plants, but 
sus c e p t i b l e plants absorb and t r a n s l o c a t e s i g n i f i c a n t l y greater 
q u a n t i t i e s of the he r b i c i d e than do t o l e r a n t species. I t was 
proposed that the p h y t o t o x i c i t y of fosamine-ammonium i s due to i t s 
a c t i o n or the a c t i o n of a metabolite at or above the point of 
contact (173). Nesquite growth was i n h i b i t e d f o r up to three years 
f o l l o w i n g treatment with t h i s compound. These studies i n d i c a t e the 
her b i c i d e i n h i b i t e s p r o t e i n and n u c l e i c a c i d synthesis (174). 
Fosamine- ammonium i s r a p i d l y degraded by microorganisms. The 
h a l f - l i f e i n s o i l i s about 10 days, compared to about 2-3 weeks i n 
greenhouse-grown apple seedlings (175). 

Some phosphonates are used as commercial plant growth 
reg u l a t o r s . Ethephon (2-chloroethylphosphonic acid) i s used to 
acce l e r a t e r i p e n i n g , induce flowering, promote a b s c i s s i o n , and to 
stimulate c o l o r (175). The a c t i o n of t h i s compound i s v i a 
production of ethylene, a product of ethephon degradation. The 
glyphosate analog, glyphosine [N,N,-bis(phosphonomethyl)glycine] i s 
used commercially as a suger cane ripener. At high l e v e l s i t shows 
some h e r b i c i d a l a c t i v i t y and causes growth cessation, c h l o r o s i s , and 
d e s i c a t i o n (155). This compound can reduce numbers of 70-S 
ribosomes and c h l o r o p l a s t i c ribosomal RNA, but has no e f f e c t on 
photophosphorylation (152). 

Other phosphonate plant growth regulators are propylphosphonic 
a c i d , ethylhydrogen propylphosphonate, and NIA 10637 (176). E t h y l 
propylphosphonate retards the growth of various woody species, and 
causes p h y s i c a l responses such as increased cold hardiness, seed 
germination induction, and a f f e c t s flowering and f r u i t i n g . Several 
other aromatic phosphonates are reported to have plant growth 
regulator a c t i v i t y . Several phosphonates have p o t e n t i a l as 
fun g i c i d e s . Various organophosphonates (some of the 
organophosphonate c l a s s ) have been developed over the past 15 years 
which have r e l a t i v e l y low mammalian t o x i c i t y and environmental 
persistance compared to the organochlorine i n s e c t i c i d e s (177). Some 
of these compounds are presented and discussed elsewhere (178). 
There are apparently no reports of n a t u r a l l y o c c u r r i n g phosphonates 
with u s e f u l i n s e c t i c i d a l a c t i v i t y . 

Phosphinothricin, Bialaphos, and Phosalacine as Herbicides 

Dircovery and E a r l y Development. Phosphinothricin was i s o l a t e d from 
c u l t u r e s of Streptomyces viridochromogenes (47) and from S. 
hygroscopicus as the ph o s p h i n o t h r i c y l a l a n y l a l a n i n e peptide (now 
c a l l e d bialaphos) (179). This t r i p e p t i d e was shown to be a c t i v e as 
a b a c t e r i c i d e against Gram-negative and Gram-positive b a c t e r i a and 
as a fungicide against the fungi B o t r y t i s cinerea, Rhlzoctonia 
s o l a n i , and P i r i c u l a r i a oryzae (180). The h e r b i c i d a l a c t i v i t y of 
bialaphos was described i n 1979 (181). Phosphinothricin was f i r s t 
synthesized i n 1972 (47), and d e t a i l s and d i s c u s s i o n of i t s 
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13. HOAGLAND Carbon—Phosphorus Compounds as Herbicides 195 

synthesis are presented elsewhere (104). H e r b i c i d a l p r o p e r t i e s of 
phosphinothricin as a commerically synthesized ammonium s a l t were 
f i r s t reported i n 1977 (182). Phosalacine i s a phosphonate peptide 
analog of bialaphos d i f f e r i n g only i n that i t possesses a C-terminal 
leucine residue instead of alanine. This compound was reported to 
be a h e r b i c i d a l i s o l a t e from K i t a s a t o s p o r i a phosalacinea, an 
Actinomycete from s o i l (183). Streptomyces and Actinomyces belong 
to separate f a m i l i e s w i t h i n the same order (Actinomycetales) and 
produce very s i m i l a r phosphonate peptides. More r e c e n t l y , 
phosalacine has been patented as a d e f o l i a n t f o r hops (Humulus 
lupulus) (184). 

General Properties and H e r b i c i d a l A c t i v i t y . Bialaphos i s a c t i v e on 
the f o l i a g e of various weeds, i n c l u d i n g perennials (185). I t s 
p h y t o t o x i c i t y i s expressed more slowly than that of paraquat, but 
more r a p i d l y that that of glyphosate. When f i v e weeds with an 
L D e o range of <0.125 to 8.5 kg/ha were tested under greenhouse 
conditions (186), phosphinothricin was found to have an L D e o f o r 
si c k l e p o d (Cassia o b t u s i f o l i a ) that i s nearly 70-fold higher than 
f o r couchgrass (Elymus repens). Phosphinothricin, bialaphos, and 
phosalacine are a l l water soluble compounds that are absorbed by 
plants and microorganisms. T r a n s l o c a t i o n i s also r a p i d . Metabolism 
by peptidases i n plants or i n some microorganisms releases the 
a c t i v e ingredient, phosphinothricin (Figure 6). Metabolism of 
bialaphos has also been reported i n mice (187). A f t e r feeding, no 
parent compound was detected, but 3 and 4 metabolites were found i n 
feces and urine, r e s p e c t i v e l y , and the major metabolite was 
phosphinothricin. Metabolism of bialaphos occurs i n the s o i l 
r e s u l t i n g i n a h a l f - l i f e of about 20 to 30 days (126). 

Other Biochemical E f f e c t s of Glufosinate and Related Compounds. Few 
reports are a v a i l a b l e on the e f f e c t s of phosphinothricin on plant 
biochemical s i t e s other than GS. Free IAA l e v e l s were lowered v i a 
increased conjugation and ox i d a t i o n of IAA by glyphosate (188). 
Glufosinate was even more a c t i v e than glyphosate while glyphosine 
and aminomethylphosphonic a c i d had lower a c t i v i t y . A l l of these 
compounds s e l e c t i v e l y reduced ethylene production. 

Phenylalanine ammonia-lyase (PAL) a c t i v i t y has been shown to be 
increased d r a m a t i c a l l y over a several day time course by the 
phosphonate h e r b i c i d e glyphosate (169, 189). S i m i l a r studies with 
g l u f o s i n a t e showed that t h i s h e r b i c i d e increased e x t r a c t a b l e PAL 
a c t i v i t y at 24 and 48 hours (about 2 - f o l d above c o n t r o l l e v e l s ) i n 
both l i g h t - and dark-grown soybean plant t i s s u e , but at 96 hours 
enzyme l e v e l s were reduced below c o n t r o l l e v e l s . The major 
metabolite of glyphosate, aminomethylphosphonate, and the glyphosate 
analog, glyphosine had l i t t l e growth e f f e c t or e f f e c t on PAL 
a c t i v i t y (154). Tests of other phosphonates f o r h e r b i c i d a l a c t i v i t y 
e f f e c t s on PAL showed that a f t e r 48 hours, N-(phosphonomethyl)-2-
aminoethanol, N-(phosphonomethyl)-3-aminopropanol, 
3-phosphonopropionate, and 2-amino-4-phosphobutyrate d i d not 
s i g n i f i c a n t l y e f f e c t growth or extractable PAL a c t i v i t y i n soybean 
seedlings (190). In t h i s same study, however, phosphonoacetate was 
very t o x i c and caused a s l i g h t increase i n extr a c t a b l e PAL a c t i v i t y 
l e v e l s while phosphonoformate and N-phosphonoacetyl-L-aspartate 
reduced growth and PAL by 25 and 30*, r e s p e c t i v e l y . 
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196 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

^ Incubation time (hours) 

F i g u r e 6. F o r m a t i o n o f p h o s p h i n o t h r i c i n ( φ . g ) from 
p h o s a l a c i n e (Q, Q ) by c e l l f r e e e x t r a c t s from B a c i l l u s s u b t i l i s 
( φ , Q ) and s p i n a c h l e a v e s (•> Q ) . Redrawn w i t h p e r m i s s i o n 
from R e f . 183. C o p y r i g h t 1984 J a p a n e s e A n t i b i o t i c s R e s e a r c h 
A s s o c i a t i o n . 
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13. HOAGLAND Carbon—Phosphorus Compounds as Herbicides 197 

Phosphinothricin can also increase extractable PAL a c t i v i t y on a 
fr e s h weight and a s p e c i f i c a c t i v i t y basis i n soybean t i s s u e s 
(Hoagland, unpublished data). These e f f e c t s on glyphosate, 
g l u f o s i n a t e , and p h o s p i n o t h r i c i n are considered to be only secondary 
with regard to i t s mode of a c t i o n which involves GS i n h i b i t i o n , as 
discussed below. 

I n h i b i t i o n of GS by N a t u r a l l y Occurring Phosphonates. I t has been 
known since 1959 that some phosphonic and phosphinic a c i d analogs of 
glutamic a c i d were i n h i b i t o r y to glutamine synthetase (70). Since 
then, various other P-C containing analogs have been synthesized and 
some also i n h i b i t t h i s enzyme from mammalian (191-193) and plant 
sources (101, 104, 191, 194). Phosphinothricin was reported as an 
i n h i b i t o r of GS as e a r l y as 1972 (47). There are al s o known 
n a t u r a l l y o c c u r r i n g compounds other than those containing C-P bonds 
that e x h i b i t potent i n h i b i t i o n of GS a c t i v i t y . Comparative 
st r u c t u r e s of these n a t u r a l products and s u b s t i t u t e d phosphonate 
analogs that are GS i n h i b i t o r s are given i n Figure 7. Oxetin, 
derived from Streptomyces sp., i s a r e c e n t l y discovered GS i n h i b i t o r 
(195). Tabtoxinine-p-lactam, als o an i n h i b i t o r of GS (196), i s 
produced by Pseudomonas tab a c i (197). The GS i n h i b i t o r L-methionine 
sulfoximine (198) i s found i n the bark of a tree, Cnestis glabra 
(199), but the i n h i b i t o r y a c t i o n of synthesized methionine 
sulfoximine has been known and u t i l i z e d f o r years (20)). 
L-(N e-phosphono)methionine-S-sulfoximine i s a metabolite of the 
N-phosphono compound, L-(N e-phosphono)methionine-S-sulfoximinyl-L-
a l a n y l - L - a l a n i n e (200), another Streptomyces product (201). This 
l a t t e r compound should, however, not be confused with 
carbon-phosphono compounds and the d i f f e r e n c e i s apparent when 
str u c t u r e s are compared. Glyphosate d i d not i n h i b i t GS a c t i v i t y i n 
an enzyme preparation from pea (Pisum sativum L.) (104). 
Phosphinothricin was found to be a more potent i n h i b i t o r of GS from 
bean (Phaseolus v u l g a r i s L.) pod t i s s u e and ovine b r a i n than 
methionine sulfoxime (202), while glyphosate and 
2-amino-4-phosphonobutyric a c i d at concentrtions of up to 1 mM had 
no i n h i b i t o r y a c t i v i t y . 

Glutamine synthetase i n plants i s the key enzyme of the GS/G0GAT 
(glutamine synthetase/glutamine:2-oxoglutarate aminotransferase) 
pathway and plays a c r u c i a l r o l e i n the a s s i m i l a t i o n / r e a s s i m i l a t i o n 
of ammonia (203, 204). A n a l y s i s of two GS isozymes from various 
plant species show a wide range of r a t i o s f o r the isozymes with 
s i m i l a r K± values f o r phosphinothricin, but no c o r r e l a t i o n with 
whole plant s u s c e p t i b i l i t y to phosphinothricin (186). This suggests 
that whole plant s u s c e p t i b i l i t y i s not r e l a t e d to d i f f e r e n c e s i n the 
degree of enzyme i n h i b i t i o n . GS Isozymes from wheat roots and 
leaves i s strongly i n h i b i t e d by phosphinothricin i n v i t r o , however, 
the root enzyme was more str o n g l y i n h i b i t e d by the he r b i c i d e than 
was the c h l o r o p l a s t enzyme (194). The k i n e t i c s of i n h i b i t i o n of GS 
from pea leaves by phosphinothricin and methionine sulfoximine 
i n d i c a t e d an apparent K ± of 0.073 mM and 0.16 mM, r e s p e c t i v e l y 
(205) . Phosphinothricin als o i n h i b i t s GS i n b a c t e r i a (47) and algae 
(206) . K i n e t i c studies have shown that the nature of 
phosphinothricin i n h i b i t i o n of GS a c t i v i t y i s i r r e v e r s i b l e and 
competitive with respect to glutamate. 
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Ο 
II 

CH-S-CH-CH-CH-COOH 
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F i g u r e 7. S t r u c t u r e s o f s e v e r a l n a t u r a l l y o c c u r r i n g compounds 
w i t h p o t e n t i n v i t r o i n h i b i t i o n o f GS a c t i v i t y . 
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13. HOAGLAND Carbon-Phosphorus Compounds as Herbicides 199 

Glutamine Antagonism and Ammonia T o x i c i t y . Bialaphos at 
concentrations up to 3 mM d i d not i n h i b i t GS a c t i v i t y i n plants of 
Japanese barnyard m i l l e t (Echinochloa u t i l i s ) but lowered 
ex t r a c t a b l e a c t i v i t y i n tr e a t e d shoots (207). Phosphinothricin 
i n h i b i t e d GS both i n v i t r o and extr a c t a b l e a c t i v i t y of treated 
shoots of t h i s species. Glutamine content was reduced i n 
bialaphos-treated shoots 48 hours a f t e r treatment, but exogenous 
glutamine d i d not ameleorate bialaphos p h y t o t o x i c i t y . Glutamine has 
been reported to antagonize bialaphos-caused growth i n h i b i t i o n on 
B a c i l l u s s u b t i l i s and Camellia japonica L. p o l l e n tubes (47, 208) 
and the i n h i b i t i o n of GS i n E. c o l i by phosphinothricin (47). This 
p r o t e c t i v e e f f e c t of glutamine has also been demonstrated i n other 
plant species (209). Ammonia has been shown to accumulate to t o x i c 
l e v e l s i n plants treated with bialaphos or phosphinothricin 
(210-214). This was not t o t a l l y unexpected since ammonia increases 
i n plants treated with other GS i n h i b i t o r s , such as methionine 
sulfoximine (215), and tabtoxin (216). 

S i t e ( s ) of Action of Phosphinothricin . I n h i b i t i o n of GS by 
phosphinothricin r e s u l t e d i n s u b s t a n t i a l light-dependent 
accumulation of ammonia, i n h i b i t i o n of photosynthesis, and eventual 
plant death (214). Because ammonia can occur from three major 
sources i n the plant: (1) inorganic nitrogen a s s i m i l a t i o n , (2) 
c a t a b o l i c or anabolic processes, and (3) phot o r e s p i r a t i o n , these 
researchers a l s o examined the influence of n i t r a t e a s s i m i l a t i o n and 
phot o r e s p i r a t i o n as causes f o r ammonia accumulation i n plants 
treated with phosphinothricin. Photorespiration was responsible f o r 
about 60% of the ammonia formed. Since n i t r a t e reduction was found 
to have a n e g l i g i b l e influence on i n h i b i t i o n of photosynthesis at an 
e a r l y stage, about 40% of the increased ammonia was suggested to 
o r i g i n a t e from c a t a b o l i c or anabolic routes. C o r r e l a t i o n s between 
ammonia concentration and photosynthesis l e v e l s were s i m i l a r 
regardless of n i t r a t e a d d i t i o n , and C0 a f i x a t i o n under 
non-photorespiratory conditions remains l a r g e l y i n t a c t even at high 
ammonia l e v e l s . Contrary to t h i s , nitrogen f e r t i l i z e r s have been 
reported to enhance bialaphos e f f i c a c y , p o s s i b l y due to i n c r e a s i n g 
ammonia l e v e l s (217). However, the he r b i c i d e g l u f o s i n a t e lowered 
n i t r a t e reductase l e v e l s i n roots of light-grown soybeans (218). 

To c l a r i f y the r e l a t i o n s h i p of p h o s p h i o t h r i c i n i n h i b i t i o n of GS 
with the reduction of C0 a f i x a t i o n and to evaluate the r o l e of 
glutamine, studies were conducted on p r o t o p l a s t s , c h l o r o p l a s t s , and 
whole leaves (209). Results suggested that glutamine depl e t i o n 
caused by phosphinothricin i s the main cause of e a r l y photosynthesis 
i n h i b i t i o n and three senarios which may be operative i n the 
i n h i b i t i o n of photosynthesis were proposed (Figure 8). B a s i c a l l y 
these involve (1) i n h i b i t i o n of p r o t e i n biosynthesis; a lack of 
regeneration of Q B p r o t e i n involved i n l i g h t dependent e l e c t r o n 
transport would lead to blockage of photosynthetic e l e c t r o n 
transport; an amino donor would not be present even f o r glyoxylate 
transamination; (2) t o x i c glyoxylate accumulation; glyoxylate i s an 
i n h i b i t o r of RuDP carboxylase/oxygenase (219), and (3) C a l v i n c y c l e 
intermediate depletion; lack of GS (or other enzymes that prevent 
carbon flow i n t o p h o t o r e s p i r a t i o n by the oxygenase reaction) leads 
to a lack of RuDP f o r the C a l v i n c y c l e . 
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Glu ΗΝ • toxic NH accumulation 
3 4 

j ^^^transamidation •nucleotide depletion 
G , n inhibition of protein synthesis 

transamination—•toxic accumulation of glyoxylate 

depletion of Calvin cycle 
intermediates 

F i g u r e 8. P o s s i b l e s i t e s o f p h o s p h i n o t h r i c i n mode o f a c t i o n . 
Redrawn w i t h p e r m i s s i o n from R e f . 209. C o p y r i g h t 1987 V e r l a g d e r 
Z e i t s c h r i f t f u r N a t u r f o r s c h u n g . 
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13. HOAGLAND Carbon—Phosphorus Compounds as Herbicides 201 

B i o t e c h n o l o g l c a l and Biochemical Aspects of Bialaphos Production. 
The pathway f o r the biosynthesis of bialaphos has been determined 
u t i l i z i n g C x a - l a b e l e d precursors, blocked mutants, metabolic 
i n h i b i t o r s , and a n a l y s i s of products accumulated and converted by a 
s e r i e s of non-producing mutants of S. hygroscopicus (Figure 9). 
Very r e c e n t l y , experimentation has r e s u l t e d i n the i s o l a t i o n and 
manipulation of genes responsible f o r bialaphos biosynthesis i n S. 
hygroscopicus (220). Using a plasmid vector, production genes f o r 
t h i s h e r b i c i d e were cloned from genomic DNA. Several plasmids were 
i s o l a t e d which restored bialaphos p r o d u c t i v i t y to mutants of S. 
hygroscopicus) that were blocked at d i f f e r e n t points i n the 
bi o s y n t h e t i c pathway. A gene c o n f e r r i n g r e s i s t a n c e to bialaphos was 
al s o l i n k e d to the production genes. Mapping defined the l o c a t i o n 
of these genes i n a 16 kd c l u s t e r . How these genes are c o n t r o l l e d ; 
i . e . , the t r a n s c r i p t i o n a l o r g a n i z a t i on of the c l u s t e r and the 
involvement of regulatory genes remains to be determined. 

Stereochemical Considerations. Absolute c o n f i g u r a t i o n of a 
bialaphos intermediate, 2-phosphinomethylmalic a c i d , has r e c e n t l y 
been found i n the S c o n f i g u r a t i o n (221). This f a c t i s important i n 
the determination of the mechanism of transformation of t h i s 
compound to dimethylphosphinothricin and the enzymes responsible f o r 
those metabolic steps. 

The o p t i c a l r e s o l u t i o n of racemic phosphinothricin has been 
reported (222) and i t was confirmed that the L form possesses high 
h e r b i d i c a l a c t i v i t y whereas the D-phosphinothricin had only very low 
ph y t o t o x i c i t y . 

P o t e n t i a l of N a t u r a l l y Occurring Phosphonates as Herbicides 

One of the new s t r a t e g i e s of he r b i c i d e discovery i s the development 
of h e r b i c i d e chemical c l a s s e s based on products that occur 
n a t u r a l l y . Only a small percentage of higher plant species and 
microorganisms have been e x t e n s i v e l y examined f o r such compounds. 
Only a few natural products have been adequately examined f o r 
p o t e n t i a l h e r b i c i d a l a c t i v i t y (223). N a t u r a l l y o c c u r r i n g 
phosphonate compounds are present i n a v a r i e t y of species and are 
probably i n many others yet untested. Furthermore, some of these 
phosphonates that have been i s o l a t e d and i d e n t i f i e d and those that 
have been synthesized have been shown to contain potent b i o l o g i c a l 
a c t i v i t y , i n c l u d i n g h e r b i c i d a l and plant growth r e g u l a t i n g 
p r o p e r t i e s . 

Bialaphos i s the f i r s t h e r b i c i d e (and the f i r s t n a t u r a l l y 
o c c u r r i n g phosphonate compound) produced by fermentation technology 
to achieve commerical s t a t u s . The a c t i v e component of t h i s 
compound, phosphinothricin, i s of such chemistry that i t s synthesis 
was economically f e a s i b l e and i t could be produced as the he r b i c i d e 
g l u f o s i n a t e and marketed on a competetive basis with other s y n t h e t i c 
h e r b i c i d e s . 

Phosphonate compounds are now known to be widely d i s t r i b u t e d i n 
nature and these compounds may e x i s t i n many l i v i n g systems yet 
untested. This, coupled with the a c t i v i t y of various s y n t h e t i c and 
n a t u r a l l y o c c u r r i n g phosphonates as enzyme i n h i b i t o r s and the 
success of phosphinothricin, bialaphos, and phosalacine as 
herb i c i d e s suggests that increased screening programs coupled with 
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13. HOAGLAND Carbon-Phosphorus Compounds as Herbicides 203 

traditional chemical synthesis backup and biotechnological 
approaches should lead to other novel phosphonate chemistries with 
useful herbicidal activity. 

Literature Cited 
1. Charudattan, R.; Walker, H.L. Biological Control of Weeds with 

Plant Pathogens; Wiley-Interscience: New York, 1982. 
2. Duke, S.O. Rev. Weed Sci. 1986, 2, 15-44. 
3. Katchman, B.J. In Phosphorus and Its Compounds; 

Wiley-Intersciene: New York, 1961, Vol. 2, Chapter 20. 
4. Chavane, M.V. Compt. Rend. 1947, 224, 406-4 
5. Horiguchi, M.; Kandatsu, M. Nature 1959, 184, 901-2. 
6. Horiguchi, M. In Analytical Chemistry of Phosphorus 

Compounds ; J. Wiley: New York, 1972; p. 703-24. 
7. Czerkawski, J.W.; Faulds, C. J. Sci. Food Agr. 1974, 25, 

45-55. 
8. Tamari, M. Agr. Biol. Chem. 1979, 43, 651-2. 
9. Dufva, G.S.; Bartley, E.E.; Arambel, M.J.; Galitzer, S.J.; 

Dayton, A.D. J. Animal Sci. 1982, 54, 837-40. 
10. Malle, R.J.; Fischesser, J.G.; Anderson, R.J. J. Chromotog. 

1977, 132, 366-8. 
11. Alhadeff, J.A.; Daves, G.D. Biochim. Biophys. Acta 1971, 244, 

211-3. 
12. Alhadeff, J.Α.; van Bruggen, J.T.; Daves, G. Biochim. Biophys. 

Acta 1972, 286, 103-6. 
13. Karlsson, K.A. Biochim. Biophys. Res. Comm. 1970, 39, 847-51. 
14. Harvey, D.J.; Horning, M.G. Mass Spectrometry 1974, 9, 

955-69. 
15. Huber, J.W. J. Chromatogr. 1978, 152, 220-3. 
16. Rueppel, M.L.; Suba, L.; Marvel, J. J. Biomed. Mass 

Spectrometry 1976, 3, 28-31. 
17. Fitzgerald, E.A. J. Chromatog. Sci. 1983, 21, 188-9. 
18. Park, B.P.; Hirota, Α.; Sakai, H. Agr. Biol. Chem. 1977, 41, 

573-9. 
19. Kowalik, J.; Azhmat, J.; Masterlerz, P. Phosphorus and Sulfur 

1983, 18, 393-6. 
20. DaSilveira, J.F.; Colli, W. Biochim. Biophys. Acta 1981, 644, 

341-50. 
21. Glonek, T.; Henderson, T.O.; Hilderbrand, R.L.; Myers, T.C. 

Science 1970, 169, 192-4. 
22. Ostrovskii, D.N.; Sepetov, N.F.; Samilenko, A.A.; Sibeldina, 

L.A. Dokl. Acad. Nauk SSSR 1981, 256, 1010-3. 
23. Ostrovskii, D.M.; Sepetov, N.F.; Reshetyak, O.I.; Sibeldina, 

L.A. Biokhimya 1980, 45, 517-25. 
24. Miceli, V.M.; Henderson, T.O.; Myers, T.C. Science 1980, 209, 

1245-7. 
25. Deslauriers, R.; Ekeil, I.; Kroft, T.; Smith, C.P. Biochim. 

Biophys. Acta 1982, 721, 449-57. 
26. Newman, R.H.; Tate, K.R. Comm. Soil Sci. Plant Anal. 1980, 

11, 835-42. 
27. Kasa, H.; Yamato, M.; Koguchi, T.; Okachi, R.; Kasai, M.; 

Shirahata, K.; Kawamoto, I.; Shuto, K.; Karasawa, Α.; Deguchi, 
T.; Nakayama, K. Eur. Pat. Appl. 0.061.172, 1982. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

01
3



204 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

28. Hilderbrand, R.L.; Henderson, T.O. In The Role of 
Phosphonates in Living Systems; CRC Press: Boca Raton, FL, 
1983; Chapter 2. 

29. Horiguchi, M.; Kittredge, J.S.; Roberts, E. Biochim. Biophys. 
Acta 1968, 165, 164-6. 

30. Liang, C.R.; Rosenberg, H. Biochim. Biophys. Acta 1968, 156, 
437-9. 

31. Warren, W.A. Biochim. Biophys. Acta 1968, 156, 340-6. 
32. Liang, C.R.; Rosenberg, H. Comp. Biochem. Physiol. 1968, 25, 

673-81. 
33. Horiguchi, M. Biochim. Biophys. Acta 1972, 261, 102-13. 
34. Horiguchi, M.; Rosenberg, H. Biochim. Biophys. Acta 1975, 

404, 333-40. 
35. Seto, H.; Sasaki, T.; Imai, S.; Tsuruska, T.; Ogawa, H.; 

Satoh, Α.; Inouye, S.; Niida, T.; Otake, N. J. Antibiot. 
1983, 36, 96-8. 

36. Seto, H.; Imai, S.; Tsuruoka, T.; Satoh, Α.; Kajima, M.; 
Inouye, S.; Sasaki, T.; Otake, N. J. Antiobiot. 1982, 35, 
1719-21. 

37. Seto, H.; Imai, S.; Tsuruoka, T.; Ogawa, H.; Satoh, Α.; 
Sasaki, T.; Otake, N. Biochem. Biophys. Res. Comm. 1983, 111, 
1008-14. 

38. Kafarski, P.; Mastalerz, P. Aminophosphonates. Natural 
Occurrence, Biochemistry, and Biological Properties 
Akademie-Industrie-Komplex, Inst. fur Wirkstofforschung: 
Berlin, 1984. 

39. Hilderbrand, R.L. The Role of Phosphonates in Living Systems; 
CRC Press: Boca Raton, FL, 1983. 

40. Cook, A.M.; Daughton, C.G.; Alexander, M. J. Bacteriol. 1978, 
133, 85-90. 

41. Lacoste, A.M.; Neuzil, E. Compt. Rend. Acad. Sci., Paris, 
Ser. D. 1969, 269, 254-7. 

42. LaNauze, J.M.; Rosenberg, H. Biochim. Biophys. Acta 1968, 
165, 438-47. 

43. LaNauze, J.M.; Rosenberg, H.; Shaw, D.C. Biochim. Biophys. 
Acta 1970, 212, 332-50. 

44. Dumora, C.; Lacoste, A.M.; Cassaigne, A. Eur. J. Biochem. 
1983, 133, 119-25. 

45. Kittredge, J.S.; Hughes, R.R. Biochemistry 1964, 3, 991-6. 
46. Kittredge, J.S.; Isbell, A.F.; Hughes, R.R. Biochemistry 

1967, 6, 289-95. 
47. Bayer, E.; Gugel, K.H.; Hagele, M.; Hagenmaier, T.; Jessipov, 

S.; König, W.A.; Zähner, H. Helv. Chim Acta 1972, 55, 224-39. 
48. Korn, E.D.; Dearborn, D.G.; Fales, H.M.; Sokoloski, E.A. J. 

Biol. Chem. 1973, 248, 2257-9. 
49. Okuhara, M.; Goto, T. Drugs Exptl. Clin. Res. 1981, 7, 

559-64. 
50. Quin, L.D. Biochemistry 1965, 4, 324-30. 
51. Kittredge, J.S.; Horiguchi, M.; Williams, P.M. Comp. Biochem. 

Physiol. 1969, 29, 859-63. 
52. Steiner, S.; Conti, S.F.; Lester, R.L. J. Bacteriol. 1973, 

116, 1199-1211. 
53. Horiguchi, M.; J. Agr. Chem. Soc. 1966, 40, R25-R30. 
54. Sarma, G.R.; Chandramaouli, V.; Venkitasubramanian, R.A. 

Biochim. Biophys. Acta 1970, 218, 561-3. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

01
3



13. HOAGLAND Carbon—Phosphorus Compounds as Herbicides 205 

55. Ling, J.R.; Buttery, P.J. Br. J. Nutr. 1978, 39, 165-79. 
56. Kennedy, K.E.; Thompson, 6.A. Science 1970, 168, 989-91. 
57. Thompson, G.A.,; Bambery, R.J.; Nozawa, J. Biochemistry 1971, 

10, 4441-7. 
58. Karlsson, K.A. Chem. Phys. Lipids 1979, 5, 6-43. 
59. Quin, L.D.; Shelburne, A.F. J. Marine Res. 1969, 27, 73-84. 
60. Shimizu, H.; Kakimoto, J.; Nakajima, T.; Kanazawa, Α.; Sano, 

I. Nature 1965, 207, 1197-8. 
61. Kandatsu, M.; Horiguchi, M. Agr. Biol. Chem. 1965 29, 781-2. 
62. Hasegawa, S.; Tamari, M.; Kametaka, M. J. Biochem. 1976, 80, 

531-5. 
63. Tamari, M.; Ogawa, M.; Hasegawa, S.; Kametaka, M. Agr. Biol. 

Chem. 1976, 40, 2057-62. 
64. Tamari, M.; Kametaka, M. Agri. Biol. Chem. 1980, 44, 1957-8. 
65. Glonek, T.; Kopp, S.J.; Kot, E.; Pettegrew, J.W.; Harrison, 

W.H.; Cohen, M.M. J. Neurochem. 1982 39, 1210-9. 
66. Baer, E.; Stanacev, N.Z. J. Biol. Chem. 1964, 239, 3209-14. 
67. Barnard, M.; Canioni, P.; Cozzone, P.J. Biochimie 1983, 65, 

449-75. 
68. Baldwin, M.W.; Braven, J. J. Marine Biol. Assoc. 1968, 48, 

603-8. 
69. Baird, D.D.; Upchurch, R.P.; Homesley, W.B.; Franz, J.E. 

Proc. Northcentr. Weed Contr. Conf. 1971, 26, 64-8. 
70. Mastalerz, P. Arch. Immun. Ter. Dosw. 1959, 7, 201-10. 
71. Brand, L.M.; Lowenstein, J.M. Biochemistry 1978, 17, 201-10. 
72. Atherton, R.F.; Hall, J.M.; Hassall, CH.; Lambert, W.J.; 

Lloyd, P.S.; Ringrose, P.S.; Westmacott, D. Antimicrob. Ag. 
Chemother. 1982, 23, 571. 

73. Lambert, M.P.; Neuhaus, P.C. J. Bactriol. 1972, 110, 978-87. 
74. Lacoste, A.M.; Poulsen, M.; Cassaigne, Α.; Neuzil, E. Current 

Microbiol. 1979, 2, 113-7. 
75. Neuzil, E.; Cassaigne, A. Exp. Ann. Biochim. Med. 1980, 34, 

165-210. 
76. Atherton, F.R.; Hall, M.J.; Hassall, C.H.; Lambert, R.W.; 

Lloyd, W.J., Ringrose, R.S. Antiomicrobial Agents Chemother. 
1979, 15, 696-705. 

77. Landt, M; Baltz, S.C.; Butler, L.G. Biochemistry 1978, 17, 
915-9. 

78. Soper, T.S.; Manning, J.M. J. Biol. Chem. 1981, 256, 4263-8. 
79. Petrillo, E.W.; Spitzmiller, E.R. Tetrahedron Lett. 1979, 

(51), 4929-30. 
80. Thorsett, E.D.; Harris, E.E.; Peterson, E.R.; Greenlee, W.J.; 

Patchett, A.A.; Ulm, E.H.; Vassil, T.C. Proc. Nat. Acad. Sci, 
USA 1982, 79, 2176-80. 

81. Galardy, R.E.; Knotoyiannidiou-Ostrem, V.; Kortylewicz, A.; 
Biochemistry 1983, 22, 1990-5. 

82. Petrillo, E.W.; Karanewsky, D.S.; Spitzmiller, E.R.; Duggan, 
M.E. Phosphorus and Sulfur 1983, 18, 489. 

83. Roisch, U.; Lingens, F. Hoppe-Seyler's Ζ. Physiol. Chem. 
1980, 361, 1049-58. 

84. Lacoste, A.M.; Cassaigne, Α.; Neuzil, E. Compt. Rend. Acad. 
Sci. Paris, Ser. D. 1972, 275, 3009-12. 

85. Jayaram, H.N.; Cooney, D.A. Cancer Treatment Reports 1979, 
63, 1095-1108. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

01
3



206 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

86. Pike, D.C.; Beevers, L. Biochim. Biophys. Acta 1982, 708, 
203-9. 

87. Lejczak, B.; Starzemska, H.; Mastalerz, P. Experientia 1981, 
37, 461-2. 

88. Hoogenraad, N.J. Arch. Biochem. Biophys. 1974, 161, 76-82. 
89. Swyryd, E.A.; Seaver, S.S.; Stark, G.R. J. Biol. Chem. 1974, 

249, 6945-50. 
90. Collins, K.D.; Stark, G.R. J. Biol. Chem. 1971, 246, 

6599-6605. 
91. Jacobsen, N.E.; Bartlett, P.A. J. Amer. Chem. Soc., 1981, 

103, 654-7. 
92. Jacobsen, N.E. Bartlett, P.A. Amer Chem. Soc. Symp. Ser. 

1981, 171. 221-4. 
93. Seely, J.E.; Marshall, F.D. Life Sci. 1982, 30, 1763-8. 
94. Petrenko, N.S.; Panasok, A.I.; Zbaritchenko, S.B.; Ivanova, 

Z.H.; Kim, T.V.; Suvalova, Ε.A. Fiziol. Aktiv. Veshchestva 
1975, 7, 20-23. 

95. Lamden, L.A.; Bartlett, P.A. Biochem. Biophys. Res. Comm. 
1983, 112, 1085-90. 

96. Ashley, G.W.; Bartlett, P.A. Biochem. Biophys. Res. Comm. 
1982, 108, 1467-74. 

97. Rubin, J.L.; Gaines, C.G.; Jensen, R.A. Plant Physiol. 1982, 
70, 833-9. 

98. Boocock, M.R.; Coggins, J.R. FEBS Lett. 1983, 154, 127-33. 
99. Plantavid, M.; Maget-Dana, R.; Douste-Blazy, L. Biochimie 

1975, 57, 951-7. 
100. Meek, T.D.; Villafranca, J.J. Biochemistry, 1980, 19, 5513-9. 
101. Wedler, F.C.; Horn, B.R. J. Biol. Chem., 1976, 251, 7530-8. 
102. Wedler, F.C.; Horn, B.R.; Roby, W.G. Arch. Biochem. Biophys., 

1980, 202, 482-90. 
103. Wu, C. J. Biochem., 1977, 55, 332-9. 
104. Maier, L.; Lea, P.J. Phosphorus and Sulphur, 1983, 17, 1-19. 
105. Sekura, R.; Meister, A. J. Biol. Chem., 1977, 252, 2599-2605. 
106. Neale, S. Chem.-Biol. Interactions, 1970, 2, 349-67. 
107. Lejczak, B.; Makowiecka, E.; Kafarski, P.; Mastalerz, P. in 

(38). 
108. Biryukov, A.I.; Ishmuratov, B.Kh.; Khomutov, R.M. FEBS Lett., 

1978, 91, 249-52. 
109. Khomutov, R.M.; Osipova, T.I.; Biryukov, A.I.; Ishmuratov, 

B.Kh. Bioorg. Khimia, 1979, 5, 56-63. 
110. Biryukov, A.I.; Osipova, T.I.; Khomutov, R.M. FEBS Lett., 

1978, 91, 246-8. 
111. Hoogenraad, N.J. Arch. Biochem. Biophys., 1978, 188, 137-44. 
112. Mori, M.; Aoyagi, K.; Tatibana, M.; Ishikawa, T.; Fshii, H. 

Biochem. Biophys. Res. Comm., 1977, 76, 900-4. 
113. Pennick, M.; Gigot, D. J. Biol. Chem., 1979, 254, 6392-6. 
114. Anderson, J.W.; Fowden, L. Chem.-Biol. Interact., 1970, 2, 

53-5. 
115. Rosenthal, A.F.; Pousada, M. Biochim. Biophys. Acta, 1968, 

164, 226-37. 
116. Izbicka-Dimitrijevic, E.; Masterlerz, P.; Kochman, M. Eur. J. 

Biochem., 1981, 114. 565-8. 
117. Pfeiffer, F.R. U.S. Patent 3 681 480, 1972. 
118. Turcotte, J.G.; Yu, C.S.; Lee, H.L.; Pavaranam, S.K.; Sen, S.; 

Smeby, R.R. J. Med. Chem., 1975, 18, 1184-90. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

01
3



13. HOAGLAND Carbon-Phosphorus Compounds as Herbicides 207 

119. Pfeiffer, F.R.; Miao, C.K.; Itoka, S.C.; Weisbach, J.A. J. 
Med. Chem.. 1972, 15, 58-60. 

120. Schrich, L.V.; Diller, A. J. Biol. Chem., 1971, 246, 3961-6. 
121. Stoffel, W.; Grol, M. Chem. Phys. Lipids, 1974, 13, 372-88. 
122. Iron, Α.; Ruart, M.; Duboy, J.P.; Beranger, M.; Cassaigne, Α.; 

Neuzil, E. Biochem. Soc. Trans., 1981, 9, 246. 
123. Ovens, S.L.; Bell, F.E. J. Biol. Chem., 1970, 245, 5515-23. 
124. Southgate, C.B.; Dixon, H.B. Biochem. J., 1978, 175, 461-5. 
125. Fischer, H.P.; Bellus, D. Pestle. Sci., 1983, 14» 334-46. 
126. Mase, S. Jpn. Pestic. Inf.. 1984, 45, 27-30. 
127. Omura, S.; Hmotozawa, K.; Imamura, N.; Murata, M. J. 

Antibiot., 1984, 37, 939-40. 
128. Maier, L. Ger. Patent 24 48 869, 1980. 
129. Fredericho, P.M.; Summers, L.A. Z. Naturforsch., 1981, 36c, 

242-5. 
130. Maier, L. Phosphorus and Sulfur, 1983, 14, 295-322. 
131. Birum, G.H. U.S. Patent 4 032 601, 1977. 
132. Birum, G.H. U.S. Patent 4 036 913, 1977. 
133. Issleib, K.; Hannirg, R.; Erfurt, G.; Dehre, H. GDR Patent 
123 479, 1976. 
134. Kojima, T.; Otsuka, Y. Japanese Patent 76 98 221, 1976; Chem. 

Abstr., 1977, 86, 106772. 
135. Gunther, E.; Kochman, W.; Lottge, W.; Rothling, T.; Greuzburg, 

A. Ger. Patent 2 151 460, 1973. 
136. Roy, B.; Devlin, J. British Patent 1 508 772, 1978. 
137. Hoyle, W.; Vogel, R. Eur. Patent Appl. 10 067, 1980. 
138. Okamoto, Y. Internatl. Congr. Phosphorus Compounds, Rabat, 

1977, p. 649-52. 
139. Suzuki, F.; Fujikawa, Y.; Yamamoto, S.; Mitzutani, H.; 

Funabashu, C.; Ohya, T.; Ikai, T.; Oguchi, T. German Patent 
2 831 578, 1979. 

140. Kawamura, Y.; Oya, T.; Igai, T.; Takematsu, T. Japanese 
Patent 80 43 054, 1980; Chem. Abst., 1980, 93, 63620. 

141. Kawamura, Y.; Oya, T.; Igai, T.; Takematsu, T. Japanese 
Patent 80 43 055, 1980; Chem. Abst., 1980, 93, 63619. 

142. Nissan Chem. Ind. Ltd. Japanese Patent 80 98 105, 1980; Chem. 
Abst., 1980, 93, 232711. 

143. Nissan Chem. Ind. Ltd. Japanese Patent 80 98 194, 1980; Chem. 
Abst., 1980, 94, 4121. 

144. Suzuki, F.; Fujikawa, Y.; Kamamoto, S.; Hizutani, M.; Oya, T.; 
Kawamura, Y. Japanese Patent 79 144 383, 1979; CA, 1980, 93, 
26547. 

145. Nissan Chem. Ind. Ltd. Japanese Patent 80 94 309, 1980; Chem. 
Abst., 1980, 93, 199240. 

146. Nissan Chem. Ind. Ltd. Japanese Patent 80 89 293, 1980; Chem. 
Abst., 1980, 93, 181017. 

147. Nissan Chem. Ind. Ltd. Japanese Patent 80 55 107, 1980; Chem. 
Abst., 1980, 93, 90191. 

148. Pickles, W.; Baylis, E.K. Eurpean Patent 0 010 066, 1980. 
149. Otsuka Chem. Co. Ltd. Japanese Patent 81 55 394, 1981; CA, 

1981, 95, 204153. 
150. Large, G.B. U.S. Patent 4 170 463, 1979. 
151. Franz, J.E. In Advances of Pesticide Science, Vol. 2; 

Pergamon Press: Oxford, 1979; pp. 139-47. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

01
3



208 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

152. Croft, S.M.; Arntzen, C.J.; Vanderhoef, L.N.; Zettinger, C.S. 
BBA, 1974, 335, 211-7. 

153. Slovin, J.P.; Tobin, E.M. BBA, 1981, 637, 177-84. 
154. Hoagland, R.E. Weed Sci., 1980, 28, 393-400. 
155. Hartman, F.A. U.S. Patent 3 894 861, 1975. 
156. Ratts, K.W. U.S. Patent 3 961 934, 1974. 
157. Gunther, E.; Lottge, W.; Kochmann, W. GDR Patent 94 280, 

1972. 
158. Kramer, M.; Gunther, E.; Lottge, W.; Bech, R.; Kochmann, W. 

Environ. Qual. Saf. Suppl., 1976, 686; CA, 1976, 85, 11765. 
159. Gunther, E.; Lottge, W. Ger. Patent 2 022 228, 1971. 
160. Barth, P.; Gunther, E.; Kochmann, W. ; Kramer, W.; Lottge, W.; 

Rothling, T.; Wolter, G. GDR Patent 191 142, 1976. 
161. Azerbaev, I.N.; Tynibaev, B.D.; Abiyurov, B.D. USSR Patent 

366 844, 1973. 
162. Phillips, W.G. U.S. Patent 4 164 406, 1979. 
163. Czerwinski, W.; Gancarz, R.; Przybylka, E.; Wieczorek, J.S. 

Acta Agrobot., 1982, 34, 253-60. 
164. Ogawa, Y.; Yoshida, H.; Kondo, Y. Japanese Patent 74 13 123, 

1974; Chem. Abst., 1974, 80, 121102. 
165. Ogawa, Y.; Inouye, S.; Yamashina, H.; Niida, T. Sci. Rep. 

M e i j i Seika Kaisha, 1976, 15, 22-8. 
166. Takyama, S.; Sasaki, S.; Kimura, I. Japanese Patent 75 101 

536, 1975; CA, 1975, 83, 189317. 
167. Azerbaev, I.N.; Bosyakov, Yu.; Dzailavlov, S.D.; Bobrov, L.G.; 

Rogozhin, A.K. USSR Patent 557 579, 1978. 
168. Amrhein, N.; Schab, J.; Steinrucken, H.L. Naturwiss, 1980, 

67, 356-7. 
169. Hoagland, R.E.; Duke, S.O. In Biochemical Responses Induced 

by Herbicides; Moreland, D.E.; St. John, J.B.; Hess, F.D., 
eds.; ACS Symposium Series No. 181; Amer. Chem. Soc.: 
Washington, DC, 1982; pp. 175-205. 

170. Grossbard, E.; Atkinson, D., eds. The Herbicide Glyphosate; 
Butterworths: London, 1985. 

171. Duke, S.O. In Herbicides: Chemistry, Degradation, and Mode of 
Action; Kearney, P.C.; Kaufman, D.D., eds.; Marcel Dekker 
Inc.: New York, 1988; pp. 1-70. 

172. Zoebisch, O.C.; Rushing, T.T.; Barrier, G.E. Proc. Northeast 
Weed Sci. Soc., 1974, 28, 347-9. 

173. Kitchen, L.M.; Rieck, C.E.; Witt, W.W. Weed Res., 1980, 20, 
285-9. 

174. Morey, P.R.; Dahl, B.E. Weed Sci., 1980, 28, 251-5. 
175. Herbicide Handbook, WSSA: 5th Ed., Champaign, IL., 1983. 
176. Dollwet, H.H.; Kumamoto, J.J. Plant Physiol., 1970, 46, 

786-9. 
177. Murphy, S.D. Pesticides in Toxicology: The Basic Science of 

Poisons, 2nd ed., Doull, J.; Klaasen, C.D.; & Amdur, M.O., 
eds., Macmillan, New York, 1980, chap. 16. 

178. Hilderbrand, R.L. In The Role of Phosphonates in a Living 
System; CRC Press: Boca Raton, FL., 1983; chapter 6. 

179. Kondo, Y.; Shomura, T.; Ogawa, Y.; Suzuki, T.; Moriyama, Ch.; 
Yoshida, J.; Inonye, Sh.; Niida, T. Sci. Rept. Meiji Seika 
Kaisha, 1973, 13, 34-41. 

180. Meiji Seika Kaisha DOS 2 236 599 (1973, priority 28.7.1971). 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

01
3



13. HOAGLAND Carbon—Phosphorus Compounds as Herbicides 209 

181. Meiji Selka Kaisha, J 5 4092 628 (1979, priority 29.12.1977). 
182. Hoescht AG, DOS 2 717 440, 1977. 
183. Omura, S.; Murata, M.; Hanaki, H.; Hinotozawa, K.; Oiwa, R.; 

Tanaka, H. J. Antibiot. 1984, 37, 829-35. 
184. Jap. Kokai Tokkyo Koho, Japanese Patent 61 176 505, 1986. 
185. Tachibana, K.; Kaneko, Κ J. Pestic. Sci. 1986, 11, 297-304. 
186. Ridley, S.M.; McNally, S.F. Plant Sci. Lett. 1985, 39, 31-6. 
187. Suzuki, Α.; Nishide, K.; Shimura, M.; Yamamoto, I. J. Pestic. 

Sci. 1987, 12, 105-7. 
188. Lee, T.T.; Dumas, T.; Jevnikar, J.J. Pestic. Biochem. 

Physiol. 1983, 20, 354-9. 
189. Duke, S.O.; Hoagland, R.E. in The Herbicide Glyphosate; 

Butterworths: London, 1980; Chapter 6. 
190. Hoagland, R.E. Abstracts, 186th National Meeting, Amer. Chem. 

Soc.; 1983, Pestic. Div. Abst. No. 33. 
191. Wedler, F.C.; Horn, B.R.; Roby, W.G. Arch. Biochem. Biophys. 

1980, 202, 482-90. 
192. Wu, C. Can. J. Biochem. 1977, 55, 332-9. 
193. Lejezak, B.; Stargemsko, H.; Mastalez, P. Experientia 1981, 

37, 461-2. 
194. Manderscheid, R.; Wild, A. J. Plant Physiol. 1986, 123, 

135-42. 
195. Omura, S.; Murata, M.; Imamura, N.; Iwai, H.; Taneka, H.; 

Furusaki, Α.; Matsumoto, T. J. Antibiot. 1984, 37, 1324-32. 
196. Siden, S.L.; Durbin, R.D. Nature 1968, 219, 379-80. 
197. Langston-Unkefer, P.L.; Macy, P.A.; Durbin, R.D. Plant 

Physiol. 1984, 76, 71-4. 
198. Tate, S.S.; Meister, A. In The Enzymes of Glutamine 

Metabolism, Academic Press: New York; pp. 77-127. 
199. Jeannoda, V.L.; Valeolalso, J.; Creppy, E.E.; Dorjeomer, G. 

Phytochemistry 1985, 24, 854-5. 
200. Ronzio, R.A.; Rowe, W.B.; Meister, A. Biochemistry 1969, 

8,1066-75. 
201. Sekizawa, Y.; Takematsu, T. In Pesticide Chemistry, Human 

Welfare and the Environment, Vol. 2, Natural Products; 
Pergamon Press: Oxford, 1983; pp. 261-8. 

202. Hoagland, R.E. Abstracts, Weed Sci. Soc. Amer. Abst. No. 168, 
1987. 

203. Tolbert, E.N. In The Biochemistry of Plants, Vol. 2 Academic 
Press: New York, 1980; pp. 488-523. 

204. Wallsgrove, R.M.; Keys, A.J.; Bird, J.F.; Cornelius, M.J.; 
Lea, P.J.; Miflin, B.J. J. Exp. Bot. 1980, 31, 1005-7. 
205. Leason, M.; Cunliffe, D.; Parkin, D.; Lea, P.J.; Miflin, B.J. 

Phytochemistry 1982, 21, 855-7. 
206. Lea, P.J.; Joy, K.W.; Ramos, J.L.; Guerrero, M.G, 

Phytochemistry 1984, 23, 1-6. 
207. Tachibana, K.; Watanabe, T.; Kekizawa, Y.; Takematsu, T. J. 

Pesti. Sci. 1986, 11, 27-31. 
208. Tachibana, K.; Watanabe, T.; Suzuki, Y.; Sekizawa, Y. Sci. 

Rpt. Meji Seika Kaisha 1980, 19, 27-31. 
209. Sauer, H.; Wild, Α.; Ruhle, W. Z. Naturforsch. 1987, 42, 

270-8. 
210. Wild, Α.; Manderscheid, R. Z. Naturforsch 1984, 39c, 500-4. 
211. Wild, A.; Sauer, H.; Ruhle, W. Z. Naturforsch. 1987, 42c, 

23-9. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

01
3



210 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

212. Tachibana, K.; Watanage, T.; Sekizawam Y.; Takemastsu, T. 
Pest. Sci. 1986, 11, 33-7. 

213. Tachibana, K.; Watanabe, T.; Sekizawa, Y.; Konnai, M.; 
Takematsu, T. Abst. 5th Int. Cong. Pestic. Chem.; Kyoto, 
IVa-19, 1982. 

214. Wild, A.; Sauer, H.; Fuhle, W. Z. Naturforsch. 1987, 42, 
263-69. 

215. Platt, S.G.; Anthon, G.E. Plant Physiol. 1981, 67, 509-13. 
216. Turner, J.G. Physiol. Plant Pathol. 1981, 19, 57-67. 
217. Misato, T.; Yamaguchi, I. Outlook Agric. 1984, 13, 136-9. 
218. Hoagland, R.E. Abstracts, 185th National Meeting Amer. Chem. 

Soc. Pestic. Div. Abst. No. 96. 
219. Cook, C.M.; Tolbert, N.E. Plant Physiol. 1982, 69, Suppl. 52. 
220. Murakami, T.; Anzai, H.; Imai, S.; Satoh, Α.; Nagaska, K.; 

Thompson, C.J. Mol. Gen. Genet. 1986, 205, 42-50. 
221. Shimatohno, K.; Seto, H.; Otake, N.; Imai, S.; Setoh, A. J. 

Antibiot. 1986, 39, 1356-9. 
222. Goi, J.; Miyado, S.; Shomura, T.; Suzuki, Α.; Niwa, T.; 

Yamada, Y. Japanese Patent 3 55 47 630, 1980. 
223. Newman, E.I. Pestic. Sci. 1982, 13, 575-82. 

RECEIVED August 23, 1988 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

01
3



Chapter 14 

Phytochemical Inhibitors of Velvetleaf 
(Abutilon theophrasti) Germination as Models 

for New Biorational Herbicides 

Richard G. Powell and Gayland F. Spencer 

Northern Regional Research Center, Agricultural Research Service, 
U.S. Department of Agriculture, Peoria, IL 61604 

Higher plants produce many biologically active natural 
products that adversely affect the growth and 
development of other organisms. Usually these toxins 
are considered to be defensive substances useful to the 
plant in discouraging or preventing attack from 
herbivores and microorganisms, or in protecting the 
plant from stress exerted by the environment and 
competing plant species. The inhibitory compounds 
normally occur within the plant as glycosides, or in 
some other inactive form, and they are mobilized rapidly 
when the plant is subjected to injury or other external 
stress. They may enter into the environment by 
volatilization or by leaching during the plant's life 
span, or they may be activated or modified by microbial 
action upon death of the plant. A number of examples 
demonstrating the variety of structural types of 
naturally occurring germination and growth inhibitors 
are discussed. Emphasis is placed on lesser known 
compounds found in seeds of uncultivated plants, those 
that are effective in inhibiting germination of 
velvetleaf (Abutilon theophrasti), and on phytotoxins 
that may serve as models for new biorational 
herbicides. 

The growth inhibitory action of one plant upon another has long been 
recognized. Pliney the elder (23-79 A.D.) stated that "The shadow 
of the walnut tree is poison to all plants within its compass" (1_). 
This type of phenomenon, the chemical interaction between plants, 
was named "allelopathy" by Molisch in 1937 (2) and was meant to 
describe both beneficial and detrimental biochemical interactions 
among all classes of plants, including microorganisms. Rice (3) 
defined the term as "Any direct or indirect harmful effects of one 
plant (including microorganisms) on another through the production 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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212 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

o f c h e m i c a l compounds t h a t e s c a p e i n t o t h e e n v i r o n m e n t . " R i c e h as 
s i n c e expanded h i s d e f i n i t i o n t o i n c l u d e b e n e f i c i a l i n t e r a c t i o n s 
( 4 ) . The s u b j e c t o f a l l e l o p a t h y has a t t r a c t e d c o n s i d e r a b l e i n t e r e s t 
as e v i d e n c e d by r e c e n t c o m p r e h e n s i v e r e v i e w s ( 4 - 6 ) . I n i t s 
s t r i c t e s t s e n s e , a l l e l o p a t h y r e f e r s o n l y t o t h o s e phenomena t h a t 
a c t u a l l y o c c u r i n n a t u r e and does n o t a p p l y t o s i t u a t i o n s n o r m a l l y 
f o u n d i n a g r i c u l t u r e where human i n t e r v e n t i o n by c o v e r p l a n t i n g , 
h e r b i c i d e a p p l i c a t i o n , o r c u l t i v a t i n g i s employed. Thus, 
a l l e l o c h e m i c a l s may be l o o k e d upon as n a t u r a l l y o c c u r r i n g p l a n t 
g r o w t h r e g u l a t o r s o r as n a t u r a l l y o c c u r r i n g h e r b i c i d e s . A l t h o u g h 
t h e a c t i v e p r i n c i p l e ( j u g l o n e ) i n w a l n u t i s now w e l l known, a 
m u l t i t u d e o f r e p o r t e d i n c i d e n c e s o f a l l e l o p a t h y r e m a i n where 
d e t a i l e d c h a r a c t e r i z a t i o n o f t h e compound(s) r e s p o n s i b l e f o r t h e 
o b s e r v e d e f f e c t s i s needed. 

R e p o r t s o f a l l e l o p a t h i c phenomena i n n a t u r e have u s u a l l y been 
made by p e r s o n s l a r g e l y u n t r a i n e d i n n a t u r a l p r o d u c t s c h e m i s t r y . 
Thus, many o b s e r v e r s a r e n o t aware o f t h e p l e t h o r a o f u n i q u e 
c h e m i c a l s t h a t a r e p r o d u c e d by p l a n t s a n d / o r o f t h e modern 
a n a l y t i c a l and s e p a r a t i o n t e c h n i q u e s t h a t a r e a v a i l a b l e t o i s o l a t e , 
i d e n t i f y and q u a n t i t a t e them. Duke ( 7 ) has r e v i e w e d n a t u r a l l y 
o c c u r r i n g compounds h a v i n g p o t e n t i a l as h e r b i c i d e s , and C u t l e r ( 8 ) 
r e c e n t l y o u t l i n e d c u r r e n t methods u s e f u l f o r i s o l a t i n g , 
c h a r a c t e r i z i n g and s c r e e n i n g n a t u r a l p r o d u c t s f o r h e r b i c i d a l 
a c t i v i t y . I n o r d e r t o t a k e a d v a n t a g e o f t h e n a t u r a l h e r b i c i d e p o o l 
a v a i l a b l e f r o m p l a n t s , s t r u c t u r e s o f t h e v a r i o u s g e r m i n a t i o n and 
g r o w t h i n h i b i t i n g compounds need t o be e s t a b l i s h e d and t h e i r e f f e c t s 
on t a r g e t weeds and on c u l t i v a t e d c r o p s must be s t u d i e d i n d e t a i l . 

P l a n t - d e r i v e d c h e m i c a l s a p p e a r t o have p o t e n t i a l f o r s e l e c t i v e 
c o n t r o l o f weeds i n c e r t a i n c o n v e n t i o n a l and minimum t i l l a g e 
c r o p p i n g s y s t e m s and c o u l d s e r v e w e l l as models f o r t o t a l l y new 
c l a s s e s o f b i o r a t i o n a l s y n t h e t i c h e r b i c i d e s . The E n v i r o n m e n t a l 
P r o t e c t i o n Agency, u n d e r d e f i n i t i o n o f p e s t i c i d e s as g i v e n by t h e 
F e d e r a l I n s e c t i c i d e F u n g i c i d e and R o d e n t i c i d e A c t , c o n s i d e r s 
b i o r a t i o n a l p e s t c o n t r o l a g e n t s t o i n c l u d e n a t u r a l l y o c c u r r i n g 
c h e m i c a l s o b t a i n e d f r o m e i t h e r p l a n t s o r a n i m a l s and c h e m i c a l s 
s y n t h e s i z e d by man, p r o v i d e d t h a t t h e y a r e i d e n t i c a l t o t h e i r 
n a t u r a l l y o c c u r r i n g c o u n t e r p a r t s i n g e o m e t r i c and s t e r e o c h e m i c a l 
s t r u c t u r e ( 9 ) . Thus, i t has been s u g g e s t e d t h a t r e g i s t r a t i o n o f 
t h e s e " b i o r a t i o n a l " compounds c o u l d p r o v e t o be l e s s e x p e n s i v e and 
t i m e consuming t h a n f o r o t h e r new h e r b i c i d e s . One c a n a l s o 
a n t i c i p a t e t h a t t h e s e n a t u r a l p r o d u c t s w i l l r a p i d l y be d e g r a d e d i n 
t h e e n v i r o n m e n t , r e d u c i n g p r o b l e m s w i t h t o x i c r e s i d u e s and 
c o n t a m i n a t i o n o f w a t e r s u p p l i e s , and t h a t many o f them may be 
r e l a t i v e l y s p e c i f i c i n t h e i r a c t i o n . 

P r e v i o u s i n v e s t i g a t i o n s have f o c u s e d p r i m a r i l y on m i c r o b i a l l y 
p r o d u c e d t o x i n s as p o t e n t i a l h e r b i c i d e s ( 7 , 10) w i t h r e l a t i v e l y 
l i t t l e a t t e n t i o n b e i n g g i v e n t o p l a n t - d e r i v e d n a t u r a l p r o d u c t s . I n 
o r d e r t o g a i n i n f o r m a t i o n as t o t h e v a r i e t y o f g r o w t h and 
g e r m i n a t i o n r e g u l a t o r y compounds p r e s e n t i n p l a n t s , p a r t i c u l a r l y i n 
p l a n t s e e d s o f u n c u l t i v a t e d s p e c i e s , and i n t h e i n t e r e s t o f 
e v e n t u a l l y e x p l o i t i n g t h e s e p h y t o c h e m i c a l s f o r u s e as h e r b i c i d e s , 
t h e p r e s e n t s e a r c h f o r n a t u r a l i n h i b i t o r s o f v e l v e t l e a f g e r m i n a t i o n 
was i n i t i a t e d . B i o a s s a y p r o c e d u r e s were as d e s c r i b e d , o r s l i g h t 
m o d i f i c a t i o n s o f t h o s e o u t l i n e d , by W o l f , S p e n c e r , and Kwolek ( 1 1 ) 
and t h i s r e p o r t summarizes r e c e n t f i n d i n g s i n o u r l a b o r a t o r y . 
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14. POWELL AND SPENCER Phytochemical Inhibitors of Velvetleaf 213 

B e n z y l I s o t h i o c y a n a t e and R e l a t e d N a t u r a l P r o d u c t s . B e n z y l 
i s o t h i o c y a n a t e ( 1 ) was i s o l a t e d f r o m m a t u r e papaya ( C a r i c a 
p apaya L.) s e e d s and f o u n d t o be a p o w e r f u l i n h i b i t o r o f i m b i b e d 
v e l v e t l e a f ( A b u t i l o n t h e o p h r a s t i M e d i c . ) s e e d s (1JL). C o m p l e t e 
i n h i b i t i o n o f g e r m i n a t i o n o c c u r r e d a t a c o n c e n t r a t i o n o f 6 χ 
10"^ M, and o n l y 28% (compared t o c o n t r o l s ) o f t h e s e e d s 
g e r m i n a t e d a f t e r 4 days e x p o s u r e t o a A χ 10"^ M t r e a t m e n t . 
S e e d l i n g s t r e a t e d a t t h e l o w e r l e v e l were u n h e a l t h y i n a p p e a r a n c e 
and were s h o r t e r t h a n c o n t r o l s . However, v e l v e t l e a f s e e d s were 
u n a f f e c t e d a t 2 χ 10"^ M, s u g g e s t i n g a c r i t i c a l c o n c e n t r a t i o n 
u n d e r w h i c h 1 i s w e l l t o l e r a t e d . 

N e i t h e r c o r n n o r s o y b e a n g e r m i n a t i o n was as s u s c e p t i b l e t o 1 
as v e l v e t l e a f . C o r n was u n a f f e c t e d a t 1 χ 10"^ M. Soybeans 
g e r m i n a t e d ( 4 2 % ) a t t h i s l e v e l , however, t h e s e e d l i n g s r e m a i n e d 
y e l l o w i n a p p e a r a n c e ( u n l i k e t h e c o n t r o l s ) and r o o t s and s h o o t s were 
c o n s i d e r a b l y s h o r t e r t h a n c o n t r o l s . I t was a p p a r e n t f r o m t h e s e 
r e s u l t s t h a t a s u b l e t h a l dose o f 1 a l t e r s t h e r a t e o f g e r m i n a t i o n 
and a l s o t o t a l l y i n h i b i t s g e r m i n a t i o n o f a c e r t a i n p e r c e n t a g e o f 
s e e d s . A t A χ 10"^ M, 1 t o t a l l y i n h i b i t e d v e l v e t l e a f s e e d l i n g 
g r o w t h and a d v e r s e e f f e c t s on g r o w t h were n o t e d a t e v e n l o w e r 
c o n c e n t r a t i o n s . 

Compound 1, n o r m a l l y d e r i v e d e n z y m a t i c a l l y f r o m b e n z y l 
g l u c o s i n o l a t e , i s f o u n d i n b o t h t h e f r u i t and s e e d s o f p a p aya i n 
s i g n i f i c a n t amounts (.12, ,13), and may a c c o u n t f o r up t o 2% o f t h e 
s e e d s by w e i g h t ( 1 4 ) . O t h e r members o f t h e f a m i l y C r u c i f e r a e a r e 
known t o c o n t a i n b e n z y l i s o t h i o c y a n a t e (Γ5), and i t a l s o o c c u r s i n 
s e v e r a l s p e c i e s o f t h e genus T r o p a e o l u m ( f a m i l y T r o p a e o l a c e a e ) 
(16). R e l a t e d compounds, i n c l u d i n g a l l y l i s o t h i o c y a n a t e ( 2 ) and 
p h e n e t h y l i s o t h i o c y a n a t e ( 3 ) , a r e known g e r m i n a t i o n i n h i b i t o r s ( 1 7 ) 
and 1 has a l s o been r e p o r t e d t o i n h i b i t g r o w t h o f p a p a y a and mung 
bean s e e d l i n g s (18). I n a d d i t i o n , 1 has s t r o n g b a c t e r i c i d a l , 
f u n g i c i d a l , and i n s e c t i c i d a l a c t i v i t i e s ( 1 9 , 20) and a l t e r s t h e 
g r o w t h o f v a r i o u s a n i m a l c e l l s ( 2 ^ , 2 2 ) . 

A f o r m u l a t i o n o f 1 i n d r y g r a n u l e s , w i t h t u n g o i l and 
c a l c a r e o u s l o e s s , i n h i b i t e d g e r m i n a t i o n o f s e v e r a l c r o p and weed 
s e e d s ; however, r a p i d l o s s o f a c t i v i t y was e v i d e n t a f t e r a few days 
i n m o i s t s and ( 2 3 ) . Sodium m e t h y l d i t h i o c a r b a m a t e (metham), a 
s y n t h e t i c s o i l f u m i g a n t a v a i l a b l e t o f a r m e r s f o r many y e a r s , has 
been u s e d t o c o n t r o l p a t h o g e n s , i n s e c t s , and weeds i n many 
h o r t i c u l t u r a l c r o p s ( 2 4 ) . When a p p l i e d t o t h e s o i l , metham i s 
d e g r a d e d t o m e t h y l i s o t h i o c y a n a t e ( 4 ) w i t h i n a few h o u r s d e p e n d i n g 
on s o i l c o n d i t i o n s and 4, i n t u r n , i s d e g r a d e d t o n o n t o x i c 
p r o d u c t s w i t h i n s e v e r a l d a y s . M e t h y l i s o t h i o c y a n a t e ( 4 ) e f f e c t e d 
100% c o n t r o l o v e r v e l v e t l e a f g e r m i n a t i o n i n t h e l a b o r a t o r y a t 4 χ 
10~* M ( P o w e l l , R. G., and S p e n c e r , G. F., u n p u b l i s h e d d a t a ) . 
A d d i t i o n a l r e s e a r c h on t h e many n a t u r a l l y o c c u r r i n g i s o t h i o c y a n a t e s 
and t h e i r g l u c o s i n o l a t e p r e c u r s o r s ( 2 5 ) , and on s y n t h e t i c a n a l o g s , 
c o u l d e a s i l y l e a d t o more s t a b l e and e f f e c t i v e h e r b i c i d a l 
f o r m u l a t i o n s . 

C r y p t o c a r y a l a c t o n e and O t h e r P y r a n o n e D e r i v a t i v e s . Seeds o f 
C r y p t o c a r y a m o s c h a t a y i e l d e d two new g e r m i n a t i o n i n h i b i t o r s ; 
( - ) - c r y p t o c a r y a l a c t o n e ( 5 ) and i t s d e a c e t y l a t e d a n a l o g ( 6 ) 
( 2 6 ) . A p p l i e d a t 4 χ 10-3 M, 6 c o m p l e t e l y a r r e s t e d g e r m i n a t i o n o f 
v e l v e t l e a f and d e c r e a s e d t h e g e r m i n a t i o n r a t e o f s o y b e a n s . C o r n d i d 
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214 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

n o t a p p e a r t o be a f f e c t e d a t t h i s l e v e l . The a c e t y l a t e d d e r i v a t i v e 
( 5 ) was l e s s e f f e c t i v e g i v i n g o n l y 50% i n h i b i t i o n o f v e l v e t l e a f a t 
4 χ 10"^ M. A r e l a t e d p h e n y l t e t r a h y d r o f u r a n o - 2 - p y r o n e ( 7 ) , 
known b o t h as a l t h o l a c t o n e and as g o n i o t h a l e n o l , gave 100% 
i n h i b i t i o n a t 5 χ 1 0 ~ 3 M ( P o w e l l , R. G., and S p e n c e r , G. F., 
u n p u b l i s h e d d a t a ) . Compound 7 o c c u r s i n t h e b a r k o f P o l y a l t h i a 
s p e c i e s ( 2 7 ) and i n t h e b a r k o f G o n i o t h a l a m u s g i g a n t e u s (Annonaceae) 
( 2 8 ) . 

S u b s t i t u t e d 2-pyranones a r e i m p o r t a n t n a t u r a l p r o d u c t s h a v i n g 
d i v e r s e b i o l o g i c a l a c t i v i t i e s ( 2 9 ) . O t h e r r e p o r t e d g e r m i n a t i o n 
i n h i b i t o r s i n t h i s c l a s s i n c l u d e p a r a s o r b i c a c i d ( 8 ) and p s i l o t i n 
( 9 ) . Compounds 5 and 6 a r e n o t as p h y t o t o x i c as b e n z y l 
i s o t h i o c y a n a t e ( 1 ) b u t t h e y do have an e f f e c t s i m i l a r t o t h a t o f 
9 on t u r n i p s ( 3 0 ) . S i e g e l r e p o r t e d t h a t t h e a c t i v i t y o f 9 c o u l d 
be r e v e r s e d by a d d i t i o n o f g i b b e r e l l i c a c i d (GA3) t o t h e medium 
( 3 0 ) . S p e n c e r , e t a l . , have shown t h a t GA3 has no e f f e c t on 
a c t i v i t y when a p p l i e d s i m u l t a n e o u s l y , t o v e l v e t l e a f , w i t h 6. 

B e n z o x a z o l i n o n e (BOA) and 2 , 4 - D i h y d r o x y - l , A - b e n z o x a z i n - 3 - o n e 
(DIBOA). A c a n t h u s m o l l i s s e e d p r o v e d t o be an e x c e l l e n t s o u r c e o f 
g l y c o s i d e 10. E n z y m a t i c h y d r o l y s i s o f 10 g i v e s r i s e t o 
2 , 4 - d i h y d r o x y - l , 4 - b e n z o x a z i n - 3 - o n e (DIBOA, 11) and h e a t i n g o f 11 
r e a d i l y y i e l d s b e n z o x a z o l i n o n e (BOA, 12) ( 1 1 ) . Based on d r y 
w e i g h t , 10 c o m p r i s e s a l m o s t 4% o f t h e s e e d o r 281 mmoles p e r k g . 
Compound 11 was 100% l e t h a l t o v e l v e t l e a f s e e d a t 2 χ 10'^ M. A t 
l o w e r c o n c e n t r a t i o n s , g e r m i n a t i o n was d e l a y e d and s e e d l i n g g r o w t h 
was s l o w e r t h a n t h a t o f c o n t r o l s . B o t h t h e g l u c o s i d e ( 1 0 ) and BOA 
( 1 2 ) gave o n l y s l i g h t g e r m i n a t i o n and g r o w t h i n h i b i t i o n a t 5 χ 
1 0 ~ 3 M. 

These compounds ( 1 0 - 1 2 ) , and r e l a t e d methoxy d e r i v a t i v e s , a r e 
known c o n s t i t u e n t s o f c o r n , wheat, w i l d r y e , g i a n t r e e d , J o b ' s 
t e a r s , and a bamboo s p e c i e s ( 3 2 - 3 4 ) ; a l l members o f t h e g r a s s 
( G r a m i n a e ) f a m i l y . A p p a r e n t l y , o n l y t h e p a r e n t g l y c o s i d e s o c c u r i n 
s i g n i f i c a n t amounts i n u n i n j u r e d p l a n t s . These compounds had n o t 
been d e t e c t e d i n s e e d s , o r i n d i c o t y l e d o n o u s p l a n t s , b e f o r e t h e i r 
d i s c o v e r y i n b e a r ' s b r e e c h (A. m o l l i s ) a l t h o u g h t h e y have been 
r e p o r t e d i n m o n o c o t y l e d o n o u s s e e d l i n g s as e a r l y as two o r t h r e e days 
a f t e r g e r m i n a t i o n ( 3 5 , 3 6 ) . B a r n e s , e t a l . ( 3 7 ) have f o u n d t h a t 
11 was by f a r t h e most a c t i v e c h e m i c a l i n r y e s h o o t t i s s u e , i n 
t h e i r a s s a y u s i n g c r e s s s e e d , and r e p o r t e d t h a t i t was p r e s e n t i n 
h i g h c o n c e n t r a t i o n . The b e n z o x a z i n o n e s , as a g r o u p , may w e l l be 
i m p o r t a n t g r o w t h r e g u l a t o r s i n g r a s s e s and c o n t r i b u t o r s t o 
a l l e l o p a t h y o f many c e r e a l c r o p r e s i d u e s , p a r t i c u l a r l y i n n o - t i l l 
s i t u a t i o n s . 

A i u p o v a and c o w o r k e r s (38>) d e m o n s t r a t e d t h a t r a d i c l e e l o n g a t i o n 
o f cucumbers, o a t s , r a d i s h e s and cabbage was s e n s i t i v e t o 12 and 
t h a t d o s e s r e q u i r e d f o r 50% i n h i b i t i o n o f e l o n g a t i o n v a r i e d f r o m 1.5 
t o 8.2 k g / h a . G e r m i n a t i o n was n o t a f f e c t e d a t t h e d o s e s g i v e n and, 
u n f o r t u n a t e l y , i t was n o t p o s s i b l e t o d e t e r m i n e m o l a r c o n c e n t r a t i o n s 
w i t h t h e i n f o r m a t i o n p r o v i d e d . O t h e r r e p o r t e d b i o l o g i c a l a c t i v i t i e s 
f o r t h e s e compounds i n c l u d e m y c e l i a l g r o w t h i n h i b i t i o n o f F u s a r i u m 
and H e l m i n t h o s p o r u m s p e c i e s by b o t h 11 and 12 ( 3 9 - 4 1 ) , t o x i c i t y 
and a n t i f e e d a n t a c t i v i t y o f 11 t o i n s e c t s ( 3 5 , 36) a n ( ^ 
a n t i c o n v u l s a n t a c t i v i t y o f 12 i n s m a l l a n i m a l s ( 4 2 ) . 
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216 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

5,7-Dihydrochromone, a F l a v a n o i d D e c o m p o s i t i o n P r o d u c t . F l a v a n o i d s 
e n j o y a r e p u t a t i o n i n a l l e l o p a t h y as i n h i b i t o r s b u t b i o a s s a y d a t a on 
s p e c i f i c compounds a r e n o t e n t i r e l y c o n v i n c i n g ( 3 , A 3 ) . They a r e 
w i d e s p r e a d i n n a t u r e ( 4 4 ) and i t w o u l d seem t h a t , i f t h e y were 
i n d e e d h i g h l y p h y t o t o x i c , t h e i r e f f e c t s s h o u l d be e a s i l y 
d e m o n s t r a t e d . D e c o m p o s i t i o n r e a c t i o n s a r e q u i t e c o m p l ex, however, 
i t has been c l e a r l y shown t h a t d i h y d r o x y c h r o m o n e s c a n r e s u l t f r o m 
t h e e n z y m a t i c , p e r o x i d a t i v e d e g r a d a t i o n o f f l a v a n o i d s ( 4 5 , 4 6 ) . 

An a n t i g e r m i n a t i o n f a c t o r p r e s e n t i n Polygonum l a p a t h i f o l i u m 
s e e d s was i d e n t i f i e d as 5 , 7 - d i h y d r o x y c h r o m o n e ( 1 3 ) by S p e n c e r and 
T j a r k s ( 4 7 ) . Compound 13 had been i s o l a t e d p r e v i o u s l y f r o m P. 
p e r s i c a r i a s e e d s ( 4 8 ) and f r o m p e a n u t ( A r a c h i s hypogea) h u l l s ( 4 9 ) , 
b u t , i t s a n t i g e r m i n a t i o n p r o p e r t i e s had n o t been r e p o r t e d . I n an 
e a r l i e r example o f c h e m i c a l i n h i b i t i o n f r o m a Polygonum s p e c i e s ( 5 0 ) 
i t was i m p l i e d t h a t t h e u b i q u i t o u s f l a v o n e l u t e o l i n ( 1 4 a ) was an 
a l l e l o p a t h i c p r i n c i p l e i n t h e l e a v e s . S p e n c e r and T j a r k s ( 4 7 ) 
t e s t e d b o t h 13 and 14a i n t h e i r v e l v e t l e a f g e r m i n a t i o n b i o a s s a y 
s y s t e m and f o u n d t h a t l u t e o l i n ( 1 4 a ) and t h e r e l a t e d f l a v a n o i d s , 
c r y s i n ( 1 4 b ) , a p i g e n i n ( 1 4 c ) , k a e m p f e r o l ( 1 4 d ) , and q u e r c i t i n 
( 1 4 e ) were a l l l e s s t h a n o n e - t e n t h as e f f e c t i v e as 13. Thus, i t 
w o u l d a p p e a r t h a t p h y t o t o x i c i t y commonly a s c r i b e d t o f l a v a n o i d s may 
w e l l be p r i m a r i l y due t o t h e i r d e c o m p o s i t i o n p r o d u c t s and t h a t 
chromones s t r u c t u r a l l y r e l a t e d t o 13 d e s e r v e a d d i t i o n a l a t t e n t i o n 
f o r t h e i r p o t e n t i a l h e r b i c i d a l a c t i v i t y . 

N a t u r a l l y O c c u r r i n g N a p h t h o q u i n o n e s . J u g l o n e ( 1 5 a ) , f r o m t h e 
E u r o p e a n w a l n u t ( J u g l a n s r e g i a ) o r f r o m t h e N o r t h A m e r i c a n w a l n u t 
( J . n i g r a ) , i s o f t e n c i t e d as a c l a s s i c example o f an a l l e l o p a t h i c 
c h e m i c a l (_1, 5 1 ) . The bound p h y t o t o x i n has been i d e n t i f i e d as t h e 
4 - g l u c o s i d e o f 1 , 4 , 5 - t r i h y d r o x y n a p h t h a l e n e w h i c h i s c o n v e r t e d t o 
15a on h y d r o l y s i s and o x i d a t i o n . The c h a r a c t e r i s t i c brown 
s t a i n i n g o f t h e hands c a u s e d by h a n d l i n g w a l n u t s i s a t t r i b u t e d t o 
t h e r e l e a s e o f 15a. I n w a l n u t , t h e o c c u r r e n c e o f 15a a s a 
r e l a t i v e l y n o n - t o x i c g l y c o s i d e i s s t r i c t l y l i m i t e d t o g r e e n p a r t s o f 
t h e t r e e ; i t i s n o t p r e s e n t i n t h e r i p e n u t s . Compound 15a i s 
w a t e r s o l u b l e and e x e r t s i t s e f f e c t on o t h e r p l a n t s a f t e r b e i n g 
l e a c h e d i n t o t h e s o i l f r o m stems and l e a v e s . J u g l o n e must p e r s i s t 
i n t h e s o i l a r o u n d t h e t r e e f o r a r e a s o n a b l e l e n g t h o f t i m e i n o r d e r 
f o r i t t o be a u s e f u l e c o l o g i c a l a g e n t , however, i n f o r m a t i o n i s 
l a c k i n g on t h e r a t e o f t u r n o v e r and on t h e c o n c e n t r a t i o n s a t w h i c h 
i t i s e f f e c t i v e i n t h e n a t u r a l e n v i r o n m e n t . 

Many o t h e r n a p h t h o q u i n o n e s a r e known t o o c c u r i n n a t u r e ( 5 2 ) , 
however, 15a has commonly been c o n s i d e r e d t o be t h e o n l y 
n a p h t h o q u i n o n e p h y t o t o x i n p r o d u c e d by h i g h e r p l a n t s ( 3 ) . 
C o n s i d e r i n g t h e h i s t o r i c a l and c o m m e r c i a l i m p o r t a n c e o f n a t u r a l 
n a p h t h o q u i n o n e s , i t i s s u r p r i s i n g t h a t t h e i r h e r b i c i d a l p r o p e r t i e s 
have n o t been examined more t h o r o u g h l y i n t h e l i t e r a t u r e . S p e n c e r , 
e t a l . , ( 5 3 ) p o i n t e d o u t t h a t p l u m b a g i n ( 1 5 b ) , i s o l a t e d f r o m an 
e x t r a c t o f Plumbago e u r o p a e a , i s a t l e a s t as e f f e c t i v e i n i n h i b i t i n g 
v e l v e t l e a f g e r m i n a t i o n as i s 15a. The few o t h e r r e p o r t s 
c o n c e r n i n g n a p h t h o q u i n o n e s i n c l u d e 5 - h y d r o x y - 2 - m e t h o x y n a p h t h o q u i n o n e 
f r o m P l a t y c a r i a s t r o b i l a c e a as a l e t t u c e g e r m i n a t i o n i n h i b i t o r ( 5 4 ) , 
t h e a b s e n c e o f p h y t o t o x i c i t y o f l a w s o n e ( 1 5 c ) when s p r a y e d on 
young p l a n t s ( 5 5 ) , and t h e i s o l a t i o n o f s e v e r a l compounds i n h i b i t o r y 
t o l e t t u c e f r o m a s h o o t b l i g h t f u n g u s ( 5 6 ) . A few s y n t h e t i c amino 
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14. POWELL AND SPENCER Phytochemical Inhibitors of Velvetleaf 217 

OH Ο 

14α R1 = H, R2=R3=OH 

14b R1 = R2 = R3 = H 

14c R1 = R2 = H, R3 = OH 

14d R1 = OH, R2=H, R3=OH 

14e R1=R2 = R3 = OH 

o 
15 15 
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218 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

n a p h t h o q u i n o n e d e r i v a t i v e s have been e v a l u a t e d as h e r b i c i d e s 
( 5 7 , 58) and were i n d i c a t e d t o have p o t e n t i a l i n s u g a r b e e t s and i n 
r i c e . 

S p e n c e r e t a l . , ( 5 3 ) compared t h e a n t i g e r m i n a t i o n a c t i v i t y o f 
some n a t u r a l and s y n t h e t i c n a p h t h o q u i n o n e s ( 1 5 a - 1 5 r , 1 6 a , 1 6 b ) ; 
t h e i r more i m p o r t a n t f i n d i n g s a r e summarized i n T a b l e I . 
E x a m i n a t i o n o f t h e d a t a p r o v i d e s some i n s i g h t i n t o t h e t y p e s o f 
s u b s t i t u t i o n a f f e c t i n g a c t i v i t y . One m e t h y l group has n e a r l y t h e 
same e f f e c t as a p r o t o n , i n most c a s e s , w h i l e m e t h y l a t i o n o f an 
h y d r o x y l g r o u p y i e l d s d i v e r g e n t p r o p e r t i e s . T h i s l a t t e r 
t r a n s f o r m a t i o n d e c r e a s e d t h e p o t e n c y o f j u g l o n e (compare 15a w i t h 
15d) and m a r k e d l y enhanced t h a t o f l a w s o n e ( 1 5 c v s 1 5 e ) . I n 
t h e l a t t e r i n s t a n c e one c a n i n f e r t h a t s u b s t i t u t i o n s e r v e s t o 
s t a b i l i z e t h e m o l e c u l e by p r o h i b i t i n g t a u t o m e r i z a t i o n . J u g l o n e 
( 1 5 a ) , t h e n a t u r a l a l l e l o p a t h , a p p e a r s t o be e f f e c t i v e o v e r a w i d e 
r a n g e o f c o n c e n t r a t i o n s ; whereas i t s i s o m e r , l a w s o n e ( 1 5 c ) , i s 
much l e s s a c t i v e a t low c o n c e n t r a t i o n s and seems t o have a r a t h e r 
s t e e p d o s e / r e s p o n s e r e l a t i o n s h i p . A n o t h e r s e t o f i s o m e r s , p l u m b a g i n 
(1 5 b ) and 7 - m e t h y l j u g l o n e ( 1 5 f ) , b o t h n a t u r a l p r o d u c t s , g i v e 
q u i t e d i f f e r e n t r e s p o n s e s . Of t h e compounds ex a m i n e d , t h o s e w i t h 
n a t u r a l o r i g i n s t e n d e d t o be p h y t o t o x i c a t l o w e r c o n c e n t r a t i o n s t h a n 
t h o s e w i t h no known n a t u r a l s o u r c e . I t i s i m p o r t a n t t o n o t e t h a t , 
so f a r , o n l y j u g l o n e has been d e m o n s t r a t e d t o be a l l e l o p a t h i c i n 
o r d i n a r y e n v i r o n m e n t a l s i t u a t i o n s . I t i s now a p p a r e n t , however, 
t h a t o t h e r n a p h t h o q u i n o n e s a r e p h y t o t o x i c and t h a t t h e s e may have 
p o t e n t i a l as g r o w t h r e g u l a t o r s o r as h e r b i c i d e s . 

M i s c e l l a n e o u s T e r p e n e s . I s o l a t i o n o f t h e v e l v e t l e a f a n t i g e r m i n a t i o n 
f a c t o r i n s e e d s o f E r y n g i u m p a n i c u l a t u m gave 17, 
( - ) - 2 , 4 , 4 - t r i m e t h y l - 3 - f o r m y l - 2 , 5 - c y c l o h e x a d i e n y l a n g e l a t e , as t h e 
o n l y a c t i v e component ( 5 9 ) . E s t e r 17 had been r e p o r t e d i n r o o t s 
o f B u p l e u r u m g i b r a l t a r i c u m ( 6 0 ) , and s e v e r a l i s o m e r i c and a n a l o g o u s 
t e r p e n e a l d e h y d e - e s t e r s a r e r e p o r t e d i n o t h e r U m b e l l i f e r a e ( 6 1 - 6 4 ) . 
These compounds were s i m p l y b i o s y n t h e t i c c u r i o s i t i e s u n t i l S p e n c e r ' s 
o b s e r v a t i o n ( 5 9 ) t h a t one member o f t h e s e r i e s ( 1 7 ) had 
a n t i g e r m i n a t i o n p r o p e r t i e s . F u r t h e r s t u d i e s c o n c e r n i n g 
s t r u c t u r e - a c t i v i t y r e l a t i o n s h i p s l e d t o p r e p a r a t i o n and c o m p a r i s o n 
o f s e v e r a l a n a l o g s ; r e s u l t s o f t h e s e e x p e r i m e n t s a r e summarized i n 
T a b l e I I . Compound 18 i s a c t i v e , a l b e i t l e s s a c t i v e t h a n 17. 
T h i s d i f f e r e n c e may be due t o t h e l o c a t i o n o f t h e r i n g - m e t h y l g r o u p , 
t h e n a t u r e o f t h e a c y l g r o u p , o r t o s t e r e o c h e m i s t r y (17 i s 
o p t i c a l l y a c t i v e and 18 i s r a c e m i c ) . The p o s i t i o n a l i s o m e r o f 
18, compound 19, was i n a c t i v e a t a l l t e s t c o n c e n t r a t i o n s . 

The a l c o h o l p o r t i o n o f 17 i s v e r y s i m i l a r t o 20, a 
p r e c u r s o r i n t h e s y n t h e s i s o f s t r i g o l ; s t r i g o l i s a p r o m o t e r f o r 
g e r m i n a t i o n o f w i t c h w e e d ( S t r i g a a s i a t i a ) ( 6 5 ) . The d i f f e r e n c e i s 
o n l y t h a t o f t h e 5 , 6 - d o u b l e bond. A c t i v i t y o f 20 was a b o u t t h e 
same as t h a t o f 18 ( b o t h compounds a r e r a c e m i c ) and a c e t y l a t i o n o f 
20, y i e l d i n g 2 1 , n e g a t e d a c t i v i t y . 

When s u b j e c t e d t o even m i l d h e a t , 17 and 18 u n d e r g o 
e l i m i n a t i o n and r e a r r a n g e m e n t t o g i v e 2 , 3 , 6 - t r i m e t h y l b e n z a l d e h y d e 
( 6 2 ) . A l t h o u g h t h i s compound was n o t a v a i l a b l e f o r b i o a s s a y , i t s 
i s o m e r 26 was i n a c t i v e , s u g g e s t i n g t h a t t h e e f f e c t s o f 17 o r 
18 a r e n o t due t o t h e i r d e g r a d a t i o n p r o d u c t . R e s u l t s f r o m 
compounds 22 and 23 d e m o n s t r a t e t h a t a c t i v i t y i s d i m i n i s h e d by 
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14. POWELL AND SPENCER Phytochemical Inhibitors of Velvetleaf 219 

T a b l e I . The e f f e c t o f s e l e c t e d n a p h t h o q u i n o n e s on v e l v e t l e a f 
g e r m i n a t i o n 

Ο 

15 1,4-Naphthoquinones Substitution Concentration mM (% germination)0 

a Juglone 5-OH 0. ,4(100) 0. .8(74) 1 , .0(41) 3, .0(6) 
b Plumbagin 2-CH3, 5-OH 0, .2(100) 0. .5(66) 0, ,7(22) 0, .8(12) 
c Lawsone 2-OH 1, .2(97) 1 , .8(71) 2, .1(33) 2 •5(10) 
d 5-Methoxy 5-OCH 3 2, .0(100) 3, .0(84) 4, •0(71) 6 •0(5) 
e 2-Methoxy 2-OCH3 0, .2(96) 0, .4(70) 0, .5(52) 0 .6(10) 
f 7-Methyljuglone 5-OH, 7-CH3 4, .0(100) 6, .0(45) 8 •0(5) 
g Menadione 2-CH3 0, .7(92) 0, .9(61) 1 , .0(47) 1 • 2(3) 
h 2-Acetoxy 2-OCOCH3 3, .0(92) 4 •0(51) 5 .0(26) 
i 2-Methyl-5-methoxy- 2-CH3,5-OCH3 1, .0(98) 2, .0(58) 4, .0(27) 5 .0(0) 
j 1,4-Naphthoquinone none 0, .6(96) 0, .9(69) 1 .2(28) 2 • 5(3) 
k Phthiocol 2-OH, 3-CH3 1 . .0(93) 2 .0(68) 4 .0(18) 6 .0(0) 

15 1,2-Naphthoquinones 

a 1,2-Naphthoquinone none 10 .0(100) 
b 4-Methoxy 4-OCH3 0, .5(95) 0 .8(75) 1 .0(28) 2 .0(5) 

aPercent germination as compared to controls. Figures below 85 are significantly different 
from controls at the 95% level by the Chi-square 1-tailed test. 
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220 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

T a b l e I I . The e f f e c t o f t e r p e n e a l d e h y d e - e s t e r s and d e r i v a t i v e s 
on v e l v e t l e a f g e r m i n a t i o n 

Compound Concentration (mM)/Percent Germination 0 

2 4 6 8 10 

1 7 \ M A / 92 41 

A 90 30 10 

19 loo 

V 

20 V=\ o h 70 52 22 0 

ο 
•A 100 

\ ° 

22 (^yj^=y 100 28 0 

\ 0 

23 ^ ~ ^ _ o ^ = ^ 100 16 5 0 

24 100 

25 / ν < Λ = / 100 

26 /-> 100 

°Relative to controls; control rate = 36 -40 seeds/40. 
Values below 85 significantly different f r om controls. 
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14. POWELL AND SPENCER Phytocliemical Inhibitors of Velvetleaf 221 

r e m o v a l o f t h e f o r m y l g r o u p and t h a t t h e o r i e n t a t i o n o f t h e a c y l 
d o u b l e bond i s n o t i m p o r t a n t . M o r e o v e r , 24 and 25 a r e i n a c t i v e , 
an outcome s u g g e s t i n g t h a t t h e c y c l i c d o u b l e b o n d ( s ) i s r e q u i r e d . 

S p e n c e r , e t a l . ( 6 6 ) , i s o l a t e d s e v e r a l s e s q u i t e r p e n e i n h i b i t o r s 
f r o m I v a A x i l l a r i s s e e d . Of t h e s e , 27 and 28 ( i l i c i c a c i d ) were 
t h e most a c t i v e . E f f e c t i v e c o n c e n t r a t i o n s f o r b o t h , as i n h i b i t o r s 
o f v e l v e t l e a f g e r m i n a t i o n , were n e a r 4 χ 10" 3 M. Compound 27 i s 
a l s o known t o o c c u r i n P a r t h e n i u m tomentosum ( 6 7 ) and i n I n u l a 
v i s c o s a ( 6 8 ) , w h i l e 28 has been i s o l a t e d f r o m A m b r o s i a i l i c i f o l i a 
( 6 9 ) and f r o m I n u l a g r a v e o l e n s ( 7 0 ) . 

C i n n a m i c A c i d D e r i v a t i v e s . I n v e s t i g a t i o n o f g e r m i n a t i o n i n h i b i t o r s 
i n s t a r a n i s e ( I l l i c i u m verum) f r u i t l e d W o l f t o s i g n i f i c a n t 
o b s e r v a t i o n s c o n c e r n i n g some common p h e n y l p r o p a n o i d s (71). The 
a n t i g e r m i n a t i o n f a c t o r o f s t a r a n i s e p r o v e d t o be 
p - m e t h o x y c i n n a m a l d e h y d e ( 2 9 ) , a m i n o r c o n s t i t u e n t p r e v i o u s l y 
u n r e p o r t e d i n t h i s p l a n t . Compound 29 i s a f l a v o r component o f 
b a k e d p o t a t o e s ( 7 2 ) and i t o c c u r s i n many o t h e r p l a n t s i n c l u d i n g 
sweet b a s i l (Ocimum b a s i l i c u m ) ( 7 ^ ) . I n S p h a e r a n t h u s i n d i c u s ( 7 4 ) 
i t may be p r e s e n t a t l e v e l s as h i g h as 7.4%. E s s e n t i a l l y no 
g e r m i n a t i o n o f v e l v e t l e a f o c c u r r e d a f t e r 4 days e x p o s u r e t o a 2.5 χ 
1 0 " 3 M dose o f 29. 

W o l f t h e n compared s i x a d d i t i o n a l c l o s e l y r e l a t e d compounds; 
o-m e t h o x y c i n n a m a l d e h y d e ( 3 0 ) , p - m e t h o x y c i n n a m i c a c i d ( 3 1 ) , 
c i n n a m i c a c i d ( 3 2 ) , c i n n a m a l d e h y d e ( 3 3 ) , c i n n a m y l a l c o h o l ( 3 4 ) 
and a n e t h o l e ( 3 5 ) . I t a p p e a r e d t h a t 30 was more a c t i v e t h a n 
29 ( T a b l e I I I ) however t h e d a t a was n o t s i g n i f i c a n t 
s t a t i s t i c a l l y . Of a l l t h e compounds t e s t e d , 33 was t h e most 
a c t i v e . A d d i t i o n o f a m e t h o x y l g r o u p r e d u c e s a c t i v i t y ; compare 31 
w i t h 32 and 29 w i t h 33. C i n n a m y l a l c o h o l ( 3 4 ) compares 
c l o s e l y w i t h t h e methoxy a l d e h y d e s and i s more a c t i v e t h a n c i n n a m i c 
a c i d ( 3 2 ) . The m a j o r component o f s t a r a n i s e o i l ( 3 5 ) showed no 
e f f e c t on v e l v e t l e a f g e r m i n a t i o n . 

I n r e v i e w i n g t h e d a t a i t i s c l e a r t h a t a l d e h y d e s and a l c o h o l s , 
among t h e s e p h e n y l p r o p a n o i d s , a r e more i n h i b i t o r y t h a n t h e 
c o r r e s p o n d i n g a c i d s . R e l a t i v e l y l i t t l e d a t a a r e a v a i l a b l e c o m p a r i n g 
t h e s e compounds i n o t h e r b i o l o g i c a l s y s t e m s ; however, 32, 33 and 
35 have a l l been r e p o r t e d t o i n h i b i t a c t i v i t i e s s u c h as f u n g a l 
g r o w t h and i n s e c t p u p a t i o n . Compounds 33 and 35 a r e u s e d i n 
f l a v o r i n g s and i n p e r f umes and r e p u t e d l y have low t o x i c i t i e s i n 
a n i m a l s . 

The S e s b a n i m i d e s - G l u t a r i m i d e D e r i v a t i v e s . S e s b a n i a d r u m m o n d i i , S. 
p u n i c e a and S. v e s i c a r i a a r e legumes n a t i v e t o t h e G u l f C o a s t a l 
P l a i n s o f t h e U.S.A. and a l l t h r e e s p e c i e s have l o n g h i s t o r i e s o f 
t o x i c i t y t o l i v e s t o c k ( 7 5 ) . S t u d i e s o f t h e a n t i l e u k e m i c p r i n c i p l e s 
i n S. drummondii ( 7 6 , 77) and o f t h e f a c t o r r e s p o n s i b l e f o r a n i m a l 
t o x i c i t y i n S. p u n i c e a ( 7 8 ) c u l m i n a t e d i n i s o l a t i o n o f s e s b a n i m i d e A 
( 3 6 a ) as t h e p r i m a r y a c t i v e compound i n b o t h s p e c i e s . L e s s e r 
amounts o f s e s b a n i m i d e s Β ( 3 7 ) and C ( 3 8 ) were a l s o p r e s e n t i n 
S. d rummondii. Compound 36a o c c u r s a t a l e v e l o f a p p r o x i m a t e l y 
4.5 χ 10~^% i n S. drummondii s e e d and i t s p r e s e n c e has a l s o been 
c o n f i r m e d i n S. v e s i c a r i a s e e d by MS/MS ( P o w e l l , R. G., and 
P l a t t n e r , R. D., u n p u b l i s h e d d a t a ) . S u f f n e s s and C o r d e l l h a v e 
commented on t h e a n t i t u m o r a c t i v i t y o f 36a ( 7 9 ) , and s p e c u l a t e d 
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222 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

COOH 

27 28 

R2 

29 R1 = 0CH3, R2 = H, R3 = CH0 

30 R1 = H. R2=OCH3, R3 = CH0 

31 R1 = 0CH3, R2 = H, R3 = C02H 

32 R1 = R2 = H, R3 = C0 2H 

33 R1 = R2 = H, R3 = CH0 

34 R1 = R2 = H, R3 = CH2OH 

35 R1 = 0CH3, R2 = H, R3 = CH3 

T a b l e I I I . V e l v e t l e a f g e r m i n a t i o n r e s u l t s f o r s e l e c t e d c i n n a m y l 
compounds a t 3 c o n c e n t r a t i o n s 

Compound % Germination, Relative to Controls 

5 mM 2.5 mM 1 mM 

2 9 . ρ - methocycinnamaldehyde 1 a* 8 a 8 3 cd 

3 0 . ο - methoxycinnamaldehyde 0 a 3 a 7 7 be 

3 1 . p -methoxyc innamic acid 8 3 cd 83 cd 107 e 

3 2 . Cinnamic acid 5 a 7 7 be 100 de 

3 3 . Cinnamaldehyde 0 a 0 a 5 7 b 

3 4 . Cinnamyl alcohol 0 a 0 a 7 3 be 

3 5 . Anethole 9 5 d 100 de 9 8 de 

'Va lues fol lowed by the same letter are not statistically d i f ferent 

at the 0.05 level by Ch i - square l-tail 
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14. POWELL AND SPENCER Phytochemical Inhibitors of Velvetleaf 223 

t h a t t h e r o l e o f 36a i n t h e s e e d may be t o p r o t e c t i t f r o m f u n g a l 
a t t a c k . I n s o l u t i o n , a s o l v e n t - d e p e n d e n t e q u i l i b r i u m e x i s t s between 
t h e t a u t o m e r i c r i n g - c l o s e d h e m i a c e t a l ( 3 6 a ) and t h e r i n g - o p e n e d 
h y d r o x y k e t o n e ( 3 6 b ) f o r m s o f s e s b a n i m i d e A. 

C o n s i d e r a b l e s t r u c t u r a l r e s e m b l a n c e i s e v i d e n t between t h e 
s e s b a n i m i d e s and g l u t a r i m i d e a n t i b i o t i c s p r o d u c e d by S t r e p t o m y c e s 
s p e c i e s s u c h as c y c l o h e x i m i d e ( 3 9 ) and s t r e p t i m i d o n e (AO) ( 8 0 ) . 
The s e s b a n i m i d e s (36-38) have been r e p o r t e d o n l y i n h i g h e r p l a n t s 
and t h e r e i s c u r r e n t l y no e v i d e n c e , o t h e r t h a n s t r u c t u r a l 
s i m i l a r i t y , i n d i c a t i n g t h a t t h e y c o u l d be o f m i c r o b i a l o r i g i n . 

S e s b a n i m i d e A ( 3 6 a ) and c y c l o h e x i m i d e ( 3 9 ) g i v e t o t a l 
i n h i b i t i o n o f v e l v e t l e a f g e r m i n a t i o n a t t h e 8 χ 10"^ M l e v e l 
( P o w e l l , R. G., and S p e n c e r , G. F., u n p u b l i s h e d d a t a ) . Compound 
39 i s e x t r e m e l y t o x i c t o mammals, however, i t has f o u n d l i m i t e d 
a g r i c u l t u r a l u s e as a f u n g i c i d e and as an a b s c i s s i o n a g e n t i n c i t r u s 
( 8 1 , 8 2 ) . A b s c i s s i o n o f o r a n g e s i n F l o r i d a o c c u r s a t a p p l i c a t i o n 
r a t e s o f l e s s t h a n 0.11 kg/ha (0.1 l b / a c r e ) . S t r e p t i m i d o n e (AO) 
was r e p o r t e d t o be e f f e c t i v e as a pre-emergence h e r b i c i d e a g a i n s t 
c r a b g r a s s , m o r n i n g g l o r y and German m i l l e t a t a s o i l s p r a y r a t e o f 
20 l b / a c r e ( 8 3 ) . F u r t h e r s t u d i e s o f t h e s e s b a n i m i d e s a r e needed i n 
o r d e r t o d e t e r m i n e w h e t h e r o r n o t t h e y a l s o may be u s e f u l as p l a n t 
g r o w t h r e g u l a t o r y o r weed c o n t r o l a g e n t s . 

T r e w i a s i n e and R e l a t e d A n s a m a c r o l i d e s . The a n s a m a c r o l i d e 
a n t i b i o t i c s a r e a complex g r o u p o f n a t u r a l p r o d u c t s t h a t have 
r e c e i v e d a t t e n t i o n b o t h f o r t h e i r s t r u c t u r a l c o m p l e x i t y and f o r 
t h e i r b r o a d r a n g e o f b i o l o g i c a l a c t i v i t y ( 8 A ) . R e p r e s e n t a t i v e s o f 
t h i s g r o u p i n c l u d e h e r b i m y c i n s A-C ( A l a - A l e ) ( 8 5 - 8 7 ) , g e l d a n a m y c i n 
( A i d ) ( 8 A ) , and t h e a n s a m i t o c i n s ( A 2 a - A 2 f ) ( 8 8 , 8 9 ) . A l l o f 
t h e s e compounds a r e m i c r o b i a l m e t a b o l i t e s . H e r b i m y c i n s A and Β 
e x h i b i t c o n t a c t and s e l e c t i v e a c t i v i t y , e s p e c i a l l y a g a i n s t 
d i c o t y l e d o n o u s p l a n t s ( 8 6 ) , and a r e more e f f e c t i v e i n t h e 
p re-emergence s y s t e m r a t h e r t h a n p o s t - e m e r g e n c e . G e l d a n i m y c i n 
( A i d ) d i d n o t e n t i r e l y i n h i b i t c r e s s g e r m i n a t i o n o r r a d i c l e 
e l o n g a t i o n even a t r e l a t i v e l y h i g h t e s t d o s e s ( 9 0 ) . Soon a f t e r 
emergence, however, r a d i c l e s e x p o s e d t o h i g h e r l e v e l s o f A i d 
t u r n e d brown and began t o d i s i n t e g r a t e , i n d i c a t i n g a 
p o s t - g e r m i n a t i o n e f f e c t . 

The a n s a m i t o c i n s , p r o d u c e d by an o r g a n i s m t h o u g h t t o be a 
N o c a r d i a s p e c i e s b u t l a t e r i d e n t i f i e d as A c t i n o s y n n e m a p r e t i o s u m 
(91), a r e s i m p l e C-3 e s t e r s o f A2a ( m a y t a n s i n o l o r a n s a m i t o c i n 
P - 0 ) . A s e r i e s o f more complex C-3 e s t e r s o f m a y t a n s i n o l 
( m a y t a n s i n o i d s ) , r e p r e s e n t e d by A3a-A3d, a r e f o u n d o n l y i n h i g h e r 
p l a n t s ; t y p i c a l l y i n Maytenus and P u t t e r l i c k i a s p e c i e s 
( C e l a s t r a c e a e ) ( 9 2 , 9 3 ) . The a n t i t u m o r a c t i v i t y e x h i b i t e d by 
m a y t a n s i n e (A3) has l e d t o c l i n i c a l t r i a l s . A d d i t i o n a l 
m a y t a n s i n o i d s , i n c l u d i n g AAa-AAc, A5a, A5b, a r e p r e s e n t i n 
s e e d s o f T r e w i a n u d i f l o r a ( E u p h o r b i a c e a e ) , a t r e e n a t i v e t o p a r t s o f 
I n d i a (9A, 9 5 ) . T r e w i a s i n e (AAa) g i v e s g r e a t e r t h a n 50% 
i n h i b i t i o n o f r a d i c l e e l o n g a t i o n i n v e l v e t l e a f a t l e v e l s as low as 
Α χ 1 0 " 5 M b u t has no e f f e c t on g e r m i n a t i o n up t o 1 χ 1 0 ~ 3 M 
( P o w e l l , R. G., and S p e n c e r , G. F., u n p u b l i s h e d d a t a ) . G r o w t h 
i n h i b i t i o n a t t h e s e l e v e l s i s s u f f i c i e n t t o w a r r a n t f u r t h e r s t u d i e s 
t o d e t e r m i n e t h e s u i t a b i l i t y o f u s i n g t h e s e o r o t h e r a n s a m a c r o l i d e s 
as h e r b i c i d e s . 
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224 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

41a R1=R2=OCH3, R3=H 

41b R1 = OH, R2 = R3 = H 

41c R1 = OH, R2 = OCH3, R3 = H 

4*1 d R1 = OH, R2=H, R3 = OCH3 
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14. POWELL AND SPENCER Phytochemical Inhibitors of Velvetleaf 225 

CI CH 3 ο OR 

MeO. 

MeO 

42a R=H 

42b R = COCH3 

42c R = COCH2CH3 

42d R = COCH(CH3)2 

42e R = COCH2CH2CH3 

42f R = COCH2CH(CH3)2 

H 3 C Ο 

ru I 1 

r , V H 3 Ο Ο HjC 

MeO. 

MeO 

43a R = CH3 

43b R = CH2CH3 

43c R = CH(CH3)2 

43d R = CH2CH(CH3)2 
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226 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

44a R1 = CH(CH3)2, R2 = CH 3 

44b R1 = C(CH3)=CH2, R2 = CH 3 

44c R1 = CH(CH3)2, R2 = H 

Me 

45a R=H 

45b R=OH 
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14. POWELL AND SPENCER Phytochemical Inhibitors of Velvetleaf 227 

Summary and C o n c l u s i o n s 

R e c e n t and c o n t i n u i n g s h i f t s t o w a r d r e d u c e d o r n o - t i l l a g r i c u l t u r e 
have i n c r e a s e d t h e need f o r newer, more c o s t - e f f e c t i v e and 
e f f i c a c i o u s h e r b i c i d e s . H e r b i c i d e s w i t h new o r n o v e l mechanisms o f 
a c t i o n a r e d e s i r e d as weed r e s i s t a n c e t o l o n g - u s e d h e r b i c i d e s 
d e v e l o p s . Use o f s e l e c t i v e h e r b i c i d e s has e n c o u r a g e d s h i f t s i n 
p r o b l e m weeds t o s p e c i e s more c l o s e l y r e l a t e d t o t h e a s s o c i a t e d 
c r o p ; a s i t u a t i o n r e q u i r i n g t h a t f u t u r e h e r b i c i d e s have eve n g r e a t e r 
s e l e c t i v i t y . As t h e need f o r new and n o v e l h e r b i c i d e s i s 
i n c r e a s i n g , o l d e r methods f o r d i s c o v e r i n g u s e f u l h e r b i c i d e s , 
c l a s s i c a l s y n t h e s i s and s c r e e n i n g , a r e y i e l d i n g f e w e r r e t u r n s . A t 
t h e same t i m e , l i c e n s i n g and r e g u l a t i o n o f new p e s t i c i d e s i s 
i n c r e a s i n g l y d i f f i c u l t and e x p e n s i v e . Thus, s t u d i e s o f n a t u r a l 
p r o d u c t s a r e becoming more a t t r a c t i v e t o p r o d u c e r s o f a g r i c h e m i c a l s , 
p a r t i c u l a r l y as models f o r new s t r u c t u r a l t y p e s o f a c t i v e compounds. 

T h i s l i m i t e d r e v i e w p r o v i d e s e v i d e n c e t h a t h i g h e r p l a n t s 
t h e m s e l v e s c o n t a i n a w i d e v a r i e t y o f p o t e n t i a l l y u s e f u l g r o w t h and 
g e r m i n a t i o n i n h i b i t o r s . Compounds d i s c u s s e d m a r k e d l y i n h i b i t 
g e r m i n a t i o n o r g r o w t h o f v e l v e t l e a f and, u n d o u b t e d l y , w i l l h ave 
s i m i l a r e f f e c t s on o t h e r p l a n t s p e c i e s t o a g r e a t e r , o r l e s s e r , 
d e g r e e . S t r u c t u r e s o f t h e s e " b i o r a t i o n a l " m a t e r i a l s r a n g e f r o m q u i t e 
s i m p l e , a l l y l i s o t h i o c y a n a t e ( 2 ) f o r e x a m p l e , t o v e r y c o m p l e x , f o r 
compounds s u c h as t h e a n s a m a c r o l i d e s . The s i m p l e r compounds and 
t h e i r s t r u c t u r a l a n a l o g s s h o u l d be a v a i l a b l e by s y n t h e s i s a t p r i c e s 
c o m p e t i t i v e w i t h p r e s e n t h e r b i c i d e s . Many o f t h e compounds 
d i s c u s s e d may p l a y a r o l e i n dormancy as most have been f o u n d as 
c o n s t i t u e n t s o f s e e d s . O t h e r s , s u c h as t h e s e s b a n i m i d e s and t h e 
m a y t a n s i n o i d s may be m i c r o b i a l m e t a b o l i t e s t h a t have been m o d i f i e d 
by p l a n t s f o r t h e i r own b e n e f i t . U t i l i z a t i o n o f t r i c o t h e c e n e 
m y c o t o x i n s by t h e B a c c h a r i s p l a n t f o r d e f e n s i v e p u r p o s e s i s a 
c l a s s i c a l example o f t h i s t y p e o f a l l e l o p a t h i c i n t e r a c t i o n ( 9 6 - 9 8 ) . 

I t i s e s t i m a t e d t h a t l e s s t h a n 15% o f t h e known s p e c i e s o f 
h i g h e r p l a n t s have been examined f o r b i o a c t i v e c o n s t i t u e n t s ( 9 9 ) and 
few o f t h e compounds i d e n t i f i e d h ave eve n been c o n s i d e r e d as 
p o t e n t i a l h e r b i c i d e s . C e r t a i n l y t h e r e i s a need f o r expanded e f f o r t 
a l o n g t h e s e l i n e s o f r e s e a r c h and t h e r e i s e v e r y r e a s o n t o b e l i e v e 
t h a t t h e many, as y e t unexamined p l a n t s p e c i e s , w i l l y i e l d numerous 
a d d i t i o n a l h e r b i c i d a l compounds h a v i n g n o v e l s t r u c t u r e s and 
u n e x p e c t e d modes o f a c t i o n . S i m i l a r s t u d i e s o f t o x i c s e c o n d a r y 
p l a n t m e t a b o l i t e s f o r t h e i r f u n g i c i d a l , i n s e c t i c i d a l , and 
p h a r m a c e u t i c a l a c t i v i t i e s a r e a l s o w a r r a n t e d . Duke (7) has p o i n t e d 
o u t t h a t t h e s u c c e s s o f n a t u r a l compounds as c o m m e r c i a l h e r b i c i d e s 
w i l l depend on s e v e r a l f a c t o r s i n c l u d i n g t h e f o l l o w i n g : a, t h e 
p o s i t i o n o f r e g u l a t o r y a g e n c i e s t o w a r d t o x i c o l o g i c a l s c r e e n i n g and 
l i c e n s i n g o f n a t u r a l p r o d u c t s ; b, t h e c o s t o f p r o d u c t i o n o f t h e s e 
compounds; c, t h e e f f i c a c y and s e l e c t i v i t y o f t h e compounds i n t h e 
f i e l d ; and d, t h e s u c c e s s o f i n d u s t r y i n p a t e n t i n g n a t u r a l 
compounds, many o f w h i c h a r e known i n t h e l i t e r a t u r e . The c u r r e n t 
p o s i t i o n o f r e g u l a t o r y a g e n c i e s a p p e a r s t o f a v o r t o x i c o l o g i c a l 
s c r e e n i n g and l i c e n s i n g o f b i o r a t i o n a l p r o d u c t s . P r o d u c t i o n c o s t s 
o f n a t u r a l p r o d u c t s s h o u l d n o t d i f f e r s u b s t a n t i a l l y f r o m t h o s e o f 
s y n t h e t i c s h a v i n g s i m i l a r s t r u c t u r e s . E f f i c a c y and s e l e c t i v i t y o f 
n a t u r a l p r o d u c t s i n t h e f i e l d , i n c e r t a i n i n s t a n c e s , may be s u p e r i o r 
t o s y n t h e t i c s . S u c c e s s i n p a t e n t i n g compounds n o t y e t i n t h e 
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literature will probably be the determining factor in whether or not 
natural products ultimately find widespread use as weed control 
agents. 
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Chapter 15 

Allelopathy in the Florida Scrub 
Community as a Model 

for Natural Herbicide Actions 
Nikolaus H. Fischer1, Nesrin Tanrisever1, and G. Bruce Williamson2 

1Department of Chemistry, Louisiana State University, Baton Rouge, 
LA 70803-1804 

2Department of Botany, Louisiana State University, Baton Rouge, 
LA 70803-1804 

We are investigating the hypothesis that allelochemicals 
released from plants of the Florida scrub community 
deter the invasion of fire-prone sandhill grasses. 
Bioassays guided our chemical isolations of phytotoxins 
from three scrub species. Constituents of the endemic 
scrub members, Ceratiola ericoides, Conradina canescens 
and Calamintha ashei, were tested for effects on the 
germination and radicle growth of lettuce (Lactuca 
sativa) and little bluestem (Schizachyrium scoparium), a 
native grass of the Florida sandhill community. 

From Ceratiola ericoides we isolated two triter
penes, ursolic acid and erythrodiol, as well as flava
nones, catechins, proanthocyanidins, a chalcone, and 
dihydrochalcones. Water leaf washes provided ursolic 
acid and a novel dihydrochalcone, ceratiolin, which 
exhibited no significant phytotoxic activity. However, 
ceratiolin spontaneously decomposed in water to hydro
cinnamic acid, which showed considerable phytotoxic 
activity. 

From Conradina canescens we isolated copious 
amounts of ursolic acid and a series of monoterpenes. 
Major monoterpenes constituents were 1,8-cineole, 
camphor, borneol, myrtenal, myrtenol, α-terpineol, and 
carvone. We tested camphor, myrtenal, borneol, and 
carvone for their phytotoxic activity on lettuce and 
bluestem and found strong effects on lettuce. 

Calamintha ashei provided, besides ursolic acid and 
caryophyllene oxide, the monoterpenes menthofuran, 
epievodone, and calaminthone, all of which are phyto
toxic. A saturated aqueous solution of epievodone had 
stimulatory effects on the germination of bluestem. 
Epievodone in a saturated aqueous solution of ursolic 
acid, a natural mild detergent, strongly inhibited the 
germination and growth of bluestem. Also, a mixture of 
epievodone, calaminthone, and caryophyllene oxide 
totally inhibited germination of bluestem but had only 
minor effects on lettuce. 

0097-6156/88/0380-0233$06.00/0 
β 1988 American Chemical Society 
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D a t a o b t a i n e d s u p p o r t our p r o p o s a l t h a t n a t u r a l 
s u r f a c t a n t s s u c h as u r s o l i c a c i d enhance t he s o l u b i 
l i z a t i o n of a l l e l o p a t h i c l i p i d s v i a m i c e l l i z a t i o n and 
p l a y a s i g n i f i c a n t r o l e i n t h e i r t r a n s p o r t t o t a r g e t 
seeds o r s e e d l i n g s . Two mechanisms o f p r o d u c t i o n and 
d e l i v e r y o f n a t u r a l h e r b i c i d e s a r e emerging from t h e s e 
s t u d i e s : ( a ) the f o r m a t i o n o f a h i g h l y p h y t o t o x i c 
d e r i v a t i v e from a r e l a t i v e l y n o n - t o x i c p r e c u r s o r , and 
(b ) t h e p r o d u c t i o n o f n a t u r a l s u r f a c t a n t s t h a t a s s i s t i n 
t r a n s p o r t i n g r e l a t i v e l y i n s o l u b l e p h y t o t o x i c l i p i d s i n t o 
t h e s o i l . 

I n F l o r i d a and the S o u t h e a s t e r n C o a s t a l P l a i n , t h e w e l l d r a i n e d 
sandy r i d g e s o f r e l i c t s h o r e l i n e s s u p p o r t two d i f f e r e n t p l a n t 
c o m m u n i t i e s . The more p r e v a l e n t v e g e t a t i o n type i s t h e s a n d h i l l , 
d o m i n a t e d by l o n g l e a f p i n e and oaks w i t h a dense h e r b a c e o u s c o v e r o f 
g r a s s e s and f o r b s . Throughout t h e s a n d h i l l v e g e t a t i o n a r e i s l a n d s 
and s t r a n d s o f t h e s c r u b v e g e t a t i o n , w h i c h a r e do m i n a t e d by a c l o s e d 
canopy of sand p i n e w i t h a dense u n d e r s t o r y o f e v e r g r e e n o a k s , and 
n e a r l y d e v o i d of her b a c e o u s c o v e r . The d i s t i n c t s p e c i e s s e t s a r e 
s e g r e g a t e d a c r o s s a b r u p t e c o t o n e s w i t h t he l e s s common s c r u b s p e c i e s 
r e g a r d e d as en d e m i c s . C h a r a c t e r i s t i c d i f f e r e n c e s t h a t d i s t i n g u i s h 
t h e two v e g e t a t i o n t y p e s a r e summarized i n T a b l e I (_1) · 

T a b l e I . C o n t r a s t i n s c r u b and s a n d h i l l v e g e t a t i o n t y p e s 

S c r u b S a n d h i l l 

S h r u b l a y e r : V e r y dense Open 
Herbaceous l a y e r : N e a r l y none Complete c o v e r 
F o l i a g e p h e n o l o g y : E v e r g r e e n D e c i d u o u s 
S u r f a c e l i t t e r : L i g h t Heavy 
F i r e f r e q u e n c y : 20-50 y e a r s 3-8 y e a r s 
P l a n t r e l a t i v e 
g r o w t h r a t e s : Slow F a s t 

Age of p l a n t s a t 
f i r s t r e p r o d u c t i o n : O l d Young 

I n 1895, Nash (2) s t a t e d , "The s c r u b f l o r a i s e n t i r e l y 
d i f f e r e n t f r o m t h a t o f t h e h i g h p i n e l a n d ( s a n d h i l l ) , h a r d l y a 
s i n g l e p l a n t b e i n g common to b o t h ; i n f a c t t h e s e two f l o r a s a r e 
n a t u r a l enemies and appear t o be c o n s t a n t l y f i g h t i n g e a c h o t h e r . " 

The r o l e o f f i r e i n m a i n t a i n i n g t h e two com m u n i t i e s has been 
p r o p o s e d as an a l t e r n a t i v e t o e d a p h i c f a c t o r s . I n the absence o f 
f i r e , s c r u b s p e c i e s w i l l i n v a d e s a n d h i l l c o m m u n i t i e s and p r o l i f e r a t e 
(_3_,_4). O b s e r v a t i o n s a f t e r w i l d f i r e s i n d i c a t e t h a t i n v a d i n g s c r u b 
s p e c i e s a r e k i l l e d by the r e p e a t e d b u r n i n g n e c e s s a r y t o m a i n t a i n 
h e a l t h y s a n d h i l l c o m m u n i t i e s (_4-6_) · S c r u b r e g e n e r a t e s s u c c e s s f u l l y 
o n l y w i t h l o n g - i n t e r v a l , c a t a s t r o p h i c f i r e s (7_,_8), but t h i s f i r e -
c y c l e does not e x p l a i n the l a c k of s a n d h i l l s p e c i e s c o l o n i z i n g t h e 
s c r u b c o m m u n i t i e s . 
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15. FISCHER ET AL. Allelopathy as a Model for Herbicide Actions 235 

The two p l a n t c o m m u n i t i e s c o u l d be m a i n t a i n e d as s e p a r a t e 
e n t i t i e s where f r e q u e n t s u r f a c e f i r e s i n the s a n d h i l l would preempt 
t h e s u c c e s s of s c r u b i n v a d e r s , and d u r i n g t h e l o n g f i r e - f r e e 
i n t e r v a l s i n the s c r u b , a l l e l o p a t h y would p r e c l u d e s u c c e s s f u l 
s a n d h i l l c o l o n i z e r s . Once e s t a b l i s h e d , t h e p a t t e r n o f t h e 
com m u n i t i e s w ould be m a i n t a i n e d , though e c o t o n e s might expand and 
c o n t r a c t e p i s o d i c a l l y w i t h n a t u r a l changes i n f i r e f r e q u e n c y o r 
h a b i t a t d i s r u p t i o n . I n o r d e r t o t e s t t h i s a l l e l o p a t h y / f i r e 
h y p o t h e s i s (1_), our e c o l o g y and n a t u r a l p r o d u c t s c h e m i s t r y groups 
i n i t i a t e d a c o o p e r a t i v e i n v e s t i g a t i o n . 

T h i s paper r e v i e w s our f i n d i n g s o f t h r e e e a r l y c o l o n i z e r s o f 
the F l o r i d a s c r u b , C e r a t i o l a e r i c o i d e s (A. Gray) H e l l e r 
( E m p e t r a c e a e ) , C a l a m i n t h a a s h e i (Weatherby) S h i n n e r ( L a m i a c e a e ) , and 
C o n r a d i n a c a n e s c e n s T o r r . & Gray ( L a m i a c e a e ) . P r e l i m i n a r y r e s u l t s 
i n d i c a t e d t h a t w a t e r - s o l u b l e a l l e l o t o x i n s r e l e a s e d f r o m t h e l e a v e s 
of t h e s e s c r u b p l a n t s i n h i b i t g e r m i n a t i o n and gr o w t h of s a n d h i l l 
s p e c i e s (9)· We p r e s e n t h e r e a summary o f our c h e m i c a l and 
b i o a c t i v i t y d a t a i n v o l v i n g a l l e l o t o x i n s r e l e a s e d f r o m t h e above 
s h r u b s and t h e i r e f f e c t s on the g e r m i n a t i o n and gr o w t h of l i t t l e 
b l u e s t e m ( S c h i z a c h y r i u m s c o p a r i u m ) ( M i c h x . ) Nash ( P o a c e a e ) . T h i s 
n a t i v e s a n d h i l l g r a s s was used t o t e s t f o r p o t e n t i a l b e n e f i t o f 
a l l e l o p a t h y by s c r u b p l a n t s t o d e t e r the i n v a s i o n o f f i r e - p r o n e 
s a n d h i l l g r a s s e s i n t o the s c r u b . We a l s o i n c l u d e e v i d e n c e f o r t he 
r o l e of n a t u r a l d e t e r g e n t s s u c h as u r s o l i c a c i d as s o l u b i l i z a t i o n 
e n h a n c e r s of b i o a c t i v e l i p i d s and d i s c u s s t h e i r f u n c t i o n i n the 
r e l e a s e and t r a n s p o r t of a l l e l o p a t h i c l i p i d s i n r a i n washes from an 
a l l e l o p a t h i c s o u r c e p l a n t t o a t a r g e t s p e c i e s . 

M a t e r i a l s and Methods 

B i o a s s a y s . The p r e l i m i n a r y b i o a s s a y s were p e r f o r m e d by D.R. 
R i c h a r d s o n (9) and i n v o l v e d a p p l i c a t i o n o f t e s t washes d e r i v e d f r o m 
l e a v e s o f C e r a t i o l a e r i c o i d e s , C o n r a d i n a c a n e s c e n s , and C a l a m i n t h a 
a s h e i t o t a r g e t seeds ( S c h i z a c h y r i u m s c o p a r i u m and L a c t u c a s a t i v a ) 
and subsequent m o n i t o r i n g of g e r m i n a t i o n and gr o w t h ( T a b l e I I ) . 
Once each month f r e s h l e a v e s were c o l l e c t e d from tagged t e s t p l a n t s 
i n t h e s c r u b community, soaked i n d i s t i l l e d w a t e r a t a r a t i o o f 1 g 
of f r e s h l e a f w e i g h t per 10 ml o f wat e r f o r 24 h under r e f r i g e r a t i o n 
a t 8°C. S o a k i n g p e r m i t t e d r e l e a s e o f wa t e r s o l u b l e compounds from 
t h e l e a f s u r f a c e or t h r o u g h n a t u r a l l e a c h i n g as might o c c u r d u r i n g 
r a i n f a l l , but the r e f r i g e r a t i o n p r e v e n t e d decay o f o r g a n i c m a t e r i a l s 
and r e l e a s e of i n t e r n a l p r o d u c t s i n whole l e a v e s . The w a t e r 
s o l u t i o n s were d e c a n t e d , and 5 ml of s o l u t i o n was added t o s t e r i l e 
p e t r i d i s h e s (10 cm d i a m e t e r ) l i n e d w i t h one s h e e t o f f i l t e r 
p a p e r . E a c h d i s h c o n t a i n e d t h i r t y seeds o f t a r g e t p l a n t s w i t h t h r e e 
or f o u r r e p l i c a t e d i s h e s per t e s t wash. The t e s t s o l u t i o n s were 
measured f o r pH and o s m o l a r i t y and d i f f e r e d o n l y s l i g h t l y f r o m w a t e r 
c o n t r o l s , so no a d j u s t m e n t s were r e q u i r e d . The p e t r i d i s h e s were 
k e p t i n the d a r k u n t i l c o n t r o l s e x h i b i t e d r a d i c l e g r o w t h o f s e v e r a l 
cm, 4 days f o r l e t t u c e and 15 days f o r l i t t l e b l u e s t e m . A f t e r t h e 
d i s h e s had been f r o z e n t o t e r m i n a t e g r o w t h , p e r c e n t g e r m i n a t i o n and 
r a d i c l e l e n g t h of g e r m i n a t e d seeds were r e c o r d e d (9_)· 
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236 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

C h e m i c a l A n a l y s e s 

C e r a t i o l a e r i c o i d e s . V o l a t i l e s from t h e hexane e x t r a c t of _C. 
e r i c o i d e s were o b t a i n e d by p a s s i n g steam over the c o n c e n t r a t e o f t h e 
hexane e x t r a c t (3 g) c o a t e d on the i n s i d e w a l l s of a d i s t i l l a t i o n 
c olumn. The steam d i s t i l l a t e (30 ml) was e x t r a c t e d w i t h 10 ml of 
nanograde C H 2 C I 2 , and the e x t r a c t s o l u t i o n was s u b j e c t e d t o GC-MS 
a n a l y s i s . 

The f l a v o n o i d s 1-3, 5, 6 and a m i x t u r e of u r s o l i c a c i d 
(UA, 2 5 ) , and e r y t h r o d i o l ( 2 6 ) used f o r t he g e r m i n a t i o n and r a d i c l e 
g r o w t h s t u d i e s were i s o l a t e d by p r e v i o u s l y d e s c r i b e d methods ( 1 0 ) . 
C o m m e r c i a l l y a v a i l a b l e u r s o l i c a c i d and h y d r o c i n n a m i c a c i d (HCA) 
were a l s o used i n the b i o a s s a y s . The b i o a s s a y s o f t h e f l a v a n o i d s 
( 1 - 3 , 5, 6) i n v o l v e d p r e p a r a t i o n of a s a t u r a t e d aqueous s o l u t i o n o f 
t h e n a t u r a l t r i t e r p e n e m i x t u r e by s o n i c a t i o n f o r 1 h of an e x c e s s o f 
t r i t e r p e n e m i x t u r e i n w a t e r and f i l t r a t i o n . S a t u r a t e d s o l u t i o n s o f 
t h e f l a v o n o i d s were p r e p a r e d by a d d i n g 5 mg of e a c h f l a v o n o i d t o 22 
ml of aqueous s a t u r a t e d t r i t e r p e n e s o l u t i o n and s o n i c a t i o n of t h i s 
m i x t u r e f o r 1 h. A f t e r f i l t r a t i o n , a maximal c o n c e n t r a t i o n of 227 
ppm of each compound was o b t a i n e d . The r e s u l t s of t h e b i o a s s a y s 
p e r f o r m e d on l e t t u c e and b l u e s t e m a r e summarized i n T a b l e I I I . 

F l o r i d a s c r u b s o i l i s a c i d i c w i t h pH l e v e l s as low as 4 i n some 
a r e a s ( 9 ) . To t e s t f o r p o s s i b l e e f f e c t s of a c i d on c e r a t i o l i n , we 
c a r r i e d out an a c i d t r e a t m e n t under r e f l u x f o r 2 h w i t h 4M HC1. XH 
NMR s p e c t r a l a n a l y s i s of t h e p r o d u c t m i x t u r e as w e l l as GC-MS 
c o m p a r i s o n s w i t h s t a n d a r d s showed t h a t HCA (11) and i t s m e t h y l e s t e r 
were formed under t h e s e c o n d i t i o n s . 

C a l a m i n t h a a s h e i and C o n r a d i n a c a n e s c e n s . The i s o l a t i o n s o f t h e 
mono- and s e s q u i t e r p e n e s and u r s o l i c a c i d f r o m _C. a s h e i u s ed i n t h e 
b i o a s s a y s t u d i e s (11,12) as w e l l as the methods f o r i s o l a t i o n and 
s t r u c t u r e d e t e r m i n a t i o n of the _C. c a n e s c e n s t e r p e n o i d s have been 
p r e v i o u s l y d e s c r i b e d (13,14)· 

M i c e l l i z a t i o n s t u d i e s o f s c r u b p l a n t l e a c h a t e s and t h e i r pure 
c o n s t i t u e n t s by t h e W o l f f method ( 1 5 ) . Measurements of r e l a t i v e 
a c r i d i n e f l u o r e s c e n c e i n t e n s i t y were p e r f o r m e d on a SLM 4800 
s p e c t r o f l u o r i m e t e r w i t h an e x c i t a t i o n s l i t w i d t h o f 8 nm and an 
e m i s s i o n s l i t w i d t h o f 2 nm. E m i s s i o n w a v e l e n g t h was 425 nm and 
e x c i t a t i o n w a v e l e n g t h was 360 nm or 395 nm, d e p e n d i n g on t h e 
ab s o r b a n c e ( 1 1 , 1 3 , 1 4 ) . 

R e s u l t s and D i s c u s s i o n 

B i o l o g i c a l a c t i v i t i e s o f C e r a t i o l a e r i c o i d e s c o n s t i t u e n t s . C e r t i o l a 
e r i c o i d e s i s a mo n o t y p i c genus, one of o n l y t h r e e g e n e r a o f t h e 
f a m i l y E mpetraceae. An endemic o f the F l o r i d a s c r u b community, i t 
i s l o c a l l y dominant on d i s t u r b e d s i t e s and t h e r e i s an absence o f 
h e r b a c e o u s g r o w t h around C e r a t i o l a p l a n t s ( 9 ) . P r e l i m i n a r y r e s u l t s 
f rom e x t e n s i v e m o n t h l y b i o a s s a y s ( T a b l e I I ) showed t h a t w a t e r -
s o l u b l e l i t t e r e x t r a c t s s t r o n g l y i n h i b i t e d g e r m i n a t i o n and r a d i c l e 
g r o w t h o f n a t i v e g r a s s e s o f the a d j a c e n t s a n d h i l l community; 
however, w a t e r s o l u b l e e x t r a c t s of f r e s h l e a v e s were o n l y m i l d l y 
a l l e l o p a t h i c ( 9 ) . A l t h o u g h c h r o m a t o g r a p h i c p a t t e r n s of the 
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15. FISCHER ET AL. Allelopathy as a Model for Herbicide Actions 237 

f l a v o n o i d s of C e r a t i o l a had been p r e v i o u s l y c a r r i e d out i n 
c o n n e c t i o n w i t h a b i o c h e m i c a l s y s t e m a t i c s t u d y o f the Empetraceae 
( 1 6 ) , we pe r f o r m e d an e x t e n s i v e r e - i n v e s t i g a t i o n o f t h i s s p e c i e s i n 
s e a r c h f o r p o s s i b l e a l l e l o p a t h i c c o n s t i t u e n t s ( 1 0 ) . C h e m i c a l 
a n a l y s i s o f th e d i c h l o r o m e t h a n e e x t r a c t of ground a e r i a l p a r t s of _C. 
e r i c o i d e s y i e l d e d two known d i h y d r o c h a l c o n e s , a n g o l e t i n ( 1 ) and 

T a b l e I I . E f f e c t o f w a t e r washes o f s c r u b s p e c i e s on S c h i z a c h y r i u m 
s c o p a r i u m g e r m i n a t i o n (G) and r a d i c l e l e n g t h ( R L ) 1 

C o n r a d i n a C a l a m i n t h a C e r a t i o l a C e r a t i o l a 
c a n e s c e n s a s h e i e r i c o i d e s e r i c o i d e s 

f r e s h p l a n t l i t t e r 
G RL G RL G RL G RL 

March 74* 126* 66* 133 80 114 51* 28 
A p r i l 112 82 93 76 103* 91 133 84* 
May 83 79 85 72* 83 99 81 81 
J u ne 19* 50* 25* 44* 85 83 9* 79 
J u l y 52* 84* 20* 76* 55* 80 48* 93 
A ugust 104 91 84 72* 84 102 100 108 
September 111 108 103* 104* 93 129* 85* 101* 
O c t o b e r 56* 117 63* 83 74 108 70 95 
November 161* 81* 123 83 147 84 95 91 

Numbers a r e g e r m i n a t i o n as a p e r c e n t of the c o n t r o l and r a d i c l e 
l e n g t h s as p e r c e n t o f c o n t r o l . An a s t e r i x i n d i c a t e s a s i g n i f i c a n t 
d i f f e r e n c e (p < 0.05). ( D a t a f r o m r e f . 9.) 

2 1 , 6 1 - d i h y d r o x y - 4 - m e t h o x y - 3 1 , 5 f - d i m e t h y l d i h y d r o c h a l c o n e ( 2 ) , as w e l l 
as 2 ? , 4 T - d i h y d r o x y c h a l c o n e ( 6 ) and t h r e e known f l a v a n o n e s , 7-
h y d r o x y f l a v a n o n e , 8 - m e t h y l p i n o c e m b r i n ( 4 ) , and 6 , 8 - d i m e t h y l -
p i n o c e m b r i n ( 3 ) . M e t h a n o l e x t r a c t s o f ground l e a v e s p r o v i d e d 
c a t e c h i n ( 8 ) , " e p i c a t e c h i n ( 9 ) and epicatechin-(43*8;2β-Κ)+7)-
e p i c a t e c h i n (A-2 d i m e r ) ( 1 0 ) . From w a t e r washes of f r e s h l y 
h a r v e s t e d l e a v e s a n o v e l d i h y d r o c h a l c o n e , c e r a t i o l i n ( 7 ) , was 
i s o l a t e d ( 1 0 ) . (See F i g u r e I.) 

F r e s h _C. e r i c o i d e s l e a v e s were o d o r l e s s , but d r i e d p l a n t 
m a t e r i a l e m i t t e d an odor much l i k e t h a t d e t e c t e d i n t h e s u r r o u n d i n g s 
o f l i v i n g p l a n t s i n the n a t u r a l e n v i r o n m e n t . T h e r e f o r e , t h e 
atmosphere around d r i e d l e a v e s was f l u s h e d w i t h n i t r o g e n f o r e i g h t 
h o u r s , and the v o l a t i l e s were t r a p p e d i n CH2CI2 a t -70°C. These a i r 
samples c o n t a i n e d a n g o l e t i n ( 1 ) , 2 1 , 6 ' - d i h y d r o x y - 4 T - m e t h o x y - 3 * , 5 ? -
d i m e t h y l d i h y d r o c h a l c o n e ( 2 ) , 2 1 , 4 ! - d i h y d r o x y c h a l c o n e ( 6 ) , and 6,8-
d i m e t h y l p i n o c e m b r i n ( 3 ) as major c o n s t i t u e n t s . A l l f o u r compounds 
were a l s o found i n the CH2CI2 e x t r a c t of _C. e r i c o i d e s ( 1 0 ) . 

B i o l o g i c a l a c t i v i t i e s o f the above C e r a t i o l a f l a v o n o i d s had n o t 
been p r e v i o u s l y r e p o r t e d e x c e p t f o r a s s e s s m e n t s of the c y t o t o x i c and 
a n t i m i c r o b i a l p o t e n t i a l o f a n g o l e t i n ( 1 ) and i t s b e n z y l d e r i v a t i v e s , 
w h i c h e x h i b i t e d no a c t i v i t y ( 1 7 ) . F o r r e a s o n s t h a t w i l l be 
d i s c u s s e d l a t e r , f i v e f l a v o n o i d s (1-4,6) were t e s t e d i n a s a t u r a t e d 
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238 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

1 , R=H, R- Me 3 1 OH Me Me 
2 , R= Me,R-H 4 , OH H Me 

5 , H H H 

Ο 

11, R=OH 
12, R=CH 3 

13, R s - C H 2 - ( C O ) 2 - C H 3 

F i g u r e I . C o n s t i t u e n t s of C e r a t i o l a e r i c o i d e s : a n g o l e t i n ( 1 ) , 
2 T j o ' - d i h y d r o x y - A - m e t h o x y - S 1 , 5 1 - d i m e t h y l d i h y d r o -
c h a l c o n e ( 2 ) , 6 , 8 - d i m e t h y l p i n o c e m b r i n ( 3 ) , 
8 - m e t h y l p i n o c e m b r i n ( 4 ) , 5 - d e s o x y p i n o c e m b r i n ( 5 ) , 
2 T ^ ' - d i h y d r o x y c h a l c o n e ( 6 ) , c e r a t i o l i n ( 7 ) , 
c a t e c h i n ( 8 ) , e p i c a t e c h i n ( 9 ) , e p i c a t e c h i n -
( 4 3 + 8 ; 2 3 - K ) + 7 ) - e p i c a t e c h i n (Â-2 d i m e r ) ( 1 0) 
h y d r o c i n n a m i c a c i d ( 1 1 ) , 4 - p h e n y l - 2 - b u t a n o n e ( 1 2 ) , 
and t r i k e t o n e ( 1 3 ) . 
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15. FISCHER ET AL. Allelopathy as a Model for Herbicide Actions 239 

aqueous s o l u t i o n s o f an u r s o l i c a c i d ( U A ) - e r y t h r o d i o l m i x t u r e (ED) 
( T a b l e I I I ) . The l a t t e r a r e two t r i t e r p e n e s (25 and 26) i s o l a t e d 
f r o m t h e the c u t i c a l wax of _C. e r i c o i d e s l e a v e s . 

We o b s e r v e d o n l y m i n o r i n h i b i t i o n o f g e r m i n a t i o n w i t h l e t t u c e 
and no s i g n i f i c a n t e f f e c t s w i t h b l u e s t e m . C o m p a r i s o n o f t h e 
a c t i v i t y on r a d i c l e g r o w t h o f ea c h compound i n an aqueous s o l u t i o n 
o f t h e t r i t e r p e n e m i x t u r e w i t h the t r i t e r p e n e m i x t u r e c o n t r o l 
y i e l d e d o p p o s i t e e f f e c t s on _L. s a t i v a and S. s c o p a r i u m . The 
compounds m i l d l y s t i m u l a t e d g r o w t h of _L. s a t i v a w h i l e i n h i b i t i o n s as 
s t r o n g as 52% f o r 6 , 8 - d i m e t h y l p i n o c e m b r i n ( 3 ) were o b s e r v e d f o r j ^ . 

T a b l e I I I . E f f e c t s o f _C. e r i c o i d e s f l a v o n o i d s on the g e r m i n a t i o n 
and r a d i c l e l e n g t h o f _L. s a t i v a and _S. s c o p a r i u m 
d i s s o l v e d i n a s a t u r a t e d aqueous s o l u t i o n o f an u r s o l i c 
a c i d - e r y t h r o d i o l m i x t u r e 1 

L. s a t i v a _S. s c o p a r i u m 
Compound 2 G RL G RL 

UA-ED(25-26) 

97 (97) 101 (90*) 86 (81) 66* (85) 
100 (100) 120* (107) 94 (89) 70 (90) 
88* (88*) 136* (121) 106 (100) 71 (91) 
86* (86*) 115 (103) 97 (92) 52* (66*) 
90* (90*) 132* (117) 100 (95) 57* ( 7 3 ) 

(100) (89*) (95) (128) 

t e r m i n a t i o n (G) and r a d i c l e l e n g t h s (RL) a r e e x p r e s s e d as 
p e r c e n t a g e s of t h e i r c o n t r o l s . E ach sample was compared t o an 
u r s o l i c a c i d - e r y t h r o d i o l m i x t u r e (UA-ED) c o n t r o l . D ata i n 
p a r e n t h e s e s i n d i c a t e c o m p a r i s o n to H2O c o n t r o l s . An a s t e r i x 
i n d i c a t e s s i g n i f i c a n t d i f f e r e n c e from the c o n t r o l a t ρ < 0.05. 

2 A n g o l e t i n ( 1 ) ; 2 ! , 6 W i h y d r o x y ^ ' - m e t h o x y - S ' , 5 T - d i m e t h y l -
d i h y d r o c h a l c o n e ( 2 ) ; 2 1 , 4 ' - d i h y d r o x y c h a l c o n e ( 6 ) ; 6 , 8 - d i m e t h y l -
p i n o c e m b r i n ( 3 ) ; 8 - m e t h y l p i n o c e m b r i n ( 4 ) . 

s c o p a r i u m r a d i c l e g r o w t h . When compared w i t h w a t e r c o n t r o l s , w h i c h 
m i g h t be a b e t t e r c o m p a r i s o n f o r a s s e s s i n g the b e h a v i o r o f t h e 
n a t u r a l s y s t e m , o n l y 6 , 8 - d i m e t h y l p i n o c e m b r i n shoved a s t a t i s t i c a l l y 
s i g n i f i c a n t i n h i b i t i o n ( 6 6 % ) . A l t h o u g h t h e o t h e r f l a v o n o i d s c a u s e d 
some decrease i n the r a d i c l e l e n g t h s of S. scopariuL' t e s t seedlings, 
none o f t h e s e a c t i v i t i e s was s t a t i s t i c a l l y s i g n i f i c a n t . 

T a n n i n s i n h i b i t b a c t e r i a ( 1 7) and t h e i r e f f e c t s can be 
s i g n i f i c a n t i n a l l e l o p a t h i c i n t e r a c t i o n s when n i t r i f y i n g b a c t e r i a 
a r e i n v o l v e d ( 1 8 , 1 9 ) . R i c e and P a n c h o l y d e m o n s t r a t e d t h a t a 2 ppm 
c o n c e n t r a t i o n o f condensed t a n n i n s added t o s o i l t o t a l l y i n h i b i t s 
o x i d a t i o n o f NH^ + w i t h i n t h r e e weeks ( 2 0 ) . T h i s i n h i b i t i o n c o u l d 
i n d i r e c t l y i n f l u e n c e the g r o w t h of p l a n t s w i t h r o o t s near t h e s o i l 
s u r f a c e . S y n e r g i s t i c i n h i b i t o r y e f f e c t s o f t a n n i n s were o b s e r v e d on 
Avena s a t i v a c o l e o p t i l e segments. Condensed t a n n i n a l o n e c a u s e d 
minor i n h i b i t i o n s , whereas i n the p r e s e n c e o f low c o n c e n t r a t i o n s o f 
i n d o l e a c e t i c a c i d r o o t segment e l o n g a t i o n was c o m p l e t e l y b l o c k e d 
(21). 
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240 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

C a t e c h i n ( 8 ) , e p i c a t e c h i n ( 9 ) , and t h e A-2 di m e r ( 1 0 ) a t 62 
and 620 ppm had m i n o r t o moderate e f f e c t s on the g e r m i n a t i o n of _L. 
s a t i v a , and o n l y c a t e c h i n a t 62 ppm e x h i b i t e d a s i g n i f i c a n t 
g e r m i n a t i o n i n h i b i t i o n ( 6 6 % o f c o n t r o l ) on _S. s c o p a r i u m ( T a b l e 
I V ) . The g r o w t h i n h i b i t i o n s o f _L. s a t i v a by the two c a t e c h i n s were 
low t o moderate. The s t r o n g e s t i n h i b i t o r y e f f e c t s (64%) were 
e x h i b i t e d by e p i c a t e c h i n a t 620 ppm upon _L. s a t i v a , and s i g n i f i c a n t 
g r o w t h p r o m o t i o n (136%) was f o u n d on _S. s c o p a r i u m a t the 62 ppm 
l e v e l of e p i c a t e c h i n . I n summary, the g e r m i n a t i o n and g r o w t h 
i n h i b i t i o n s caused by the f l a v o n o i d s , c a t e c h i n s , and t h e A-2 
dimer (10) do not r e a c h l e v e l s t h a t were o b s e r v e d w i t h p l a n t 
l e a c h a t e s and c h r o m a t o g r a p h i c f r a c t i o n s of _C. e r i c o i d e s t h a t 
c o n t a i n e d m i x t u r e s of t h e above compounds. 

T a b l e IV. E f f e c t s of C e r a t i o l a e r i c o i d e s c a t e c h i n s on the 
g e r m i n a t i o n (G) and r a d i c l e l e n g t h (RL) of _L. s a t i v a and 

s c o p a r i u m 1 

Compound Cone. _L. s a t i v a j>_. s c o p a r i u m 
(ppm) 

G RL G RL 

c a t e c h i n ( 8 ) 62 95 87 66* 122 
c a t e c h i n ( 8 ) 620 97 92* 84 107 
e p i c a t e c h i n ( 9 ) 62 94 75* 77 136* 
e p i c a t e c h i n ( 9 ) 620 97 64* 73 113 
A-2 d i m e r (10) 62 85 96 114 102 
A-2 di m e r ( 10) 620 92 70* 114 76 

t e r m i n a t i o n (G) and r a d i c l e l e n g t h s (RL) a r e e x p r e s s e d i n p e r c e n t 
o f c o n t r o l s . An a s t e r i x i n d i c a t e s s i g n i f i c a n t d i f f e r e n c e from 
c o n t r o l (p < 0.05). 

Whole l e a f w a t e r washes of _C. e r i c o i d e s o b t a i n e d a t ambient 
t e m p e r a t u r e were e x t r a c t e d w i t h e t h y l a c e t a t e - c h l o r o f o r m ; t h e 
e x t r a c t s p r o v i d e d , b e s i d e s u r s o l i c a c i d , one major compound, 
c e r a t i o l i n ( 7 ) , w h i c h i s a new and n o v e l d i h y d r o c h a l c o n e ( 1 0 ) . 
C e r a t i o l i n was s u s p e c t e d to p l a y a s i g n i f i c a n t r o l e i n t h e 
a l l e l o p a t h i c a c t i v i t y o f C e r a t i o l a , s i n c e p l a n t p r o d u c t s on the l e a f 
s u r f a c e a r e more l i k e l y t h a n a r e i n t e r n a l l e a f c o n s t i t u e n t s t o be 
washed i n t o t h e s o i l d u r i n g r a i n . For t h i s r e a s o n , c e r a t i o l i n was 
i n v e s t i g a t e d f u r t h e r as a p o t e n t i a l s o u r c e f o r a l l e l o p a t h i c a c t i v i t y 
a g a i n s t l i t t l e b l u e s t e m . However, c e r a t i o l i n had no e f f e c t on t h e 
g e r m i n a t i o n of _S. s c o p a r i u m a t the 125 ppm l e v e l . I n f a c t , i t 
promoted the r a d i c l e g r o w t h o f t h i s t a r g e t s p e c i e s ( 1 4 5 % ) . These 
d a t a were c o n t r a r y to the r e s u l t s i n t h e s e a s o n a l s t u d i e s of water 
washes o f C e r a t i o l a l e a v e s and, i n p a r t i c u l a r , i t s l i t t e r ( T a b l e 
I I ) . D u r i n g the i s o l a t i o n and s t r u c t u r a l s t u d i e s , we c o u l d not 
d e t e c t c e r a t i o l i n i n the c r u d e e x t r a c t s of ground d r i e d l e a v e s of C_. 
e r i c o i d e s , but we d i d f i n d i t i n the l e a f w a t e r washes of f r e s h 
a e r i a l p a r t s and i n the s o l u t i o n s f r o m s h o r t - t e r m whole p l a n t 
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15. FISCHER ET AL. Allelopathy as a Model for Herbicide Actions 241 

d i p p i n g s i n m e t h a n o l , i n w h i c h i t r e p r e s e n t e d the major component 
( 1 0 ) . A l s o , the amount of c e r a t i o l i n e x t r a c t e d from d r y p l a n t 
m a t e r i a l , w h i c h had been s t o r e d a t room t e m p e r a t u r e f o r s i x months, 
was c o n s i d e r a b l y l o w e r t h a n the y i e l d from f r e s h p l a n t m a t e r i a l . 
T h i s i n d i c a t e d t h a t c e r a t i o l i n may be t h e r m a l l y u n s t a b l e and 
underwent d e c o m p o s i t i o n d u r i n g s t o r a g e of the p l a n t m a t e r i a l . 
T h e r e f o r e , d e c o m p o s i t i o n e x p e r i m e n t s were c a r r i e d out w i t h w a t e r 
s o l u t i o n s o f pure c e r a t i o l i n . One s o l u t i o n was exposed t o s u n l i g h t , 
and t h e o t h e r was k e p t i n t h e d a r k . A f t e r 3 days h y d r o c i n n a m i c a c i d 
(HCA) (11) was d e t e c t e d as a p r o d u c t i n b o t h e x p e r i m e n t s . The 
sample w h i c h had been k e p t i n the d a r k a l s o c o n t a i n e d t r a c e amounts 
of the t r i k e t o n e ( 1 3 ) . S i n c e the f o r m a t i o n o f t h e s e compounds was 
f a c i l e i n w a t e r , t h e s e d e c o m p o s i t i o n p r o d u c t s must a l s o f o r m under 
n a t u r a l c o n d i t i o n s , e s p e c i a l l y i n d e c a y i n g C. e r i c o i d e s l i t t e r . 

A s a t u r a t e d aqueous s o l u t i o n o f c e r a t i o l i n showed no i n h i b i t o r y 
a c t i v i t y a g a i n s t the two t e s t seeds ( T a b l e V ) . On the o t h e r hand, 
HCA e x h i b i t e d h i g h g e r m i n a t i o n and g r o w t h i n h i b i t i o n s on b o t h t a r g e t 
s e e d s . A t 63 ppm, HCA showed s i g n i f i c a n t i n h i b i t o r y a c t i v i t y on S* 
s c o p a r i u m g e r m i n a t i o n and g r o w t h , w h i l e e q u i m o l a r amounts of 
c e r a t i o l i n (125 ppm) e x h i b i t e d no a c t i v i t y on g e r m i n a t i o n and 
s t i m u l a t e d g r o w t h . T h i s d i f f e r e n c e may e x p l a i n e a r l i e r f i n d i n g s 
t h a t l i t t e r washes of C. e r i c o i d e s showed c o n s i d e r a b l e a c t i v i t y 
w h i l e f r e s h l e a f washes were s i g n i f i c a n t l y l e s s e f f e c t i v e ( T a b l e 
I I ) . S i n c e s o i l under C. e r i c o i d e s i s a c i d i c and the d e g r a d a t i o n o f 
c e r a t i o l i n i n t o HCA i s promoted under a c i d i c c o n d i t i o n s , a c t i v i t y i s 
l i k e l y t o be g r e a t e r i n the sandy s o i l and decomposing l i t t e r t h a n 
i n f r e s h l e a f r a i n washes. Low c o n c e n t r a t i o n s of HCA (2-10 ppm) 
have been d e t e c t e d i n the s o i l under C e r a t i o l a . P r e s e n t l y , 
q u a n t i t a t i v e a n a l y s e s are i n p r o g r e s s t o d e t e r m i n e s e a s o n a l 

T a b l e V. E f f e c t s o f h y d r o c i n n a m i c a c i d (HCA) and c e r a t i o l i n on 
g e r m i n a t i o n and r a d i c l e growth o f L a c t u c a s a t i v a and 
S c h i z a c h y r i u m s c o p a r i u m * 

Compound Cone. _L. s a t i v a S c h i z a c h y r i u m s c o p a r i u m 
(ppm) 

G RL G RL 

HCA (11) 

C e r a t i o l i n ( 7 ) 

1000 0* 0* 
500 0* 2* 17* 
250 4* 9 * 50* 32* 
125 95 40* 68* 46* 
63 109 56* 74* 65 
31 100 72* 113 88 
16 104 76* 109 85 

125 102 83 102 145 

G e r m i n a t i o n s (G) and r a d i c l e l e n g t h s (RL) a r e i n p e r c e n t of t h e 
c o n t r o l s . An a s t e r i x i n d i c a t e s s i g n i f i c a n t d i f f e r e n c e f r o m t h e 
c o n t r o l (p < 0.05). 
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242 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

c o n c e n t r a t i o n changes of HCA and o t h e r d e c o m p o s i t i o n p r o d u c t s o f 
c e r a t i o l i n . The t r i k e t o n e ( 1 3 ) has n o t y e t been t e s t e d f o r i t s 
a l l e l o p a t h i c p o t e n t i a l due to i n s u f f i c i e n t amounts o f m a t e r i a l . 
F u t u r e b i o a s s a y s w i l l i n c l u d e compound 13 as w e l l as t h e 4 - p h e n y l - 2 -
butanone ( 1 2 ) , w h i c h was found i n t h e v o l a t i l e s o f _C. e r i c o i d e s . 
The l a t t e r compound a l s o a p p e a r s t o be a d e g r a d a t i o n p r o d u c t o f 
c e r a t i o l i n , p o s s i b l y b e i n g formed v i a a c i d c l e a v a g e of the 
t r i k e t o n e ( 1 3 ) . 

B i o l o g i c a l a c t i v i t i e s o f C a l a m i n t h a a s h e i and C o n r a d i n a c a n e s c e n s 
c o n s t i t u e n t s . The m i n t s C a l a m i n t h a a s h e i and C o n r a d i n a c a n e s c e n s 
a r e endemic t o t h e F l o r i d a s c r u b community. P r e v i o u s l y n e i t h e r 
s p e c i e s had been i n v e s t i g a t e d c h e m i c a l l y . Water washes of f r e s h _C. 
a s h e i and _C. c a n e s c e n s l e a v e s had s i g n i f i c a n t i n h i b i t o r y e f f e c t s on 
S_. s c o p a r i u m g e r m i n a t i o n and g r o w t h ( T a b l e I I ) ( 9 ) . The c u t i c a l 
waxes c o n t a i n e d c o p i o u s amounts o f u r s o l i c a c i d ( U A , 2 5 ) ( 1 1 ) . 
F u r t h e r c h e m i c a l a n a l y s i s of the a e r i a l p a r t s of _C. a s h e i p r o v i d e d 
t h e known monoterpene m e n t h o f u r a n (17) and the s e s q u i t e r p e n e 
c a r y o p h y l l e n e e p o x i d e . I n a d d i t i o n , t h e new m e n t h o f u r a n s , 
c a l a m i n t h o n e ( 1 5 ) i t s d e s a c e t y l d e r i v a t i v e ( 1 6 ) , and 
e p i e v o d o n e ( 1 4 ) were i s o l a t e d ( 1 1 , 1 2 ) . The e f f e c t s of t h e _C. a s h e i 
c o n s t i t u e n t s on t h e g e r m i n a t i o n and g r o w t h of _L. s a t i v a and _S. 
s c o p a r i u m a r e summarized i n T a b l e V I . (See F i g u r e I I . ) 

T a b l e V I . E f f e c t s o f s a t u r a t e d aqueous s o l u t i o n s of C a l a m i n t h a 
a s h e i c o n s t i t u e n t s on the g e r m i n a t i o n and r a d i c l e g r o w t h 
o f _S. s c o p a r i u m and _L. s a t i v a 1 

S. s c o p a r i u m L. s a t i v a 

Compound(s) cone, (ppm) G RL G RL 

m i x t u r e o f 14, 15, 285 0* 97 61* 
c a r y o p h y l l e n e o x i d e + * 

c a l a m i n t h o n e (15) 
e p i e v o d o n e ( 1 4 ) 

25θ! 
2 5 0 j 

129^ 
185 

88 
93 

113 
96 

1 3 8 A 

c a r y o p h y l l e n e o x i d e 6 2 5 T 128 91 104 66 
u r s o l i c a c i d (UA) + 8 6* 1 3 6 * 104 
e p i e v o d o n e + s a t d . aq. 250 1 57* 33 97 81 

s o i n o f UA + 
c a l a m i n t h o n e ( v o l a t i l e s ) 91 
e p i e v o d o n e ( v o l a t i l e s ) 11 77 

Numbers a r e g e r m i n a t i o n (G) and r a d i c l e l e n g t h s (RL) as p e r c e n t o f 
w a t e r c o n t r o l s o l u t i o n s . An a s t e r i x i n d i c a t e s s i g n i f i c a n t 
d i f f e r e n c e from the w a t e r c o n t r o l (p < 0.05). 
T h i s c o n c e n t r a t i o n r e p r e s e n t s the maximal c o n c e n t r a t i o n based on 
the t o t a l amounts w e i g h e d . I n a l l c a s e s o n l y p a r t o f each sample 
d i s s o l v e d . 
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15, R = 0 A c 20,R = H,R'=0H 
16, R = 0 H 
17, R = H ; 4 - d e s o x y 

25,R=R 2 = Me,R , = H; R 3=- COOH 
2 6 ^ = Η · , ^ =R 2 = Me;R 3=- C H f O H 

F i g u r e I I . C o n s t i t u e n t s of C o n r a d i n a c a n e s c e n s and C a l a m i n t h a 
a s h e i : e p i e v o d o n e ( 1 4 ) , c a l a m i n t h o n e ( 1 5 ) , 
d e s a c e t y l c a l a m i n t h o n e ( 1 6 ) , m e n t h o f u r a n ( 1 7 ) , 
1 , 8 - c i n e o l e ( 1 8 ) , camphor ( 1 9 ) , b o r n e o l ( 2 0 ) , 
m y r t e n a l ( 2 1 ) , m y r t e n o l ( 2 2 ) y o t - t e r p i n e o l ( 2 3 ) , 
c a r v o n e ( 2 4 ) , u r s o l i c a c i d ( 2 5 ) , 
e r y t h r o d i o l ( 2 6 , i s o l a t e d from_C. e r i c o i d e s ) . 
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A s a t u r a t e d aqueous s o l u t i o n of a c h r o m a t o g r a p h i c f r a c t i o n 
c o n t a i n i n g c a l a m i n t h o n e , e p i e v o d o n e , and c a r y o p h y l l e n e o x i d e 
c o m p l e t e l y s u p p r e s s e d g e r m i n a t i o n of _S. s c o p a r i u m but had no 
s i g n i f i c a n t e f f e c t s on L. s a t i v a g e r m i n a t i o n . I n c o n t r a s t , 
s a t u r a t e d aqueous s o l u t i o n s o f the pure compounds were s t i m u l a t o r y 
to S* s c o p a r i u m g e r m i n a t i o n ( 1 8 5 % of c o n t r o l f o r e p i e v o d o n e ) . 
S i g n i f i c a n t i n h i b i t o r y e f f e c t s were o b s e r v e d when e p i e v o d o n e was 
a d m i n i s t e r e d as a v o l a t i l e o r i n a s a t u r a t e d aqueous s o l u t i o n o f 
UA ( 2 5 ) , w h i c h e x h i b i t e d no s i g n i f i c a n t e f f e c t s when t e s t e d a l o n e . 
Two f a c t s a r e o f i n t e r e s t i n t h e above b i o a s s a y r e s u l t s : ( a ) The 
h i g h l y s p e c i f i c a c t i v i t y of a m i x t u r e o f c a l a m i n t h o n e , e p i e v o d o n e , 
and c a r y o p h y l l e n e o x i d e toward l i t t l e b l u e s t e m c o n s t r a s t s w i t h 
i n s i g n i f i c a n t g e r m i n a t i o n i n h i b i t i o n on l e t t u c e ; ( b ) the s t r o n g 
i n h i b i t o r y e f f e c t s e x h i b i t e d by the t e r p e n e m i x t u r e toward b l u e s t e m 
c o n t r a s t w i t h t h e g e r m i n a t i o n p r o m o t i o n s of b l u e s t e m c a u s e d by 
i n d i v i d u a l compounds. A s i m i l a r d r a m a t i c s y n e r g i s t i c p h y t o t o x i c 
e f f e c t by a m i x t u r e o f camphor, p u l e g o n e , and b o r n e o l was p r e v i o u s l y 
o b s e r v e d by A s p l u n d ( 2 2 ) . Our i n t e r p r e t a t i o n s o f the s y n e r g i s t i c 
p r o p e r t y o f UA w i l l be d i s c u s s e d i n the f o l l o w i n g s e c t i o n . 

Water washes o f f r e s h C o n r a d i n a c a n e s c e n s leaves were strongly 
i n h i b i t o r y due t o t h e p r e s e n c e of a s e r i e s of monoterpenes t o g e t h e r 
w i t h c o p i o u s amounts o f UA (25) ( 1 3 ) . I n a d i r e c t e d , b i o a s s a y -
m o n i t o r e d s e a r c h f o r the a c t i v e f r a c t i o n s and t h e i r c o n s t i t u e n t s o f 
£.* c a n e s c e n s , we a n a l y z e d a h i g h l y a c t i v e f r a c t i o n of t h e 
d i e t h y l e t h e r e x t r a c t by GC-MS a n a l y s i s ( 1 4 ) . S e v e r a l minor 
monoterpenes were p r e s e n t , but 1 , 8 - c i n e o l e ( 1 8 ) , camphor (1,9), 
borneol ( 2 0 ) , myrtenal ( 2 1 ) , myrtenol ( 2 2 ) , cPterpineol ( 2 3 ) , and 
c a r v o n e ( 2 4 ) were the major c o n s t i t u e n t s . I n t h e w a t e r l e a f soak o f 
f r e s h _C. c a n e s c e n s l e a v e s monoterpenes 18,19,20, and 23 were 
p r e s e n t . A l l o f t h e s e monoterpenes a r e known compounds, and s e v e r a l 

> 1 , 8 - c i n e o l e , camphor, and b o r n e o l ) a r e p o t e n t p l a n t 
g e r m i n a t i o n and g r o w t h i n h i b i t o r s ( 2 4 ) . 

B i o l o g i c a l a c t i v i t i e s of f o u r C. c a n e s c e n s monoterpenes on 
l e t t u c e and o f t h r e e on _S. s c o p a r i u m were d e t e r m i n e d ( T a b l e V I I ) . 
I n g e n e r a l , l e t t u c e was c o n s i d e r a b l y more s e n s i t i v e t o s a t u r a t e d 
aqueous s o l u t i o n s o f t h e monoterpenes t h a n was S c h i z a c h y r i u m , 
d e s p i t e the f a c t t h a t b o t h s p e c i e s s u f f e r e d c o m p l e t e g e r m i n a t i o n 
i n h i b i t i o n when t r e a t e d w i t h a s a t u r a t e d aqueous s o l u t i o n of t h e 
h i g h l y a c t i v e f r a c t i o n o f the d i e t h y l e t h e r e x t r a c t . 

R e l e a s e mechanisms o f a l l e l o p a t h i c p l a n t l i p i d s . The F l o r i d a s c r u b 
community s h a r e s many c h a r a c t e r i s t i c s ( T a b l e I ) of t h e c h a p a r r a l 
v e g e t a t i o n o f S o u t h e r n C a l i f o r n i a ( 2 5 - 2 8 ) , e x c e p t the s c r u b c o n s i s t s 
of c o m p l e t e l y d i f f e r e n t s p e c i e s t h a t grow i n a sandy s o i l under 
d i f f e r e n t c l i m a t i c c o n d i t i o n s . I n the C a l i f o r n i a c h a p a r r a l and 
o t h e r e c o s y s t e m s two major r e l e a s e and t r a n s p o r t mechanisms o f 
a l l e l o p a t h i c a g e n t s have been p r o p o s e d ( 1 9 ) . W a t e r - s o l u b l e 
a l l e l o t o x i n s s u c h as low m o l e c u l a r w e i g h t o r g a n i c a c i d s , p h e n o l i c 
a c i d s , and p l a n t p h e n o l i c s can be washed o f the l e a f s u r f a c e i n t o 
t h e s o i l by f o g d r i p and r a i n . A l t e r n a t i v e l y , a l l e l o t o x i n s can be 
v o l a t i l i z e d f r o m t h e p l a n t l e a f s u r f a c e and c a r r i e d t o t h e ground t o 
be a b s o r b e d by o r g a n i c s o i l p a r t i c l e s , s e e d s , o r r o o t s . 
A l l e l o p a t h i c p l a n t p r o d u c t s s u c h as low m o l e c u l a r w e i g h t a l c o h o l s , 
a l d e h y d e s , c a r b o x y l i c a c i d s , k e t o n e s , and c e r t a i n p h e n o l i c s , as w e l l 
as mono- and s e s q u i t e r p e n e s , c o u l d be r e l e a s e d by t h i s " v o l a t i l i t y 
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15. FISCHER ET AL. Allelopathy as a Model for Herbicide Actions 245 

T a b l e V I I . M a j o r monoterpenes i n t h e a c t i v e f r a c t i o n o f a d i e t h y l 
e t h e r e x t r a c t o f C o n r a d i n a c a n e s c e n s 1 and t h e i r e f f e c t s 
on the g e r m i n a t i o n and r a d i c l e g r o w t h of L a c t u c a s a t i v a 
and S c h i z a c h y r i u m s c o p i i r i u m 2 

Compounds L. s a t i v a S. s c o p a r i u m 

G RL G RL 

camphor (19) 37** 7 * * 95 100 
b o r n e o l (20) 7 * * 8** 77 54* 
m y r t e n a l (21) 8** 59* 112 
c a r v o n e (24) o** 

t c c o n d i t i o n s i n the GC-MS a n a l y s i s were: 30m bonded s i l i c a 
c a p i l l a r y column; i n j e c t i o n temp. 250°C; 60° f o r 1 min.; t h e n 
5°/min. t o 210°. R e t e n t i o n t i m e s and mass s p e c t r a of a l l compounds 
g i v e n i n the t a b l e were c o n f i r m e d by c o r r e l a t i o n w i t h s t a n d a r d s . 

t e r m i n a t i o n (G) and r a d i c l e l e n g t h s (RL) a r e i n p e r c e n t o f t h e 
d i s t i l l e d w a t e r c o n t r o l s : 
* t r e a t m e n t was s i g n i f i c a n t l y d i f f e r e n t from the c o n t r o l a t p O . 0 5 ; 

* * t r e a t m e n t was s i g n i f i c a n t l y d i f f e r e n t from the c o n t r o l a t p O . 0 1 . 

mechanism". The above mechanisms e x c l u d e t h e wide h o s t o f non
v o l a t i l e , w a t e r - i n s o l u b l e p l a n t l i p i d s f r o m p a r t i c i p a t i o n i n 
a l l e l o p a t h i c a c t i o n s . F u r t h e r m o r e , o p e r a t i o n o f the " v o l a t i l i t y 
mechanism" i n t h e F l o r i d a s c r u b may be dou b t e d f o r a number o f 
r e a s o n s : F i r s t l y , i n F l o r i d a r e g u l a r winds w o u l d c a r r y a l l e l o p a t h i c 
v o l a t i l e s away f r o m the s o u r c e p l a n t s , n o t d e p o s i t i n g them i n t h e 
immediate v i c i n i t y o f the p l a n t f o r a l l e l o p a t h i c a c t i o n . S e c o n d l y , 
t h e sandy s o i l i n t h e s c r u b l a c k s t h e l i p o p h i l i c o r g a n i c m a t t e r 
n e c e s s a r y f o r a b s o r p t i o n o f the v o l a t i l e s f r o m th e a i r . T h i r d l y , 
t h e r e l a t i v e l y h i g h t e m p e r a t u r e of t h e s u r f a c e sands would p r e v e n t 
a b s o r p t i o n o f v o l a t i l e l i p i d s . 

W a t e r - s o l u b i l i z a t i o n o f l i p i d s can be f a c i l i t a t e d by t h e 
i n v o l v e m e n t o f n a t u r a l d e t e r g e n t s s u c h as UA (2 5 ) t h r o u g h 
m i c e l l i z a t i o n ( 2 3 ) . T h i s d e t e r g e n t e f f e c t a l l o w s r e l e a s e and 
t r a n s p o r t i n r a i n washes of v o l a t i l e and n o n - v o l a t i l e h y d r o p h o b i c 
p l a n t p r o d u c t s . T h e r e f o r e , one a s p e c t o f our r e s e a r c h on t h e 
F l o r i d a s c r u b community i n v o l v e d the a n a l y s e s o f l e a f washes f o r t h e 
d e t e c t i o n of m i c e l l e s ( 1 , 1 1 , 1 3 , 1 4 ) . We used th e method by W o l f f f o r 
d e t e c t i o n o f m i c e l l i z a t i o n and d e t e r m i n a t i o n o f c r i t i c a l m i c e l l e 
c o n c e n t r a t i o n s , because i t has a wide a p p l i c a b i l i t y i n m i c e l l e 
d e t e c t i o n o f a n i o n i c , c a t i o n i c , and n o n - i o n i c t e n s i d e s ( 1 5 ) . T h i s 
method i s based on the f a c t t h a t below t h e c r i t i c a l m i c e l l e 
c o n c e n t r a t i o n (CMC) the f l u o r e s c e n c e of a c r i d i n e i s i n d e p e n d e n t o f 
s u r f a c t a n t c o n c e n t r a t i o n , w h i l e above the CMC, quantum y i e l d s 
d e c r e a s e d r a s t i c a l l y w i t h i n c r e a s i n g s u r f a c t a n t c o n c e n t r a t i o n . T h i s 
change i s due to the b e h a v i o r o f a c r i d i n e , w h i c h o n l y f l u o r e s c e s i n 
p r o t i c s o l v e n t s and i s s u f f i c i e n t l y h y d r o p h o b i c t o be l o c a t e d m a i n l y 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

01
5



246 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

w i t h i n t h e h y d r o c a r b o n - l i k e i n t e r i o r o f t h e m i c e l l e . P r e l i m i n a r y 
t e s t s w i t h t h e s y n t h e t i c t e n s i d e sodium d o d e c y l s u l f a t e (SDS) and 
n a t u r a l s u r f a c t a n t s such as u r s o l i c a c i d ( 2 5 ) and h y d r o c i n n a m i c 
a c i d ( 1 1 ) d e m o n s t r a t e d t h e u s e f u l n e s s o f t h e W o l f f method f o r our 
s t u d i e s ( F i g u r e I I I ) . We u n a m b i g u o u s l y e s t a b l i s h e d t h a t t h e h i g h l y 
i n h i b i t o r y w a t e r l e a c h a t e s o f C e r a t i o l a e r i c o i d e s , C a l a m i n t h a a s h e i , 
and C o n r a d i n a c a n e s c e n s ( n o t shown) f o r m m i c e l l e s . A l l t h r e e 
s p e c i e s c o n t a i n UA i n the l e a f waxes, t h u s p r o v i d i n g a p o s s i b l e 
m a t r i x f o r m i c e l l i z a t i o n . I n eac h c a s e t h e t y p i c a l a b r u p t change i n 
f l u o r e s c e n c e y i e l d of a c r i d i n e a t the c r i t i c a l m i c e l l e c o n c e n t r a t i o n 
was o b s e r v e d ( F i g u r e I I I ) . 

We e s t i m a t e d t h e c o n c e n t r a t i o n o f t h e l e a c h a t e s o l u t i o n by 
a s s u m i n g a r e a s o n a b l e a v e r a g e m o l e c u l a r w e i g h t of 300. The d r a m a t i c 
d e c r e a s e i n f l u o r e s c e n c e i n t e n s i t y n e a r 10~"^ and 1 0 ~ 3 m o l a r 
c o n c e n t r a t i o n s c l e a r l y i n d i c a t e d m i c e l l i z a t i o n of the l e a c h a t e 
s o l u t i o n o f a l l t h r e e s c r u b s p e c i e s . T h i s r e s u l t s t r o n g l y s u g g e s t e d 
t h a t UA a c t s as a m i c e l l a r h o s t f o r the b i o a c t i v e t e r p e n o i d s i n 
C a l a m i n t h a and C o n r a d i n a w a t e r washes, most l i k e l y i n c r e a s i n g t h e i r 
r a t e o f s o l u b i l i z a t i o n i n aqueous f o l i a r l e a c h a t e s and/or a i d i n g 
t h e i r t r a n s p o r t t o t a r g e t seeds or p l a n t s . T h i s e f f e c t i s 
complementary t o the " v o l a t i l i t y " mechanism of a l l e l o p a t h i c 
t e r p e n e s , w h i c h had been p r o p o s e d by M u l l e r ( 2 8 ) . The " s y n e r g i s t i c " 
e f f e c t s o f u r s o l i c a c i d as e x e m p l i f i e d by the b i o a s s a y s d e s c r i b e d i n 
T a b l e V I a r e p r e s e n t l y n o t u n d e r s t o o d . E x p e r i m e n t s a r e i n p r o g r e s s 
t h a t w i l l a l l o w s e p a r a t i o n of the c o n t r i b u t i o n s due t o p o s s i b l e 
m i c e l l e - m e d i a t e d i n c r e a s e s i n c o n c e n t r a t i o n o f a l l e l o p a t h i c a g e n t s 
and/or t o i m p r o v e d t r a n s p o r t mechanisms t h a t f a c i l i t a t e movement o f 
a l l e l o p a t h i c a g e n t s t o and t h r o u g h membranes o f t a r g e t s e e d s . 

I n summary, u r s o l i c a c i d a p p e a r s t o s e r v e s e v e r a l i m p o r t a n t 
e c o l o g i c a l f u n c t i o n s i n t h e t h r e e s c r u b s p e c i e s s t u d i e d : 

( a ) I t s f i x a t i v e a c t i o n f o r C a l a m i n t h a and C o n r a d i n a 
c o n s t i t u e n t s r e d u c e s the v o l a t i l i z a t i o n l o s s of t h e a l l e l o p a t h i c 
t e r p e n e s , w h i c h w o u l d o t h e r w i s e be r a p i d . 
( b ) I t s d e t e r g e n t e f f e c t enhances w a t e r - s o l u b i l i z a t i o n o f non-
p o l a r t e r p e n e s and o t h e r v o l a t i l e and n o n v o l a t i l e l i p i d s i n r a i n 
washes. 
( c ) I t f a c i l i t a t e s t r a n s p o r t of p h y t o t o x i n s t o and e n t r y i n t o 
t h e membranes of t a r g e t seeds or s e e d l i n g s . 

C o n c l u s i o n s and O u t l o o k 

D e t a i l e d knowledge of a l l e l o p a t h i c a c t i o n s i n n a t u r a l p l a n t 
c o m m u n i t i e s c a n p r o v i d e e x c e l l e n t models f o r new s t r a t e g i e s i n 
d e v e l o p i n g h i g h l y s e l e c t i v e h e r b i c i d e s . The c o l l a b o r a t i v e e f f o r t o f 
écologiste and c h e m i s t s i n the p r e s e n t s t u d y has p r o d u c e d 
c o n s i d e r a b l e i n f o r m a t i o n r e l a t e d to a l l e l o p a t h i c i n t e r f e r e n c e i n a 
n a t u r a l p l a n t community. The F l o r i d a s c r u b r e p r e s e n t s an i d e a l 
n a t u r a l e c o s y s t e m f o r s t u d i e s o f t h i s t y p e , s i n c e t h e sandy s o i l o f 
the s c r u b c o n t a i n s l i t t l e o r g a n i c m a t t e r . T h i s absence s i m p l i f i e s 
c o n s i d e r a b l y s o i l a n a l y s e s f o r a l l e l o t o x i n s , w h i c h a r e f r e q u e n t l y 
o b s c u r e d by c h e m i c a l s r e l e a s e d f r o m t h e o r g a n i c m a t t e r i n t h e 
s o i l . F u r t h e r m o r e , u n c o n t r o l l e d r e v e r s i b l e and i r r e v e r s i b l e 
a b s o r p t i o n o f s o u r c e p l a n t a l l e l o c h e m i c a l s by o r g a n i c s o i l p a r t i c l e s 
a r e a l s o r e d u c e d i n t h e sandy s c r u b s o i l . 
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15. FISCHER ET AL. Allelopathy as a Model for Herbicide Actions 247 

F i g u r e I I I . Dependence o f r e l a t i v e f l u o r e s c e n c e i n t e n s i t y o f 
1.2 χ 10 M a c r i d i n e s o l u t i o n v s . c o n c e n t r a t i o n 
o f l e a c h a t e s of C a l a m i n t h a a s h e i (CA) and 
C e r a t i o l a e r i c o i d e s (CE) as w e l l as aqueous 
s o l u t i o n s o f h y d r o c i n n a m i c a c i d (HCA), u r s o l i c 
a c i d (UA) and sodium d o d e c y l s u l f a t e ( S D S ) . 
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248 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Our studies in the Florida scrub have provided insight into new 
mechanisms of action that might also occur in other natural 
ecosystems. Chemical, microbial, or spontaneous decomposition of a 
nontoxic plant product into highly phytotoxic derivatives provides a 
possible mechanism for specific directed toxicity toward a target 
species. In Ceratiola ericoides the nontoxic ceratiolin represents 
an allelotoxin precursor, and its decomposition product HCA, which 
is mainly formed in the litter, acts as the specific allelotoxin for 
the sandhill target species. A promising practical aspect of this 
finding includes the synergistic allelopathic effects, exemplified 
by the dramatic increase in inhibition of bluestem germination 
caused by a mixture of volatile terpenes from Calamintha ashei. 
Further advances in the knowledge of bioactivity enhancements due to 
synergistic component mixtures could be of immense value in the 
development of natural biodegradable herbicides. The observation of 
highly selective phytotoxicity of Calamintha terpenes - 9 

distinctly higher germination inhibition of bluestem than of lettuce 
- represents another useful guide in the development of selective 
herbicides (30). 

Nonpolar cutical waxes and resins can possibly function as 
fixatives to prevent the loss of allelopathic volatiles by rapid 
evaporation. This property as a slow-release solvent for volatile 
lipids could be facilitated by a wide host of constituents in plant 
leaf waxes: triterpenes, long-chain fatty acids, hydrocarbons, 
alcohols, and esters, including fats. This fixative property, which 
is commonly exploited in the perfume industry to enhance long-term 
retention of active components, undoubtedly plays a significant role 
in the fixation of allelopathic plant volatiles. 

Finally, the function of natural detergents such as triterpene 
acids and long-chain fatty acids as micelle-forming matrixes for 
volatile as well as nonvolatile bioactive lipids has distinct 
practical implications. Natural or synthetic surfactants enhance 
the solubilization of lipids in rain washes and thus facilitate the 
transport of allelopathic lipids into the soil to reach target seeds 
or seedlings. 
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Chapter 16 

Terpenoids as Models for New Agrochemicals 

Stella D. Elakovich 

Department of Chemistry, University of Southern Mississippi, Hattiesburg, 
MS 39406-5043 

This chapter examines the evidence that some 
terpenoids serve as plant growth regulators 
(allelochemicals) as well as anti-herbivore 
agents. The plant origin and bioassay 
method of terpenoid allelopathic agents is 
explored. The role these same compounds 
play in plant-insect communication due to 
volatiles, and their involvement as insect 
pheromones is discussed. The agrochemical 
possibilities are far-reaching. 

Terpenes and terpenoids are ubiquitous in the higher plant kingdom. 
Although the role of these compounds is sti l l being debated, 
considerable evidence is accumulating that they have functions both 
as allelopathic agents and as anti-herbivore agents. As such, they 
possess the potential of being incorporated via genetic engineering 
methods into selected crop plants in order to both provide a 
defensive allelochemical edge over other plants, and also to 
minimize crop damage by insects. Many secondary compounds 
implicated in allelopathic interactions have also been reported to 
be involved in other protective or defensive roles for the plant 
(1). It is likely that many secondary compounds have more than one 
role in nature. This chapter will explore the role of terpenoids 
first as allelopathic agents--potential models for new herbicides--
and then as important agents in plant-insect interactions. 

Allelopathic Agents 

In his classical paper titled "The Influence of One Plant on 
Another--Allelopathy", Hans Molisch in 1937 coined the term 
allelopathy to refer to biochemical interactions among all types of 
plants including microorganisms (2.). Rice, in the second edition of 
his comprehensive monograph Allelopathy supports this early 
definition which includes both inhibitory and stimulatory 
interactions (3). Not surprisingly, the most commonly identified 
allelopathic compounds produced by higher plants are simple phenols 

0097-6156/88/0380-0250$06.00/0 
© 1988 American Chemical Society 
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16. ELAKOVICH Terpenoids as Models for New Agrochemicals 251 

and c i n n a m i c a c i d d e r i v a t i v e s ( 3 ) . As l o n g ago as 1908, S c h r e i n e r 
and Reed (4) r e p o r t e d t h a t v a n i l l i n , v a n i l l i c a c i d , and h y d r o q u i n o n e 
a r e commonly p r o d u c e d p l a n t c o n s t i t u e n t s i n h i b i t o r y t o s e e d l i n g 
g r o w t h . T h i s f o c u s i n g on p l a n t p h e n o l i c c o n s t i t u e n t s as 
a l l e l o c h e m i c a l s l i k e l y o c c u r r e d f o r two m a i n r e a s o n s : t h e e a s e o f 
i s o l a t i o n and i d e n t i f i c a t i o n o f p h e n o l i c compounds, and t h e i r h i g h 
w a t e r s o l u b i l i t y . R e c e n t l y F i s c h e r and Q u i j a n o (5) have p r o p o s e d 
t h a t compounds o f l o w w a t e r s o l u b i l i t y may a c t as a l l e l o c h e m i c a l s 
v i a m i c e l l e f o r m a t i o n , and t h e y s u g g e s t a réévaluation o f w a t e r -
i n s o l u b l e p l a n t c o n s t i t u e n t s as p o t e n t i a l a l l e l o p a t h i c a g e n t s . 

B o t h mono- and s e s q u i t e r p e n o i d s f r e q u e n t l y o c c u r i n t h e steam 
v o l a t i l e e s s e n t i a l o i l s o f h i g h e r p l a n t s . M o n o t e r p e n o i d s a r e 10-
c a r b o n compounds b i o g e n e t i c a l l y d e r i v e d f r o m two i s o p r e n e u n i t s (6.) . 
S e v e r a l h u n d r e d a r e known. T h e i r f u n c t i o n as g e r m i n a t i o n and p l a n t 
g r o w t h r e g u l a t o r s was r e v i e w e d by E v e n a r i (7) i n 1949 and r e c e n t l y 
b y F i s c h e r ( 8 ) . S e s q u i t e r p e n o i d s , 1 5 - c a r b o n compounds d e r i v e d f r o m 
t h r e e i s o p r e n e u n i t s ( 6 ) , d i s p l a y w i d e s t r u c t u r a l v a r i e t y and a 
d r a m a t i c i n c r e a s e i n t h e number o f known c o m p o u n d s - - s e v e r a l t h o u s a n d 
a r e known. The h i g h d e g r e e o f r e s e a r c h a c t i v i t y i n t h i s a r e a i s 
e x e m p l i f i e d b y t h r e e r e v i e w s p u b l i s h e d i n t h e p a s t f i v e y e a r s . 
S t e v e n s (9) r e v i e w e d t h e b i o l o g i c a l l y a c t i v e s e s q u i t e r p e n e l a c t o n e s , 
F i s c h e r (8) r e v i e w e d t h e g e r m i n a t i o n and p l a n t g r o w t h r e g u l a t o r y 
f u n c t i o n s o f b o t h mono- and s e s q u i t e r p e n o i d s , and E l a k o v i c h (10) 
r e v i e w e d s e s q u i t e r p e n e s a c t i n g as p h y t o a l e x i n s and p l a n t g r o w t h 
r e g u l a t o r s . S i n c e t h e s e a r e a l l q u i t e r e c e n t r e v i e w s , t h i s p a p e r 
w i l l o n l y g i v e a c u r s o r y r e v i e w o f work m e n t i o n e d i n them. R e p o r t s 
t h r o u g h l a t e 1987 o f mono- and s e s q u i t e r p e n o i d s a l l e g e d t o be 
a l l e l o p a t h i c a g e n t s n o t i n c l u d e d i n t h e s e t h r e e r e c e n t r e v i e w s w i l l 
be r e v i e w e d h e r e i n more d e t a i l . 

M o n o t e r p e n e s . M o n o t e r p e n e s were i m p l i c a t e d i n a l l e l o p a t h y o v e r 60 
y e a r s ago when Sigmund (11) s c r e e n e d e s s e n t i a l o i l s and p u r e 
monoterpenes and o b s e r v e d i n h i b i t i o n o f s e e d g e r m i n a t i o n and p l a n t 
g r o w t h i n wheat, r a p e and v e t c h . I n h i s 1986 r e v i e w , F i s c h e r g i v e s 
t h e s t r u c t u r e s o f 14 monoterpenes t h a t have b e e n i m p l i c a t e d i n 
a l l e l o p a t h y ( 8 ) . Ten o f them, a- and β-pinene, camphene, camphor, 
1 , 8 - c i n e o l e , p u l e g o n e , b o r n e o l , l i m o n e n e , α-phellandrene and p-
cymene a r e common c o n s t i t u e n t s o f p l a n t e s s e n t i a l o i l s and have 
f r e q u e n t l y b e e n i m p l i c a t e d i n a l l e l o p a t h y . M u l l e r and M u l l e r (12) 
f o u n d camphene, camphor, c i n e o l e , d i p e n t e n e , a- and β-pinene among 
t h e v o l a t i l e i n h i b i t o r s p r o d u c e d by Salvia s p e c i e s . Of t h e s e , 
camphor and c i n e o l e were t h e most t o x i c t o r o o t g r o w t h o f t e s t 
s e e d l i n g s ( 1 3 ) . A s p l u n d (14) i n v e s t i g a t e d t h e i n h i b i t o r y n a t u r e o f 
camphor, p u l e g o n e , b o r n e o l , c i n e o l e , l i m o n e n e , α-phellandrene, p-
cymene, a- and β-pinene t o w a r d r a d i s h s e e d g e r m i n a t i o n and f o u n d 
t h a t a l t h o u g h compounds w i t h a k e t o n e g r o u p , camphor and p u l e g o n e , 
were more i n h i b i t o r y t h a n t h e o t h e r s , a l l were i n h i b i t o r y . R a t h e r 
s u r p r i s i n g l y , a l l s t i m u l a t e d g e r m i n a t i o n a t l o w c o n c e n t r a t i o n s . 

The " b a r e z o n e s " , a r e a s f r e e o f h e r b a c e o u s v e g e t a t i o n , 
s u r r o u n d i n g n a t u r a l i z e d s t a n d s o f Eucalyptus camaldulensis a r e due 
t o t h e h i g h l y t o x i c c i n e o l e and l e s s t o x i c p i n e n e and a - p h e l l a n d r a n e 
f o u n d among t h e t e r p e n e s p r o d u c e d by Ε. camaldulensis (15.) . T h i s 
o r d e r o f t o x i c i t y i s r e i n f o r c e d by d a t a f r o m Weaver and K i s h (16) 
who measured t h e e f f e c t s o f e i g h t t e r p e n e s on cucumber and f o u n d 
e v e n t h e s m a l l e s t amounts t e s t e d o f c i n e o l e , d i p e n t e n e , c i t r o n e l l o l , 
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252 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

m e n t h o l and t e r p i n e o l e s s e n t i a l l y e l i m i n a t e d b o t h r o o t and h y p o c o t y l 
g r o w t h . H a l l i g a n (17) examined t h e r e l a t i v e a c t i v i t i e s o f 
t e r p e n o i d s f r o m Artemisia californica, w h i c h l i k e Eucalyptus, i s 
c h a r a c t e r i z e d b y b a r e zones u n d e r and a d j a c e n t t o t h e t h i c k e t s i t 
f o r m s . Of t h e f i v e t e r p e n o i d s f o u n d i n m a j o r amounts, camphor was 
most t o x i c , f o l l o w e d by c i n e o l e . 

S o u r o r a n g e , Citrus aurantium L., a l s o i n h i b i t s g r o w t h o f 
h e r b a c e o u s v e g e t a t i o n v i a an a l l e l o p a t h i c mechanism ( 1 8 - 1 9 ) . Among 
t h e v o l a t i l e i n h i b i t o r s i d e n t i f i e d a r e f o u r t e r p e n o i d s : a- and β-
p i n e n e , ( i ) - l i m o n e n e , and c i t r o n e l l a l . A l l o f t h e s e compounds 
r e d u c e d t h e h y p o c o t y l g r o w t h o f Amaranthus retroflexus; a l l e x c e p t 
t h e l o w e r c o n c e n t r a t i o n t e s t e d o f ( + ) - l i m o n e n e a l s o r e d u c e d r a d i c a l 
l e n g t h o f A. retroflexus, and a l l e x c e p t ( - ) - l i m o n e n e i n h i b i t e d t h e 
g e r m i n a t i o n o f A. retroflexus s e e d s . I n h i b i t o r y e f f e c t s i n c r e a s e d 
w i t h i n c r e a s e d i n h i b i t o r c o n c e n t r a t i o n s . α-Pinene was t h e most 
a c t i v e o f t h e s e i n h i b i t o r s ; t h i s i s t h e f i r s t r e p o r t i m p l i c a t i n g 
c i t r o n e l l a l i n a l l e l o p a t h y . 

The hexane e x t r a c t o f seeds f r o m Eryngium paniculatum was 
f o u n d t o i n h i b i t g e r m i n a t i o n o f v e l v e t l e a f (Abutilon theophrasti 
M e d i c ) , a s e r i o u s weed i n c o r n and so y b e a n f i e l d s ( 2 0 ) . 
F r a c t i o n a t i o n s m o n i t o r e d by b i o a s s a y gave t h e t e r p e n e a l d e h y d e - e s t e r 
( - ) - 2 , 2 , 2 - t r i m e t h y l - 3 - f o r m y l - 2 , 5 - c y c l o h e x a d i e n y l a n g e l a t e (1) as t h e 
o n l y a c t i v e component. S t r u c t u r e - a c t i v i t y s t u d i e s o f (1) and n i n e 
a n a l o g s s u g g e s t t h a t a c t i v i t y i s d i m i n i s h e d b y r e m o v i n g t h e f o r m y l 
g roup f r o m t h e r i n g , t h e c y c l i c d o u b l e bonds a r e r e q u i r e d , and t h e 
o r i e n t a t i o n o f t h e a c y l d o u b l e bond i s n o t i m p o r t a n t . 

H e i s e y and D e l w i c h e (21) o b s e r v e d a h i g h l y t o x i c monoterpene 
a l c o h o l as a m a j o r i n h i b i t o r p r e s e n t i n Trichostema lanceolatum 
B e n t h . ( v i n e g a r weed). T h i s a l c o h o l , t e r p i n e n - 4 - o l , was l e s s 
i n h i b i t o r y t h a n camphor, b u t a l m o s t t w i c e as i n h i b i t o r y as 1,8-
c i n e o l e as measured b y g e r m i n a t i o n and r a d i c a l g r o w t h i n h i b i t i o n o f 
Hordeum vulgare ( s e l e c t e d b e c a u s e o f i t s g e n e t i c h o m o g e n e i t y ) and 
Bromus mollis ( s e l e c t e d b e c a u s e i t i s common t o t h e C a l i f o r n i a 
g r a s s l a n d ) . 

I n o u r i n v e s t i g a t i o n s o f a l l e l o p a t h i c p l a n t s , we have examined 
t h e c r e e p i n g p e r e n n i a l h e r b Lippia nodiflora, w h i c h i s known f o r i t s 
rampant g r o w t h ( 2 2 ) , and h a d e a r l i e r b e e n r e p o r t e d t o be a 
g e r m i n a t i o n i n h i b i t o r ( 7 ) . We f o u n d t h e e s s e n t i a l o i l i n h i b i t o r y t o 
l e t t u c e s e e d l i n g s , p r o b a b l y due i n p a r t t o t h e p r e s e n c e o f t h e 
t e r p e n e s /?-pinene and p-cymene and t h e s e s q u i t e r p e n e α-caryophyllene 
i d e n t i f i e d i n t h e complex e s s e n t i a l o i l . I n v e s t i g a t i o n (23) o f t h e 
e s s e n t i a l o i l o f a s e c o n d Lippia s p e c i e s , Lippia adoensis, r e v e a l e d 
a s i m p l e m i x t u r e c o m p l e t e l y d o m i n a t e d b y t h e t e r p e n e a l c o h o l , 
l i n a l o o l ( 8 1 % o f t h e t o t a l e s s e n t i a l o i l ) . The a l l e l o p a t h i c 
m onoterpenes 1 , 8 - c i n e o l e and a-and β-pinene were a l s o i d e n t i f i e d . 
L e t t u c e s e e d l i n g b i o a s s a y o f b o t h t h e e s s e n t i a l o i l and o f p u r e 
l i n a l o o l showed s i m i l a r a c t i v i t y . B o t h a p p e a r t o enhance r a d i c a l 
g r o w t h a t low c o n c e n t r a t i o n s , a l t h o u g h t h e enhancement i s n o t 
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16. ELAKOVICH Terpenoids as Models for New Agrochemicals 253 

s t a t i s t i c a l l y s i g n i f i c a n t . A t 400 ppm l i n a l o o l c a u s e s a 42% 
r e d u c t i o n and L. adoensis l e a f e x t r a c t a 45% r e d u c t i o n i n l e t t u c e 
r a d i c a l l e n g t h . 

Mechanisms o f A l l e l o p a t h i c I n h i b i t i o n b y M o n o - T e r p e n o i d s . T h e r e i s 
a d e a r t h o f i n f o r m a t i o n a v a i l a b l e on t h e s p e c i f i c e f f e c t s t h a t 
a l l e l o c h e m i c a l s p r o d u c e . M u l l e r and M u l l e r (12) f o u n d camphor and 
c i n e o l e t o be t h e most t o x i c among t h e v o l a t i l e i n h i b i t o r s p r o d u c e d 
by Salvia s p e c i e s . I n d e e d , c i n e o l e was u s e d as t h e s t r u c t u r a l b a s i s 
f o r t h e s y n t h e t i c h e r b i c i d e c i n m e t h y l i n ( 2 4 ) . A s p l u n d (14) f o u n d 
t e r p e n o i d s c o n t a i n i n g a k e t o n e g r o u p , camphor and p u l e g o n e t o be t h e 
most i n h i b i t o r y among n i n e t e r p e r o i d s examined. B o t h H e i s e y and 
D e l w i c h e (21) and E l a k o v i c h and O g u n t i m e i n (23) f o u n d monoterpene 
a l c o h o l s t o be t h e m a j o r v o l a t i l e i n h i b i t o r s p r o d u c e d by Trichostema 
lanceolatum and Lippia adoensis, r e s p e c t i v e l y . C e r t a i n l y t h e s e 
r e s u l t s s u g g e s t t h a t o x y g e n a t e d t e r p e n e s a r e more h i g h l y i n h i b i t o r y 
t h a n t e r p e n e h y d r o c a r b o n s . E i n h e l l i g (25) s u g g e s t s t h a t i t i s a 
r a r e e x c e p t i o n when a s i n g l e s u b s t a n c e i s r e s p o n s i b l e f o r 
a l l e l o p a t h y . He has shown (26.) t h a t b o t h a d d i t i v e and s y n e r g i s t i c 
i n h i b i t i o n may o c c u r , b u t t h e mechanisms o f t h i s i n h i b i t i o n h ave n o t 
b e e n d e t e r m i n e d . 

M u l l e r (27.) has r e v i e w e d t h e p o s s i b l e mechanisms i n v o l v e d i n 
a l l e l o c h e m i c a l i n h i b i t i o n o f h e r b s . When Cucumis sativus (cucumber) 
s e e d l i n g s a r e e x p o s e d t o Salvia leucophylla v a p o r s , e l o n g a t i o n o f 
t h e h y p o c o t y l s i s s e v e r e l y c u r t a i l e d and g r o w t h i s r e d u c e d t o 25% o f 
t h e c o n t r o l , i n d i c a t i n g b o t h stem and r o o t c e l l s a r e a f f e c t e d b y t h e 
v o l a t i l e t e r p e n o i d s . Those c e l l s w h i c h f i r s t d e v e l o p i n a 
g e r m i n a t i n g s e e d a r e more s u s c e p t i b l e t o t h e s e v o l a t i l e t e r p e n o i d s 
t h a n a r e t h e c e l l s o f an o l d e r p l a n t and c e l l e l o n g a t i o n , c e l l 
d i v i s i o n , and t i s s u e m a t u r a t i o n a r e a l l i n f l u e n c e d ( 2 8 ) . Somewhat 
i n c o n t r a s t i s t h e work o f Weaver and K l a r i c h (29) who f o u n d t h a t 
v o l a t i l e s u b s t a n c e s , assumed t o be m o n o t e r p e n e s , f r o m Artemisia 
tridentata N u t t . s u p p r e s s e d s e e d l i n g g r o w t h and t h e r e s p i r a t i o n r a t e 
o f j u v e n i l e p l a n t m a t e r i a l , b u t e l e v a t e d t h e r e s p i r a t i o n r a t e o f 
m a t u r e l e a v e s . They showed i n l a b o r a t o r y t e s t s t h a t some t e r p e n e s 
r a i s e d and o t h e r s l o w e r e d t h e r e s p i r a t i o n i n wheat (Triticum 
aestivum L . ) . V o l a t i l e s o f S. leucophylla e s s e n t i a l l y h a l t e d 
m i t o s i s o f Allium cepa r o o t t i p s w i t h i n 72 h r s o f e x p o s u r e ( 3 0 ) . 
When l o w e r c o n c e n t r a t i o n s o f t h e t e r p e n o i d s were u s e d f o r 
t r e a t m e n t s , t h e e f f e c t on chromosomes c o u l d be s e e n t o be s i m i l a r t o 
t h a t c a u s e d by c o l c h i c i n e t r e a t m e n t . The l o n g e r t h e A. cepa b u l b s 
a r e e x p o s e d t o t e r p e n o i d s , o r t h e more c o n c e n t r a t e d t h e t e r p e n o i d s 
t o w h i c h t h e c e l l s a r e e x p o s e d , t h e g r e a t e r a r e t h e chromosomal 
a b n o r m a l i t i e s . I n c r e a s e d c u t i n d e p o s i t s i n r o o t e p i d e r m a l c e l l s , 
and i n c r e a s e d l i p i d a c c u m u l a t i o n i n r o o t c o r t i c a l c e l l s a l s o o c c u r 
w i t h i n c r e a s e d e x p o s u r e t o Salvia t e r p e n o i d s (31.) . These i n c r e a s e d 
c u t i n s and l i p i d s may enhance t h e t e r p e n o i d i n h i b i t o r y e f f e c t s b y 
m a k i n g a c c e s s o f t h e a l l e l o c h e m i c a l s i n t o t h e c e l l s e a s i e r . 
E i n h e l l i g (25) s u g g e s t s t h a t l o s s o f membrane i n t e g r e t y b y 
a b s o r p t i o n o f l i p i d s o l u b l e t e r p e n e s i n t o t h e membranes i s a l i k e l y 
s t a r t i n g p o i n t f o r t h e i r d e s t r u c t i v e a c t i o n . M u l l e r (27) s u g g e s t s 
t h a t e v e n i f s u s c e p t i b l e p l a n t s do s u r v i v e , t h e y w o u l d be weaker and 
t h u s more l i k e l y t o succumb t o e n v i r o n m e n t a l s t r e s s e s s u c h as 
d r o u g h t . I t i s t h u s p o s s i b l e t o m i t i g a t e o r i n t e n s i f y a l l e l o p a t h i c 
e f f e c t s b y e n v i r o n m e n t a l f a c t o r s . 
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254 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

S e s q u i t e r p e n e H y d r o c a r b o n s and T h e i r D e r i v a t i v e s . R e c e n t r e v i e w s 
(8,10) o f s e s q u i t e r p e n e h y d r o c a r b o n s and t h e i r d e r i v a t i v e s t h a t have 
b e e n i m p l i c a t e d i n a l l e l o p a t h y g i v e s t r u c t u r e s f o r 20 compounds. 
I n c l u d e d a r e bergamotene, b i s a b o l e n e , a - b u l n e s e n e , δ-cadinene, 
calamenene, β - c a r y o p h y l l e n e , α-copaene, a-guayene, β-patchoulin, 
and / 3 - s e l i n e n e , a l l h y d r o c a r b o n s f r e q u e n t l y f o u n d i n p l a n t e s s e n t i a l 
o i l s . T h r e e s e s q u i t e r p e n e a l d e h y d e s , ( - ) - i s o b i c y c l o g e r m a c r e n a l , 
( - ) - l e p i d o z e n a l , and ( + ) - v i t r e n a l a r e i n c l u d e d a l o n g w i t h t h e k e t o n e 
zerumbone. The s e s q u i t e r p e n e a l c o h o l , f a r n e s o l , i t s a c e t a t e , t h e 
r e l a t e d compound m e t h y l f a r n e s a t e , and t h e c a d i n e n e d e r i v a t i v e , epi-
k h u s i n o l a c e t a t e a r e a l l p h y t o t o x i c . Two i n h i b i t o r y compounds 
h a v i n g m u l t i - f u n c t i o n a l i t y i n c l u d e t h e ent-2,3-seco-
a l l o a r o m a d e n d r a n e p l a g i o c h i l i n A and phomenone. S t r u c t u r e - a c t i v i t y 
s t u d i e s o f t h e l a t t e r s u g g e s t t h e e p o x i d e f u n c t i o n i s n e c e s s a r y f o r 
g r o w t h i n h i b i t i o n , and a c e t y l a t i o n i s c l o s e l y c o n n e c t e d w i t h t h e 
t o x i c p r o p e r t i e s (32.) . 

P a u l et al. (33) r e c e n t l y e l u c i d a t e d t h e s t r u c t u r e o f f i v e new 
b i o a c t i v e s e s q u i t e r p e n o i d s f r o m t h e g r e e n a l g a e , Caulerpa ashmeadii. 
F o u r o f t h e s e compounds, ( 2 ) , ( 3 ) , ( 4 ) , and ( 5 ) , 

showed a n t i m i c r o b i a l a c t i v i t y t o w a r d a t l e a s t one m a r i n e b a c t e r i u m 
and a l l were a l s o t o x i c t o w a r d t h e d a m s e l f i s h , Pomacentrus 
coeruleus. The a l d e h y d e and e n o l a c e t a t e f u n c t i o n a l g r o u p s p r e s e n t 
i n t h e s e compounds c a n p o t e n t i a l l y r e a c t w i t h p r o t e i n s i n a number 
o f ways t o a l t e r o r i n a c t i v a t e p r o t e i n o r enzyme f u n c t i o n , 
s u p p o r t i n g t h e h y p o t h e s i s t h a t t h e s e m e t a b o l i t e s a r e u s e d i n 
c h e m i c a l d e f e n s e . 

Seed g e r m i n a t i o n b i o a s s a y o f t h e e t h y l a c e t a t e e x t r a c t o f 
d r i e d , g r o u n d Ambrosia peruviana W i l l d . , w i l d t a n s y , showed 
i n h i b i t o r y a c t i v i t y ( 3 4 ) . F i v e s e s q u i t e r p e n e s , f o u r l a c t o n e s o f t h e 
p s e u d o g u a i a n o l i d e t y p e and a d i o l were c h a r a c t e r i z e d f r o m t h i s 
e x t r a c t . The d i o l s t r u c t u r e was d e t e r m i n e d b y s p e c t r a l e v i d e n c e t o 
be (6 ) , ( + ) - a l l o a r o m a d e n d r a n e - 4 / 3 , 1 0 a - d i o l . T h i s i s t h e f i r s t 

r e p o r t e d s e s q u i t e r p e n e d i o l f r o m Ambrosia s p e c i e s . I t i s a n t i p o d a l 
t o a compound i s o l a t e d f r o m t h e m a r i n e s o f t c o r a l , Sinularia mayi 
and t h u s i l l u s t r a t e s t h e f r e q u e n t l y o b s e r v e d a n t i p o d a l r e l a t i o n s h i p 
b e t w e e n s e s q u i t e r p e n e s d e r i v e d f r o m m a r i n e and t e r r e s t r i a l 
o r g a n i s m s . B i o a s s a y o f i s o l a t e d (6) showed i t t o c a u s e r e d u c t i o n o f 
c r e s s r o o t s and s h o o t s a t t h e t h r e e c o n c e n t r a t i o n s t e s t e d , b u t o n l y 

OH 

(6) 
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16. ELAKOVICII Terpenoids as Models for New Agrochemicals 255 

t h e h i g h e s t c o n c e n t r a t i o n i n h i b i t e d l e t t u c e s e e d l i n g r o o t s and 
s h o o t s . A t t h e two l o w e r c o n c e n t r a t i o n s t e s t e d , l e t t u c e r o o t s and 
s h o o t s were s i g n i f i c a n t l y s t i m u l a t e d . 

S e s q u i t e r p e n e L a c t o n e s . Of a l l o f t h e t e r p e n o i d compounds, t h e 
s e s q u i t e r p e n e l a c t o n e s p o s s e s s t h e g r e a t e s t v a r i e t y o f b i o l o g i c a l 
a c t i v i t i e s . More t h a n 1000 o f t h e s e compounds have b e e n i s o l a t e d , 
c h i e f l y f r o m t h e p l a n t f a m i l y A s t e r a c e a e ( C o m p o s i t a e ) , b u t a l s o f r o m 
t h e U m b e l l i f e r e a e and M a g n o l i a c e a e ( 8 ) . I n 1976 R o d r i g u e z , et al. 
(35) r e v i e w e d t h e b i o l o g i c a l a c t i v i t i e s and mechanism o f a c t i o n o f 
t h e s e compounds. I n a 1979 r e v i e w , F i s c h e r e t al. (36.) l i s t 950 
s e s q u i t e r p e n e l a c t o n e s w h i c h h a d b e e n c h a r a c t e r i z e d b y 1977. They 
a l s o d i s c u s s t h e b i o g e n e t i c r e l a t i o n s h i p s o f s e s q u i t e r p e n e l a c t o n e s . 
The a c t i v i t i e s t h e s e compounds p o s s e s s i n c l u d e a n t i n e o p l a s t i c 
a g e n t s , i n s e c t f e e d i n g d e t e r r e n t s , p l a n t g r o w t h r e g u l a t o r s , 
a n t i m i c r o b i a l a g e n t s , s c h i s t o s o m i c i d a l a g e n t s , v e r t e b r a t e p o i s o n s 
and c o n t a c t d e r m a t i t i s i n humans ( 8 , 1 0 ) . S e v e r a l s t r u c t u r e - a c t i v i t y 
s t u d i e s have l e d t o t h e c o n c l u s i o n t h a t p l a n t g r o w t h r e g u l a t i o n 
r e q u i r e s t h e p r e s e n c e o f an e x o c y c l i c a , / 3 - u n s a t u r a t e d l a c t o n e m o i e t y 
(7) w h i c h c a n combine w i t h s u l f h y d r y l g r o u p s i n k e y enzymes t h a t 
c o n t r o l c e l l d i v i s i o n ( 8 , 9 , 3 5 ) . 

I n h i s 1984 r e v i e w , S t e v e n s (9) g i v e s s t r u c t u r e s o f 8 
s e s q u i t e r p e n e l a c t o n e s w h i c h have a l l e l o p a t h i c a c t i v i t y . F i s c h e r 
( 8 ) , i n h i s 1986 r e v i e w , g i v e s s t r u c t u r e s o f 38 a d d i t i o n a l 
a l l e l o p a t h i c s e s q u i t e r p e n e l a c t o n e s . A r e c e n t r e p o r t b y G o l d s b y and 
B u r k e (34) g i v e s s t r u c t u r e s f o r f o u r s e s q u i t e r p e n e l a c t o n e s o f t h e 
p s e u d o g u a i a n o l i d e t y p e i s o l a t e d f r o m t h e e t h y l a c e t a t e e x t r a c t o f 
Ambrosia peruviana. T h r e e o f t h e s e , ( 8 ) , ( 9 ) , and ( 1 0 ) , a r e 
s t r u c t u r e s n o t r e p o r t e d b y S t e v e n s (9) o r F i s c h e r ( 8 ) . Of t h e s e , 
a m b r o s i n (8) and p s i l o s t a c h y i n Β (10) were most a c t i v e i n p r e v e n t i n g 
g e r m i n a t i o n and r o o t and s h o o t g r o w t h i n l e t t u c e and c r e s s 
s e e d l i n g s . Damsin (9) e x h i b i t e d b o t h s t i m u l a t o r y and i n h i b i t o r y 
e f f e c t s on s e e d l i n g g r o w t h , d e p e n d i n g on t h e c o n c e n t r a t i o n . I t was 
a l s o a c t i v e a g a i n s t t h e f u n g a l o r g a n i s m Cladosporium herbarium. 

A g l a n c e a t any c u r r e n t i s s u e o f a p h y t o c h e m i c a l j o u r n a l r e v e a l s 
an e v e r i n c r e a s i n g number o f new s e s q u i t e r p e n e l a c t o n e s t r u c t u r e s 
i s o l a t e d f r o m h i g h e r p l a n t s . No doubt many o f t h e s e , when s u b j e c t e d 
t o g r o w t h i n h i b i t i o n a s s a y s , w i l l a l s o p r o v e t o be a l l e l o p a t h i c . 

D i t e r p e n o i d s . L i v e r w a r t s c o n t a i n o i l b o d i e s w h i c h a r e h i g h i n 
t e r p e n o i d c o n t e n t . B e y e r et al. (37) i s o l a t e d s i x new d i t e r p e n o i d s 
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256 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

f r o m t h e l i v e r w a r t Anas trophyHum minutum ( S c h r e b . ) S c h u s t . I n 
a d d i t i o n , t h e known s e s q u i t e r p e n e h y d r o c a r b o n s , a n a s t r e p t e n e , β-
b a r b a t e n e , and b i c y c l o g e r m a c r e n e were i s o l a t e d and i d e n t i f i e d . The 
s i x new d i t e r p e n o i d s , ( 1 1 ) , ( 1 2 ) , ( 1 3 ) , ( 1 4 ) , ( 1 5 ) , and (16) 
r e p r e s e n t a new d i t e r p e n o i d t y p e w h i c h t h e a u t h o r s t e r m e d 
s p h e n o l o b a n e . The s p h e n o l o b a n e s k e l e t o n p r o b a b l y a r i s e s b y t h e 
c y c l i z a t i o n o f g e r a n y l g e r a n y l p y r o p h o s p h a t e ( 3 7 ) . The m a j o r 
compound, 3α,4a-epoxy-5a-acetoxy-18-hydroxysphenoloba-13E,16E-diene, 
( 1 1 ) , showed l o w g r o w t h i n h i b i t o r y a c t i v i t y a g a i n s t r i c e s e e d l i n g s , 
Oryza sativa. 
t e s t e d . 

The i n h i b i t o r y n a t u r e o f compounds ( 1 2 ) - ( 1 6 ) was n o t 

CP CP 
OR 

(11) R = C O C H 3 

(12) R = Η 

OCOCHj 
(13) (15) R = C 0 C H , 

(16) R = H 

A l l e l o c h e m i c a l s I n v o l v e d i n P l a n t - I n s e c t I n t e r a c t i o n s 

A l l e l o c h e m i c a l s c a n be u s e d t o m i n i m i z e c o m p e t i t i o n a n d i n v a s i o n o f 
weeds i n c r o p f i e l d s e s p e c i a l l y b y use o f c r o p r o t a t i o n schemes. 
I s o l a t i o n and i d e n t i f i c a t i o n o f s p e c i f i c a l l e l o c h e m i c a l s h as l a g g e d 
b e h i n d t h e i d e n t i f i c a t i o n o f a l l e l o p a t h i c p l a n t s , l a r g e l y due t o t h e 
t e d i o u s , t i m e - c o n s u m i n g n a t u r e o f i s o l a t i n g l a r g e enough samples o f 
p u r e compounds f o r a d e t a i l e d s t r u c t u r e s t u d y . Some o f t h e i s o l a t e d 
a l l e l o c h e m i c a l s have shown p o t e n t i a l f o r o t h e r u s e s , s p e c i f i c a l l y as 
n a t u r a l p e s t i c i d e s and g r o w t h r e g u l a t o r s (38)· C e r t a i n l y t h e s e 
compounds have t h e p o t e n t i a l o f s e r v i n g as models f o r u s e f u l new 
a g r o c h e m i c a l s . As L o d h i et al. s t a t e ( 1 ) , " I t i s c l e a r t h a t t h e 
i n v o l v e m e n t o f b i o c h e m i c a l s i n an a g r o e c o s y s t e m i s a phenomenon t h a t 
c a n n o t be i g n o r e d , b e c a u s e t h e s e p h y t o t o x i n s p l a y a m u l t i p u r p o s e 
r o l e . " Duke, i n a n o t h e r c h a p t e r i n t h i s book, e x p l o r e s t h e 
p o t e n t i a l o f t e r p e n o i d s d e r i v e d f r o m t h e genus Artemisia as 
p e s t i c i d e s . P o w e l l and S p e n c e r , i n a s e p a r a t e c h a p t e r , e x p l o r e t h e 
p h y t o c h e m i c a l i n h i b i t o r s o f Arbutilon theophrasti ( v e l v e t l e a f ) 
g e r m i n a t i o n as models f o r new h e r b i c i d e s . The f i r s t p a r t o f t h i s 
c h a p t e r h a s e x p l o r e d t h e r o l e o f t e r p e n o i d s as a l l e l o p a t h i c a g e n t s ; 
t h e r e m a i n d e r o f t h e c h a p t e r w i l l examine t h e e v i d e n c e t h a t t h e s e 
same t e r p e n o i d s a r e i m p o r t a n t a g e n t s i n p l a n t - i n s e c t i n t e r a c t i o n s . 
B e c a u s e o f sp a c e c o n s t r a i n t s , t h e c o v e r a g e w i l l be r e p r e s e n t a t i v e , 
n o t e x h a u s t i v e . 

O l f a c t o r y r e s p o n s e s t o w a r d p l a n t v o l a t i l e s . The g r e a t i m p o r t a n c e o f 
t e r p e n o i d s as a g e n t s o f p l a n t - i n s e c t c o m m u n i c a t i o n p r o b a b l y r e s u l t s 
f r o m t h e i r v o l a t i l i t y c ombined w i t h t h e i r g r e a t s t r u c t u r a l d i v e r s i t y 
w h i c h a l l o w s s p e c i f i c i t y ( 3 9 ) . The o l f a c t o r y r e s p o n s e s t o w a r d 
monoterpene h y d r o c a r b o n s , monoterpene a l c o h o l s , and s e s q u i t e r p e n e 
h y d r o c a r b o n s i s o l a t e d f r o m p i n e pholem o f Hylobius abietis, a w e e v i l 
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16. ELAKOVICH Terpenoids as Models for New Agrochemicals 257 

w h i c h i s one o f t h e most d e s t r u c t i v e p e s t s o f N o r d i c f o r e s t 
p l a n t a t i o n s , were measured b y S e l a n d e r et al. ( 4 0 ) . The t o t a l steam 
d i s t i l l a t e was e i t h e r a t t r a c t i v e o r n e u t r a l t o t h e w e e v i l s . A 
f r a c t i o n o f monoterpene h y d r o c a r b o n s was s l i g h t l y r e p e l l e n t e v e n 
t h o u g h two o f t h e t h r e e m a j o r components (α-pinene and 3 - c a r e n e ) 
were c l e a r l y a t t r a c t i v e . The t h i r d m a j o r component, l i m o n e n e , was 
n e u t r a l , w h i c h s u g g e s t s t h a t t h e m i n o r monoterpene h y d r o c a r b o n s 
i n h i b i t t h e a t t r a c t a n t e f f e c t s o f t h e m a j o r components. 

Those f r a c t i o n s c o n t a i n i n g o x y g e n a t e d t e r p e n e s were a t t r a c t i v e 
t o t h e w e e v i l s as was a s e s q u i t e r p e n e h y d r o c a r b o n c o n t a i n i n g 
f r a c t i o n . The o n l y p u r e component t e s t e d , t h e t e r p e n e a l c o h o l 4-
t e r p i n e o l was a l s o a t t r a c t i v e . I n g e n e r a l , f e m a l e s were more 
a t t r a c t e d b y t h e t e r p e n e s t h a n were m a l e s , b u t c o n c e n t r a t i o n p l a y s 
an i m p o r t a n t r o l e . S i m i l a r o l f a c t o r y r e s p o n s e s have b e e n o b s e r v e d 
i n Hylobius pales H e r b s t . w h i c h were a t t r a c t e d t o t h e m o n o t e r p e n o i d s 
a n e t h o l e , α-phellandrene, d - a - p i n e n e , β-pinene, e u g e n o l , t e r p i n e o l , 
camphene, a l l o o c i m e n e , and 3 -carene ( 4 1 ) . The o x y g e n a t e d t e r p e n e s 
and s e s q u i t e r p e n e h y d r o c a r b o n s c l e a r l y p l a y an i m p o r t a n t r o l e i n 
o l f a c t o r y o r i e n t a t i o n . 

B l u s t and H o p k i n s (42) examined t h e r o l e o f o l f a c t i o n i n t h e 
a d a p t i o n o f t h e s p e c i a l i s t g r a s s h o p p e r , Hypochlora alba Dodge w h i c h 
f e e d s a l m o s t e x c l u s i v e l y on Artemisia ludoviciana, L o u i s i a n a 
s a g e w o r t . G e r e r a l i s t g r a s s h o p p e r s f e e d v e r y l i t t l e upon t h i s p l a n t 
w h i c h i s r i c h i n m o n oterpenes. Some 33 t o 50% o f t h e s e monoterpenes 
a r e one component, 1 , 8 - c i n e o l e . The p l a n t e x t r a c t c o n t a i n i n g a 
m i x t u r e o f monoterpenes e l i c i t e d g r e a t e r o l f a c t o r y r e s p o n s e t h a n any 
o f t h e 5 m a j o r monoterpene components t e s t e d i n d i v i d u a l l y . Of t h e 
i n d i v i d u a l monoterpenes t e s t e d , camphene, c i n e o l e , camphor, b o r n e o l 
and g e r a n i o l , b o r n e o l was t h e most s t i m u l a t o r y . 

The s o y b e a n (Glycine max) g e n o t y p e P I 227687 i s r e s i s t a n t t o 
i n s e c t s , p a r t i c u l a r l y t o cabbage l o o p e r (Trichoplusia ni). T. ni 
t h r i v e s on o t h e r s o y b e a n c o m m e r c i a l v a r i e t i e s s u c h as D a v i s , b u t 
f e e d s l e s s , grows more s l o w l y , and shows p o o r e r s u r v i v a l on 
r e s i s t a n t P I 227687 p l a n t s ( 4 3 ) . Steam d i s t i l l a t e s f r o m s u s c e p t i b l e 
D a v i s c u l t i v a r s a t t r a c t e d T. ni f e m a l e a d u l t s , whereas steam 
d i s t i l l a t e s f r o m r e s i s t a n t P I 227687 c u l t i v a r s r e p e l l e d them and 
were a l s o more t o x i c t o f i r s t - i n s t a r l a r v a e . S i n c e t h e p r i m a r y 
s e l e c t i o n o f h o s t p l a n t i s made by t h e a d u l t Γ. ni moth i n 
c o n j u n c t i o n w i t h s e l e c t i o n o f o v i p o s i t i o n a l s i t e s , v o l a t i l e p l a n t 
c h e m i c a l s ( a l l e l o c h e m i c a l s ) a r e assumed t o be i m p o r t a n t , and 
r e p e l l e n t compounds a r e t h e dominant v o l a t i l e c h e m i c a l m e s s e n g e r s . 
L i m i t e d c h e m i c a l d i f f e r e n c e s i n s o y b e a n p l a n t s c a n t h u s a l t e r t h e i r 
a c c e p t a b i l i t i e s t o Γ. ni ( 4 3 ) . P l a n t v o l a t i l e s a l s o c o n t r i b u t e t o 
r i c e r e s i s t a n c e t o t h e l e a f h o p p e r Nephotettix virescens ( 4 4 ) . When 
v o l a t i l e s f r o m a r e s i s t a n t r i c e c u l t i v a r were a p p l i e d t o a 
s u s c e p t i b l e c u l t i v a r , l e a f h o p p e r f e e d i n g was d i s r u p t e d . 

The monoterpene myrcene ( 1 7 ) , a l t h o u g h n o t y e t i m p l i c a t e d i n 
a l l e l o p a t h y , i s a common p l a n t c o n s t i t u e n t and i s p r e s e n t i n t h e 
o l e o r e s i n o f p i n e t r e e s (Pinus s p p . ) . B e e t l e s o f t h e genus Ips 
a t t a c k and c o l o n i z e p i n e t r e e s . They a g g r e g a t e i n r e s p o n s e t o t h e 
t e r p e n e a l c o h o l s i p s i d i e n o l (18) and i p s e n o l ( 1 9 ) , and myrcene (17) 
c a n s e r v e as t h e p r e c u r s o r o f t h e s e pheromones ( 4 5 ) . The s t i m u l u s 
f o r t h e b i o s y n t h e s e s o f (18) and (19) i n t h e Ips genus i s a s s o c i a t e d 
w i t h f e e d i n g , s u g g e s t i n g t h a t a g g r e g r a t i n g pheromones o f Ips b e e t l e s 
a r e w a s t e p r o d u c t s f r o m t e r p e n e m e t a b o l i s m . B a r k b e e t l e s o f t h e 
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258 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

genus Dendroctonus m e t a b o l i z e α-pinene, a monoterpene w h i c h i s 
u b i q u i t o u s i n t h e o l e o r e s i n o f Pinus spp., t o t h e pheromones trans-
v e r b e n o l (20) and v e r b e n o n e (21) among o t h e r m i n o r p r o d u c t s ( 4 6 ) . 
The same o r s i m i l a r s y s t e m s o f t e r p e n e m e t a b o l i s m a r e l i k e l y i n 
d i f f e r e n t s p e c i e s w i t h i n Dendroctonus and i n c l o s e l y r e l a t e d g e n e r a . 

I n s e c t m i x e d - f u n c t i o n o x i d a s e s . M i x e d - f u n c t i o n o x i d a s e s (MFO, a l s o 
known as m i c r o s o m a l c y t o c h r o m e Ρ-450 monooxygenase) a r e a g roup o f 
w i d e l y d i s t r i b u t e d enzymes b e s t known f o r t h e i r a b i l i t y t o d e g r a d e 
d r u g s , p e s t i c i d e s , and o t h e r compounds. T h e i r p r i m a r y f u n c t i o n i s 
t o c o n v e r t l i p o p h i l i c compounds i n t o more p o l a r , more r e a d i l y 
e x c r e t e d h y d r o p h i l i c m e t a b o l i t e s . B r a t t s t e n et al. (47) have shown 
t h a t MFO's o f t h e s o u t h e r n armyworm, Spodoptera eridania, a r e 
i n d u c e d b y s e c o n d a r y p l a n t s u b s t a n c e s added t o i t s f o o d , and t h e 
i n d u c t i o n i s r a p i d enough t o p r o v i d e t h i s p o l y p h a g o u s i n s e c t w i t h 
p r o t e c t i o n a g a i n s t t h e s e p o t e n t i a l l y o f f e n s i v e d i e t a r y f a c t o r s . 
E i g h t t e r p e n o i d s were e v a l u a t e d f o r t h i e r MFO a c t i v i t y i n d u c i n g 
a b i l i t y . The most p o t e n t i n d u c e r s were t h e monoterpene h y d r o c a r b o n s 
(+)-α-pinene and myrcene. Even a b r i e f e x p o s u r e t o a s m a l l amount 
o f t h e s e compounds a p p e a r s t o s u f f i c e t o t r i g g e r an i n c r e a s e i n MFO 
a c t i v i t y . A l t h o u g h i n s e c t MFO enzyme s y s t e m s l i k e l y e v o l v e d f o r 
endogenous f u n c t i o n s , t h e i r o p e r a t i o n a g a i n s t h a z a r d o u s s e c o n d a r y 
p l a n t s u b s t a n c e s , s u c h as t h e u b i q u i t o u s t e r p e n o i d s , may be t h e i r 
m a j o r d e t o x i f i c a t i o n f u n c t i o n . 

I n v e s t i g a t i o n s w i t h Peridroma saucia Hubner, t h e v a r i e g a t e d 
cutworm, s u g g e s t t h a t p l a n t s p e c i e s d i f f e r i n t h e d e g r e e t o w h i c h 
t h e y s t i m u l a t e t h e MFO s y s t e m , and t h u s an i n s e c t ' s a b i l i t y t o 
d e t o x i f y i n s e c t i c i d e s may depend on t h e t e r p e n o i d s ( a n d o t h e r 
compounds) p r o d u c e d by i t s h o s t p l a n t ( 4 8 ) . F u r t h e r s t u d i e s i n 
w h i c h f a l l armyworms, Spodoptera frugiperda, a g e n e r a l i s t i n s e c t , 
were f e d d i e t s c o n t a i n i n g 0.2% o f 13 m o n o t e r p e n o i d s , 3 
s e s q u i t e r p e n e s , 2 d i t e r p e n e s , 5 t r i t e r p e n e s , and t h e t e t r a t e r p e n e 
c a r o t e n e , showed t h e microsomes o f t h e s e i n s e c t s o x i d i z e d 
m onoterpenes more f a v o r a b l y t h a n o t h e r t e r p e n o i d s , i n d i c a t i n g a 
p r e f e r e n c e f o r t h e monoterpenes ( 4 9 ) . 

C o n c l u s i o n s 

From t h i s b r i e f r e v i e w i t i s c l e a r t h a t t e r p e n o i d s p l a y an 
i n c r e a s i n g l y i m p o r t a n t p a r t i n p l a n t - p l a n t i n t e r a c t i o n s . As o u r 
k n o w l e d g e o f a l l e l o p a t h i c compounds and t h e i r modes o f a c t i o n 
i n c r e a s e , we w i l l be b e t t e r a b l e t o a p p l y t h i s k n o w l e d g e t o 
s o l u t i o n s t o p r o b l e m s i n a g r i c u l t u r e . Many o f t h e same t e r p e n o i d s 
w h i c h show a l l e l o p a t h i c a c t i v i t y a l s o p o s s e s s a c t i v i t y as i n s e c t 
pheromones. R e s e a r c h i n t h i s a r e a o f i n s e c t - p l a n t i n t e r a c t i o n s may 
y i e l d i n f o r m a t i o n o f much v a l u e i n t h e d e v e l o p m e n t o f s o p h i s t i c a t e d 
methods o f i n s e c t c o n t r o l as w e l l as i n t h e b a s i c r e l a t i o n s b e t w e e n 
i n s e c t s and p l a n t s ( 4 8 ) . Such s t u d i e s w i l l r e q u i r e e x t e n s i v e 
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16. ELAKOVICH Terpenoids as Models for New Agrochemicals 259 

cooperation among chemists, biologists, and agricultural scientists, 
but will be rewarded by the development of new and better herbicides 
and plant growth hormones based on structures of allelochemicals, by 
useful crop rotation schemes, and by the development of genetically 
engineered cultivars which not only repel traditional insect pests, 
but also retard growth of unwanted plants. The agrochemical 
possibilities are far-reaching! 
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Chapter 17 

Chemical and Anatomical Response 
in Gossypium spp. Challenged 

by Verticillium dahliae 

Robert D. Stipanovic, Marshall E. Mace, David W. Altman, 
and Alois A. Bell 

Southern Crops Research Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, College Station, TX 77841 

Verticillium dahliae, a fungal pathogen of plants, 
evokes anatomical and chemical responses in resistant 
cotton plants. Tyloses are formed which block infected 
xylem vessels and confine the pathogen, and the 
synthesis of fungitoxic terpene phytoalexins is induced 
in paravascular cells. The primary terpenes identified 
to date include desoxyhemigossypol (dHG), hemigossypol 
(HG), gossypol, and their methyl ether derivatives. Of 
these terpenes, dHG is the most toxic to a 
nondefoliating strain of V. dahliae. Terpene 
synthesis is also elicited in cotton cell suspension 
cultures by heat-killed conidia of V. dahliae. 
Gossypol, HG and the methyl ether derivatives of 
HG and dHG have been isolated from such cell 
cultures. Embryogenic callus cultures of Gossypium 
hirsutum have greatly reduced embryo production when 
heat-killed conidia are added to the agar medium. In 
the presence of citrate, in vitro synthesis of these 
terpenoids is inhibited. 

An u n d e r s t a n d i n g o f t h e f u n d a m e n t a l mechanisms o f p e s t r e s i s t a n c e i s 
c r u c i a l f o r s t r a t e g i c a l l y e n h a n c i n g p l a n t p r o d u c t i o n . P l a n t s 
s y n t h e s i z e c h e m i c a l s ( p h y t o a l e x i n s ) w h i c h a r e t o x i c t o p a t h o g e n i c 
o r g a n i s m s as one d e f e n s e method. Knowledge o f t h e s t r u c t u r e , pathway 
o f b i o s y n t h e s i s , enzymes and genes c o n t r o l l i n g t h e b i o s y n t h e s i s o f 
p h y t o a l e x i n s s h o u l d a s s i s t d e v e l o p m e n t o f a more r e s i s t a n t p l a n t . 

Work i n o u r l a b o r a t o r y has c o n c e n t r a t e d on p h y t o a l e x i n s t h a t a r e 
a s s o c i a t e d w i t h t h e c h a l l e n g e o f an i m p o r t a n t f u n g a l p a t h o g e n , 
Verticillium dahliae, t o Gossypium ( c o t t o n ) . We have 
c h a r a c t e r i z e d t h e p h y t o a l e x i n s and t h e c o r r e l a t e d a n a t o m i c a l r e s p o n s e 
o f p l a n t s t o i n f e c t i o n w i t h t h i s o r g a n i s m . The f o l l o w i n g pages 
r e p o r t c u r r e n t work i n t h i s a r e a . Our g o a l i s t o enhance p l a n t 
d e f e n s e s t r a t e g i e s , p a r t i c u l a r l y as t h e y r e l a t e t o t h e r o l e o f 
p h y t o a l e x i n s . 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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D i s e a s e D e s c r i p t i o n 

V e r t i c i l l i u m w i l t i s c a u s e d b y t h e s o i l - b o r n e f u n g u s V. dahliae. 
F i r s t d e t e c t e d i n 1927 ( 1 ) , t h e d i s e a s e o c c u r s i n m a j o r c o t t o n 
p r o d u c t i o n a r e a s . The l o s s t o t h e 1986 U.S. c o t t o n c r o p f r o m 
V e r t i c i l l i u m w i l t was e s t i m a t e d a t 200,000 b a l e s ( 2 ) . A d d i t i o n a l 
l o s s e s due t o p o o r e r f i b e r q u a l i t y a r e s u b s t a n t i a l , b u t d i f f i c u l t t o 
document. 

More t h a n 90% o f c o m m e r c i a l c o t t o n s a r e c u l t i v a r s o f Gossypium 
hirsutum L. (3.) . Gossypium hirsutum g e n e r a l l y c a n i n c u r 
s i g n i f i c a n t l o s s e s due t o V e r t i c i l l i u m w i l t , e s p e c i a l l y when i n c i t e d 
b y t h e d e f o l i a t i n g s t r a i n s o f V. dahliae. Gossypium barbadense 
c u l t i v a r s e x h i b i t some o f t h e h i g h e s t l e v e l s o f r e s i s t a n c e t o 
V e r t i c i l l i u m w i l t ( 4 ) . S e v e r a l s t u d i e s o f t h e a n a t o m i c a l and 
b i o c h e m i c a l f a c t o r s a s s o c i a t e d w i t h Verticillium p a t h o g e n e s i s and 
on r e s i s t a n c e t o V e r t i c i l l i u m w i l t i n many h o s t p l a n t s have b e e n 
p u b l i s h e d ( 5 - 7 ) . Because o f t h e s u s c e p t i b i l i t y o f G. hirsutum 
c u l t i v a r s t o V e r t i c i l l i u m w i l t , i m p r o v e d u n d e r s t a n d i n g o f d i s e a s e 
p r o c e s s e s i s e s p e c i a l l y i m p o r t a n t f o r t h e d e v e l o p m e n t o f c o n t r o l 
p r o c e d u r e s . 

P a t h o g e n e s i s o f V e r t i c i l l i u m w i l t depends upon p e n e t r a t i o n o f t h e 
p a t h o g e n ' s hyphae t h r o u g h t h e r o o t c o r t e x and i n t o t h e x y l e m 
v e s s e l s . I n s u s c e p t i b l e p l a n t s t h e s e hyphae c o n t i n u e t o grow i n t h e 
v e s s e l s , and c o n i d i a o f t h e p a t h o g e n s p r e a d s y s t e m i c a l l y t h r o u g h o u t 
t h e v a s c u l a r s y s t e m . Thus, an o p t i m a l p l a n t p r o t e c t i v e mechanism 
must d e f e n d a g a i n s t p e n e t r a t i o n , s u r v i v a l and g r o w t h o f hyphae, and 
d i s t r i b u t i o n o f c o n i d i a . 

P l a n t D e f e n s e Mechanisms 

The c o t t o n p l a n t ' s d e f e n s e mechanisms may be d i v i d e d i n t o two b r o a d 
c a t e g o r i e s : a n a t o m i c a l and c h e m i c a l . A n a t o m i c a l d e f e n s e s i n c l u d e 
t h e p r o t e c t i v e r o o t c o r t e x and t h e i n d u c e d f o r m a t i o n o f t y l o s e s i n 
x y l e m v e s s e l s . D e f e n s e c h e m i c a l s i n c l u d e t h o s e t h a t a r e p r e f o r m e d o r 
p r e s e n t i n h e a l t h y n o n i n f e c t e d p l a n t s and t h o s e i n d u c e d ( e . g . , 
p h y t o a l e x i n s ) b y t h e p l a n t p a t h o g e n o r i t s p r o d u c t s . H e r e i n , we w i l l 
l i m i t t h e d i s c u s s i o n t o o u r work on V. dahliae-induced t y l o s e s 
and g o s s y p o l - r e l a t e d p h y t o a l e x i n s . O t h e r compounds, s u c h as t h e 
f l a v o n o i d s t h a t a r e i n v o l v e d i n V. dahliae r e s i s t a n c e i n c o t t o n 
l e a v e s ( 8 ) , w i l l n o t be d i s c u s s e d . 

P l a n t Response 

T v l o s e F o r m a t i o n . P a t h o g e n e s i s by f u n g a l w i l t p a t h o g e n s must a l l o w 
e n t r y o f t h e p a t h o g e n i n t o x y l e m v e s s e l s and s y s t e m i c s p r e a d o f 
c o n i d i a i n t h e v a s c u l a r s y s t e m . O c c l u s i o n o f x y l e m v e s s e l s i n d u c e d 
by t h e p a t h o g e n o r i t s m e t a b o l i t e s c o n s t i t u t e s t h e i n i t i t a l , c r i t i c a l 
h o s t r e s i s t a n c e r e s p o n s e ( 5 , 9 ) . T y l o s e s c o n s t i t u t e t h e m a j o r 
o c c l u s i v e p r o c e s s i n V. dahliae-infected c o t t o n ( 9 ) . T y l o s e s a r e 
o u t g r o w t h s f r o m p a r a v a s c u l a r parenchyma c e l l s i n t o t h e lumen o f t h e 
x y l e m v e s s e l . I n V. dahliae-infected v e s s e l s , m u l t i p l e t y l o s e s 
f o r m and o c c l u d e c e l l s . 

E x t e n s i v e t y l o s i s o c c u r s i n b o t h s u s c e p t i b l e and r e s i s t a n t 
c o t t o n s i n f e c t e d w i t h V. dahliae. The r e l e a s e o f s e c o n d a r y 
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264 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

c o n i d i a o f V. dahliae and t h e o c c l u s i o n o f v e s s e l s i n i n f e c t e d 
stem x y l e m o f V e r t i c i l l i u m w i l t - r e s i s t a n t G. barbadense c v . 
S e a b r o o k Sea I s l a n d , 12B2 (SB S I ) and w i l t - s u s c e p t i b l e G. hirsutum 
c v . Rowden have b e e n compared ( 9 ) . These s t u d i e s showed t h a t t h e 
v e s s e l s o f SBSI became o c c l u d e d b e f o r e s e c o n d a r y c o n i d i a were 
r e l e a s e d i n t o t h e x y l e m f l u i d . O c c l u s i o n i n Rowden o c c u r r e d a f t e r 
t h e r e l e a s e o f s e c o n d a r y c o n i d i a , a l l o w i n g s y s t e m i c d i s t r i b u t i o n o f 
V. dahliae and s e v e r e w i l t t o ensue. 
P h y t o a l e x i n f o r m a t i o n . The t e r p e n o i d p h y t o a l e x i n s a r e f i r s t d e t e c t e d 
h i s t o c h e m i c a l l y i n x y l e m a t 18 and 24 h r s a f t e r i n o c u l a t i o n w i t h V. 
dahliae i n t h e w i l t - r e s i s t a n t SBSI and w i l t - s u s c e p t i b l e Rowden 
c u l t i v a r s , r e s p e c t i v e l y ( 9 ) . The s t r u c t u r e and p r o p o s e d sequence o f 
b i o s y n t h e s i s o f t h e s e t e r p e n o i d s a r e shown i n F i g . 1. G o s s y p o l 
( G ) , a d i m e r i c s e s q u i t e r p e n e , i s b i o s y n t h e s i z e d f r o m 
c i s - t r a n s - f a r n e s y l p y r o p h o s p h a t e o r i t s e q u i v a l e n t ( 1 0 , 1 1 ) . The 
b i o s y n t h e t i c p r e c u r s o r s o f G, d e s o x y h e m i g o s s y p o l (dHG), 
h e m i g o s s y p o l (HG) and t h e i r 6-methyl e t h e r d e r i v a t i v e s (dMHG) 
and (MHG), have been i s o l a t e d f r o m V. dahliae i n f e c t e d G. 
barbadense s t e l e t i s s u e (12,1J3) . These t e r p e n o i d s n o r m a l l y a b s e n t 
f r o m t h e b o l l , cambium, and x y l e m a r e r a p i d l y s y n t h e s i z e d i n t h e s e 
t i s s u e s f o l l o w i n g i n o c u l a t i o n w i t h V. dahliae ( 1 4 ) . The 
r e s i s t a n t v a r i e t y o f G. barbadense p r o d u c e s t o x i c c o n c e n t r a t i o n s 
o f t e r p e n o i d s i n i n o c u l a t e d x y l e m v e s s e l s 24 t o 48 h o u r s s o o n e r t h a n 
s u s c e p t i b l e v a r i e t i e s ( 1 5 - 1 7 ) . 

When s u s c e p t i b l e Rowden was compared t o r e s i s t a n t SBSI 14 days 
a f t e r i n o c u l a t i o n w i t h V. dahliae, o v e r 50% o f t h e f i r s t t h r e e 
i n t e r n o d e s o f Rowden were i n f e c t e d w i t h m y c e l i u m , w h i l e o n l y a b o u t 
10% o f t h o s e f r o m SBSI were i n f e c t e d (18) . Rowden was s e v e r e l y 
w i l t e d w h i l e SBSI was symp t o m l e s s . Of t h e t e r p e n o i d a l d e h y d e s 
p r e s e n t , HG and MHG a c c o u n t e d f o r o v e r 85% o f t h e t o t a l , w i t h 
G and i t s m e t h y l e t h e r d e r i v a t i v e s , MG and DMG, c o m p r i s i n g t h e 
r e m a i n d e r . 

Two t o 4 days a f t e r i n o c u l a t i o n , SBSI c o n t a i n e d h i g h e r t e r p e n o i d 
c o n c e n t r a t i o n s t h a n Rowden; however, 14 days a f t e r i n o c u l a t i o n t h e 
o p p o s i t e i s t r u e ( 1 5 ) . The h i g h e r c o n c e n t r a t i o n i n Rowden a f t e r 14 
days i s a s c r i b e d t o e x t e n s i v e s e c o n d a r y c o l o n i z a t i o n i n Rowden. 
Thus, Rowden, w i t h more i n f e c t e d t i s s u e , p r o d u c e s more p h y t o a l e x i n s 
t h a n t h e r e s i s t a n t SBSI i n w h i c h i n f e c t i o n i s c o n t a i n e d . 

The h i g h e r c o n c e n t r a t i o n s o f m e t h y l a t e d t e r p e n o i d s i n t h e 
r e s i s t a n t SBSI as compared t o Rowden ( F i g . 2) l e a d us t o s p e c u l a t e 
t h a t m e t h y l a t i o n i n c r e a s e d t h e t o x i c i t y o f t h e t e r p e n e s . However, 
e x p e r i m e n t s t o d a t e w i t h a n o n - d e f o l i a t i n g s t r a i n o f V. dahliae 
i n d i c a t e t h a t t h i s i s n o t t r u e ( 1 9 ) . HG and dHG a r e more 
t o x i c t o V. dahliae m y c e l i a t h a n t h e i r m e t h y l e t h e r d e r i v a t i v e s 
(MHG and dMHG) ( F i g . 3 ) ; s i m i l a r l y , t h e y a r e b e t t e r 
i n h i b i t o r s o f V. dahliae c o n i d i a l g e r m i n a t i o n ( F i g . 4 ) . I n SBSI 
s t e l e t i s s u e 2 days a f t e r i n o c u l a t i o n , dHG i s p r e s e n t a t 
c o n c e n t r a t i o n s s u f f i c i e n t t o i n h i b i t more t h a n 95% o f t h e g e r m i n a t i o n 
o f V. dahliae c o n i d i a ( T a b l e I ; F i g . 4 ) . I f t h e o t h e r 
p h y t o a l e x i n s a c t i n an a d d i t i v e f a s h i o n , t h e n a l e t h a l dose f o r 
c o n i d i a i s p r e s e n t 2 days a f t e r i n o c u l a t i o n . 
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STIPANOVIC ET AL. Gossypium spp. Response to V. dahliae Challenge 

F i g . 1. T e r p e n o i d p h y t o a l e x i n s f o r m e d i n Gossypium spp. 
(dHG = d e s o x y h e m i g o s s y p o l , dMHG = 
d e s o x y h e m i g o s s y p o l - 6 - m e t h y l e t h e r , HG = 
h e m i g o s s y p o l , MHG = h e m i g o s s y p o l - 6 - m e t h y l e t h e r , 
G = g o s s y p o l , MG = g o s s y p o l - 6 - m e t h y l e t h e r , 
DMG = g o s s y p o l - 6 , 6 ' - d i m e t h y l e t h e r ) . 

Rowden (G. hirsutum) SBSI (G. barbadense) 
Mole % M o l e % 

F i g . 2. Mo l e p e r c e n t o f t e r p e n o i d a l d e h y d e s i n c o t t o n s t e l e 
t i s s u e 14 days a f t e r stem p u n c t u r e i n o c u l a t i o n w i t h 
Verticillium dahliae (HG = h e m i g o s s y p o l , MHG 
= h e m i g o s s y p o l - 6 - m e t h y l e t h e r , G = g o s s y p o l , MG 
- g o s s y p o l - 6 - m e t h y l e t h e r , DMG - g o s s y p o l - 6,6'-
d i m e t h y l e t h e r ) . 
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266 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Toxicity to Mycelia 
Verticilium dahliae 

Terpenoid Concentration 
(pg/ml) 

F i g . 3. T o x i c i t y o f c o t t o n p h y t o a l e x i n s (MHG = 
h e m i g o s s y p o l - 6 - m e t h y l e t h e r , HG - h e m i g o s s y p o l , 
dMHG = d e s o x y h e m i g o s s y p o l - 6 - m e t h y l e t h e r , dHG = 
d e s o x y h e m i g o s s y p o l ) t o Verticillium dahliae m y c e l i a . 

Germination Inhibition 
Verticillium dahliae 

Terpenoid Concentration 
fag/ml) 

F i g . 4. I n h i b i t i o n o f Verticillium dahliae c o n i d i a l 
g e r m i n a t i o n b y p h y t o a l e x i n s (MHG = h e m i g o s s y p o l -
6-methyl e t h e r , HG « h e m i g o s s y p o l , dMHG = 
d e s o x y h e m i g o s s y p o l - 6 - m e t h y l e t h e r , dHG = 
d e s o x y h e m i g o s s y p o l ) . 
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17. STIPANOVIC ET AL. Gossypium spp. Response to V. dahliae Challenge 267 

T a b l e I . T e r p e n o i d c o n c e n t r a t i o n i n Gossypium barbadense c v . 
Se a b r o o k Sea I s l a n d s t e l e t i s s u e 2 and 10 days a f t e r 
i n o c u l a t i o n w i t h Verticillium dahliae 

C o n c e n t r a t i o n 
T e r p e n o i d 2 days 10 days 

D e s o x y h e m i g o s s y p o l 5.3 ( 0 . 8 ) D 25.0 (1.7) 
H e m i g o s s y p o l 10.1 (0.4) 25.7 (2.0) 
D e s o x y h e m i g o s s y p o l m e t h y l e t h e r 8.7 (0.5) 56.5 (2.6) 
H e m i g o s s y p o l m e t h y l e t h e r 18.7 (1.7) 79.2 (4.0) 

a /ig/ml w a t e r f r o m s t e l e t i s s u e o f t h e h y p o c o t y l and i n t e r n o d e s 
one t o t h r e e . 

Mean o f t h r e e e x p e r i m e n t s ; s t a n d a r d d e v i a t i o n i n p a r e n t h e s e s . 

T a b l e I I . Mean w a t e r s o l u b i l i t y o f t e r p e n o i d p h y t o a l e x i n s a t pH 6.3 

T e r p e n o i d S o l u b i l i t y (/ig/ml b u f f e r ) a 

D e s o x y h e m i g o s s y p o l 50, .2 (2. 8 ) D 

H e m i g o s s y p o l 4. .3 (0. 2) 
D e s o x y h e m i g o s s y p o l m e t h y l e t h e r 2, .9 (0. 3) 
H e m i g o s s y p o l m e t h y l e t h e r 2, .0 (0. .1) 

a S o l u b i l i t y i n 0.15M p o t a s s i u m p h o s p h a t e b u f f e r , 24°C. 
Mean o f t h r e e r e p l i c a t i o n s ; s t a n d a r d d e v i a t i o n i n p a r e n t h e s e s . 

F o r t h e t e r p e n o i d a l d e h y d e s t o be e f f e c t i v e , i t i s assumed t h e y 
must be s o l u b l e i n t h e f l u i d w i t h i n i n f e c t e d x y l e m v e s s e l s . I n w a t e r 
s o l u b i l i t y s t u d i e s (.19), o n l y dHG was f o u n d t o have s u f f i c i e n t 
w a t e r s o l u b i l i t y ( T a b l e I I ) t o r e a c h a f u n g i c i d a l c o n c e n t r a t i o n a t 
t h e pH o f x y l e m f l u i d (pH 6.3). However, s o l u b i l i z i n g a g e n t s m i g h t be 
p r e s e n t i n t h i s f l u i d , a u g m e n t i n g t h e s o l u b i l i t y o f t h e o t h e r 
t e r p e n o i d s . B u t , dHG a l o n e f i t s a l l t h e c r i t e r i a r e q u i r e d t o a c t 
as a f u n g i c i d e : i ) a c c u m u l a t i o n t o a c o n c e n t r a t i o n t h a t k i l l s a l l 
m y c e l i a and c o n i d i a , i i ) s u f f i c i e n t s o l u b i l i t y i n pH 6.3 w a t e r t o 
a t t a i n f u n g i c i d a l c o n c e n t r a t i o n s , and i i i ) l o c a t i o n a t t h e s i t e o f 
i n f e c t i o n (18,19, and Mace M.E., USDA-ARS, u n p u b l i s h e d d a t a ) . These 
r e s u l t s r e l a t e o n l y t o t h e n o n d e f o l i a t i n g s t r a i n o f V. dahliae 
s t u d i e d . E x p e r i m e n t s a r e b e i n g c o n d u c t e d t o d e t e r m i n e i f t h e s e 
c o n c l u s i o n s c a n be e x t r a p o l a t e d t o more v i r u l e n t s t r a i n s o f V. 
dahliae. 

E l i c i t a t i o n o f P h y t o a l e x i n s i n C e l l C u l t u r e 

I n d u c t i o n o f s e c o n d a r y n a t u r a l p r o d u c t s h a s b e e n a s i g n i f i c a n t 
s u b s p e c i a l t y i n p l a n t c e l l c u l t u r e l e a d i n g t o m a j o r c o m m e r c i a l i z a t i o n 
e f f o r t s w o r l d w i d e . I n d u c t i o n c a n o c c u r w i t h s e v e r a l k i n d s o f c u l t u r e 
m a n i p u l a t i o n , b u t e l i c i t a t i o n h as b e e n d e f i n e d as p h y t o a l e x i n - i n d u c e d 
s y n t h e s i s t r i g g e r e d by s u b s t a n c e s i s o l a t e d f r o m m i c r o o r g a n i s m s ( 2 0 ) . 
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268 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

E l i c i t a t i o n o f t e r p e n o i d p h y t o a l e x i n s has b e e n r e p o r t e d f o r s e v e r a l 
g e n e r a i n c l u d i n g Gossypium. C o t t o n p h y t o a l e x i n a c c u m u l a t i o n 
f o l l o w i n g f u n g a l c h a l l e n g e i n t i s s u e c u l t u r e has i m p o r t a n t r e s e a r c h 
a p p l i c a t i o n s as a model s y s t e m ( 2 1 ) . 

I n 1981 t h e c a p a c i t y o f G. hirsutum c e l l s u s p e n s i o n s t o f o r m 
G and HG i n u n s t r e s s e d s u s p e n s i o n c u l t u r e s was r e p o r t e d (22.) . 
E l e v a t e d l e v e l s o f t e r p e n o i d e l i c i t a t i o n were s u b s e q u e n t l y 
d e m o n s t r a t e d w i t h h e a t - k i l l e d V. dahliae c o n i d i a ( 2 3 , 2 4 ) . L a t e r 
s t u d i e s showed t h a t membrane ch a n g e s , as m o n i t o r e d b y f l u o r e s c e n t 
m o l e c u l a r p r o b e s , c o r r e l a t e w i t h p h y t o a l e x i n f o r m a t i o n i n c o t t o n c e l l 
s u s p e n s i o n c u l t u r e s (25) . H e i n s t e i n i d e n t i f i e d G and HG i n 
h i s e l i c i t a t i o n e x p e r i m e n t s w i t h G. arboreum c v . N a n k i n g ( 2 4 ) . 
MHG and dMHG a l s o were i d e n t i f i e d i n e l i c i t a t i o n e x p e r i m e n t s 
w i t h t h i s G. arboreum a c c e s s i o n and G. hirsutum c u l t i v a r s 
( 2 3 ) . Gossypium arboreum c e l l s u s p e n s i o n s when c h a l l e n g e d w i t h 
0.1% (w/v) c e l l u l a s e (Aspergillus niger) f a i l e d t o e l i c i t 
t e r p e n o i d s y n t h e s i s ( T a b l e I I I ) . T h i s o b s e r v a t i o n i s c o n t r a r y t o t h e 
r e p o r t e d s e s q u i t e r p e n o i d p h y t o a l e x i n e l i c i t a t i o n b y c e l l u l a s e i n 
Nicotiana tabacum ( 2 7 ) . Thus, c o t t o n e l i c i t a t i o n a p p e a r s t o 
depend on a s p e c i f i c c e l l s u r f a c e i n t e r a c t i o n r a t h e r t h a n on a 
g e n e r a l c e l l w a l l a t t a c k . 

I n an embryogénie c a l l u s c u l t u r e o f G. hirsutum c v . C o k e r 
310, a l i n e a r c o r r e l a t i o n ( r = -0.87; Ρ < 0.01) b e t w e e n t h e e l i c i t o r 
c o n c e n t r a t i o n and embryo p r o d u c t i o n was o b s e r v e d (23) . T h i s s u g g e s t s 
t h e p o t e n t i a l f o r a c e l l u l a r s e l e c t i o n s y s t e m f o r i n c r e a s e d d i s e a s e 
r e s i s t a n c e as was done w i t h a l f a l f a c h a l l e n g e d b y Fusarium 
oxysporum ( 2 8 ) . 

P h y t o a l e x i n e l i c i t a t i o n i n G. arboreum s u s p e n s i o n c u l t u r e has 
b e e n o b s e r v e d when a n o n - p a t h o g e n , Saccharomyces cerevisiae, was 
u s e d as t h e e l i c i t o r ( 2 4 ) . S i m i l a r y , Aspergillus flavus i n d u c e s 
t e r p e n o i d s y n t h e s i s i n o v u l e c u l t u r e s o f G. hirsutum ( A l t m a n , 
D.W.; S t i p a n o v i c , R.D.; M e l l o n , J . , USDA-ARS, u n p u b l i s h e d d a t a ) . 

T a b l e I I I . Mean r e s p o n s e o f Gossypium arboreum s u s p e n s i o n s t o 
s e s q u i t e r p e n o i d a l d e h y d e e l i c i t a t i o n a 

F r e s h w e i g h t G o s s y p o l 
T r e a t m e n t (g) e q u i v a l e n t s 

C o n t r o l 28.8 0.06 
V e r t i c i l l i u m d a h l i a e 26.8 0.17 
C e l l u l a s e 35.5 0.08 
L S D 0 . 0 5 4.2 0.06 

a I n c u b a t i o n f o r 72 h r s a t pH 6.0. 
d e t e r m i n e d by t h e a n i l i n e method o f S m i t h (26) on a % d r y w e i g h t 
b a s i s . 

Verticillium dahliae e l i c i t a t i o n o f t e r p e n o i d s y n t h e s i s f r o m 
G. arboreum s u s p e n s i o n c u l t u r e s has b e e n a r r e s t e d b y a d d i t i o n o f 
c i t r a t e ( 2 5 ) . C o n c e n t r a t i o n s o f 2 mM gave 50% i n h i b i t i o n . A s i m i l a r 
r e s p o n s e a l s o was o b s e r v e d f o r g l y c e o l i n e l i c i t a t i o n w i t h V. 
dahliae i n s o y b e a n c e l l s u s p e n s i o n s (25.) . 
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17. STIPANOVICETAL. Gossypiuiii spp. Response to V. dahliae Challenge 269 

E f f e c t s o f C i t r a t e on T e r p e n o i d S y n t h e s i s i n E x c i s e d R o o t s 

P r o m p t e d b y t h e d a t a on c i t r a t e a c t i v i t y (25) , we have s t u d i e d i t s 
e f f e c t on p h y t o a l e x i n p r o d u c t i o n i n e x c i s e d c o t t o n r o o t s w i t h and 
w i t h o u t c h i l l i n g . F o u r - d a y - o l d s e e d l i n g s were c u t a t t h e t r a n s i t i o n 
zone and t h e r o o t s were i n c u b a t e d a t 28°C i n p e t r i d i s h e s (2.5 gm 
r o o t / d i s h ) c o n t a i n i n g a medium composed o f s u c r o s e ( 0 . 5 % ) , s o d i u m 
a c e t a t e (0.1%) and 0.015 M PIPES b u f f e r (pH 6.5), w i t h and w i t h o u t 
4.5 mM sod i u m c i t r a t e . A f t e r 12, 24, 36, and 48 h r s , t h e r o o t s were 
removed and f r o z e n a t -135°C. A s e c o n d s e t o f f o u r - d a y - o l d 
s e e d l i n g s were h e l d a t 10°C f o r 4 d a y s . The r o o t s were e x c i s e d , 
i n c u b a t e d a t t h e t i m e i n t e r v a l s above, and f r o z e n a t -135°C. The 
pH o f a l l s o l u t i o n s was r e c o r d e d . 

A f t e r t h e r o o t s were thawed, t h e t e r p e n e s were e x t r a c t e d and t h e 
e x t r a c t s s u b j e c t e d t o HPLC a n a l y s i s . G was t h e m a j o r t e r p e n o i d 
p r o d u c e d i n a l l s y s t e m s . C o l d t r e a t m e n t was n o t an e f f e c t i v e method 
f o r i n d u c i n g s y n t h e s i s i n t h i s e x p e r i m e n t ( F i g . 5 ) . However, t h e 
e x p e r i m e n t d e m o n s t r a t e d t h a t c i t r a t e was a s t r o n g i n h i b i t o r o f 
s e s q u i t e r p e n o i d p r o d u c t i o n . C i t r a t e d i d a f f e c t t h e pH o f t h e 
medium. A f t e r 36 h r s t h e pH h a d r i s e n a b o u t one pH u n i t o v e r t h e 
c o n t r o l w h i c h was v i r t u a l l y unchanged. E x p e r i m e n t s u s i n g s e e d l i n g s 
as above w i t h no b u f f e r , o r w i t h P I PES, p h o s p h a t e , o r c i t r a t e b u f f e r 
were a l s o c o n d u c t e d ( T a b l e I V ) . A l l o f t h e b u f f e r s s u p p r e s s e d 
t e r p e n o i d a l d e h y d e s y n t h e s i s , b u t c i t r a t e d i d so most e f f e c t i v e l y . 
I n t h e p r e s e n c e o f c i t r a t e , p h y t o a l e x i n s y n t h e s i s i s e f f e c t i v e l y 
b l o c k e d . The r o l e o f pH i s u n c e r t a i n . The e f f e c t s o f pH s t a n d i n 
c o n t r a s t t o o b s e r v a t i o n s f r o m s o y b e a n t i s s u e c u l t u r e s y s t e m s i n w h i c h 
c i t r a t e , b u t n o t d i - and t r i c a r b o x y l i c h y d r o x y a c i d s , i n h i b i t e d 
p h y t o a l e x i n f o r m a t i o n ( 2 5 ) . 

T a b l e I V . E f f e c t s o f b u f f e r s on med i a pH and p r o d u c t i o n o f t e r p e n o i d 
a l d e h y d e s i n c o t t o n r o o t s 48 h o u r s a f t e r e x c i s i o n 

B u f f e r 
P H a G o s s y p o l e q u i v a l e n t s ^ 

None 5.80 (0. , 3 6 ) c 76.8 (15. .7) 
PIPES 7.25 (0, .06) 22.1 ( 4. .0) 
P h o s p h a t e 7.35 (0. .06) 15.0 ( 2. .2) 
C i t r a t e 7.58 (0. .15) 9.5 ( 0. .6) 

^ I n i t i a l pH f o r a l l t r e a t m e n t s was 6.5. 
T e r p e n o i d a l d e h y d e c o n c e n t r a t i o n s (ppm) f r e s h w e i g h t 

d e t e r m i n e d by t h e r e a c t i o n w i t h p h l o r o g l u c i n o l (2j£) . 
c M e a n o f f o u r r e p l i c a t i o n s ; s t a n d a r d d e v i a t i o n g i v e n i n 
p a r e n t h e s e s . 

C o n c l u s i o n s 

P h y t o a l e x i n s , t h e t o x i c c h e m i c a l s p r o d u c e d b y t h e c o t t o n p l a n t i n 
r e s p o n s e t o d i s e a s e , a r e an e s s e n t i a l component i n t h e d e f e n s e 
r e s p o n s e . Our s t u d i e s i n v i v o , a l t h o u g h c o n c e n t r a t i n g on t h e 
i n t e r a c t i o n b e t w e e n a n o n d e f o l i a t i n g i s o l a t e o f V. dahliae and 
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270 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Effect of Citrate on 

0) 

Treatment 
(Temperature) 

F i g . 5. E f f e c t o f c i t r a t e on t h e s y n t h e s i s o f p h y t o a l e x i n s i n 
e x c i s e d c o t t o n r o o t s ( c o n c e n t r a t i o n e x p r e s s e d as ppm o f 
s e s q u i t e r p e n e s ) . 
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17. STIPANOVICETAL. Gossypium spp. Response to V. dahliae Challenge 271 

cotton, indicate that resistant cotton plants respond by the rapid 
formation of tyloses which occlude infected vessels and halt the 
spread of infection. This is followed by a rapid increase in 
phytoalexin formation to concentrations that ki l l conidia and 
mycelia. The quick response to the infection, and the quality of the 
phytoalexins may be the difference between a resistant and a 
susceptible plant. Of the several phytoalexins formed, only dHG 
is sufficiently water soluble to accumulate to fungitoxic levels in 
fluids of infected tissue. If solubilizing agents are not involved, 
dHG appears to be the critical compound involved in the 
phytoalexin response. The elicitation of sesquiterpenoid 
phytoalexins in tissue culture by both pathogenic and nonpathogenic 
organisms indicates that this is a cell surface phenomenon that could 
be a useful research model. 
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Chapter 18 

Mitotic Disrupters from Higher Plants 
Effects on Plant Cells 

Kevin C. Vaughn and Martin A. Vaughan 

Southern Weed Science Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, Stoneville, MS 38776 

Plant compounds that disrupt mitosis have been well
-studied for their effects on animal cells but their 
effects on plant cells have been relatively poorly 
described. Most of the mitotic disrupters (e.g. 
podophyllotoxin, vinblastine, trewiasine) cause 
effects similar to the well known disrupter, 
colchicine. Squashes of these treated roots reveal 
numerous cells in prometaphase. At the electron 
microscopic level, the chromosomes appear condensed 
but no microtubules are associated with the chromo
somes so that movement to the cell poles is impossi
ble. Nuclear membranes reform around the chromo
somes, resulting in oddly shaped, lobed nuclei. Cell 
elongation is also affected because of disruption to 
the cortical microtubules that are involved in 
determining cell shape, resulting in isodiametric 
cells in the zone of elongation. The combination of 
cell division and elongation inhibition results in a 
distinctly swollen club-shaped root. These affects 
are all due to a direct interaction of the disrupter 
with microtubules, by preventing further polymeriza
tion of tubulin into microtubules. Caffeine appears 
to affect only telophase by disrupting cell plate 
formation, probably due to failure of the vesicles to 
fuse to produce a normal cell plate. Caffeine may 
also have a direct effect on tubulin, like colchi
cine. Taxol actually promotes tubulin polymerization 
into microtubules and stabilization of the micro
tubules, possibly through interaction with micro-
tubule-associated proteins. Although none of these 
mitotic disrupters have been utilized in agriculture, 
a number of these compounds are similar to existing 
herbicides and, if chemically modified or formulated, 
may be useful as herbicides. 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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C h e m i c a l s o f p l a n t o r i g i n , s u c h as c o l c h i c i n e , v i n b l a s t i n e / 
v i n c r i s t i n e , and p o d o p h y l l o t o x i n , have l o n g been u s e d as t o o l s t o 
s t u d y m i t o s i s b e c a u s e o f t h e i r a b i l i t y t o d i s r u p t t h i s c e l l u l a r 
p r o c e s s . I t was, i n p a r t , t h i s a n t i - m i t o t i c e f f e c t t h a t p r o d u c e d 
i n t e n s e r e s e a r c h on t h e e f f e c t o f t h e s e compounds on a n i m a l c e l l 
m i t o s i s i n p u r s u i t o f p o t e n t i a l a n t i - t u m o r a g e n t s . S u r p r i s i n g l y , 
t h e s e compounds have been u s e d r e l a t i v e l y l i t t l e w i t h p l a n t s , w i t h 
t h e e x c e p t i o n o f t h e i n d u c t i o n o f p o l y p l o i d y w i t h c o l c h i c i n e . Some 
o f t h e r e a s o n s f o r t h i s l a c k o f i n t e r e s t may be due t o t h e r e l a t i v e 
i n s e n s i t i v i t y o f p l a n t s t o t h e s e compounds ( 1 , 2 ) . G e n e r a l l y 100-
1,000 X i n c r e a s e o f t h e compound i s r e q u i r e d t o e l i c i t t h e same 
l e v e l o f r e s p o n s e i n p l a n t s t h a t ' s o b t a i n e d w i t h a n i m a l s . 

C o l c h i c i n e - i n d u c e d d i s r u p t i o n o f m i t o s i s i n p l a n t c e l l s has 
b een t h o r o u g h l y d e s c r i b e d (3) a l t h o u g h t h e e f f e c t s , on p l a n t c e l l s , 
o f o t h e r p l a n t d e r i v e d m i t o t i c d i s r u p t e r s s u c h as v i n b l a s t i n e / 
v i n c r i s t i n e ( 4 , 5, 6 ) , t a x o l ( 7 , 8, 9 ) , p o d o p h y l l o t o x i n ( 6 ) , and 
c a f f e i n e ( 6 , 10, 11, 12) have n o t been as e x t e n s i v e l y s t u d i e d . 
O t h e r p l a n t - d e r i v e d a n t i - t u m o r compounds s u c h as m a y t a n s i n e and 
t r e w i a s i n e , have been l i t t l e s t u d i e d f o r t h e i r e f f e c t s on p l a n t 
c e l l s . 

Many compounds can a f f e c t p r o c e s s e s s u c h t h a t t h e c e l l s do n o t 
e n t e r m i t o s i s b u t r e m a i n i n t h e G (gap) o r S ( s y n t h e s i s ) s t a g e s o f 
t h e c e l l c y c l e ( 1 3 ) . Most o f t h e s e e f f e c t s a r e s e c o n d a r y e f f e c t s 
o f t h e s e compounds, t h e r e s u l t o f i n h i b i t i o n o f some o t h e r m e t a b o l 
i c p r o c e s s r e q u i r e d f o r t h e e n t r a n c e i n t o m i t o s i s . T h i s r e p o r t 
w i l l be l i m i t e d t o t h o s e p l a n t compounds w h i c h d i s r u p t m i t o s i s , 
i n c l u d i n g c y t o k i n e s i s , by d i r e c t l y o r i n d i r e c t l y i n t e r f e r i n g w i t h 
s t a g e s o f m i t o s i s p e r s e . 

I n most c a s e s , t h e s e m i t o t i c d i s r u p t e r s i n t e r f e r e w i t h t h e 
c e l l u l a r s t r u c t u r e s known as m i c r o t u b u l e s . M i c r o t u b l e s a r e u n -
b r a n c h e d , h o l l o w , c y l i n d e r s composed o f p r o t e i n s u b u n i t s , t u b u l i n , 
and p r e s e n t i n a l l e u k a r y o t i c c e l l s ( 1 4 ) . The m i c r o t u b u l e i s about 
25 nm i n o u t e r d i a m e t e r and i s composed o f 13 s u b u n i t s when v i e w e d 
i n c r o s s s e c t i o n . I m m u n o f l u o r e s c e n c e m i c r o s c o p y and t r a n s m i s s i o n 
e l e c t r o n m i c r o s c o p y o f p r o t o p l a s t g h o s t s have r e v e a l e d m i c r o t u b u l e s 
as l o n g as 20 ym i n some p l a n t c e l l s ( 1 5 ) . 

M i c r o t u b u l e s a r e a s s o c i a t e d w i t h m a i n t e n a n c e o f s t r u c t u r e 
t h r o u g h t h e c y t o s k e l e t o n and c e l l u l a r movement t h r o u g h t h e s p i n d l e 
and f l a g e l l a r a p p a r a t u s . The a s s o c i a t i o n o f m i c r o t u b u l e s t o 
c e l l u l a r s t r u c t u r e and movement i s c l o s e l y t i e d t o t h e a b i l i t y o f 
m i c r o t u b u l e s t o u n d e r g o dynamic a s s e m b l y and d i s a s s e m b l y a t a p p r o 
p r i a t e t i m e s and p l a c e s i n t h e c e l l . M i c r o t u b u l e a s s e m b l y o c c u r s 
by n u c l e a t i o n o f n o n - i d e n t i c a l t u b u l i n s u b u n i t s t h a t e x i s t i n t h e 
c y t o p l a s m as a f r e e p o o l o f α and £ t u b u l i n , e a c h a t about 55kD. 
The t u b u l i n h e t e r o d i m e s f o r m a h e t e r o d i m e r w h i c h a r e added a t t h e 
a s s e m b l y end o f t h e " g r o w i n g 1 1 m i c r o t u b u l e . R e c e n t d a t a i n d i c a t e 
t h a t s m a l l o l i g o m e r s o f t h e t u b u l i n h e t e r o d i m e r s a r e added t o t h e 
g r o w i n g m i c r o t u b u l e end, r a t h e r t h a n i n d i v i d u a l s u b u n i t s ( 1 6 ) . 
D i s a s s e m b l y o c c u r s p r i m a r i l y a t t h e end o f t h e m i c r o t u b u l e o p p o s i t e 
t h e a s s e m b l y end. T h i s dynamic p r o c e s s i s r e f e r r e d t o as 
" t r e a d m i l l i n g 1 1 . A l t h o u g h t h i s i s one o f many models t o d e s c r i b e 
t h e a s s e m b l y o f m i c r o t u b u l e s , t h e r e a r e o t h e r t h e o r i e s t h a t e x p l a i n 
m i c r o t u b u l e a s s e m b l y as w e l l . O t h e r c e l l u l a r f a c t o r s a p p a r e n t l y 
i n f l u e n c i n g t h e r a t e and e x t e n t o f m i c r o t u b u l e p o l y m e r i z a t i o n and 
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18. VAUGHN AND VAUGIIAN Mitotic Disrupters from Higher Plants 275 

d e p o l y m e r i z a t i o n a r e d i v a l e n t m e t a l c a t i o n s , s u c h as c a l c i u m , and 
m i c r o t u b u l e - a s s o c i a t e d p r o t e i n s (MAPs). A t p r e s e n t , no MAPs have 
been i d e n t i f i e d i n a s s o c i a t i o n w i t h p l a n t m i c r o t u b u l e s (17) and 
m i x t u r e s o f o n l y α and 3 t u b u l i n c a n be a s s e m b l e d i n t o m i c r o t u b u l e s 
i n v i t r o ( 1 8 , 1 9 ) . Thus, t h e r e i s no a p r i o r i r e a s o n t h a t p l a n t 
c e l l m i c r o t u b u l e s "must 1 1 i n c l u d e t h e s e n o n - t u b u l i n p r o t e i n s t o 
as s e m b l e i n t o m i c r o t u b u l e s . 

Many f u n c t i o n s i n t h e p l a n t c e l l a r e c o n t r o l l e d by 
m i c r o t u b u l e s and t h e s e f u n c t i o n s a r e d e f i n e d by t h e v a r i o u s c o n f i g 
u r a t i o n s o f m i c r o t u b u l e s . These c o n f i g u r a t i o n s a r e most e a s i l y 
o b s e r v e d i n p l a n t c e l l s by o b s e r v a t i o n o f s q u a s h e s o f s o f t e n e d 
c e l l s t h a t have been i n c u b a t e d w i t h a n t i b o d i e s t o t u b u l i n p r o t e i n 
and t h e n w i t h f l u o r e s c e n t l y t a g g e d s e c o n d a r y a n t i b o d i e s . T h i s 
a l l o w s f o r a t h r e e - d i m e n s i o n a l d i s p l a y o f a l l t h e m i c r o t u b u l e s i n 
t h e c e l l . C o r t i c a l m i c r o t u b u l e s o c c u r c l o s e t o t h e c e l l w a l l a l o n g 
t h e p l a s m a membrane ( F i g . 1A). I t i s b e l i e v e d t h a t t h e s e 
m i c r o t u b u l e s a r e i n v o l v e d i n o r i e n t i n g c e l l u l o s e m i c r o f i b r i l s 
d u r i n g c e l l w a l l s y n t h e s i s and i n t h e o r i e n t a t i o n o f new 
m i c r o f i b r i l s t h a t o c c u r s i n t h e c e l l w a l l d u r i n g c e l l e l o n g a t i o n 
( 2 0 ) . S p i n d l e and k i n e t o c h o r e m i c r o t u b u l e s ( F i g . 1C) a r e i n v o l v e d 
i n t h e movement o f chromosomes d u r i n g m i t o s i s . P h r a g m o p l a s t 
m i c r o t u b u l e s ( F i g . ID) a r e t h o u g h t t o be i n v o l v e d i n t h e movement 
and a r r a n g e m e n t o f G o l g i - d e r i v e d v e s i c l e s a t t h e f o r m i n g c e l l 
p l a t e . A n o t h e r m i c r o t u b u l e c o n f i g u r a t i o n , t h e p r e p r o p h a s e band o f 
m i c r o t u b u l e s ( F i g . I B ) , i s a r i n g o f m i c r o t u b u l e s t h a t a p p e a r s 
b e f o r e t h e c e l l i s about t o e n t e r m i t o s i s . The p r e p r o p h a s e band 
a p p e a r s t o and was o r i g i n a l l y t h o u g h t t o p r e d i c t t h e l o c a t i o n o f 
t h e a r e a where t h e c e l l p l a t e w o u l d f o r m f o l l o w i n g t h e s e p a r a t i o n 
o f d a u g h t e r n u c l e i a t t e l o p h a s e ( 2 1 ) . However, compounds t h a t 
d i s r u p t l a t t e r s t a g e s o f m i t o s i s c a n a l t e r t h e l o c a t i o n o f t h e new 
p h r a g m o p l a s t (22) . I t h a s been p r o p o s e d t h a t t h e p r e p r o p h a s e band 
may s e r v e as a s t a b i l i z e d t u b u l i n p o o l f o r u s e i n m i c r o t u b u l e ., 
c o n f i g u r a t i o n s r e q u i r e d i n t h e s u b s e q u e n t m i t o s i s ( 2 3 ) . 

A l t h o u g h t h e r e a r e many s i m i l a r i t i e s between p l a n t and a n i m a l 
t u b u l i n t h e r e a r e some s t r i k i n g d i f f e r e n c e s . E l e c t r o p h o r e t i c 
s e p a r a t i o n o f t u b u l i n i n c e r t a i n g e l s y s t e m s r e v e a l s t h a t p l a n t 
t u b u l i n s r u n i n t h e r e v e r s e e l e c t r o p h o r e t i c m o b i l i t y as a n i m a l 
t u b u l i n s ( 1 9 , 24) ( F i g . 2 ) . That i s , t h e o r d e r o f m i g r a t i o n i s a, 
3 i n a n i m a l c e l l s and $, α i n p l a n t c e l l s . A n t i b o d i e s t o t u b u l i n 
f r o m many a n i m a l s o u r c e s c a n c r o s s r e a c t w i t h p l a n t t u b u l i n , 
i n d i c a t i n g t h a t many a n t i g e n i c s i t e s on t h e t u b u l i n m o l e c u l e s a r e 
c o n s e r v e d . M o n o c l o n a l a n t i b o d i e s t o b o t h α and 3 t u b u l i n r e c o g n i z e 
a sequence n e a r t h e c a r b o x y t e r m i n u s o f b o t h p r o t e i n s (25) and 
t h e s e a n t i b o d i e s r e c o g n i z e t u b u l i n f r o m p r o t i s t s , p l a n t s and 
a n i m a l s ( e . g . 26, 2 7 ) . D a t a r e p o r t e d b e l o w on t h e s e n s i t i v i t y 
d i f f e r e n c e s between m i t o t i c d i s r u p t e r e f f e c t s on p l a n t s and a n i m a l s 
i n d i c a t e t h a t many r e c o g n i t i o n s i t e s f o r t h e s e d i s r u p t e r s must 
d i f f e r f o r p l a n t and a n i m a l t u b u l i n , however. 

S p e c i f i c Compounds and Groups o f Compounds 

C o l c h i c i n e . C o l c h i c i n e ( F i g . 3) i s t h e most w e l l s t u d i e d and 
w i d e l y u s e d o f t h e p l a n t a l k a l o i d s whose mode o f a c t i o n i s t o 
d i s r u p t t u b u l i n . T h i s t r o p o l o n e d e r i v a t i v e i s a t h r e e r i n g 
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276 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

F i g u r e 1. I m m u n o f l u o r e s c e n c e m i c r o s c o p y u s i n g a n t i b o d i e s t o 
t u b u l i n and s e c o n d a r y a n t i b o d y l a b e l l e d w i t h f l u o r e s c e i n on s t a 
b i l i z e d o n i o n r o o t c e l l s r e v e a l d i f f e r e n t m i c r o t u b u l e c o n f i r 
m a t i o n s . A. C o r t i c a l m i c r o t u b u l e s a t t h e c e l l p e r i p h e r y . B. A 
hoop l i k e r i n g o f m i c r o t u b u l e s ( a r r o w ) i s c h a r a c t e r i s t i c o f t h e 
p r e p r o p h a s e band. C. A c e l l i n t h e p r o c e s s o f m i t o s i s has d i s 
t i n c t s p i n d l e m i c r o t u b u l e s t h a t r a d i a t e f r o m t h e p o l e s o f t h e 
c e l l and a t t a c h t o t h e chromosomes a t t h e c e l l p l a t e . D. A band 
o f s h o r t p h r a g m o p l a s t m i c r o t u b u l e s a p p e a r s a t t h e c e l l p l a t e . 
The two n e w l y formed n u c l e i (Nu) s t a n d o u t i n n e g a t i v e r e l i e f . 
A l l X 400. 

F i g u r e 2. W e s t e r n b l o t o f c a r r o t r o o t and b o v i n e b r a i n e x t r a c t s 
p r o b e d w i t h r a b b i t a n t i s e r a t o s e a u r c h i n t u b u l i n i l l u s t r a t e t h e 
d i f f e r e n c e i n e l e c t r o p h o r e t i c m o b i l i t y between t u b u l i n f r o m t h e s e 
two s o u r c e s : t h e a, 3 o r d e r i n a n i m a l c e l l s i s r e v e r s e d t o 8, α 
i n p l a n t c e l l s . T h i s a n t i s e r a r e c o g n i z e s t h e α s u b u n i t b e t t e r 
t h a n t h e 3. C o n f i r m a t i o n o f t h i s was a c h i e v e d by i n c u b a t i n g 
d u p l i c a t e b l o t s i n m o n o c l o n a l anti-α and 8 t u b u l i n s . 
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18. VAUGHN AND VAUGHAN Mitotic Disrupters from Higher Plants 277 

colchicine 
podophyllotoxin 

ο 
steganacin 

vinblastine 

taxol 

F i g u r e 3. S t r u c t u r e s o f t h e m i t o t i c d i s r u p t e r s d e s c r i b e d i n t h i s 
r e p o r t . 
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278 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

s t r u c t u r e compound i s o l a t e d f r o m b u l b s o f C o l c h i c u m a u t u m n a l e , 
autumn c r o c u s , as w e l l as f r o m o t h e r members o f t h i s f a m i l y and 
r e l a t e d g r o u p s ( 1 ) . P l a n t s w h i c h p r o d u c e c o l c h i c i n e a r e e x t r e m e l y 
r e s i s t a n t t o t h e a n t i - m i t o t i c e f f e c t s o f t h i s compound, t o l e r a t i n g 
l e v e l s 100-1,000 t i m e s t h o s e t h a t p r o d u c e m i t o t i c a r r e s t i n s e n s i 
t i v e p l a n t s p e c i e s ( 2 8 , 29, 3 0 ) . The m o l e c u l a r mechanism f o r t h i s 
r e s i s t a n c e i s n o t known. 

C o l c h i c i n e was f i r s t r e c o g n i z e d by P e r n i c e i n 1889 a f t e r t h e 
o b s e r v a t i o n o f a b n o r m a l m i t o t i c f i g u r e s i n t h e t h e i n t e s t i n e o f a 
dog who had d i e d a f t e r e a t i n g C o l c h i c u m b u l b s . L e v a n (31) de
s c r i b e d t h e m i t o t i c a b n o r m a l i t i e s c a u s e d by c o l c h i c i n e t r e a t m e n t o f 
A l l i u m r o o t s as c o l c h i c i n e o r " c - m i t o s i s " , a n o r m a l m i t o t i c c y c l e 
up t o p rometaphase f o l l o w e d by t h e random s c a t t e r i n g o f condensed 
c h r o m a t i d p a i r s ("c-metaphase") ( F i g . 4 A ) . The m i t o s i s p r o g r e s s e s 
no f u r t h e r , t h o u g h t h e c h r o m a t i d s s e p a r a t e ( " c - a n a p h a s e " ) , and t h e 
n u c l e u s r e f o r m s r e s u l t i n g i n a "4c s i n g l e n u c l e u s " ( " c - t e l o p h a s e " ) . 
The number o f c e l l s i n m i t o s i s i n a r o o t m e r i s t e m a p p e a r s t o 
i n c r e a s e f o l l o w i n g c o l c h i c i n e t r e a t m e n t due t o " a r r e s t " a t 
p r o metaphase and an i n c r e a s e i n t h e t i m e t h a t t h e c e l l i s s t a l l e d 
a t t h i s s t a g e . 

A t t h e e l e c t r o n m i c r o s c o p e l e v e l , t h e chromosomes appear 
h i g h l y c ondensed b u t u n l i k e c o n t r o l c e l l s a t p r o m e t a p h a s e , no 
m i c r o t u b u l e s a r e a s s o c i a t e d w i t h t h e chromosomes. A f t e r t h e 
f r u s t r a t e d a t t e m p t a t m i t o s i s , t h e n u c l e a r e n v e l o p e r e f o r m s a r o u n d 
t h e chromosomes, r e s u l t i n g i n a l o b e d n u c l e u s ( F i g . 4B) o r , l e s s 
f r e q u e n t l y , a m u l t i p l e n u c l e u s i f t h e chromosomes were w i d e l y 
s e p a r a t e d p r i o r t o n u c l e a r r e f o r m a t i o n . A l l forms o f m i c r o t u b u l e s 
a p p e a r t o be e f f e c t e d by c o l c h i c i n e t r e a t m e n t . B ecause o f t h e l o s s 
o f b o t h s p i n d l e and c o r t i c a l m i c r o t u b u l e s , c e l l s a t t h e r o o t t i p 
n e i t h e r d i v i d e n o r e l o n g a t e . T h i s r e s u l t s i n a c o n s p i c u o u s l y 
s w o l l e n ( c l u b o r s p e a r - s h a p e d ) r o o t m o r p h o l o g y . 

C o l c h i c i n e c o m p l e t e l y i n h i b i t s t h e i n v i t r o a s s e m b l y o f 
t u b u l i n i n t o m i c r o t u b u l e s f r o m b o t h a n i m a l (32) and p l a n t ( 2 , 33) 
s o u r c e s . The q u a n t i t y o f c o l c h i c i n e r e q u i r e d t o i n h i b i t a n i m a l 
t u b u l i n p o l y m e r i z a t i o n i n t o m i c r o t u b u l e s i s f a r b e l o w a 1:1 
s t o i c h i o m e t r y between t u b u l i n and c o l c h i c i n e c o n c e n t r a t i o n s . T hus, 
models t h a t have s o u g h t t o e x p l a i n t h e mechanism o f a c t i o n o f t h i s 
a l k a l o i d have i n v o l v e d a " c a p p i n g " c o n c e p t t o e x p l a i n t h e non-
s t o i c h i o m e t r i c e f f e c t o f c o l c h i c i n e . These models (34) e n v i s i o n an 
i n t e r a c t i o n o f t u b u l i n d i m e r s o r o l i g o m e r s and c o l c h i c i n e w h e r e , 
f o l l o w i n g b i n d i n g t o t h e d i m e r , t h e c o l c h i c i n e - t u b u l i n complex i s 
added t o t h e a s s e m b l y end o f t h e g r o w i n g m i c r o t u b u l e , c a p p i n g t h e 
m i c r o t u b u l e so t h a t no f u r t h e r t u b u l i n d i m e r s c o u l d be added. As 
m e n t i o n e d a b o v e , m i c r o t u b u l e s a r e dynamic s t r u c t u r e s t h a t u ndergo 
" t r e a d m i l l i n g " : a s s e m b l y , o r a d d i t i o n o f t u b u l i n d i m e r s a t one end 
and d i s a s s e m b l y , o r r e m o v a l o f t u b u l i n d i m e r s f r o m t h e o p p o s i t e 
end. C o l c h i c i n e , by b l o c k i n g t h e a s s e m b l y end o f t h e m i c r o t u b u l e , 
c a u s e s an e v e n t u a l l o s s o f m i c r o t u b u l e d i m e r s t h r o u g h t h e u n h i n 
d e r e d d i s a s s e m b l y end (35) . T h e r e i s e v i d e n c e t h a t c o l c h i c i n e -
t u b u l i n complex b i n d s t o t h e d i s a s s e m b l y end as w e l l as t h e 
a s s e m b l y end as exchange o f d i m e r s i s i n dynamic e q u i l i b r i u m a t 
b o t h a s s e m b l y and d i s a s s e m b l y ends ( 3 6 ) . 

A p h o t o a f f i n i t y a n a l o g o f c o l c h i c i n e (37) h a s b e e n u s e d t o 
p r o b e t h e t u b u l i n s u b u n i t (α o r £) t o w h i c h c o l c h i c i n e b i n d s i n i t s 
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18. VAUGHN AND VAUGHAN Mitotic Disrupters from Higher Plants 279 

F i g u r e 4. E f f e c t s o f c o l c h i c h i c i n e (lmM) on p l a n t c e l l s . A. 
C h a r a c t e r i s t i c " C - m i t o s i s " r e v e a l i n g " s k i - p a i r s " o f chromosomes 
( a r r o w s ) a f t e r t r e a t m e n t o f o n i o n r o o t s . X 400. B. E x t e n s i v e l y 
l o b e d n u c l e u s a f t e r a i n c o m p l e t e m i t o s i s , t h e n u c l e a r membrane 
r e f o r m s a r o u n d t h e chromosomes t h a t a r e u n a b l e t o move t o t h e 
p o l e s . Bar=1.0 ym. 
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280 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

i n h i b i t i o n o f m i c r o t u b u l e p o l y m e r i z a t i o n . O n l y t h e α s u b u n i t was 
bound by t h i s a n a l o g , i n d i c a t i n g t h a t c o l c h i c i n e b i n d i n g i s p r i m a r 
i l y a s s o c i a t e d w i t h t h i s s u b u n i t . 

P l a n t t u b u l i n i s r e l a t i v e l y much l e s s s e n s i t i v e t o c o l c h i c i n e 
t h a n a n i m a l t u b u l i n (1) and a number o f mechanisms f o r t h i s p o s s i 
b l e g e n e r a l r e s i s t a n c e have b e e n s u g g e s t e d ( 3 ) . R e c e n t work, 
u t i l i z i n g p u r i f i e d t u b u l i n f r o m h i g h e r p l a n t s , has i n d i c a t e d t h a t 
p l a n t t u b u l i n has a much l o w e r a f f i n i t y f o r c o l c h i c i n e t h a n a n i m a l 
t u b u l i n ( 2 , 3 3 ) . These d a t a i n d i c a t e t h a t t h e d i f f e r e n c e s between 
p l a n t and a n i m a l r e s p o n s e s t o c o l c h i c i n e i s due t o t h e t u b u l i n p e r 
se r a t h e r t h a n u p t a k e , t r a n s l o c a t i o n , and m e t a b o l i s m o f c o l c h i c i n e . 

O t h e r Compounds t h a t b i n d a t t h e " C o l c h i c i n e S i t e 1 ' o f T u b u l i n 

P o d o p h y l l o t o x i n ( F i g . 3 ) , a l i g n a n , i s o l a t e d f r o m t h e r h i z o m e s and 
r o o t s o f t h e may a p p l e ( P o d o p h y l l u m p e l t a t u m ) has a l o n g h i s t o r y as 
a f o l k remedy and was s t u d i e d e x t e n s i v e l y as an a n t i - t u m o r a g e n t 
( 3 8 ) . P o d o p h y l l o t o x i n , l i k e c o l c h i c i n e , d i s r u p t s m i t o s i s a t 
prometaphase i n a n i m a l (39) as w e l l as i n p l a n t c e l l s ( 5 , 6, 40) 
( F i g . 5A) a l t h o u g h few d e t a i l e d d e s c r i p t i o n s a r e a v a i l a b l e . L i k e 
c o l c h i c i n e , p o d o p h y l l o t o x i n i s much more e f f e c t i v e i n d i s r u p t i n g 
m i t o s i s i n a n i m a l c e l l s t h a n i n p l a n t c e l l s ( 1 ) . 

P o d o p h y l l o t o x i n i n h i b i t s c o l c h i c i n e b i n d i n g t o t u b u l i n f r o m 
a n i m a l s o u r c e s (41) i n d i c a t i n g t h a t t h e b i n d i n g s i t e on t h e t u b u l i n 
m o l e c u l e i s t h e same f o r c o l c h i c i n e and p o d o p h y l l o t o x i n . However, 
t r o p o l o n e , w h i c h i n h i b i t s c o l c h i c i n e b i n d i n g , does n o t e f f e c t 
p o d o p h y l l o t o x i n b i n d i n g t o t u b u l i n ( 4 2 ) . These d a t a i n d i c a t e t h a t 
c o l c h i c i n e and p o d o p h y l l o t o x i n have two b i n d i n g s i t e s , one o f w h i c h 
i s s h a r e d ( 4 2 ) . C o l c h i c i n e b i n d i n g t o t u b u l i n f r o m p l a n t s o u r c e s 
i s u n a f f e c t e d by p o d o p h y l l o t o x i n , i n d i c a t i n g t h a t t h e s h a r e d 
b i n d i n g s i t e on a n i m a l t u b u l i n i s n o t p r e s e n t o r i s n o t s h a r e d i n 
p l a n t t u b u l i n . 

S t r u c t u r a l l y , p o d o p h y l l o t o x i n i s q u i t e d i f f e r e n t f r o m 
c o l c h i c i n e w i t h t h e e x c e p t i o n o f a common t r i m e t h o x y r i n g . T h i s 
may e x p l a i n b i n d i n g t o t h e same o r s h a r e d s i t e as c o l c h i c i n e on 
a n i m a l t u b u l i n (43) b u t does l i t t l e t o e x p l a i n why i t a p p a r e n t l y 
does n o t b i n d t o t h e same s i t e on p l a n t t u b u l i n . T h i s i s e s p e c i a l 
l y u n u s u a l c o n s i d e r i n g t h e s i m i l a r i n v i v o e f f e c t s o f 
p o d o p h y l l o t o x i n i n p l a n t and a n i m a l c e l l s and t h e s i m i l a r i t y o f 
t h e s e e f f e c t s t o t h a t o f c o l c h i c i n e ( e . g . F i g . 5 A ) . 

S t e g a n a c i n ( F i g . 3 ) , a l a c t o n e f r o m S t e g n o t a e n i a a r a l i a c e a , 
h as a n t i - m i t o t i c p r o p e r t i e s i n a n i m a l c e l l s s i m i l a r t o t h a t o f 
c o l c h i c i n e and has been shown t o compete w i t h c o l c h i c i n e f o r t h e 
same b i n d i n g s i t e on t h e t u b u l i n m o l c u l e ( 4 4 ) . L i k e 
p o d o p h y l l o t o x i n , s t e g a n a c i n s h a r e s t h e t r i m e t h o x y r i n g w i t h 
c o l c h i c i n e and p r o d u c e s m i t o t i c a r r e s t and i n h i b i t s m i c r o t u b u l e 
p o l y m e r i z a t i o n i n a manner s i m i l a r t o t h a t o f c o l c h i c i n e and 
p o d o p h y l l o t o x i n . No s t u d i e s o f t h e e f f e c t o f t h i s compound have 
been c o n d u c t e d on p l a n t s t o o u r know l e d g e . 

" V i n c a A l k a l o i d s " and M a y t a n s i n o i d s 

The s o - c a l l e d " V i n c a a l k a l o i d s " a r e compounds w i t h p o t e n t a n t i 
tumor a c t i v i t y and a r e w i d e l y u s e d as c h e m o t h e r a p e u t i c a g e n t s f o r 
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VAUGHN AND VAUGHAN Mitotic Disrupters from Higher Plants 

F i g u r e 5. A. L i g h t m i c r o g r a p h a r r e s t e d p rometaphase a f t e r 
t r e a t m e n t o f o n i o n r o o t s w i t h 0.1 mM p o d o p h y l l o t o x i n . X 400. Β 
E l e c t r o n m i c r o g r a p h o f an a r r e s t e d p r o m e taphase a f t e r t r e a t m e n t 
o f C a t h a r a n t h u s r o s e u s w i t h r o o t s 0.1 mM v i n c r i s t i n e . The 
chromosomes a r e condensed b u t no m i c r o t u b u l e s a r e a s s o c i a t e d 
w i t h them. m= m i t o c h o n d r i o n . Bar= 1.0 ym. C. A p p a r e n t 
b i n u c l e a t e c e l l a f t e r t r e a t m e n t w i t h 0.1 mM v i n c r i s t i n e . Note 
t h e p a t i a l c e l l w a l l ( a r r o w ) . Nu= n u c l e u s . Bar= 2.0 ym. 
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282 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

t h e t r e a t m e n t o f H o d g k i n s 1 d i s e a s e and l e u k e m i a ( 4 5 ) . The most 
s t u d i e d o f t h e s e a l k a l o i d s a r e v i n b l a s t i n e ( F i g . 3) and 
v i n c r i s t i n e , b o t h d e r i v e d f r o m C a t h a r a n t h u s r o s e u s ( = V i n c a r o s e a ) . 
B e c a u s e o f t h e i m p o r t a n c e o f t h e s e compounds i n c h e m o t h e r a p y , many 
s t u d i e s have been u n d e r t a k e n t o enhance t h e s y n t h e s i s , r e c o v e r y , 
and d e t e c t i o n o f t h e s e compounds, i n c l u d i n g b r e e d i n g programs t o 
enhance t h e l e v e l s o f t h e s e u s e f u l a l k a l o i d s ( 4 6 ) . 

A t l o w c o n c e n t r a t i o n s , b o t h v i n b l a s t i n e and v i n c r i s t i n e i n d u c e 
t h e same k i n d s o f m i t o t i c e f f e c t s as c o l c h i c i n e i n b o t h p l a n t s and 
a n i m a l s ( F i g . 5B) ( 6 , 47, 4 8 ) . O t h e r e f f e c t s o f t h e s e a l k a l o i d s 
a r e t h e f o r m a t i o n o f m u l t i p o l a r d i v i s i o n s i n p l a n t c e l l s ( 5 , 49) as 
w e l l as a m i t o d e p r e s s i v e e f f e c t ( 5 0 ) . I n a n i m a l c e l l s , h i g h 
c o n c e n t r a t i o n s o f b o t h o f t h e s e compounds i n d u c e t h e f o r m a t i o n o f 
p a r a c r y s t a l l i n e a r r a y s o f t u b u l i n b u t t h e s e do n o t o c c u r even a f t e r 
t r e a t m e n t w i t h 1 mM v i n b l a s t i n e i n p l a n t c e l l s ( 5 , 4 7 ) . Because 
t h e i n v i v o s e n s i t i v i t y o f p l a n t c e l l s t o v i n b l a s t i n e i s much l o w e r 
t h a n t h a t o f a n i m a l s ( 1 ) , i t has been s u g g e s t e d t h a t p l a n t t u b u l i n 
m i g h t have o n l y t h e l o w a f f i n i t y b i n d i n g s i t e s r a t h e r t h a n t h e h i g h 
a f f i n i t y s i t e s o f a n i m a l t u b u l i n . A l t h o u g h v i n b l a s t i n e c a n s t a b i 
l i z e t h e b i n d i n g o f c o l c h i c i n e t o t u b u l i n , i t a p p a r e n t l y does n o t 
b i n d t o t h e same s i t e s on t h e t u b u l i n m o l e c u l e ( 5 1 ) . Use o f a 
p h o t o a f f i n i t y a n a l o g o f v i n b l a s t i n e r e v e a l s t h a t t h e v i n b l a s t i n e 
b i n d s t o b o t h α and β t u b u l i n ( 5 2 ) . These d a t a a r e c o n s i s t e n t w i t h 
t h e r e p o r t o f two b i n d i n g s i t e s p e r t u b u l i n m o l e c u l e by Luduena e t 
a l . (48) u s i n g f l u o r e s c e n c e i n h i b i t i o n as a measure o f b i n d i n g . 

K r amers and S t e b b i n g s (4) r e p o r t e d t h a t r o s e u s , t h e s o u r c e 
o f b o t h v i n b l a s t i n e and v i n c r i s t i n e , i s r e s i s t a n t t o v i n b l a s t i n e . 
I n a r e i n v e s t i g a t i o n o f t h i s o b s e r v a t i o n , we (4^) f o u n d t h a t 
a l t h o u g h t h i s s p e c i e s i s r e s i s t a n t a t up t o 10 M v i n b l a s t i n e and 
10 M v i n c r i s t i n e , h i g h e r c o n c e n t r a t i o n s o f e a c h compound c a u s e d 
m i t o t i c i r r e g u l a r i t i e s t y p i c a l o f t h a t f o u n d i n s e n s i t i v e p l a n t s : 
a r r e s t e d prometaphase and l o b e d n u c l e i ( F i g . 5 C ) . N e i t h e r 
v i n b l a s t i n e n o r v i n c r i s t i n e a r e h i g h l y s o l u b l e and i t i s l i k e l y 
t h a t , i n t h e o r i g i n a l r e p o r t o f Kramers and S t e b b i n g s ( 4 ) , t h e l a c k 
o f e f f e c t a t h i g h e r d r u g c o n c e n t r a t i o n s was n o t n o t e d b e c a u s e t h e 
d r u g was n o t i n s o l u t i o n . We h a v e f o u n d t h a t d i s s o l v i n g t h e V i n c a 
a l k a l o i d s i n d i m e t h y l s u l f o x i d e i s n e c e s s a r y t o o b t a i n t r u e s o 
l u t i o n s o f t h e s e compounds a t h i g h e r c o n c e n t r a t i o n s and t h e 
d i m e t h y l s u l f o x i d e i t s e l f had no e f f e c t s a t t h e c o n c e n t r a t i o n s 
u t i l i z e d . 

A n o t h e r l a r g e group o f m i t o t i c d i s r u p t e r s a r e t h e 
m a y t a n s i n o i d s w h i c h i n c l u d e m a y t a n s i n e ( F i g . 3 ) , i s o l a t e d f r o m 
M a y t e n e u s , and t r e w i a s i n e ( F i g 3 ) , i s o l a t e d f r o m T r e w i a ( 5 3 ) . 
These compounds a r e s t r u c t u r a l l y q u i t e d i s s i m i l a r f r o m t h e V i n c a 
a l k a l o i d s b u t Luduena e t a l . (48) have shown t h a t t h e y b i n d t o 
s i t e s t h a t o v e r l a p t h e b i n d i n g s i t e o f t h e V i n c a a l k a l o i d s . 
L i k e w i s e , t h e y b i n d i n a m o l a r r a t i o o f two m o l e c u l e s o f 
m a y t a n s i n o i d : one m o l e c u l e o f t u b u l i n . D e s p i t e t h e o v e r l a p p i n g 
b i n d i n g s i t e s o f t h e V i n c a a l k a l o i d s and t h e m a y t a n s i n o i d s , t h e 
m a y t a n s i n o i d s do n o t i n d u c e t h e f o r m a t i o n o f p a r a c r y s t a l l i n e a r r a y s 
o f t u b u l i n n o r do t h e y s t a b i l i z e c o l c h i c i n e b i n d i n g as do t h e V i n c a 
a l k a l o i d s ( 4 8 ) . 

U n l i k e many o f t h e o t h e r p l a n t - d e r i v e d m i t o t i c d i s r u p t e r s , t h e 
m a y t a n s i n o i d s a r e r e m a r k a b l y e f f e c t i v e a t d i s r u p t i n g m i t o s i s i n 
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18. VAUGHN AND VAUGHAN Mitotic Disrupters from Higher Plants 283 

p l a n t c e l l s as w e l l as i n a n i m a l c e l l s . Their e f f e c t s a r e v e r y 
s i m i l a r t o c o l c h i c i n e and o t h e r d i s r u p t e r s o f t h i s c l a s s p r o d u c i n g 
a r r e s t e d prometaphase f i g u r e s and l o b e d , r e f o r m e d n u c l e i ( F i g . 6). 
O c c a s i o n a l l y , a few remnant k i n e t o c h o r e m i c r o t u b u l e s a r e n o t e d i n 
t h e a r r e s t e d prometaphase f i g u r e s b u t t h i s i s t h e o n l y d i s t i n c t i o n 
b e tween t h e e f f e c t s o f t h e m a y t a n s i n o i d s and t h a t o f c o l c h i c i n e . 
L a r g e numbers o f m i t o t i c a r r e s t s o c c u r e v e n a g t e r t r e a t m e n t w i t h 
concentrations o f m a y t a n s i n o i d s as l o w as 10 M. G e n e r a l l y 
10 -10 M s o l u t i o n s o f c o l c h i c i n e a r e r e q u i r e d f o r s i m i l a r l e v e l s 
o f m i t o t i c d i s r u p t i o n ( e . g . 4,6). C. r o s e u s . t h e ^ p l a n j : t h a t i s 
t o l e r a n t t o a l l b u t v e r y h i g h c o n c e n t r a t i o n s (10 -10 M) o f 
v i n b l a s t i n e and v i n c r i s t i n e (47) i s n e v e r t h e l e s s e q u a l l y o r more 
s e n s i t i v e t o b o t h m a y t a n s i n e and t r e w i a s i n e as o n i o n , a 
v i n b l a s t i n e - s e n s i t i v e s p e c i e s (Vaughn, Vaughan, and Luduena, i n 
p r e p a r a t i o n ) . The d r a m a t i c e f f e c t s o f t h e m a y t a n s i n o i d s a t low 
c o n c e n t r a t i o n s i n d i c a t e t h a t t h e y may be v a l u a b l e t o o l s t o d i s r u p t 
t h e m i t o t i c p r o c e s s w i t h o u t t h e danger o f s e c o n d a r y o r n o n - s p e c i f i c 
e f f e c t s n o t e d w i t h t h e n o r m a l l y h i g h c o n c e n t r a t i o n s o f compounds 
r e q u i r e d t o d i s r u p t p l a n t m i c r o t u b u l e s . 

T a x o l 

T a x o l ( F i g . 3) i s a d i t e r p e n o i d i s o l a t e d f r o m t h e w e s t e r n yew 
(Taxus b r e v i f o l i a ) and o t h e r s p e c i e s o f Taxus (54, 55) and, l i k e 
t h e o t h e r p l a n t a l k a l o i d s d i s c u s s e d above has shown a n t i - t u m o r 
a c t i v i t y (54). However, u n l i k e t h e o t h e r m i t o t i c d i s r u p t e r s , t h i s 
a g e n t a c t u a l l y p romotes p o l y m e r i z a t i o n o f t u b u l i n i n t o m i c r o t u b u l e s 
by l o w e r i n g t h e c r i t i c a l c o n c e n t r a t i o n o f t u b u l i n r e q u i r e d f o r 
p o l y m e r i z a t i o n r a t h e r t h a n p r o m o t i n g d e p o l y m e r i z a t i o n (56, 57). 
The a c t u a l m o l e c u l a r mechanism f o r t h i s s t a b i l i z i n g e f f e c t i s 
unknown. 

The o r i g i n a l l i g h t m i c r o s c o p i c s t u d i e s s u g g e s t e d t h a t t a x o l 
w o r k s i n t h e same manner as c o l c h i c i n e s i n c e t a x o l t r e a t m e n t a l s o 
p r o d u c e s a r r e s t e d p r o m e t a p h a s e s . E l e c t r o n and i m m u n o f l u o r e s c e n c e 
m i c r o s c o p i c s t u d i e s i n d i c a t e d t h a t abundant m i c r o t u b u l e s were f o u n d 
b o t h a t t h e i r n o r m a l s i t e s a t t h e k i n e t o c h o r e as w e l l as a t o t h e r 
s i t e s i n t h e c e l l where m i c r o t u b u l e s a r e n o t n o r m a l l y f o u n d , o r a t 
l e a s t n o t f o u n d i n abundance ( F i g . 7A). I n many c a s e s , t h e 
m i c r o t u b u l e s a r e a s s o c i a t e d , e i t h e r f o r m i n g d o u b l e t s o r e x t e n s i o n s 
t h a t l i n k them t o e a c h o t h e r o r t o o t h e r c e l l u l a r s t r u c t u r e s (57). 
F o i s n e r and Wiche (58) have f o u n d t h a t t a x o l n o t o n l y s t i m u l a t e s 
t h e a s s o c i a t i o n o f t u b u l i n b u t a l s o t h a t o f t h e m i c r o t u b u l e a s s o c i 
a t e d p r o t e i n s (MAPs). I n c u b a t i o n o f m i x t u r e s o f t u b u l i n and MAPs 
i n t h e p r e s e n c e o f t a x o l i n an i n v i t r o m i c r o t u b u l e p o l y m e r i z a t i o n 
s y s t e m p r o d u c e d m i c r o t u b u l e s w i t h e x t e n s i o n s t h a t c r o s s - l i n k e d t h e 
m i c r o t u b u l e s , s i m i l a r t o t h e e x t e n s i o n s o b s e r v e d i n v i v o . A n t i b o d y 
l a b e l l i n g o f t h e s e m i c r o t u b u l e s w i t h a n t i - M A P s i d e n t i f i e d t h e s e 
e x t e n s i o n s as c o n t a i n i n g MAPs (58). 

The p r e s e n c e o f MAPs i n h i g h e r p l a n t c e l l s has n o t y e t been 
e s t a b l i s h e d (17), a l t h o u g h c a l m o d u l i n o f t e n forms an a s s o c i a t i o n 
w i t h p l a n t m i c r o t u b u l e s as d e t e r m i n e d by i m m u n o f l u o r e s c e n c e 
m i c r o s c o p y (59). Thus, i f t a x o l does c a u s e c r o s s l i n k i n g o f 
m i c r o t u b u l e s by MAP i n t e r a c t i o n , t h e e f f e c t s o f t a x o l i r i v i v o on 
p l a n t c e l l s w o u l d i n d i c a t e t h a t p l a n t s a l s o must have MAPs. 
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284 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

F i g u r e 6. E l e c t r o n m i c r o g r a p h o f o n i o n r o o t t i p t r e a t e d w i t h l y M 
t r e w i a s i n e . Two c e l l s a r r e s t e d p rometaphase (*) and a l o b e d 
r e f o r m e d n u c l e u s i n w h i c h t h r e e p i e c e s a r e seen i n t h i s t h i n 
s e c t i o n ( a r r o w s ) . Bar= 5.0 ym. 
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18. VAUGHN AND VAUGHAN Mitotic Disrupters from Higher Plants 285 

F i g u r e 7. E f f e c t s o f 1 yM t a x o l on g o o s e g r a s s (A) and o n i o n ( B ) . 
I m m u n o f l u o r e s c e n c e m i c r o g r a p h o f t h e g o o s e g r a s s c o n t a i n i n g two 
s p i n d l e - l i k e f o r m a t i o n s , o r i e n t e d i n d i f f e r e n t d i r e c t i o n s a r e 
n o t e d ( a r r o w s ) . I n t h i s e l e c t r o n m i c r o g r a p h o f o n i o n , m i t o t i s 

a p p a r e n t l y p r o c e e d s n o r m a l l y as e v i d e n c e d by t h e c e l l i n m i t o s i s 
and t h e n o r m a l l y formed n u c l e u s ( N u ) . A=X400; i n Β bar=2.0yM. 
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286 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

P l a n t m i c r o t u b u l e s have been p a r t i c u l a r l y d i f f i c u l t t o assem
b l e i n v i t r o . M o r e j o h n and c o l l e a g u e s ( 6 0 , 61) t o o k a d v a n t a g e o f 
t h e u n i q u e p r o p e r t i e s and a v a i l a b i l i t y o f t a x o l t o p o l y m e r i z e i t i n 
v i t r o . A g e n t s u s e d by o t h e r i n v e s t i g a t o r s t o i s o l a t e and 
p o l y m e r i z e p l a n t t u b u l i n ( g l y c e r o l o r DMSO a t h i g h m o l a r i t y ) 
a l l o w e d a l i m i t e d p o l y m e r i z a t i o n o f t u b u l i n i n t o m i c r o t u b u l e s ( 6 0 ) , 
b u t t h e y i e l d o f m i c r o t u b u l e s i s much l o w e r t h a n w i t h t a x o l . 

A l t h o u g h no c a r e f u l c o m p a r i s o n o f p l a n t and a n i m a l c e l l s has 
been u n d e r t a k e n , t h e d o s e s o f t a x o l u s e d t o e l i c i t e f f e c t s i n 
a n i m a l c e l l s (57) and i n p l a n t c e l l s ( 7 , 8, 9) a r e s i m i l a r , i n 
d i c a t i n g s i m i l a r a f f i n i t i e s f o r t u b u l i n . I n t e r e s t i n g l y , n o t a l l 
p l a n t s a r e a f f e c t e d t o t h e same d e g r e e by t a x o l t r e a t m e n t . O n i o n , 
a s p e c i e s on w h i c h many m i c r o t u b u l e d i s r u p t e r s t u d i e s have been 
p r e f o r m e d , shows v i r t u a l l y no change i n m i c r o t u b u l e o r i e n t a t i o n o r 
o t h e r m i t o t i c i r r e g u l a r i t i e s e ven a f t e r 24 h o f t r e a t m e n t i n 10 yM 
t a x o l ( F i g . 7B) even t h o u g h o t h e r s p e c i e s show l a r g e i n c r e a s e s i n 
t h e m i t o t i c i n d e x and a b n o r m a l l y o r i e n t e d m i t o t i c f i g u r e s . T h e r e 
a r e s e v e r a l p o s s i b i l i t i e s t h a t e x p l a i n t h e s e d a t a . S u b s t a n c e s s u c h 
as t a x o l , p r e s e n t i n l o w c o n c e n t r a t i o n s i n t h e c e l l , may be u s e d by 
t h e c e l l t o s t a b i l i z e t h e m i c r o t u b u l e s d u r i n g t h e v a r i o u s c o n f o r 
m a t i o n s t h a t a r e r e q u i r e d t o m a i n t a i n a p r o p e r c e l l c y c l e . O n i o n 
may have i t s t u b u l i n s t a b i l i z e d by a c e l l u l a r a g e n t s i m i l a r t o 
t a x o l , r e n d e r i n g i t l e s s s e n s i t i v e t o an e x t e r n a l s t a b i l i z e r . The 
p r e s e n c e o f a s t a b i l i z e r may e x p l a i n t h e r e l a t i v e i n s e n s i t i v i t y o f 
o n i o n t o a number o f m i t o t i c d i s r u p t e r h e r b i c i d e s , s u c h as 
d i m e t h y l t e t r a c h l o r o t e r e p h t h a l a t e (DCPA) ( 6 7 ) . 

C a f f e i n e and R e l a t e d M e t h y l x a n t h i n e s 

C a f f e i n e ( F i g . 3) i s an o x y p u r i n e c o n t a i n e d i n f r u i t o f t h e c o f f e e 
p l a n t ( C o f f e a a r a b i c a ) . U n l i k e t h e o t h e r a l k a l o i d s w h i c h d i s r u p t 
m i t o s i s , t h e m e t h y l x a n t h i n e s , o f w h i c h c a f f e i n e i s a member, a f f e c t 
t h e c o m p l e t i o n o f c y t o k i n e s i s a t t e l o p h a s e and n o t t h e f o r m a t i o n 
t h e m i t o t i c s p i n d l e a t p r o m e t a p h a s e . The p r e c i s e mechanism by 
w h i c h c a f f e i n e p r o d u c e s t h i s e f f e c t i s n o t known. T h e r e i s some 
e v i d e n c e , a l t h o u g h r e l a t i v e l y s m a l l when compared t o t h e o t h e r 
m i t o t i c i n h i b i t o r s , t h a t c a f f e i n e a c t s d i r e c t l y on t u b u l i n . O t h e r 
e v i d e n c e i m p l i c a t e s an e f f e c t o f c a f f e i n e on c a l c i u m c o n c e n t r a t i o n s 
and v e s i c l e f u s i o n a t t h e c e l l p l a t e . As more i n f o r m a t i o n i s 
c o m p i l e d on t h e m o l e c u l a r p r o c e s s e s i n v o l v e d i n c e l l p l a t e f o r m a 
t i o n , t h e m o l e c u l a r s i t e o f a c t i o n o f c a f f e i n e w i l l no doubt be 
e l u c i d a t e d as w e l l . 

T r e a t m e n t o f r o o t m e r i s t e m c e l l s w i t h c a f f e i n e r e s u l t s i n 
n o r m a l m i t o s i s b u t a p p a r e n t f a i l u r e o f c y t o k i n e s i s p r o d u c e s l a r g e 
numbers o f b i n u c l e a t e c e l l s and c e l l s w i t h i n c o m p l e t e c e l l p l a t e s 
( 6 , 10, 12, 6 3 ) . V e s i c l e s d e r i v e d f r o m t h e G o l g i a p p a r a t u s a p p a r 
e n t l y move t o w a r d t h e c e l l p l a t e b u t t h e v e s i c l e s do n o t f u s e so 
t h a t an i n c o m p l e t e , r e t i c u l a t e c e l l p l a t e r e s u l t s ( F i g . 6 ) . I n 
ex t r e m e c a s e s , no c e l l p l a t e i s formed and b i n u c l e a t e c e l l s r e s u l t 
( F i g . 8 ) . 

C a f f e i n e i s a p o t e n t i n h i b i t o r o f cAMP p h o s p h o d i e s t e r a s e i n 
a n i m a l c e l l s (64) and i t was assumed t h a t t h e c a f f e i n e e f f e c t on 
p l a n t c t y o k i n e s i s was due t o e l e v a t e d l e v e l s o f cAMP and d e c r e a s e d 
l e v e l s o f c a l c i u m a f f e c t i n g t h e f o r m and f u n c t i o n o f membrane 
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18. VAUGHN AND VAUGHAN Mitotic Disrupters from Higher Plants 287 

F i g u r e 8. A f t e r 0.1 mM c a f f e i n e t r e a t m e n t t h e c e l l s a r e 
b i n u c l e a t e . V e s i c l e s ( a r r o w s ) o f a b n o r m a l s i z e and c o n t e n t a r e 
f o u n d s e p a r a t i n g t h e two n u c l e i ( N u ) . Bar=5.0ym. 
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288 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

v e s i c l e s a t t h e c e l l p l a t e ( 1 0 ) . However, t h e o v e r w h e l m i n g e v i 
dence i n d i c a t e s t h a t cAMF does n o t e x i s t i n h i g h e r p l a n t s ( 6 5 ) . A 
r o l e f o r c a l c i u m ( 1 0 , 11, 12) and p o s s i b l y magnesium (11) has been 
d e m o n s t r a t e d f o r c y t o k i n e s i s i n p l a n t c e l l s s u g g e s t i n g an e f f e c t o f 
c a f f e i n e on c a l c i u m l e v e l s a t t h e c e l l p l a t e . O t h e r m i t o t i c 
d i s r u p t e r s can c a u s e c a l c i u m i n b a l a n c e ( 6 6 ) . However, i t i s now 
b e l i e v e d t h a t , a l t h o u g h t h e e f f e c t s a r e r e a l , t h e y a r e n o t t h e 
p r i m a r y c a u s e o f m i t o t i c d i s r u p t i o n . 

E f f e c t s o f m i t o t i c d i s r u p t e r s a r e g e n e r a l l y d e t e r m i n e d i n 
f i x e d s p e c i m e n s and t h e sequence o f e v e n t s a r e o f t e n i m p l i e d b a s e d 
upon s t a t i c e l e c t r o n m i c r o g r a p h s . B o n s i g n o r e and H e p l e r (12) 
o b s e r v e d l i v i n g , d i v i d i n g stamen h a i r s o f T r a d e s c a n t i a t h r o u g h 
m i t o s i s a f t e r t r e a t m e n t w i t h c a f f e i n e t h r o u g h t h e u s e o f N o m a r s k i 
d i f f e r e n t i a l i n t e r f e r e n c e m i c r o s c o p y . Q u i t e s u s p r i s i n g l y , t h e y 
o b s e r v e d t h a t an a p p a r e n t l y n o r m a l c e l l p l a t e was formed b u t t h a t 
t h e p l a t e was s u b s e q u e n t l y d i s t u r b e d . T h i s may be due t o t h e 
f a i l u r e o f t h e v e s i c l e s t o f u s e p r o p e r l y so t h a t a s t r u c t u r e t h a t 
a p p e a r s i n t h e m i c r o s c o p e as a w a l l i s l a i d down and l a t e r d i s 
p e r s e s as t h e p h r a g m o p l a s t m i c r o t u b u l e s d i s a p p e a r . Because 
p h r a g m o p l a s t m i c r o t u b u l e s d i s a p p e a r f r o m t h e c e n t e r o f t h e c e l l 
f i r s t , t h e images o f p a r t i a l c e l l p l a t e s p r e s e n t o n l y a t t h e edge 
o f t h e c e l l (10) may be e x p l a i n e d . 

A d i r e c t i n t e r a c t i o n between t u b u l i n and c a f f e i n e and r e l a t e d 
a l k a l o i d s has a l s o been n o t e d i n a number o f s t u d i e s . I n t h e g r e e n 
a l g a Chlamydomonas p r e s u m p t i v e t u b u l i n m u t a n t s t h a t a r e r e s i s t a n t 
t o c o l c h i c i n e e x h i b i t h e i g h t e n e d s e n s i t i v i t y t o c a f f e i n e ( 6 7 ) . 
Chlamydomonas f l a g e l l a a r e a c o n v e n i e n t e x p e r i m e n t a l s y s t e m f o r 
s t u d y i n g e f f e c t s o f compounds on m i c r o t u b u l e s . The c a f f e i n e 
a n a l o g , i s o b u t y l m e t h y l x a n t h i n e ( I B M X ) , c a u s e d f l a g e l l a r r e s o r p t i o n , 
and, l i k e o t h e r m i c r o t u b u l e d i s r u p t e r s ( 6 8 ) , c a u s e d changes i n t h e 
mRNA l e v e l s f o r f l a g e l l a r p r o t e i n s s u c h as t u b u l i n ( 6 9 ) . M o r e o v e r , 
M o r e j o h n ( u n p u b l i s h e d ) has f o u n d t h a t IBMX i n h i b i t s t h e i n v i t r o 
p o l y m e r i z a t i o n o f t u b u l i n i n t o m i c r o t u b u l e s , a l t h o u g h t h e l e v e l s 
r e q u i r e d were h i g h e r t h a n t h a t f o r o t h e r m i t o t i c d i s r u p t e r s . 
S u p p o r t i n g t h e s e i n v i t r o d a t a a r e t h e i n v i v o s t u d i e s o f J u n i p e r 
and L awton ( 7 0 ) . These w o r k e r s o b s e r v e d t h a t c o r t i c a l m i c r o t u b u l e s 
o f p r i m a r y c e l l w a l l were r e l a t i v e l y c a f f e i n e - i n s e n s i t i v e b u t 
c o l d - s e n s i t i v e w hereas t h e c o r t i c a l m i c r o t u b u l e s o f t h e s e c o n d a r y 
c e l l w a l l were c a f f e i n e - s e n s i t i v e b u t c o l d - i n s e n s i t i v e . These d a t a 
were t h e f i r s t t o i n d i c a t e t h a t t h e r e may be d i f f e r e n c e s between 
m i c r o t u b u l e s o f d i f f e r e n t c e l l t y p e s , a t l e a s t i n t h e i r s e n s i t i v i t y 
t o d i s r u p t i o n . Vaughn £t a l . (6) o b s e r v e d t h a t t h e 
d i n i t r o a n i l i n e - r e s i s t a n t b i o t y p e o f E l e u s i n e i n d i c a ( w i t h an 
a l t e r e d t u b u l i n c o m p o s i t i o n ) was much more s e n s i t i v e t o c a f f e i n e 
and r e l a t e d a l k a l o i d s t h a n t h e s u s c e p t i b l e b i o t y p e b u t , b e c a u s e t h e 
r e s i s t a n t b i o t y p e made a b n o r m a l c e l l w a l l s , i t c o u l d n o t be de
t e r m i n e d w h e t h e r t h i s was a d i f f e r e n t i a l c a f f e i n e e f f e c t on t u b u l i n 
o r an e x a c e r b a t i o n o f an a l r e a d y a b n o r m a l s i t u a t i o n . 

C o m p a r i s o n o f H e r b i c i d e s w i t h P l a n t D e r i v e d M i t o t i c D i s r u p t e r s 

I n g e n e r a l , p l a n t - d e r i v e d m i c r o t u b u l e d i s r u p t e r s a r e much more 
e f f e c t i v e on a n i m a l t h a n on p l a n t c e l l s ( 1 ) , w i t h t h e e x c e p t i o n o f 
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18. VAUGHN AND VAUGHAN Mitotic Disrupters from Higher Plants 289 

t h e m a y t a n s i n o i d s and t a x o l as d e s c r i b e d above. What a r e t h e 
c h a r a c t e r i s t i c s t h a t mark an e f f e c t i v e m i t o t i c d i s r u p t e r f o r p l a n t 
c e l l s and t h o s e t h a t a r e e f f e c t i v e f o r a n i m a l c e l l s ? U s u a l l y 
e f f e c t i v e a n i m a l c e l l m i t o t i c d i s r u p t e r s a r e t h o s e w h i c h have a t 
l e a s t a f a i r s o l u b i l i t y i n w a t e r and a r e o b t a i n e d f r o m p l a n t s ( o r 
s h a r e a s i t e o f a c t i o n w i t h a n a t u r a l p l a n t compound). A t t h e 
o t h e r e x t r e m e , e f f e c t i v e p l a n t c e l l m i t o t i c d i s r u p t e r s g e n e r a l l y 
have a low w a t e r s o l u b i l i t y and a r e c h e m i c a l l y - d e r i v e d ( T a b l e 1 ) . 
Compounds t h a t a f f e c t b o t h p l a n t s and a n i m a l s , i n c l u d i n g t h e 
compounds propham and c h l o r p r o p h a m , a r e f o r m u l a t e d f o r b o t h 
h e r b i c i d a l and i n s e c t i c i d a l u s e , and a r e g e n e r a l l y i n t e r m e d i a t e i n 
w a t e r s o l u b i l i t y . 

P a r t o f t h i s d i v i s i o n may r e f l e c t t h e needs f o r t h e s e com
pounds r a t h e r t h a n s p e c i f i c m i c r o t u b u l e s i t e s t h a t a r e a t t a c k e d by 
e a c h d i s r u p t e r . F o r e x a mple, t h e d i n i t r o a n i l i n e h e r b i c i d e s a r e 
h i g h l y i n s o l u b l e compounds t h a t a r e i n c o r p o r a t e d i n t o t h e s o i l 
p r i o r t o c r o p p l a n t i n g . Crop p l a n t s t h a t a r e t o l e r a n t o f t h e s e 
h e r b i c i d e s a r e g e n e r a l l y l a r g e s e e d e d , l i p i d - r i c h p l a n t s t h a t can 
s e q u e s t e r t h e h e r b i c i d e i n l i p i d b o d i e s (71) away f r o m t h e s i t e o f 
a c t i o n , t h e m i c r o t u b u l e . S e n s i t i v e weed s p e c i e s , c h i e f l y t h e 
g r a s s e s , a r e s m a l l seeded and have much l o w e r l e v e l s o f l i p i d and 
a r e u n a b l e t o s e q u e s t e r t h e h e r b i c i d e . The s o l u b i l i t y c h a r a c t e r i s 
t i c s o f t h i s group o f h e r b i c i d e s r e n d e r s some s e l e c t i v i t y , a l l o w i n g 
them t o be u s e f u l h e r b i c i d e s . Thus, t h e s e l e c t i v e h e r b i c i d a l 
p r o p e r t i e s o f a compound may be t h e r e a s o n f o r t h e low s o l u b i l i t y 
o f many o f t h e p l a n t - s p e c i f i c d i s r u p t e r s , r a t h e r t h a n c h e m i c a l 
d i f f e r e n c e s r e l a t e d t o p l a n t - a n i m a l d i f f e r e n c e s i n t h e i r t u b u l i n . 

P o t e n t i a l Use o f P l a n t - D e r i v e d M i c r o t u b u l e D i s r u p t e r s i n A g r i c u l 
t u r e 

T h i s s y m posium 1s p u r p o s e i s t o h i g h l i g h t t h e p o t e n t i a l o f n a t u r a l 
p r o d u c t s as a g r i c u l t u r a l a g e n t s . A t p r e s e n t , none o f t h e p l a n t 
d e r i v e d m i t o t i c d i s r u p t e r s a r e u s e d t o s o l v e c r o p p r o b l e m s b u t 
t h e r e i s a p o t e n t i a l f o r some u s e s . 

T a x o l has been shown t o p r o t e c t a n i m a l c e l l s f r o m s u b s e q u e n t 
t r e a t m e n t w i t h m i t o t i c d i s r u p t e r s s u c h as c o l c h i c i n e and m a y t a n s i n e 
( 3 4 ) . B e c a u s e a number o f h e r b i c i d e s a r e m i t o t i c d i s r u p t e r s , we 
(72) i n v e s t i g a t e d w h e t h e r t a x o l c o u l d p r o t e c t s u s c e p t i b l e E l e u s i n e 
i n d i c a ( g o o s e g r a s s ) f r o m s u b s e q u e n t t r e a t m e n t w i t h t h e 
d i n i t r o a l i l i n e h e r b i c i d e s t r i f l u r a l i n o r o r y z a l i n . T r e a t m e n t o f 
t h e s u s c e p t i b l e b i o t y p e w i t h s u b l e t h a l l e v e l s o f t a x o l f o r 24 h and 
s u b s e q u e n t t r e a t m e n t w i t h 10 yM t r i f l u r a l i n o r 1 yM o r y a l i n r e s u l t 
ed i n no a b n o r m a l m i t o s e s . G r a s s e s a r e v e r y s e n s i t i v e t o most 
m i t o t i c d i s r u p t e r h e r b i c i d e s and t r e a t m e n t o f g r a s s s e e d l i n g s w i t h 
a p r o t e c t a n t s u c h as t a x o l w o u l d a l l o w s e l e c t i v e weed c o n t r o l o f 
weed g r a s s e s i n c r o p g r a s s e s , s u c h as J o h n s o n g r a s s (Sorghum 
h a l a p e n s e ) c o n t r o l i n sorghum (Sorghum b i c o l o r ) , an e s p e c i a l l y 
d i f f i c u l t h e r b i c i d e p r o b l e m . An e f f e c t i v e method o f i m p l e m e n t a t i o n 
m i g h t i n v o l v e s i m p l y t r e a t i n g d r y s e e d s w i t h a s o l u t i o n o f t a x o l o r 
a t a x o l d e r i v a t i v e and t h e n p l a n t i n g t h e t r e a t e d seed i n t o s o i l 
i n c o r p o r a t e d w i t h d i n i t r o a n i l i n e h e r b i c i d e s . Of c o u r s e , t h e 
s c a r c i t y o f t a x o l a t p r e s e n t makes s u c h a p r o p o s a l seem q u i t e 
r i d i c u l o u s . The development o f an i n e x p e n s i v e s y n t h e s i s o f a 
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compound with the properties of taxol is something for synthetic 
organic chemists to consider, however. 

Another potential approach involves chemical modification of 
the disrupter by adding other substituent groups that would render 
them less toxic to humans, and increase the chance for selectivity 
to and within groups of plants. An example will make this more 
clear. Paraquat is a non-selective herbicide that acts by accept
ing electrons from the primary acceptor of photosystem I. A 
parquât radical dication results which reacts with molecular oxygen 
to generate superoxide and other toxic oxygen species such as 
hydroxyl radical and peroxide (73). Some years ago ICI introduced 
a bis-carbamoylmethyl derivative of paraquat called morfamquat. 
Unlike paraquat, this compound was very effective in controlling 
broad-leaved weeds but was very ineffective in controlling 
monocots. Although the exact mechanism for this discrimination is 
not known (74), the most believable explanation for this dis
crimination is that dicots are able to hydrolyze the carbomyl group 
from morfamquat, yielding a molecule that is much easier to move 
across membranes in the cell. Further decarboxylation would give 
rise to the parent compound paraquat. By using similar modified 
forms of plant derived mitotic disrupters, it may be possible to 
render these disrupters non-toxic to man, increase their efficiency 
at entry into the plant by increasing their lipophilicity, and 
perhaps achieve the selectivity desired of a herbicide. 
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Chapter 19 

Camptothecin and Other Plant Growth 
Regulators in Higher Plants 

with Antitumor Activity 
J. George Buta and Andrzej Kalinski 

Plant Hormone Laboratory and Nematology Laboratory, Beltsville 
Agricultural Research Center, Agricultural Research Service, 

U.S. Department of Agriculture, Beltsville, MD 20705 

Camptothecin and other plant growth regulating compounds 
isolated from plants having antitumor activity are 
discussed concerning agricultural applications. These 
alkaloids and lactones have predominantly growth 
inhibiting activity and were isolated from plant material 
collected for the National Cancer Institute anticancer 
screening program. Unique selective growth regulating 
activity of the alkaloid, camptothecin, was found on 
several species of mono- and dicotyledonous plants. 
Studies on the mechanism of action indicated camptothecin 
inhibits the activity of barley DNA topoisomerase I. 

Several years ago an i n v e s t i g a t i o n was begun i n the Plant 
Hormone Laboratory (USDA, B e l t s v i l l e , MD) to fi n d new types of 
plant growth r e g u l a t i n g chemicals. One source for these types of 
ac t i v e compounds was a small portion of the extracts of higher 
plants that had been c o l l e c t e d by the USDA for the National Cancer 
I n s t i t u t e (NCI) program to screen for new anticancer agents. Some 
114,000 extracts from 3,394 species of plants as of January 1981 
were screened by the NCI. The primary screening of extracts has 
involved an in v i t r o test for c y t o t o x i c i t y in the KB c e l l c u lture 
and an in vivo test against L-1210 leukemia LE in mice. A recent 
p u b l i c a t i o n of t h i s research (I) summarized t e s t i n g of antitumor 
plant-derived compounds in advanced development which include the 
following types of compounds: the a l k a l o i d s , maytansine from 
Maytenus spp., indieine-N-Oxide from Heliotropium indicum, 
homoharringtonine from Cephalotaxus h a r r i n g t o n i a , e l l i p t i c i n e from 
Ochrosia e l l i p t i c a , and lactones: bruceantin from Brucea 
ant i d y s i n t e r i c a , taxol from Taxus spp., and 4-beta-hydroxywithano-
l i d e Ε from Withania spp. Other compounds discussed but not in the 
advanced t e s t i n g stage of the NCI program included: epoxides, 
psorospermin from Psorospermum febrifugum, phyllanthoside from 
Phyllanthus b r a z i l i e n s i s , lactones, baccharin from Baccharus 
megapotamica, 6-senecioyloxychaparrinone from Simaba mult i f l o r a , 
e r i o f e r t o p i n from Eriophyllum c o n f e r t i f l o r u m , t r i p d i o l i d e from 
Tripterygium w i l f o r d i i , and the phenol, fagarinone from Fagara 
macrophylla (2_, _3). 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

01
9



19. BUTA & KALINSKI Growth Regulators in Plants with Antitumor Activity 295 

D e t e c t i o n o f P l a n t Growth R e g u l a t i n g A c t i v i t y 
D e t e c t i o n o f g r owth r e g u l a t i n g a c t i v i t y by e x t r a c t s o f h i g h e r 
p l a n t s from NCI was done by t o b a c c o and bean b i o a s s a y . These 
p l a n t s were grown i n t h e greenhouse and N i c o t i a n a tabacum c v . 
X a n t h i - n c p l a n t s were t r e a t e d at 60 days a f t e r p l a n t i n g w h i l e 
P h a s e o l u s v u l g a r i s c v . Greenpod was t r e a t e d at 14 days a f t e r 
p l a n t i n g . The e t h a n o l i c e x t r a c t s were e v a p o r a t e d t o d r y n e s s and 
t h e r e m a i n i n g r e s i d u e o f each e x t r a c t was made i n t o a 5% l a n o l i n 
s u s p e n s i o n . These l a n o l i n s u s p e n s i o n s were a p p l i e d t o t h e upper 
t h r e e a x i l l a r y buds o f X a n t h i t o b a c c o a f t e r d e c a p i t a t i o n and as a 
r i n g on t h e stem b e l o w t h e m e r i s t e m o f t h e Greenpod beans. A 
minimum o f t h r e e p l a n t s were used per t r e a t m e n t and measurements 
t a k e n on t h e i n h i b i t i o n o f e l o n g a t i o n o f the m e r i s t e m a t i c p o r t i o n s 
o f t h e p l a n t s . At l e a s t 50% i n h i b i t i o n o f growth f o r at l e a s t one 
week was c o n s i d e r e d n e c e s s a r y f o r a c t i v i t y t o be w o r t h y o f f u r t h e r 
e x a m i n a t i o n . O t h e r m o r p h o l o g i c a l e f f e c t s c o u l d a l s o be o b s e r v e d . 
More t h a n seven h u n d r e d e x t r a c t s o f p l a n t s from th e NCI c o l l e c t i o n 
t h a t had shown a c t i v i t y i n t h e tumor i n h i b i t i o n a s s a y s were t e s t e d 
and a p a r t i a l l i s t i n g o f t h e a c t i v e e x t r a c t s are p r e s e n t e d i n T a b l e 
I . 

I d e n t i f i c a t i o n o f P l a n t Growth R e g u l a t o r s 
S e v e r a l s t u d i e s have been done on t h e p l a n t g r owth r e g u l a t i n g 
a c t i v i t y o f a s m a l l number o f the p l a n t s i n d i c a t e d i n T a b l e I . 
A l l e l o p a t h i c e f f e c t s have been r e p o r t e d f o r e x t r a c t s o f B a c c h a r i s 
megapotamica (4) and growth i n h i b i t i o n o f b e a n s , c o r n and t o b a c c o 
r e s u l t e d a f t e r t r e a t m e n t w i t h a number o f the m a c r o c y c l i c 
t r i c o t h e c e n e s r e l a t e d t o b a c c h a r i n w h i c h have been i s o l a t e d f r o m 
B a c c h a r i s sp. ( 5 ) . M a y t a n s i n e o b t a i n e d from Maytenus s e r r a t a 
i n h i b i t e d growth i n t o b a c c o c a l l u s and r i c e s e e d l i n g b i o a s s a y s ( 6 ) . 
P a r t h e n i n , a s e s q u i t e r p e n i c l a c t o n e i s o l a t e d f r o m P a r t h e n i u m 
h y s t e r o p h o r u s , has a l s o been r e p o r t e d t o be a l l e l o p a t h i c ( 4 ) . The 
s e e d g e r m i n a t i o n i n h i b i t o r d e t e c t e d i n P i n u s p i n e a was i d e n t i f i e d 
as a b s c i s i c a c i d , a p l a n t hormone (7) and b r a s s i n o l i d e s ( s t e r o i d a l 
p l a n t growth r e g u l a t o r s ) were i s o l a t e d and i d e n t i f i e d i n _P. 
t h u n b e r g i i (8). Aqueous e x t r a c t s o f l e a v e s o f P o l y g o n i u m o r i e n t a l e 
i n h i b i t e d seed g e r m i n a t i o n and s e e d l i n g growth o f m u s t a r d , r i c e and 
l e t t u c e and t h e a c t i v e p r i n c i p l e s were d e t e r m i n e d t o be p h e n o l i c , 
p o s s i b l y f l a v o n e g l y c o s i d e s ( 9 ) . 

Based on t h e b i o a s s a y d a t a ( T a b l e I ) s e v e r a l p l a n t e x t r a c t s 
c a u s i n g c o m p l e t e i n h i b i t i o n o f a x i l l a r y bud growth i n t o b a c c o were 
s e l e c t e d f o r f r a c t i o n a t i o n i n o r d e r t o i s o l a t e t h e p l a n t growth 
r e g u l a t i n g compounds. The i s o l a t i o n p r o c e d u r e s were g e n e r a l l y a 
c o m b i n a t i o n o f s o l v e n t p a r t i t i o n i n g f o l l o w e d by c h r o m a t o g r a p h y 
u s i n g t h e above-mentioned b i o a s s a y s t o d e t e r m i n e th e c o u r s e o f t h e 
p u r i f i c a t i o n . Each i s o l a t i o n p r o c e d u r e had t o be a l t e r e d f o r the 
c h e m i s t r y o f the p a r t i c u l a r a c t i v e compounds b e i n g i s o l a t e d . 
Cephalotaxus h a r r i n g t o n i a . An e t h a n o l i c e x t r a c t o f seeds o f _C. 
h a r r i n g t o n i a was p h y t o t o x i c when a p p l i e d t o a x i l l a r y buds o f N_. 
tabacum. The h a r r i n g t o n i n e a l k a l o i d s i d e n t i f i e d as tumor 
i n h i b i t o r s (10) were found t o have m i n i m a l p l a n t growth r e g u l a t i n g 
a c t i v i t y i n t h e bud growth b i o a s s a y . F r a c t i o n a t i o n by g e l 
p e r m e a t i o n c h r o m a t o g r a p h y and subsequent HPLC w i t h accompanying 
b i o a s s a y s l e d t o t h e i s o l a t i o n o f a t r o p o n e - l a c t o n e , h a r r i n g t o n o -
l i d e (jy.) ( F i g u r e 1 ) . 
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296 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

TABLE I . P l a n t s f r o m NCI C o l l e c t i o n whose e x t r a c t s cause p l a n t 
g r o w t h i n h i b i t i o n i n t h e N i c o t i a n a b i o a s s a y 

S p e c i e s 
A l e c t r y o n s u b c i n e r e u m R a d l k 
B a c c h a r i s c o r d i f o l i a 
Barsama a b y s s i n i c a 
B r u c e a a n t i d y s i n t e r i c a 
Camptotheca a c u m i n a t a 
C a s u a r i n a c u n n i n g h a m i a n a M i g . 
C a y l u s e a a b y s s i n i c a 
C e p h a l o t a x u s h a r r i n g t o n i a 
C l a d o n i a s u b t e n u i s Evans 
C r a s s o c e p h a l u m m a n n i i 
Cyphostemma k i l i m a n d s c h a r i c u m 
D i n o c a r p u s l o n g a L o u r . 
E r y t h r i n a sp. 
Euonymus a t r o p u r p u r e u s J a c q . 
E u p h o r b i a b i c o l o r Engelm. and Gary 
F a g a r a m a c r o p h y l l a 
G n i d i a s u b c o r d a x a E n g l . 
G r i n d e l i a m i c r o c e p h a l a DC 
H o r k e l i c a f u s c a L i n d l . 
Hymenoxys o d o r a t a DC 
H y p o e s t e s v e r t i c i l l i a r i s 
I c h t y o m e t h i a g r a n d i f l o r a 

L e o n t i n e p e t a e f o l i a R.Br. 
L e p i d o t r i c h i l l i a v o l k e n s i i 
L i a t r i s p r o v i n c i a l i s G o d f r e y 
Linum perenne L. 
Maytenus s e n e g a l e n s i s 
P a r t h e n i u m h y s t e r o p h o r u s 
P e d i l o n t h u s t i t h y m a i l o i d e s P o i t 
P a e o n i a s u f f r u t i c o s a Andr. 
P h y l l a n t h u s b r a s i l i e n s i s 
P h y l l o s t a c h y s bambusoides 
P i n u s a u s t r a l i s 
P o i n c i a n a g i l l e s i i 
Polygonum c o c c i n e u m 
R i c i n u s communis 
S e s b a n i a p u n i c e a 
S o l i d a g o c a n a d e n s i s spp. 
Sophora v i c i i f o l i a Hance 
S t e p h a n i a a b y s s i n i c a 
Taxus media 
T e r m i n a l i a s u p e r b a 
T o d d a l i a a s i a t i c a 
V e r b e s i n a g r e e n m a n i i U r b . 

F i g u r e 1. H a r r i n g t o n o l i d e . 
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19. BUTA & KALINSKI Growth Regulators in Plants with Antitumor Activity 297 

Sesbania drumondii. An e t h a n o l i c e x t r a c t o f seed pods o f 
d r u m o n d i i was p h y t o t o x i c i n t h e N_. tabacum a x i l l a r y bud b i o a s s a y . 
F r a c t i o n a t i o n on TLC u s i n g s i l i c a g e l w i t h m e t h a n o l -
m e t h y l e n e c h l o r i d e (1:9) and b i o a s s a y o f the f r a c t i o n s l e d t o the 
i s o l a t i o n o f an a c t i v e f r a c t i o n c o n t a i n i n g l i n o l e i c a c i d w h i c h can 
c a u s e th e growth r e g u l a t i n g a c t i v i t y o b s e r v e d ( 1 2 ) . The a n t i t u m o r 
compound, s e s b a n i m i d e , has a p p a r e n t l y not been t e s t e d as a p l a n t 
g r o w t h r e g u l a t o r ( 1 3 ) . 
Camptotheca acuminata. An e t h a n o l i c e x t r a c t o f stem-wood o f G_. 
a c u m i n a t a c o m p l e t e l y i n h i b i t e d a x i l l a r y bud growth o f t o b a c c o but 
had no e f f e c t on t h e growth i n t h e bean a s s a y . F r a c t i o n a t i o n o f 
t h e e x t r a c t i n i t i a l l y by TLC u s i n g s i l i c a g e l w i t h Me2 C0-CHCl3 
1:1 a l l o w e d t h e i s o l a t i o n o f a group o f r e l a t e d a l k a l o i d s , p r i n c i 
p a l l y c a m p t o t h e c i n ( F i g u r e 2 ) , as t h e a c t i v e compounds ( 1 4 ) . Camp
t o t h e c i n had been c h a r a c t e r i z e d as a p o t e n t a n t i t u m o r compound 
t h a t showed p r o m i s e e a r l y i n t h e NCI program but was l a t e r not ad
v a n c e d i n t h e c l i n i c a l s t u d i e s ( 1 5 ) . C a m p t o t h e c i n was a p p l i e d t o 
t o b a c c o , bean and c o r n p l a n t s as e m u l s i f i e d s p r a y s . I n h i b i t i o n o f 
t o b a c c o bud and c o r n shoot growth but not bean mer i s terns was found 
( 1 4 ) . T h i s a p p a r e n t s e l e c t i v i t y o f i n h i b i t i o n o b s e r v e d i n t h e i n i 
t i a l p l a n t growth r e g u l a t i n g a s s a y s t u d i e s was i n c o n t r a s t t o n on
s e l e c t i v e p h y t o t o x i c i t y o b s e r v e d w i t h a p p l i c a t i o n s o f t h e n a t u r a l 
p r o d u c t s , h a r r i n g t o n o l i d e and l i n o l e i c a c i d , d i s c u s s e d e a r l i e r . 

The m a j o r i t y o f t h e most r e c e n t e f f o r t s s p ent i n t h i s s t u d y o f 
p l a n t growth r e g u l a t i n g n a t u r a l p r o d u c t s has been d i r e c t e d t o w a r d 
u n d e r s t a n d i n g more about c a m p t o t h e c i n and i t s p o s s i b l e a g r i c u l t u r a l 
a p p l i c a t i o n s . C a m p t o t h e c i n was found t o be v e r y e f f e c t i v e as an 
i n h i b i t o r o f t h e s p r o u t i n g o f p o t a t o e s when a p p l i e d as a 5 χ 
10~^M s p r a y . Weight l o s s o f t h e t u b e r s i n s t o r a g e was r e d u c e d 
and, even a f t e r 4 months at 15 C, no symptoms o f i n t e r n a l s p r o u t i n g 
o r o t h e r d e l e t e r i o u s e f f e c t s were e v i d e n t ( 1 6 ) . S i m i l a r l y , 
a p p l i c a t i o n s o f t h e compound were found t o i n c r e a s e t h e s t o r a g e 
l i f e o f r a d i s h e s ( 1 7 ) . 

C a m p t o t h e c i n (50-500 pM) g e n e r a l l y s l o w e d the r a t e o f 
g e r m i n a t i o n o f seeds o f c r o p p l a n t s t e s t e d and i n h i b i t e d s e e d l i n g 
g r o w t h o f l e t t u c e and r a d i s h but s t i m u l a t e d t h a t o f w a t e r m e l o n 
( 1 5 ) . These r e s u l t s prompted an expanded s t u d y o f seed g e r m i n a t i o n 
and s e e d l i n g growth o f a b r o a d e r s p e c t r u m o f p l a n t s as t o t h e 
e f f e c t o f c a m p t o t h e c i n t r e a t m e n t s . 
I s o l a t i o n of Camptothecin. For a l a r g e s c a l e p r e p a r a t i o n , 
c a m p t o t h e c i n was e x t r a c t e d f r o m t h e stemwood o f Camptotheca 
a c u m i n a t a Dec. w i t h h o t EtOH. A f t e r r e m oval o f the s o l v e n t , t h e 
r e s i d u e was d i s s o l v e d i n EtOAc-CHCl} ( l : 3 ) and f r a c t i o n a t e d on a 
B i o Beads S - X l g e l p e r m e a t i o n column w i t h the same s o l v e n t . The 
p u r i t y o f the p r e p a r a t i o n was examined by r e v e r s e phase HPLC w i t h 
MeOH: 3% HOAc ( 1 : 4 ) . The c a m p t o t h e c i n i s o l a t e d c o n t a i n e d 8% o f the 
1 0 - m e t h o x y c a m p t o t h e c i n homologue and t h i s m i x t u r e c a u s e d t h e same 
b i o l o g i c a l a c t i v i t y as c a m p t o t h e c i n i t s e l f . T h e r e f o r e t h e 
c a m p t o t h e c i n a l k a l o i d s were used w i t h o u t f u r t h e r p u r i f i c a t i o n . 
C a m p t o t h e c i n was c o n v e r t e d t o t h e Κ s a l t f o r m w i t h IN KOH and 25, 
50, 100, 250 and 500 uM s o l u t i o n s were p r e p a r e d . 
Seedling Growth Assays With Camptothecin. E i g h t monocot and 
n i n e d i c o t seed s p e c i e s were t e s t e d f o r e f f e c t s o f c a m p t o t h e c i n on 
g e r m i n a t i o n and s e e d l i n g growth ( T a b l e I I ) . S m a l l seeds were sown 
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298 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

OH 

F i g u r e 2. C a m p t o t h e c i n . 

T a b l e I I . Seed s p e c i e s t r e a t e d w i t h C a m p t o t h e c i n 

Common Name C l a s s S p e c i e s 

Monocot 
A n n u a l r y e g r a s s 
B a r l e y 
C o rn 
K e n t u c k y b l u e g r a s s 
P e r e n n i a l r y e g r a s s 
Sorghum 
T a l l f e s c u e 
Wheat 

L o i i u m m u l t i f l o r u m Lam. 
Hordeum v u l g a r e L. 
Zea mays L. 
Poa p r a t e n s i s L. 
L o i i u m perenne L. 
Sorghum b i c o l o r L. 
F e s t u c a a r u n d i n a c e a S c h r e b . 
T r i t i c u m a e s t i v u m L. 

D i c o t 
L e t t u c e 
Mung bean 
M u s t a r d 
Pumpkin 
R a d i s h 
Soybean 
Tobacco 
Tomato 

L a c t u c a s a t i v a L. 
P h a s e o l u s a u r e u s L. 
B r a s s i c a c a m p e s t r i s L. 
C u c u r b i t a pepo L. 
Raphanus s a t i v u s L. 
G l y c i n e max L. 
N i c o t i a n a tabacum L. 
L y c o p e r s i c o n e s c u l e n t u m M i l l . 
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19. BUTA & KALINSKI Growth Regulators in Plants with Antitumor Activity 299 

at r a t e s o f 16 p e r P e t r i d i s h q u a d r a n t and t r e a t e d w i t h 1.0 ml o f 
c a m p t o t h e c i n s o l u t i o n . L a r g e r seeds were sown at r a t e s between 5 
and 10 p e r q u a d r a n t and t r e a t e d w i t h 1.5 t o 2.0 ml o f c a m p t o t h e c i n 
s o l u t i o n . A minimum o f 3 r e p l i c a t e s were used f o r each t r e a t m e n t 
i n c l u d i n g c o n t r o l s . A l l seeds were g e r m i n a t e d i n a growth chamber 
at 20-21°C w i t h a p h o t o p e r i o d o f 16 h r l i g h t - 8 h r d a r k n e s s . The 
number o f days fr o m s o w i n g t o measurement ranged f r o m 3 days f o r 
r a d i s h t o 14 days f o r K e n t u c k y b l u e g r a s s . No i n h i b i t i o n o f t o t a l 
g e r m i n a t i o n was found f o r t h e c a m p t o t h e c i n s o l u t i o n s t e s t e d . The 
e f f e c t s o f c a m p t o t h e c i n on s e e d l i n g growth a r e shown i n F i g u r e s 3 
and 4. 

G e n e r a l l y f o r a l l s p e c i e s t e s t e d , s e e d l i n g growth was 
i n h i b i t e d w i t h h i g h e s t c o n c e n t r a t i o n s o f c a m p t o t h e c i n (500 uM). 
However, d i f f e r e n t d e g r e e s o f growth i n h i b i t i o n i n monocots were 
f o u n d a f t e r t r e a t m e n t w i t h t h e l o w e r c o n c e n t r a t i o n s o f c a m p t o t h e c i n . 
C o r n and sorghum were l e s s i n h i b i t e d t h a n b a r l e y and whe.at. K e n t u c k y 
b l u e g r a s s and p e r e n n i a l r y e g r a s s were l e s s i n h i b i t e d t h a n t a l l f e s c u e 
and a n n u a l r y e g r a s s . S i m i l a r l y among the d i c o t c u r c u b i t s , w a t e r m e l o n 
s e e d l i n g growth was s t i m u l a t e d by low c o n c e n t r a t i o n s o f c a m p t o t h e c i n 
w h i l e t h a t o f pumpkin was i n h i b i t e d . L e t t u c e was h i g h l y i n h i b i t e d by 
t h e s e c o n c e n t r a t i o n s o f c a m p t o t h e c i n w h i l e t h e v e r y s m a l l t o b a c c o 
seed was not much i n h i b i t e d . An a l t e r a t i o n o f p a t t e r n o f growth 
o c c u r r e d w i t h m u s t a r d where h y p o c o t y l growth was i n c r e a s e d w h i l e r o o t 
g r o w t h was i n h i b i t e d . 
Mechanisms o f A c t i o n o f C a m p t o t h e c i n . Some e f f o r t s have been 
made t o d e t e r m i n e how c a m p t o t h e c i n may f u n c t i o n i n a f f e c t i n g p l a n t 
g r o w t h . A h i s t o l o g i c a l e x a m i n a t i o n o f a x i l l a r y buds o f t o b a c c o 
i n h i b i t e d by c a m p t o t h e c i n i n d i c a t e d a s e l e c t i v e i n h i b i t i o n o f young 
d e v e l o p i n g v a s c u l a r t i s s u e s ( 1 8 ) . E x a m i n a t i o n o f e l e c t r o n 
m i c r o g r a p h s o f i n h i b i t e d p o t a t o s p r o u t s i n d i c a t e d t h a t c a m p t o t h e c i n 
i n h i b i t e d s p r o u t i n g by i n d u c i n g s t r u c t u r a l changes i n v a s c u l a r 
t i s s u e s and i n t e r f e r i n g w i t h c e l l d i v i s i o n i n m e r i s t e m a t i c p o r t i o n s 
o f t h e s p r o u t s ( 1 6 ) . 

I n t e r a c t i o n s o f c a m p t o t h e c i n w i t h p l a n t hormones: g i b b e r e l l i n 
( G A 3 ) a growth s t i m u l a t o r ; a b s c i s i c a c i d ( A B A ) , a growth 
i n h i b i t o r , and t h e c y t o k i n i n z e a t i n ( Z ) , a c e l l d i v i s i o n p r o m o t e r 
were examined. C a m p t o t h e c i n i n h i b i t e d t h e GA3~induced 
d a r k - g e r m i n a t i o n o f l e t t u c e and h y p o c o t y l e l o n g a t i o n o f s e e d l i n g s as 
d i d ABA. However, i n c o n t r a s t t o t h e r e v e r s a l o f A B A - i n d u c e d 
i n h i b i t i o n by Z, i n h i b i t i o n o f GA3-induced d a r k - g e r m i n a t i o n o f 
l e t t u c e seed by c a m p t o t h e c i n c o u l d not be overcome by Z. S i n c e the 
i n h i b i t i o n o f g e r m i n a t i o n o f l e t t u c e seeds i s more pronounced at h i g h 
t e m p e r a t u r e s (up t o 35C) t h e e x p e r i m e n t s i n v o l v i n g c a m p t o t h e c i n were 
r e p e a t e d . When Ζ was added under t h e s e c o n d i t i o n s , t h e i n h i b i t i o n o f 
g e r m i n a t i o n by c a m p t o t h e c i n was p a r t i a l l y overcome ( 1 5 ) . These 
e x p e r i m e n t s i n d i c a t e d a p o s s i b l e r o l e f o r c a m p t o t h e c i n i n v o l v i n g c e l l 
d i v i s i o n p r o c e s s e s i n p l a n t s . 

Many s t u d i e s o f c a m p t o t h e c i n as an a n t i t u m o r compound have 
been done o v e r t h e l a s t f i f t e e n y e a r s . C a m p t o t h e c i n has p o t e n t 
a n t i t u m o r a c t i v i t y i n a w i d e range o f mammalian tumors ( 2 0 ) . 

The compound c a u s e d r e v e r s i b l e DNA f r a g m e n t a t i o n and i n h i b i t e d 
n u c l e i c a c i d s y n t h e s i s i n mammalian n e o p l a s t i c c e l l s ( 2 1 , 2 2 ) . 
Because o f t h e p o t e n t i a l c l i n i c a l a p p l i c a t i o n s f o r c a m p t o t e c i n , much 
r e s e a r c h was done t o u n d e r s t a n d t h e mechanism o f a c t i o n o f the 
compound at t h e c e l l u l a r l e v e l . 
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300 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Field Crops 

I 
Sorghum Barley Wheat Corn 

Tap Root 
Sorghum Barley Wheat Corn 

Primary Leaf 

% of Control Turf Qr««««8 

5" 
m fi! 

Camptotru 
Concentrai Ion (μΜ) 

! - 60 
Sioo 

|2SO 
500 

Τ Fescue Ρ Rye A Rye Ky Blue Τ Fescue Ρ Rye A Rye Ky Blue 
Tap Root Primary Leaf 

F i g u r e 3. E f f e c t s o f c a m p t o t h e c i n on s e e d l i n g growth o f monocots. 
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19. BUTA & KALINSKI Growth Regulators in Plants with Antitumor Activity 301 

-80 

-ίσο I 1 I 
Tobacco Pumpkin Watermelon M Bean Soybean 
( Τ 4M) Combined (T&H) Combined ( Τ & Η ) Combined 

F i g u r e 4. E f f e c t s o f c a m p t o t h e c i n on s e e d l i n g growth o f d i c o t s . 
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302 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Figure 5. E f f e c t of camptothecin on barley DNA topoisomerase I. 
(1) pBR322 DNA, no enzymne added. (2) pBR322 DNA + barley 
DNA to poisomerase. (3) pBR322 DNA + barley topoisomerase + 
camptothecin, 133 pM. (4) pBR322 DNA + barley topoisomerase 
+ camptothecin, 66 pM. S is supercoiled pBR322 DNA. R i s 
the l i n e a r form of pBR322 DNA. Reaction conditions for the 
agarose gel described in (25). 
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19. BUTA & KALINSKI Growth Regulators in Plants with Antitumor Activity 303 

During the past 3 years several investigations have been 
performed on the influence of camptothecin on DNA topoisomerases 
and much progress has been made in understanding the possible cell 
target sites of this compound. In cells, the duplex DNA has a 
tertiary structure and this topological arrangement of the DNA can 
dictate biological functions such as transcription, replication, 
recombination and repair. DNA topoisomerases are enzymes that 
regulate the topological state of DNA by breaking and rejoining the 
DNA phosphodiester bonds by a mechanism involving either a single 
strand (type I topoisomerase) or a double strand (type II 
topoisomerase) cleavage (23). 

Camptothecin (5 uM) was found to inhibit the relaxation of 
pBR322 DNA by purified calf thymus DNA topoisomerase I. A detailed 
analysis of the effect of camptothecin on DNA topoisomerase I in 
vitro showed that the compound induced single strand DNA cleavage. 
Precisely how camptothecin acts on DNA topoisomerase is not known. 
However, camptothecin did not affect DNA topoisomerase II activity 
(24). 

The effect of camptothecin on plant topoisomerases has 
recently been examined. Using a partially purified enzyme from 
barley seeds (25), a strong inhibition of the relaxation of 
supercoiled pBR322 DNA by the barley DNA enzyme was observed with 
66 uM camptothecin (26) (Figure 5). These studies, in vitro, 
using a partially purified DNA topoisomerase I led to the 
conclusion that this class of DNA enzymes could be the cellular 
targets of camptothecin in plants. 

The findings concerning the unique DNA regulatory mechanism 
of camptothecin, as well as possible agricultural applications, 
illustrate best these studies on the discovery of new and interes
ting chemicals that are present in higher plants with potential 
uses as plant growth regulators in agriculture. The major portion 
of plants having antitumor activity and activity in the Nicotiana 
bioassay have not been studied further and opportunities for 
finding other new types of plant growth regulators remain 
attractive. 
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Chapter 20 

Natural Products in the Search 
for New Agrochemicals 

John H. Cardellina, II 

Natural Products Laboratory, Department of Chemistry, Montana State 
University, Bozeman, MT 59717 

An investigation of the hypothesis that 
marine algae and invertebrates produce 
growth regulators and feeding deterrents 
which might be active against terrestrial 
plants and insects has been expanded to 
include studies of terrestrial plants, marine 
and terrestrial microorganisms and marine 
invertebrates in a search for leads to new 
agrochemical agents. New field (brine 
shrimp toxicity) and laboratory 
(phytotoxicity) screens have been 
incorporated and novel, bioactive compounds 
have been isolated. Results of this young 
project clearly point to marine organisms 
and plant pathogens of weeds as very 
promising sources of unique chemical entities 
to deal with agricultural problems. 

Farmers annually endure significant crop losses from the 
combined effects of plant pathogenic bacteria and fungi, 
insects and weeds. Ranchers endure the analogous problem 
of weeds encroaching on quality grazing areas. This 
problem has been aggravated by the phenomenal escalation 
in cost, in dollars and man-hours, of developing new, more 
effective chemical remedies for these agricultural problems. 
Growing concern over the long-term ecological effects of 
synthetic agrochemicals not only has led to increased costs 
and development time, but has also resulted in a relatively 
conservative approach to new product development by the 
agrochemical industry. Many recently introduced products 
are merely analogs of compounds already approved for 
marketing; thus, the discovery of truly novel chemical 
structures with agrochemical activity would have a dramatic 
impact on agriculture over the next several decades. 

0097-6156/88/0380-0305$06.00/0 
° 1988 American Chemical Society 
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306 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

The International Union of Pure and Applied Chemis
try (IUPAC) has sponsored an International Conference on 
Chemistry and World Food Supplies (CHEMRAWN II) to 
address the challenge of increasing world food produc
tion two to four fold in the next several decades. Such 
an increase is deemed necessary to accommodate the needs 
of the eight billion world inhabitants expected by 2015 
( I ) . 

One of the conference objectives was to pinpoint areas 
for research and development with the greatest potential 
for meeting world food needs. Among the 
recommendations set forth by the future action committee 
at this conference were: 

1) high priority for the development of new chemical 
methods for control of microbial and insect pests; 

2) increased focus on the identification and 
application of new plant growth regulators; 

3) emphasis on chemical/biological control of weeds by 
means of aUelochemicals ; and 

4) formulation of programs to attract and train larger 
numbers of highly qualified scientists for 
agriculture-related scientific disciplines. 

In a more recent outlook (2) on future agricultural 
research in the United States, these ideas were reiterated 
and amplified. Some of the problems cited for focus of 
future research included: 

1) improving human health and nutrition through 
improvements in quality, quantity and safety of 
foods ; 

2) developing new scientific tools; 

3) defending plants chemically; 

4) controlling plant pathogens; 

5) exploiting natural insecticides; and 

6) training agriculture-oriented scientists. 

Natural products are an attractive source of potential 
leads to new agrochemicals, not only for the diversity and 
novelty of chemical structures produced by living 
organisms, but also for the potential specificity of 
biological action and the greatly reduced likelihood of 
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20. CARDELLINA Natural Products for New Agrochemicals 307 

harmful bioaccumulation and/or soil and ground water 
residues. To have reasonable prospects for commercial 
development, a natural product must be available in 
abundance from the natural source or amenable to large 
scale, cost effective synthesis. Alternatively, the natural 
product might provide a template or assemblage of key 
functionalities, conformation and stereochemistry which are 
responsible for the observed activity and can be 
synthesized in simpler analogs with retention of activity. 

With these concepts in mind and with the notion that 
the marine biosphere might be an untapped reservoir of 
agrochemically potent compounds, we embarked several 
years ago on an effort to evaluate the potential of marine 
natural products as agrochemical agents ( 3 ) . This 
operation has since been expanded to include studies of 
microorganisms and terrestrial plants. 

Materials and Methods 

This effort utilizes a battery of assays in screening for 
antimicrobial, plant growth and insect control activity. 

The antimicrobial assay consists of the common 
impregnated disc assay against three fungi (Rhizoctonia 
solani, Phythium ultimum and Helminthosporium sativum) 
and two representatives each from the Gram-positive 
(Bacillus cereus and Corynebacterium michiganensis) and 
Gram-negative (Xanthomonas campestris and Pseudomonas 
aeruginosa) bacteria. The plant growth and insecticidal 
assays were described in a previous report (3). The 
nicked leaf phototoxicity (4) and brine shrimp toxicity (5) 
screens have been adapted from literature procedures. 
The phytotoxicity screen includes tests against 
johnsongrass ( Sorghum halapense), spotted knapweed 
(Centaurea maculosa) and leafy spurge ( Euphorbia esula). 

Results 

Collection and Screening. Marine specimens were 
collected in waters near Victoria, British Columbia, 
Seattle, Washington, and Bermuda. Terrestrial plants were 
obtained from a number of sites in southwestern Montana. 
Microbial cultures were obtained from marine invertebrates 
in Bermuda and infected weeds in Montana. Table I 
summarizes the screening results on extracts prepared from 
our collections to date. Water soluble extracts are 
differentiated from organic solubles ; this distinction reveals 
interesting contrasts, as does a comparison of activities 
among different classes of organisms. 

Some trends can be readily discerned from the data in 
Table I. Sponges are clearly the most attractive candi-
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308 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

dates for study at the moment, with the highest levels of 
activity in all screens. The organic solubles of all or
ganisms exhibit higher levels of insecticidal and antimicro
bial activity, while phototoxicity activity is slightly favored 
in the aqueous extracts. Brine shrimp toxicity has shown a 
far better correlation to cytotoxicity (in our anticancer 
program) than to insecticidal activity. 

Antimicrobials. Research in this area has thus far 
uncovered three very different structural types. The 
gorgonian genus Briareum is best known as a source of 
highly functionalized diterpenes (6-9), but the modest 
antibacterial activity in B_. polyanthes from Bermuda was 
traced to bissetone, 1, a unique, unprecedented pyranone 
(10). Bissetone inhibits the growth of Xanthomonas 
campestris at a moderately high dose (0.6 mg/disc), but its 
apparent biogenetic precursor, the ketal 2 (11), may be 
more active. Tests with a limited supply of the unstable 2 
will be undertaken as soon as final details of the structure 
elucidation are clarified. 

The tunicate Eudistoma olivaceum, collected in Bermuda, 
has yielded two families of novel β-carbolines, 3-6 and 7-9 
(12). Kobayashi et al. (13) have also isolated 3-6 and 
reported antimicrobial activity in this group. Quantities of 
7-9 sufficient for bioassay were not available, but a 
synthesis of 9 is underway; once prepared, it will be 
scrutinized in our in-house assay systems. 

Lomatium dissectum, an umbelliferous plant from 
southwestern Montana, contains substantial quantities of 
the tetronic acids 10, which are fairly potent antimicrobials 
in vitro (14) and highly ichthyotoxic (15). The tetronic 
acids and the derived monoacetates were quite inhibitory 
to Gram-positive bacteria, particularly Corynebacterium 
michiganensis, and fungi, notably Rhizoctonia solani, at 
doses of 12-50 μg/disk. A variety of analogs or structural 
modifications of 10 have recently been prepared for 
biological testing. 
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20. CARDELLINA Natural Products for New Agrochemicals 309 

Table I . Summary, Agrochemical Screening Program 

O r g a n i s m E x t r a c t AM** P G b P H C B S T d I e 

Type 

T e r r e s t r i a l 
P l a n t s 

A l g a e 

Sponges 

T u n i c a t e s 

O t h e r 
I n v e r t e b r a t e s 

o r g a n i c 
aqueous 

o r g a n i c 5/16 1/1 - 2/6 0/1 
aqueous 6/21 2/2 - 0/9 -

o r g a n i c 3/12 0/1 - 1/6 -
aqueous 1/16 3/3 - 0/7 0/1 

o r g a n i c 9/24 - 3/3 7/15 6/14 
aqueous 5/26 8/8 5/7 3/19 1/14 

o r g a n i c 6/14 _ 1/6 4/7 1/2 
aqueous 1/15 4/4 2/3 0/11 0/4 

9/12 
3/15 1/2 

1/2 
0/2 

2/8 
0/8 

2/3 
0/2 

M i c r o o r g a n i s m s 17/102 21/70 20/69 

* * a n t i m i c r o b i a l 
épiant g r o w t h 
^ p h y t o t o x i c i t y 
A b r i n e s h r i m p t o x i c i t y 
e i n s e c t i c i d a l 
f i n d i c a t e s none t e s t e d t h u s f a r 
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310 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Ι Ο 

Insecticides. We have now isolated and identified a total 
of twelve briaran diterpenes from the coelenterates 
Briareum polyanthes (7-9) and Ptilosarcus gurneyi (16), ten 
of them novel structures. Five of these compounds have 
been tested against the tobacco horn worm, Manduca sexta; 
the preliminary conclusions drawn from those studies are 
that an electrophilic site in the cyclohexane ring 
contributes significantly to toxicity (e.g. 11, 12), while the 
briaran class in toto precipitates reductions in weight gain 
(e.g. 13-15). A recent recollection of B_. polyanthes for 
reisolation and structure verification of 2, the presumed 
precursor of bissetone (1), has now made substantial 
quantities of 11 and 13 available for structure modification 
and subsequent SAR studies. 

0 OAc 
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20. CARDELLINA Natural Products for New Agrochemicals 311 

Our pursuit of insecticidal activity in the sponge Ulosa 
ruetzleri led to a pair of phosphonate esters, the 
creatinine derivative 16 and the hydantoin 17 (17). While 
16 is inactive toward M_. sexta at 250 ppm, the hydantoin 
phosphate 17 has an LD s o <10 ppm. The creatinine deriva
tive 16 and analogs ( 1 8 , 19) of 17 have been synthesized 
(17); testing of the hydantoin analogs is underway. Since 
hydantoins are known to exhibit CNS and anaesthetic acti
vity (18), 17-19 may prove unattractive as leads for new 
insecticides because of their potential impact on mamma
lian species. Conversely, they represent a structurally 
desirable bioactive natural product type, since they are 
amenable to synthesis and, perhaps, scale up. 

Herbicides and Plant Growth Regulators. Extracts of the 
calcareous green alga Neomeris annulata exhibited phyto-
toxicity, cytotoxicity and toxicity to brine shrimp, but no 
activity against the tobacco hornworm. Vie (19) have 

Br 
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312 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

isolated from this species the first green algal brominated 
sesquiterpenes, 20-22. Of the three, only 22, neomeranol, 
is phytotoxic to johnsongrass ( Sorghum halapense) ; the 
derived ketone 23 is not phytotoxic, however. 

Extensive field studies led to our discovery, isolation 
and culture of a fungal pathogen of spotted knapweed, 
Centaurea maculosa (20), a critical weed pest on the 
rangelands of Montana and other northwestern states. The 
fungus, a variety of Alternaria alternata, produces both 
host-specific and non-specific phytotoxins. Vie have 
isolated and identified three classes of compounds with 
phytotoxic activity from the fungus—tenuazonic acid, 24, a 
well characterized, broad-spectrum phytotoxin (21), a series 
of perylenequinones and the simple, yet previously unknown 
diketopiperazine of L-proline and L-tyrosine, 25. While 
24 was toxic to almost all test plants, 25 was active only 
against C_. maculosa out of fifteen weed and crop plants 
used in the nicked leaf test (4). We have synthesized the 
diketopiperazine; although it is not exceptionally potent, 
the specificity, simplicity of structure and unlikelihood of 
negative impact on mammak and the environment make it 
an exceedingly attractive lead. Two of the perylene
quinones, 26 and 27, are also phytotoxic (22). 

A new lead just under development is a potent plant 
growth inhibitor (lettuce assay) from the water solubles of 
the sponge Spheciospongia othella. These same extracts 
contain exceptionally high levels of nickel, which appears 
to be bound by peptides of molecular weight ca. 1400 (23). 
The plant growth inhibitor is not the nickel complex and 
is of lower molecular weight, according to size exclusion 
chromatography experiments. 
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20. CARDELLINA Natural Products for New Agrochemicals 313 

Discussion and Conclusions 
Our continued discovery of agrochemically active com
pounds from natural sources certainly substantiates the 
notion that new herbicides, insecticides and antimicrobials 
can be found not only in terrestrial plants, but in marine 
organisms and microbes as well. Our screening data for 
marine microbes suggest that a potential bonanza of new, 
very active compounds might be discovered there. Our 
work on knapweed pathogens and Strobel's pioneering work 
on weed pathogens as sources of phytotoxins (4) would 
seem to mandate additional attention to those organisms. 

Other research groups have begun to consider the 
agrochemical potential of marine invertebrates. Ireland 
has recently reported insecticidal activity in an indole 
derivative (24) and a depsipeptide (25). Crews (26) has 
isolated the same depsipeptide and found it to have some 
molluscicidal activity. 

Natural products seem more compelling than ever as 
leads to agrochemicals. The expansion of focus to include 
microbes and marine organisms, in addition to plants, 
coupled with recent strides in separation methodology and 
non-destructive instrumental techniques for structure 
elucidation, promise to make this field of endeavor an 
exciting area in the years to come. 
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Chapter 21 

Terpenoids from the Genus Artemisia 
as Potential Pesticides 

Stephen O. Duke1, Rex N. Paul, Jr. 1, and S. Mark Lee2,3 

1Southern Weed Science Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, Stoneville, MS 38776 

2Native Plants, Inc., 417 Wakara Way, Salt Lake City, UT 84108 

Members of the higher plant genus Artemisia 
(Compositae) produce a myriad of terpenoid compounds in 
their glandular trichomes. Many of these compounds, 
especially the sesquiterpenoid lactones, are 
biologically active as fungicides, herbicides, 
antimicrobials, insecticides, and insect antifeedants. 
These compounds offer significant potential as sources 
of new pesticides. Two commercial examples of 
pesticides derived from or chemically related to these 
naturally-occuring terpenoids are toxaphene (an 
insecticide and herbicide) and cinmethylin (a 
herbicide). An antimalarial sesquiterpenoid from annual 
wormwood (Artemisia annua), artemisinin, has recently 
been found to be a potent phytotoxin. This compound 
and other Artemisia-derived terpenoids are 
discussed as examples of the considerations in 
screening natural compounds for use as pesticides. 

Secondary products from higher plants represent an enormous 
diversity of biologically active compounds that have just begun to 
be exploited as pesticides or as sources of new pesticide 
chemistries (1,2). Most of the few examples of pesticide 
development from plant-derived natural products are from terpenoids 
that can be found in the genus Artemisia or closely related 
genera. The genus Artemisia consists of over 400 species 
and many species of this genus have long been known to produce 
compounds with potent biological activity. Artemisia 
includes the wormwoods, the sagebrushes, the mugworts, the 
sageworts, wormseed, and tarragon. Throughout history, this genus 
has been the source of folk medicines, spices, flavorings, and 
insect repellents. Currently, the pharmaceutical, food science, and 
fragrance industries are intensively studying the terpenoids of 
3Current address: California Department of Food and Agriculture, Chemistry Laboratory 
Services, 3292 Meadowview Road, Sacramento, CA 95832 

0097-6156/88/0380-0318$06.00/0 
c 1988 American Chemical Society 
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21. DUKE ET AL. Terpenoids front Artemisia as Potential Pesticides 319 

Artemisia. However, l i t t l e e f f o r t has been expended i n 
determin ing the p o t e n t i a l o f the terpeno ids of Artemisia as 
p e s t i c i d e s . Recent ly , a very l i m i t e d review of drugs, i n s e c t i c i d e s , 
and other agents from Artemisia was pub l i shed (3 ) . The 
present rev iew surveys the terpeno ids from Artemisia, t h e i r 
b i o l o g i c a l a c t i v i t i e s , and t h e i r p o t e n t i a l f o r p e s t i c i d e 
development. 

B i o l o g i c a l S i g n i f i c a n c e o f Terpenoids o f Artemisia 

B i o s y n t h e t i c s i t e . The sur faces of the l eaves , f l ower p a r t s , stems, 
and other a e r i a l po r t i on s o f the shoots o f v i r t u a l l y a l l spec ies of 
Artemisia i n v e s t i g a t ed are covered w i th c a p i t a t e glands 
f i l l e d w i th res inous o i l s ( F i g . la)(e.o/., 4 -9 ) . In some 
spec i e s , up to 35% of the mature l e a f su r face i s covered w i th these 
glands which conta in most o f the monoterpenes and v i r t u a l l y a l l of 
the sesqui terpene lac tones o f the l e a f (4 ) . These glands o r i g i n a t e 
e a r l y dur ing l e a f development as a basal s t a l k o r i g i n a t i n g from the 
epidermis (F igure l b ) . As the basal s t a l k c e l l s mature, the 
c u t i c l e tha t covers the e n t i r e basal s t a l k s p l i t s away from the c e l l 
w a l l s o f the s t a l k c e l l s (F igure l c ) and the s u b c u t i c u l a r space 
f i l l s w i th te rpeno id s . The r e s u l t i n g b i l obed sac (F igure Id) 
obscures the basal s t a l k c e l l s which are l i k e l y to be the source of 
the terpeno ids i n the sac. As glands mature on o l d e r l eave s , the 
sacs rupture ( F i g . l e ) , r e l e a s i n g res inous o i l s over the su r face of 
the l e a f . 

Based on t h e i r b i o l o g i c a l a c t i v i t y , the f u n c t i o n of the 
terpeno ids found i n these glands i s almost c e r t a i n l y p r o t e c t i v e . 
S ince many of these compounds are (10), or are l i k e l y to be, 
phy to tox i c to the producing p l a n t , seques t ra t i on o f the compounds i n 
glands a l lows f o r concent ra t i on of high l e v e l s o f these t o x i n s to 
form a chemical b a r r i e r to p o t e n t i a l herb ivores and pathogens 
wi thout po i son ing the p l a n t . 

In a d d i t i o n to g lands, there i s some evidence tha t te rpeno ids 
a l so accumulate i n s p e c i a l i z e d c e l l s o f root s and shoots o f some 
Artemisia s pec i e s . For i n s tance , roots of tar ragon {A. 
dracunculus L.) conta in r e s i n - c o n t a i n i n g cana l s formed from 
c e l l s i n the co r tex that accumulate high concent ra t i on s o f 
te rpeno ids (U). There i s some evidence to i n d i c a t e tha t the 
te rpeno id composit ions o f the o i l s from glands and r e s i n cana l s are 
d i f f e r e n t (12). 

Terpenoids produced by Artemisia. There i s tremendous 
d i v e r s i t y i n the terpeno ids of Artemisia so tha t an 
encyc loped ic l i s t i n g such as tha t prov ided by Ahmad et al. 
(13) i s not po s s i b l e i n a l i m i t e d review such as t h i s . However, 
Table I prov ides a p a r t i a l l i s t i n g of some of the te rpeno ids o f 
th ree spec ies o f Artemisia. Many compounds were 
u n i d e n t i f i e d i n the s tud ie s from which the data i n Table I were 
ob ta ined . The compounds i n Table I are most ly monoterpenoids (10 
carbon) . Many of the more b i o l o g i c a l l y a c t i v e te rpeno ids from 
Artemisia are sesqu i terpeno ids (15 carbon) or t r i t e r p e n o i d s (30 
carbon) . The sesqu i te rpeno id lactones are e s p e c i a l l y a c t i v e and 
some spec ies o f Artemisia conta in up to 3.5 % of t h e i r dry 
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320 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Figure 1. a. Scanning electron micrograph of a mature leaf of annual wormwood (A. 
annua), b. The apical meristem of an annual wormwood plant, including leaf primordia. 
Note basal cells of glands forming early during leaf morphogenesis, c. Tramsmission 
electron micrograph of cuticle separating from the cells of the basal stalk, d. Scanning 
electron micrograph of a mature capitate gland on the leaf of an annual wormwood plant, 
e. Capitate gland after rupture. Bars = 200, 25, 5, and 25 μτη in a, b, c, and d, respectively. 
Magnification for e is equal to that for d. 
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21. DUKE ET AL. Terpenoids front Artemisia as Potential Pesticides 321 

weight as se squ i te rpeno id l ac tones ( 4 ) . There are b i o l o g i c a l l y 
a c t i v e d i t e rpeno i d s (20 carbon) tha t are potent phy toa lex in s (17), 
however, few have been i d e n t i f i e d i n Artemisia. 

Table I. A P a r t i a l L i s t i n g o f Terpenoids I d e n t i f i e d from E s s en t i a l 
O i l s from Three Artemisia Species as Determined by 

Gas Chromatography 

Terpenoid A. vulgaris A. douglasiana A. nilagiraca 
α-pinene + + + 
camphene + + + 
0-pinene + + + 
sabinene - + + 
a - thujene - - + 
Δ-carene - + 
myrcene + + + 
α-terpinene + + 
p-cymene + + + 
1 ,8 -c ineo le + + + 
7 - te rp inene - + + 
limonene + + 
t e r p i no l ene - - + 
ocimene - + + 
a r t e m i s i a ketone + + 
thujone + + + 
l i n a l o o l + + + 
ft-gurjunene - + 
t h u j y l a l coho l + -
l i n a l y l acetate - - + 
a r t e m i s i a a l coho l + + + 
ambrosial - + 
camphor + + + 
sabinene hydrate - - + 
i soborneo l + + + 
caryophy l lene - + + 
p inoca rvac ro l - + 
phe l l a nd r a l - + 
borneol + + + 
t e r p i n e n - 4 - o l + + + 
α-terp ineol - + + 
i soborny l and bornyl 
acetate + - + 

0 -b i sabo lene - + 
δ-cadinene - + 
carveo l - - + 
isopinocamphone - + 
d-pulegone - + 
α-farnesene - + 
n e r o l i d o l - + 
eudesmol -

from re ferences 14-16. 
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322 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Chemical ecology of Artemisia t e rpeno id s . Some of the best 
examples o f chemical defenses by p l an t s are i n the genus 
Artemisia. For i n s t ance , some of the e a r l i e s t documented 
cases o f a l l e l o p a t h y were those of A. absinthium (18,19), 
A. vulgaris (20), and A. californica (21). The 
v o l a t i l e te rpeno ids from these spec ies s t r ong l y i n h i b i t the growth 
of o ther p l an t spec ies i n t h e i r v i c i n i t y . More r e c e n t l y , Friedman 
(22) found A. herba-alba to a l so s t r ong l y i n h i b i t the growth 
of p l an t compet i to r s . The strong i n sec t r e p e l l e n t , a n t i m i c r o b i a l , 
f l a v o r i n g ( s p i c e ) , and a n t i h e l m i n t h i c p r o p e r t i e s o f many of the 
te rpeno ids from Artemisia i n d i c a t e tha t these compounds 
prov ide st rong p r o t e c t i o n aga inst pathogens, nematodes, and 
he rb i vo re s . Although l i t t l e l i t e r a t u r e e x i s t s documenting and 
con f i rm ing these f unc t i on s i n nature, cons ide rab le c i r c u m s t a n t i a l 
evidence w i th i s o l a t e d compounds e x i s t s to support t h i s v iew. 

Terpenoids from Artemisia w i th Known P e s t i c i d a l P r ope r t i e s 

Two ex tens i ve reviews of the b i o l o g i c a l p r ope r t i e s o f te rpeno ids 
and sesqu i te rpeno ids from p l an t s were r e c e n t l y pub l i shed (7,23). 
Many of the compounds d i scussed i n these reviews are c o n s t i t u e n t s o f 
Artemisia. 

Phyto tox in s . Numerous terpeno ids from Artemisia are s t rong 
phytotox ins (Table I I ) . Asplund (27) found severa l te rpeno ids to be 
more powerful germinat ion i n h i b i t o r s than HCN. Only 5.8 /xM 
HCN was r equ i r ed to i n h i b i t germinat ion 50 %, whereas 1.5 and 
3.3 μΜ pulegone and camphor were equa l l y e f f e c t i v e . Two 
commercial he rb i c i de s are based on the chemi s t r i e s o f monoterpenes 
from Table I I . 

Although developed as an i n s e c t i c i d e , c h l o r i n a t e d camphene 
( so ld as Toxaphene or Camphechlor) was used as a h e r b i c i d e i n legume 
crops (e.g.,29) f o r about 10 years before i t was removed 
from s a l e . The commercial product con s i s t ed of a mixture of a l l 
(>200) c h l o r i n a t e d forms of the molecule. The a c t i v e h e r b i c i d a l 
p r i n c i p a l was never i d e n t i f i e d . The product was g e n e r a l l y app l i ed 
at about 2.2 kg/ha f o r c on t r o l o f s i c k l epod (Cassia 
obtusifolia) i n soybeans. As d i scussed below under 
i n s e c t i c i d e s , i d e n t i f i c a t i o n of the phy to tox i c p r i n c i p l e may have 
r e s u l t e d i n a new product w i th supe r i o r s e l e c t i v i t y and fewer 
t o x i c o l o g i c a l problems. 

The new h e r b i c i d e c i nmethy l i n (30,31) i s a c l o s e analog of 1,8-
c i n e o l e . I t i s a potent growth i n h i b i t o r w i th a c t i v i t y s i m i l a r to 

1,8-C ineole C inmethy l in 
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21. DUKE ET AL. Terpenoids from Artemisia as Potential Pesticides 323 

a r t e m i s i n i n (10). C inmethy l in appears to act by s topping ent ry o f 
c e l l s i n t o m i t o s i s (32) - the type of e f f e c t one would expect from a 
metabo l i c i n h i b i t o r . 

As d i scussed i n more d e t a i l below, the se squ i te rpeno id 
l ac tones are e s p e c i a l l y b i o l o g i c a l l y a c t i v e . Th i s sub ject has 
r e c e n t l y been reviewed comprehensively by F i s he r (33). 

Table II H e r b i c i d a l P r ope r t i e s o f Terpenoids o f Artemisia 

Terpenoid Cone. Assay E f f e c t Ref. 
(MM) (% i n h i b i t i o n ) 

Ach i l 1 i n 100 Root growth of cucumber 35 (24) 
A r t e m i s i n i n 33 Root growth of l e t t u c e , 

pigweed, pur s lane, and 
v e l v e t l e a f 

50 (10) 

Borneol 470 
s a t . a t . 

Lettuce seed germinat ion 50 (25) 470 
s a t . a t . Madia s a t i v a germinat ion 100 (26) 

Camphor 180 Lettuce seed germinat ion 50 (24) 
3.3 Radish seed germinat ion 50 (27) 

s a t . a t . Madia s a t i v a germinat ion 100 (26) 
s a t . a t . Root growth of ba r l ey 90 (28) 

1,8-Cineole 78 Radish seed germinat ion 50 (27) 
s a t . a t . Madia s a t i v a germinaton 100 (26) 
s a t . a t . Root growth of ba r l ey 25 (28) 

rj-Cymene 51 Radish seed germinat ion 50 (27) 
Limonene 45 Radish seed germinat ion 50 (27) 
Pinene 30 Radish seed germinat ion 50 (27) 
Pulegone 1.5 Radish seed germinat ion 50 (27) 
Terp inen -4 -o l 140 Lettuce seed germinat ion 50 (25) 

s a t . a t . Root growth of ba r l ey 45 (28) 
Thujone 22 Let tuce seed germinat ion 50 (25) 
V i s c i d u l i n - i C 100 Root growth of cucumber 30 (24) 

s a t . a t . = sa turated atmosphere 

I n s e c t i c i d a l and an t i f eedant compounds. A tremendous amount o f 
l i t e r a t u r e e x i s t s on the r o l e o f terpeno ids i n p l a n t - i n s e c t 
i n t e r a c t i o n s . The r o l e o f terpeno ids produced by p l an t epidermal 
glands and t r i chômes i n i n sec t r e s i s t a n c e was r e c e n t l y reviewed i n 
d e t a i l (34). The present review w i l l deal w i th on ly a few 
r ep re sen t a t i v e examples and those tha t r e l a t e most c l o s e l y to 
Artemisia t e rpeno id s . 

The most important group of i n s e c t i c i d e s de r i ved from natu ra l 
products are the p y r e t h r o i d s . This i n s e c t i c i d e c l a s s was de r i ved 
from the chemi s t r i e s of i n s e c t i c i d a l l y a c t i v e te rpeno ids from 
var ious Chrysanthemum spec ies (35). These compounds i n c l ude 
p y r e t h r i n s , c i n e r i n s , and j a smo l i n s . The genera 
Chrysanthemum and Artemisia are both members of the 
Compositae and the c a p i t a t e g l andu la r development i n the two genera 
are almost i d e n t i c a l (36). 

From the pauc i t y o f l i t e r a t u r e , very l i t t l e e f f o r t apparent ly 
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324 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

has been made to screen Artemisia f o r i n s e c t i c i d e s and 
i n s e c t a n t i f eedan t s . Chemical e x t r a c t s o f A. cana cause 
high mosquito l a r vae m o r t a l i t y i n ponds (37), however, the a c t i v e 
p r i n c i p l e has not been i d e n t i f i e d . 

Ch l o r i na ted camphor (toxaphene) was used f o r a number of years 
as an i n s e c t i c i d e and at one t ime i t topped a l l o ther i n s e c t i c i d e s 
i n s a l e i n the U.S. (35) before i t s use was l i m i t e d by the 
Environmental P r o t e c t i o n Agency. Several s p e c i f i c forms of 
c h l o r i n a t e d camphor were found to be much more h i g h l y i n s e c t i c i d a l 
than others (38,39). The approach of ha logenat ing a t e rpeno i d , 
producing a mixture of many compounds, and then separa t ing and 
c h a r a c t e r i z i n g the a c t i v e p r i n c i p a l s cou ld be a v a l i d s t r a tegy f o r 
d i s c o v e r i n g new p e s t i c i d e s . 

Several terpeno ids found i n Artemisia have been 
a s soc i a ted w i th i n s e c t r e p e l l e n t or an t i f eedant a c t i v i t i e s o f p l an t 
e x t r a c t s . Numerous terpeno ids o f A. vulgaris were found to 
be mosquito r e p e l l e n t s (14). The most potent r e p e l l e n t was terpenen-
4 - o l . Several monoterpenoids found i n Artemisia, such 
as a-pinene (40), have i n s e c t r e p e l l e n t p r ope r t i e s toward 
other i n s e c t spec ie s . However, some of these more v o l a t i l e 
compounds a l so act as i n sec t a t t r a c t a n t s (41). Sesqu i terpeno ids are 
known f o r t h e i r b i t t e r t a s t e and, thus might be expected to act as 
a n t i f e e d a n t s . For i n s tance , the se squ i te rpeno id ca ryophy l lene has 
aphid r e p e l l e n t a c t i v i t y (42). The epoxide of ca ryophy l lene 
i n h i b i t s Heliothis virescens l a r vae growth by about 60% when 
incorpora ted at about 5 mM i n t h e i r d i e t (43). Several te rpeno ids 
of A. capillaris, i n c l u d i n g ca ryophy l l ene , ar -curcumine, 
bornyl a ce ta te , and γ- terp inene, had an t i f eedant a c t i v i t y 
aga ins t cabbage b u t t e r f l y l a r vae (44). 

A n t i m i c r o b i a l and an t i f unga l compounds. Saturated atmospheres o f 
many v o l a t i l e terpeno ids i n h i b i t fungal growth ( e . g . , Table 
I I I ) . V i r t u a l l y a l l pub l i shed s tud ie s of the an t i f unga l a c t i v i t i e s 

Table I I I An t i f unga l P r ope r t i e s of Terpenoids o f Artemisia 

Terpenoid Cone. Assay E f f e c t Ref. 
(% i n h i b i t i o n ) 

Carene s a t . a t . a Boletus va r iegatus growth 86 (45) 
C e r a t o c y t i s p i l i f e r a growth 64 (46) 

rj-Cymene s a t . a t . Trichoderma v i r i d a growth 90 (47) 
Limonene s a t . a t . Lenz i te s s a e p i a r i a growth 95 (47) 

B. va r iegatus growth 85 (45) 
T. v i r i d a growth 83 (47) 

Myrcene s a t . a t . C. p i l i f e r a growth 68 (46) 
T. v i r i d a growth 81 (47) 

Pinene s a t . a t . B. va r iegatus growth 86 (45) 
C. p i l i f e r a growth 72 (46) 
T. v i r i d a growth 84 (47) 

Terp ino lene s a t . a t . B. va r iegatus growth 77 (45) 
Rhizopogon roseo lus growth 65 (45) 

a s a t . a t . = sa tu ra ted atmosphere 
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21. DUKE ET AL. Terpenoids from Artemisia as Potential Pesticides 325 

of these compounds are on fungi that are saprophyt i c on wood o r , as 
pathogens or mycorhizae, i n f e c t woody p l an t s tha t produce the 
compounds. One might expect these compounds to be more e f f e c t i v e 
aga ins t fungal pathogens which d i d not coevolve w i th a host p l an t 
spec ies t ha t produces l a r ge amounts o f t e rpeno id s . 

Nemat ic ida l a c t i v i t y . Ex t r ac t s o f A. siversiana were 
repor ted to cause high m o r t a l i t y o f Meloidogyne incognita 
and Rotylenchulus reniformis (48). However, the a c t i v e 
p r i n c i p l e was not i d e n t i f i e d . 

A r t e m i s i n i n as an Example of a P o t e n t i a l P e s t i c i d e from Wormwood 

A r t e m i s i n i n i s a se squ i te rpeno id l ac tone endopcroxide (F igure 2) 
found i n high concent ra t ions i n annual wormwood (A. annua) 
(49). I t i s the a c t i v e p r i n c i p l e i n p repara t ions t ha t have long 
been used i n Chinese f o l k medicine as an a n t i m a l a r i a l drug (50). 
Now there i s great i n t e r e s t by pharmacologists i n us ing i t i n modern 
medic ine. Our l abo ra to r y (10) and another (51) r e c e n t l y found t h i s 
compound to be a potent p l an t growth i n h i b i t o r w i th p o t e n t i a l as a 
h e r b i c i d e . 

A r t e m i s i n i n reduced growth of the root of l e t t u c e and severa l 
weed spec ies by about 50% at 33 μΜ (Table I I ) . S i m i l a r 
r e s u l t s were obta ined by Stevens and M e r r i l l (52) on l e t t u c e root 
w i th severa l p l a n t - d e r i v e d se squ i te rpeno id l a c t one s . They found 80 
ppm (ca . 30 /xM) centaurepens in, r e p i n , and s o l s t i t i o l i d e to 
reduce growth of l e t t u c e root s by about 50%. A c r o p t i l i n was l e s s 
e f f e c t i v e as a growth i n h i b i t o r . They found subphytotox ic l e v e l s of 
these compounds to s t imu la te growth, whereas we found very low 
l e v e l s of a r t e m i s i n i n to s t imu l a te germinat ion . 

F i s che r and Quijano (53) found very l i t t l e e f f e c t o f 12 
se squ i te rpeno id l ac tones on germinat ion o f 12 p l an t s pec i e s . Few 
he rb i c i de s s i g n i f i c a n t l y i n f l uence germinat ion , whereas many of them 
i n h i b i t growth. Therefore, t h e i r r e s u l t s prov ide l i t t l e evidence of 
the p o t e n t i a l o f these compounds as h e r b i c i d e s . 

Our o b j e c t i v e s i n the o r i g i n a l work desc r ibed here were to 
f u r t h e r determine s t r u c t u r e - a c t i v i t y r e l a t i o n s h i p s f o r a r t e m i s i n i n 
analogues and to prov ide a d d i t i o n a l i n fo rmat ion on the mechanism of 
a c t i on of a r t e m i s i n i n as a phy to tox i n . 

M a t e r i a l s and Methods. The l e t t u c e seed l i ng b ioassay was conducted 
as before (10). High p u r i t y epimers of a r t e m i s i n i n e ther 
( a r tee the r ) were s yn thes i zed . A r tem i s i t ene and a r t e m i s i n i n 
degradat ion products were p u r i f i e d by HPLC. 

E f f e c t s of A r t ee the r s , A r t em i s i t ene , and Breakdown Products o f 
A r t e m i s i n i n on Lettuce Seed l ing Growth. Some a r t e m i s i n i n ethers are 
more a c t i v e aga ins t some s t r a i n s of Plasmodium falciparum 
than a r t e m i s i n i n (54). However, as a phytotox in aga ins t l e t t u c e , 
n e i t h e r the alpha nor the beta epimer of a r t ee the r ( F i g . 2) was more 
a c t i v e than a r t e m i s i n i n (F igure 3 ) . 

Many sesqu i terpeno ids from p lan t s have e i t h e r a ct-
methy lene-7- lactone moiety or a cyclopentenone group (33). 
E i t h e r o f these w i l l r e a d i l y r eac t w i th t h i o l groups to form a 
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326 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

0 
deoxyartemisinin 

F igure 2. S t r uc tu re s of a r t e m i s i n i n and r e l a t e d compounds t e s t ed 
f o r h e r b i c i d a l a c t i v i t y . 
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30 

25 

^ 20 
Ε 
£ 1 5 

_3 10 

• C o n t r o l 
A r t e m i s i n i n 
a - A r t e t h e r 

UJXl / S - A r t e t h e r 

R o o t H y p o c o t y l 

Figure 3. Comparison of the e f f e c t s of the two epimers of 
artemether w i th a r t e m i s i n i n on the growth of roots and 
hypocotyl s o f l e t t u c e . A l l chemicals were at 33 /zM. 
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328 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

cova lent l i n k a g e . I f the t h i o l group i s on an enzyme, t h i s r e a c t i o n 
cou ld i n h i b i t or i n a c t i v a t e the enzyme. T h e o r e t i c a l l y , a r e a c t i o n 
of the t h i o l group of f r ee c y s te i ne should remove the b i o l o g i c a l 
a c t i v i t y of such compounds. In f a c t , c y s t e i ne has been s u c c e s s f u l l y 
used to an t i do te the t o x i c e f f e c t s of sesqu i te rpeno ids on mammals 
(55). We te s ted the e f f e c t o f c y s te i ne on the phy t o t o x c i t y o f 
a r t e m i s i n i n . At 3.3 mM, i t complete ly prevented the growth-
i n h i b i t i n g e f f e c t o f 33 μΜ a r t e m i s i n i n ( F i g . 4). In 
experiments i n which the seeds were imbibed f o r one day in e i t h e r 
water, 3.3 mM c y s t e i n e , or 33 μΜ a r t e m i s i n i n and then 
t r a n s f e r r e d f o r two days to one of these three treatments (9 
d i f f e r e n t t rea tment s ) , i t was found t h a t : (1) a r t e m i s i n i n has l i t t l e 
e f f e c t on seed l i ng growth when admin is tered a f t e r a day of 
i m b i b i t i o n and germinat ion without the presence of a r t e m i s i n i n ; (2) 
the seeds must be i n the presence of a r t e m i s i n i n f o r more than one 
day i n order f o r s i g n i f i c a n t i n h i b i t i o n of hypocotyl growth to 
occur ; and (3) c y s te i ne has l i t t l e e f f e c t on the i n h i b i t o r y e f f e c t 
o f a r t e m i s i n i n when app l i ed a f t e r the a r t e m i s i n i n ( F i g . 5 ) . 

These data i nd i c a t ed that c y s te i ne might act d i r e c t l y w i th 
a r t e m i s i n i n . Two p o s s i b i l i t i e s f o r a d i r e c t i n t e r a c t i o n were 
examined. The f i r s t was tha t the p h y t o t o x i c i t y of a r t e m i s i n i n might 
be due to contaminat ing a r t em i s i t ene , which has the a -
methy lene-7- lactone moiety. A r temi s i t ene i s a na tu ra l 
c o n s t i t u e n t o f A. annua w i th 4 to 5 f o l d l e s s a c t i v i t y 
aga ins t Plasmodium than a r t e m i s i n i n (56). We found 
a r t em i s i t ene and a r t e m i s i n i n to have v i r t u a l l y the same growth-
i n h i b i t i n g a c t i v i t i e s (data not shown). Thus, the e f f e c t s of our 
a r t e m i s i n i n p reparat ions on p lant growth were not due to 
contaminat ion w i th h i gh l y a c t i v e a r t em i s i t ene . 

The second p o s s i b i l i t y i s that the endoperoxide of a r t e m i s i n i n 
i s reduced to the epoxide (deoxyartemis in in ) by c y s t e i n e . We te s ted 
the p h y t o t o x i c i t y of deoxyar temis in in and four thermal degradat ion 
products of a r t e m i s i n i n . At 50 μΜ, only one degradat ion 
product (an unknown) had any a c t i v i t y and i t s a c t i v i t y was no 
g rea te r than tha t of a r t e m i s i n i n (data not shown). These data 
suggest that the a c t i v i t y of a r t e m i s i n i n i s l o s t by decompos i t ion. 
A r t e m i s i n i n can the rma l l y degrade i n s o l u t i o n (57). However, GC/MS 
a n a l y s i s o f 33 μΜ a r t e m i s i n i n at 25°C f o r 5 days 
revea led tha t no degradat ion took p l a ce . Furthermore, i n c l u s i o n o f 
3.3 mM cy s t e i ne had no e f f e c t on a r t e m i s i n i n concent ra t i on dur ing 
the 5 day p e r i o d . Therefore, the reduc t i on of a r t e m i s i n i n a c t i v i t y 
by c y s t e i ne i s not due to reduct ion of the endoperoxide to form 
deoxyar temi s in in and the mode of a c t i on of a r t e m i s i n i n i s u n l i k e l y 
to have anything to do w i th d i r e c t i n t e r a c t i o n s w i th s u l f h y d r y l 
groups o f p r o t e i n s . 

To summarize, our recent s tud ies have found equal or l e s s 
phy to tox i c a c t i v i t y w i th a - or 0 - a r t e e t h e r s , 
a r t e m i s i t e n e , or the thermal decomposit ion products o f a r t e m i s i n i n 
than w i th a r t e m i s i n i n . Furthermore, these r e s u l t s conf i rm e a r l i e r 
s t r u c t u r e - a c t i v i t y conc lus ions (10), tha t the endoperoxide i s a 
requirement f o r p h y t o t o x i c i t y . 

Cons idera t ions i n Development of Terpenoids as P e s t i c i d e s . 

As d i scussed i n d e t a i l p r e v i ou s l y (1,2,58) , the development o f a 
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0 0.1 1.0 10.0 
Cysteine (mM) 

0 0.1 1.0 10.0 
Cysteine (mM) 

F igure 4. E f f e c t s of d i f f e r e n t concent ra t ions o f c y s t e i ne on the 
g r o w t h - i n h i b i t i n g e f f e c t s of 33 μΜ a r t e m i s i n i n on growth 
of l e t t u c e seed l ings a f t e r 3 days. The l e t t u c e seeds were 
germinated f o r 3 days i n s o l u t i on s con ta i n i ng a r t e m i s i n i n w i th 
or wi thout c y s t e i n e . 
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DAY 1 D A Y S 2 & 3 

^ C O N T R O L ( H 2 0 ) 
CONTROL ( Η 2 θ ) - * - 3 3 μ Μ ARTEMISININ 

"^3.3 mM CYSTEINE 

^ C O N T R O L ( H 2 0 ) 
33 μ Μ ARTEMISININ - • 3 3 μ Μ ARTEMISININ 

"^3.3 mM CYSTEINE 

^ C O N T R O L ( H 2 0 ) 
3.3 mM CYSTEINE -*-33μΜ ARTEMISININ 

*^3.3 mM CYSTEINE 

R o o t • Control 
ES Artemisinin 
• • Cysteine 

Control- Artemisinin- Cysteine-

F igure 5. E f f e c t s of imbib ing l e t t u c e seeds f o r 1 day in water, 
33 /xM a r t e m i s i n i n , or 3.3 mM cy s te i ne and then 
t r a n s f e r r i n g to one of these treatments f o r 2 days of subsequent 
growth (see i n se t f o r experimental de s i gn ) . 
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21. DUKE ET AL. Terpenoids from Artemisia as Potential Pesticides 331 

p e s t i c i d e from a natura l product i s a tremendously compl icated 
venture. As w i th any p e s t i c i d e , the e f f i c a c y , s e l e c t i v i t y , 
p o t e n t i a l market n i che , and environmental p r ope r t i e s must be 
cons idered. For i n s tance , one con s i de ra t i on i s the s t a b i l i t y and 
pe r s i s t ence of a p o t e n t i a l p e s t i c i d e i n the environment. I t must 
p e r s i s t long enough to be e f f e c t i v e but not so long tha t i t causes 
long term res idue problems. Pieman (59) r e c e n t l y found tha t the 
se squ i te rpeno id l ac tone i s o a l an t o l a c t one disappeared from s o i l i n 90 
days. I t s i n i t i a l r a t e of disappearance was g rea te r i n organ ic than 
i n mineral s o i l s . Th i s type of e va l ua t i on does not d i f f e r between 
s y n t h e t i c and natu ra l p roduct -der i ved compounds. 

With na tu ra l products , however, the beginning phase and the 
f i n a l phases of development are more compl icated than t r a d i t i o n a l 
p e s t i c i d e d i s covery s t r a t e g i e s . In s y n t h e t i c p e s t i c i d e d i s cove ry 
programs, there i s r e l a t i v e l y l i t t l e problem i n conduct ing s t r u c t u r e -
a c t i v i t y s t u d i e s . However, s t r u c t u r e determinat ion of a na tu ra l 
product can be a d i f f i c u l t task and chemical s ynthes i s o f the 
na tu ra l product and i t s analogues can be a major under tak ing . 
Extremely small y i e l d s o f ten make microbioassays d e s i r a b l e . 

L a te r , the cost of chemical s ynthes i s o f a na tu ra l product 
w i th otherwise commercia l ly a t t r a c t i v e fea tu re s may be p r o h i b i t i v e . 
However, b i o s yn the s i s may be a reasonable a l t e r n a t i v e . One 
b i o s y n t h e t i c a l l y de r i ved h e r b i c i d e , the m i c r ob i a l product b ia lophos , 
has a l ready been marketed (2 ) . With a p l an t product, such as a 
t e rpeno i d , b i o s yn the s i s o f the compound by i n t a c t p l an t s i n the 
f i e l d or greenhouse i s h i gh l y u n l i k e l y to be a v i a b l e method of 
p roduct ion unless the compound i s h i gh l y e f f i c a ceou s at low 
a p p l i c a t i o n r a te s and the product ion can be manipulated g e n e t i c a l l y 
or w i th growth r e g u l a t o r s . The product ion of te rpeno ids can o f ten 
be d r a m a t i c a l l y increased by c e r t a i n types of s t r e s s . For i n s t ance , 
s ub le tha l l e v e l s of the he rb i c i de a c i f l u o r f e n induce g r e a t l y 
increased b i o s yn the s i s of c e r t a i n terpeno ids i n h igher p l an t s (60). 
Growth r egu l a to r s are being explored to increase product ion of 
a r t e m i s i n i n by A. annua. Daminozide and chlormequat had 
l i t t l e or no e f f e c t on product ion (61), whereas a c i f l u o r f e n 
increased product ion by at l e a s t twofo ld (62). 

An a l t e r n a t i v e to f i e l d product ion of the compound i s 
p roduct ion w i th t i s s u e c u l t u r e or c e l l c u l t u r e s . Recent 
advancements i n enhancing product ion of secondary p l an t products i n 
p l an t t i s s u e c u l t u r e s and immobi l ized p l an t c e l l systems might be 
employed to make t h i s cho ice v i a b l e . A l ready , e f f o r t s are being 
made to enhance product ion of a r t e m i s i n i n i n A. annua shoot 
c u l t u r e s (63). In these s t ud i e s , s t e r o l s ynthes i s i n h i b i t o r s 
g r e a t l y increased synthes i s of a r t e m i s i n i n . Advancements i n 
b iotechnology and molecu lar b io logy may t i p the balance toward 
b i o s yn the s i s o f usefu l natura l products i n t i s s u e or c e l l c u l t u r e s . 

Conclus ions 

Pharmacognosy has recognized the tremendous p o t e n t i a l o f the 
terpeno ids o f the genus Artemisia as a source of new 
pharmaceut ica l s . The b i o l o g i c a l a c t i v i t y o f these compounds i s not 
r e s t r i c t e d to mammalian pathogens and, thus , i s a l s o a v i r t u a l l y 
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332 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

untapped reservoir of potential pesticides and chemical bases for 
new pesticides. Two pesticides, chlorinated camphene and 
cinmethylin, have been developed from two of the simpler terpenes 
occuring in Artemisia as well as many other plant species. 
The biological activity of the large numbers of sesquiterpenoids of 
Artemisia indicate that they may be a lucrative source of 
pesticides. Synthesis of analogues and structure activity studies 
with these compounds might expand their potential usefulness. 
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Chapter 22 

Chemistry and Biological Activity 
of Acylnornicotines from Nicotiana repandae 

R. F. Severson1, R. F. Arrendale1, Horace G. Cutler1, 
D. Jones2, V. A. Sisson3, and M. G. Stephenson4 

1Richard B. Russell Research Center, Agricultural Research Service, 
U.S. Department of Agriculture, Athens, GA 30613 

2Department of Entomology, University of Kentucky, Lexington, KY 40546 
3Crops Research Laboratory, Agricultural Research Service, 

U.S. Department of Agriculture, Oxford, NC 27565 
4Coastal Plain Experiment Station, Agricultural Research Service, 

U.S. Department of Agriculture, Tifton, GA 31793 

The Nicotiana species, N. repanda, Ν. stocktonii, and 
N. nesophila, produce cuticular components that are 
toxic to tobacco hornworms [Manduca sexta(L.)]. 
Analyses of the methylene chloride extract of the leaf 
surface components showed that the major constituents 
were the duvatrienediols, hydrocarbons, and a series 
of hydroxyacylnornicotines (HOacylNN), containing 
3-hydroxy-aliphatic acid moieties (C 1 3 -C 1 5 ) , with 
normal, iso-, and anteiso-methyl-branched chains. The 
major HOacylNN was 1'-(3-hydroxy-l2-methyltri
decanoyl)nornicotine. A series of C 1 2 -C 1 3 normal and 
methyl-branched chain acylnornicotines (acylNN) were 
also identified as minor components. The 
HOacylNN-acylNN fraction was isolated from the 
methylene chloride cuticular extract by solvent 
partitioning and Sephadex LH-20/CHCl3 column 
chromatography. The HOacylNN isomers were isolated by 
preparative reverse-phase HPLC. The HOacylNN-acylNN 
fraction was toxic to tobacco hornworms, decreased the 
growth of wheat coleoptiles, and had antibiotic 
activity. 

Many of the genus Nicotiana species have l e a f trichomes that produce 
components w i t h a wide range of b i o l o g i c a l a c t i v i t i e s ( 1 - 1 0 ) . 
Goodspeed (1JL) c l a s s i f i e d N i c o t i a n a l e a f t r i c h o m e s i n t o f i v e 
c a t e g o r i e s — simple ( F i g u r e 1 ) , branched, glandular-headed (Figure 
2 ) , those w i t h s p e c i a l i z e d c e l l s , and hydathodes. The g l a n d e d 
t r i c h o m e s may produce o b s e r v a b l e exudates (Figure 3 ) , which along 
w i t h n o n - t r i c h o m e - p r o d u c e d c u t i c u l a r c o m p o n e n t s c a n be 

0097-6156/88/0380-0335$08.00/0 
0 1988 American Chemical Society 
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336 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Figure 1. E l e c t r o n micrograph of simple trichome. 

q u a n t i t a t i v e l y e x t r a c t e d by d i p p i n g the l e a v e s i n t o methylene 
c h l o r i d e . These extracts can be q u a n t i f i e d by g l a s s c a p i l l a r y gas 
chromatography (GC-2) ( 12_). The c u t i c u l a r extracts of a l l Nicotiana 
s p e c i e s c o n t a i n a homologous s e r i e s of non-trichome-produced 
sa t u r a t e d hydrocarbons (generally C25-C36) with normal, i s o - , and/or 
a n t e i s o - b r a n c h e d isomers ( F i g u r e 4) ( 1 ,12-14). The trichome 
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22. SEVERSON ET AL. Acylnornicotines from N. repandae 337 

F i g u r e 2. E l e c t r o n m i c r o g r a p h o f g l a n d e d t r i c h o m e . 
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338 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Figure 3 . E l e c t r o n micrograph of glanded trichome with 
exudates. 
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N o r m a l ( η ) 

Iso ( i ) 

A n t e i s o ( a ) m 

Duvanes 

oc + β - 4 , 8 , 1 3 - D u v a t r i e n e - 1 , 3 - d i o l s 

Acylnornicotines 

- C O - Η Formy INN 

-CO-CH3 A c e t y I N N 

O H 

- C O - C H 2 - C H - C H 2 - R 3 - O H A c y l N N 

1 2 3 

- C O - C H 2 C H 2 C H 2 R A c y I N N 

Hydrocarbons 

Figure 4. Major c u t i c u l a r components of Nicotiana section 
Repandae· 
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340 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

exudates may contain duvane diterpenes, labdane diterpenes, sucrose 
and glucose e s t e r s , and/or a homologous s e r i e s of f a t t y a l c o h o l s 
and/or wax e s t e r s (1,2,13). Many of these compounds i n h i b i t the 
growth of e t i o l a t e d wheat c o l e o p t i l e s (1,2,7-9) and have a n t i b i o t i c 
( 1 , 2 , 9 ) and f u n g i t o x i c (6_) p r o p e r t i e s . Among t h e s e , t h e 
d u v a t r i e n e d i o l s ( F i g u r e 4) are potent o v i p o s i t i o n a l stimulants f o r 
the tobacco budworm [ H e l i o t h i s v i r e s c e n s ( F . ) ] (10). 

In 1970, T h u r s t o n and c o w o r k e r s (15) r e p o r t e d t h a t the 
N i c o t i a n a species of the sect i o n Repandae (N. nesophila, N,. repanda, 
and N. s t o c k t o n i i ) were r e s i s t a n t to tobacco hornworm [Manduca sexta 
( L . ) ] damage. They postulated that i t was due to t o x i c compounds i n 
the trichome exudates. This was confirmed by Jones et_ al_. (16) and 
Huesing and Jones ( 17 ) . We have r e c e n t l y i s o l a t e d a f r a c t i o n from 
the c u t i c u l a r e x t r a c t s of Repandae, which contains of a ser i e s of 
Cl2~fJl3 a c y l n o r n i c o t i n e s (acylNN) and Ci2""0l6 3-hydroxyacylnornico-
t i n e s (HOacylNN) and have shown that t h i s f r a c t i o n i s h i g h l y t o x i c 
to the tobacco hornworm (18,19). Zado and Jones (20) demonstrated 
t h a t the t e r m i n a l b i o s y n t h e s i s of these compounds occurs i n the 
t r i c h o m e s . In t h i s r e p o r t we w i l l d i s c u s s our m e t h o d o l o g y t o 
i s o l a t e , c h a r a c t e r i z e , and q u a n t i f y t hese compounds and t h e i r 
i n s e c t i c i d a l , a n t i b i o t i c , and plant growth re g u l a t i n g a c t i v i t y . 

M a t e r i a l s and Methods 

The t h r e e Repandae s p e c i e s were grown under c o n d i t i o n s used f o r 
flue-cured tobacco at the Tobacco Research Laboratory, Oxford, N o r t h 
C a r o l i n a and at the U n i v e r s i t y of Georgia Coastal P l a i n Experiment 
S t a t i o n , Bowen Farm, T i f t o n , G e o r g i a . When p l a n t s were i n 
f u l l - f l o w e r , young l e a v e s (about 30 g) were extracted by dipping 
into methylene c h l o r i d e , contained i n 8-oz wide-mouth b o t t l e s , as 
d e s c r i b e d by Severson et_ a_l. ( 12) . L e a f a r e a was measured by a 
L i - C o r M o d e l LI-3000 a r e a meter. A f t e r s o l v e n t removal under 
nitrogen, the components i n the c u t i c u l a r extract were t r e a t e d w i t h 
a 1:1 m i x t u r e o f Ν , 0 - b i s ( t r i m e t h y I s i l y 1 ) t r i f l u o r o a c e t a m i d e 
(BSTFA)-dimethylformamide (DMF) fo r 30 min at 76°C to d e r i v a t i z e the 
h y d r o x y l a t e d components to t r i m e t h y 1 s i l y 1 (TMS) e t h e r s . The 
c u t i c u l a r c o m p o n e n t s were t h e n a n a l y z e d by c a p i l l a r y gas 
chromatography (GC-2) on a 0.3 mm i . d . χ 25 m t h i n f i l m (about 0.1 
ym) SE-54 f u s e d s i l i c a column (21) . GC c o n d i t i o n s were: oven 
temperature program of 150-182°C at 8°/min. 182-198°C at 4°/min, 
198-280°C at 3°/min, and 5 min h o l d at 280 0C, 35 cm/sec H 2 flow 
r a t e , 100 mL/min s p l i t , i n j e c t i o n port temperature 250 C and flame 
i o n i z a t i o n detector temperature, 310 C. (See Figure 5 f o r r e s u l t i n g 
GC-2 chromatograms o f c u t i c u l a r e x t r a c t s o f N. repanda, N. 
s to c k t o n i i . and 11. n e s o p h i l a . ) L a r g e r q u a n t i t i e s of c u t i c u l a r 
e x t r a c t s , needed f o r i s o l a t i o n and c h a r a c t e r i z a t i o n studies, were 
obtained by dipping whole p l a n t tops i n t o methylene c h l o r i d e , as 
d e s c r i b e d p r e v i o u s l y (5,). The i s o l a t i o n scheme used to obtain a 
HOacyINN-acyINN i s o l a t e i s shown i n Figure 6. About 4 kg of whole, 
green plant m a t e r i a l y i e l d e d a methylene c h l o r i d e c u t i c u l a r e x t r a c t 
r e s i d u e of about 2.0 g, which was p a r t i t i o n e d between 150 mL each of 
hexane and 80% MeOH-H20. The MeOH-H20 f r a c t i o n was washed with 50 
mL hexane and the combined hexane extracts were e x t r a c t e d w i t h 80% 
Me0H-H2fJ (2 χ 50 mL) . The MeOH-^O e x t r a c t s were combined and 
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22. SEVERSONETAL. Acylnornicotines from N. repandae 341 

Figure 5. Gas chromatograms of the s i l y l a t e d c u t i c u l a r 
components of Nicotiana s e c t i o n Repandae. (Peak i d e n t i f i c a t i o n s 
given i n Table I.) 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

02
2



342 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

REPANDAE CUTICULAR EXTRACT 
(2.0 g, N. repanda) 

I 
I Hexane-80% MeOH-H20 
I 

I I 
I Hexane Solubles I 80% MeOH-H20 Solubles 
I I D Volume Reduction 

Hydrocarbons I 2) D i e t h y l Ether 

I I 
I Water Solubles I Ether Solubles 
I I (1.3 g) 

I 
N. A l k a l o i d s 

Formyl- and AcetylNN 
C12-C16 HOAcylNN 

c12" c13 AcylNN 
Duvatrienediols 

Sephadex LH-20/ 
CHCI3 
5-mL Fractions 

I I 
I F r a c t i o n I F r a c t i o n 
I 23-29 I 31-36 
I (0.81 g) I 

AcylNN FormylNN 
HOAcylNN AcetylNN 

Figure 6. Scheme f o r the i s o l a t i o n of the acylNN-HOacylNN from 
the c u t i c u l a r extract of Nicotiana s e c t i o n Repandae. 
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22. SEVERSON ET AL. Acylnornicotines from N. repandae 343 

reduced to about 75 mL on a roto-evaporator. D i s t i l l e d H2O (50 mL) 
was added and the residue was extracted with 150 mL of d i e t h y l e t h e r 
( c o n t a i n i n g 2% EtOH). A f t e r washing with H2O (3 χ 75 mL) and drying 
over Na2S04, the ether solubles from the MeOH-H20 extract were taken 
to dryness (about 1.3 g ) , dissolve d i n 2 mL of CHCI3 (0-75% EtOH), 
and chromatographed on Sephadex LH-20 (two 109 cm χ 1.25 cm i . d . 
Chromatronix columns i n s e r i e s , CHCI3 flow at 2 mL/min). E l u t i o n 
was monitored by UV a b s o r p t i o n at 254 nm and 5-mL f r a c t i o n s were 
c o l l e c t e d . F r a c t i o n s 23-29 were combined to y i e l d 810 mg of 
acylNN-HOacylNN i s o l a t e (98+% by GC-2, see Figure 7 f o r i s o l a t e GC-2 
p r o f i l e s ) . 

The Ci2> c13> and C14 homologs of the HOacylNN were i s o l a t e d 
u s i n g low p r e s s u r e reverse-phase Cjg l i q u i d chromatography. About 
200 mg of the LH-20 Fractions 23-29 (acy1NN-H0acyINN i s o l a t e from N. 
n e s o p h i l a ) . d i s s o l v e d i n 1 mL of a c e t o n i t r i l e , were chromatographed 
on a reverse-phase C13 column (109 cm χ 1.25 cm Chromatronix column; 
100 cm bed of C^ 3 p a c k i n g from Prep-Pak 500, Waters A s s o c i a t e s ) , 
f o l l o w i n g a s o l v e n t g r a d i e n t o f 1:1 a c e t o n i t r i l e :H20 to 9:1 
a c e t o n i t r i l e : H 2 0 over 6 hr at 2 mL/min. E l u t i o n was monitored at 
254 nm and 5-mL f r a c t i o n s were c o l l e c t e d ( F i g u r e 8 ) . F r a c t i o n s of 
s i m i l a r c o m p o s i t i o n , as d e t e r m i n e d by GC-2, were combined, 
a c e t o n i t r i l e removed, and residue extracted with methylene c h l o r i d e 
to y i e l d : F r a c t i o n s 48-57 , 12 mg of ^"HOacylNN (90%); F r a c t i o n s 
62-67 , 8 mg o f C 1 3 - H O a c y l N N (85+%); F r a c t i o n 69-72, 35 mg of 
C 14-H0acylNN (97+%, 96% iso-C^-HOacylNN) ; and F r a c t i o n 73-88, 103 
mg o f C i 4 - H 0 a c y l N N ( 9 9 + % ) . The rechromatography of combined 
f r a c t i o n s from N. n e s o p h i l a y i e l d e d s t i l l more r e f i n e d i s o l a t e s ; 
GC-2 p r o f i l e s are shown i n F i g u r e 9. These f r a c t i o n s were tested 
f o r b i o l o g i c a l a c t i v i t y and were used to prepare HOacylNN e s t e r s . 

The ( C2 ) a c e t y l - , ( C 4 ) b u t a n o y l - , (C$) h e x a n o y l - , (C3) 
o c t a n o y l - , ( C I Q ) decanoyl-, (C12) dodecanoyl-, (C14) tetradecanoyl-, 
and ( C j 6 ) hexadecanoy 1 - a c y l n o r n i c o t i n e s were prepared by re a c t i n g 
the corresponding a c i d c h l o r i d e with no r n i c o t i n e (NN) i s o l a t e d from 
f l u e - c u r e d N. tabacum v a r i e t y TI 1112. About t w i c e the molar 
e q u i v a l e n t of the a c i d c h l o r i d e was added to 30 mg of NN i n 0.5 mL 
each of CHCI3 and p y r i d i n e , i n a 8-mL screw cap t e s t tube, cooled i n 
an i c e bath. When the a d d i t i o n was complete, the mixture was heated 
f o r 15 min at 40 C, poured in t o a separatory funnel which contained 
25 mL of saturated Na2C03, and extracted with 1:1 ether:benzene (3 χ 
25 mL) (CHCI3 f ° r c2" c6 compounds). The organic extract was washed 
w i t h H2O u n t i l n e u t r a l , reduced i n volume, and the acy INN f r a c t i o n 
was i s o l a t e d by low pressure reverse-phase (43 as described above. 
The 3-acetate, benzoate, and 3,5-dinitrobenzoate d e r i v a t i v e s of the 
iso - C i 4-H0acyINN were pr e p a r e d and i s o l a t e d as above. Component 
p u r i t y was determined by GC-2, high-pressure l i q u i d chromatography, 
and mass spectrometry (22). 

The acy1NN-H0acyINN Sephadex LH-20 i s o l a t e , i-C^-HOacylNN, and 
Cj4-acylNN were b i o a s s a y e d by t o p i c a l a p p l i c a t i o n on f i r s t i n s t a r 
t obacco hornworm l a r v a e . The HOacylNN i s o l a t e s , i-C^-HOacylNN 
esters and synthetic acylNN were b i o a s s a y e d u s i n g e t i o l a t e d wheat 
c o l e o p t i l e and gram p o s i t i v e b a c t e r i a [B.. s u b t i l i s (+), 15. cereus 
( + ) , and M. thermosphactum (+), and gram n e g a t i v e b a c t e r i a , ]S. 
c l o a c a e ( - ) ] . Wheat seedlings ( T r i t i c u m aestivwas L., cv Wakeland) 
were grown i n the dark f o r f o u r days on moist sand at 22 C, then 
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344 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Figure 7. C a p i l l a r y gas chromâtograms of the s i l y l a t e d 
acylNN-HOacylNN i s o l a t e s from Nicotiana s e c t i o n Repandae. 
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346 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

i +n -C 1 2 HOAcy l NN 

Isolate (96+%) 

1 

CO ζ 
ο 
û_ 
CO 
LU 
CC 

DC 
Ο 

1 

l , a+n -C 1 3 HOAcy l NN 

Isolate (96+%) 

L 
i - C 1 4 HOAcy l NN 

Isolate (98+%) 

TIME (MIN) 

Figure 9 . C a p i l l a r y gas chromatogram of the s i l y l a t e d C13 
reverse-phase HOacylNN i s o l a t e s from N. nesophila. 
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22. SEVERSON ET AL. Acylnornicotines from N. repandae 347 

h a r v e s t e d . The a p i c a l 2 mm were discarded and the next 4 mm were 
cut and r e t a i n e d f o r bioassay (23). Ten 4-mm sections were placed 
i n t o t e s t tubes c o n t a i n i n g d i l u t i o n s of the compounds to be tested 
a t 1 0 ~ 3 , 1 0 ~ 4 , 1 0 " 5 and Ι Ο " 6 M f o r m u l a t e d i n acetone and 2% 
sucrose-phosphate c i t r a t e b u f f e r (8) . Assays were incubated f o r 18 
hours at 22 C i n the dark i n a r o l l e r tube apparatus (0.25 cpm). 
C o l e o p t i l e sections were placed into a photographic enlarger to g i v e 
a 3X image, and the l e n g t h of each c o l e o p t i l e was recorded. A l l 
assays were d u p l i c a t e d and the da t a were s t a t i s t i c a l l y analyzed 
(2A) . F o r b a c t e r i a l a s s a y s , b a c t e r i a were h e a v i l y seeded on 
DS T - O x o i d a g a r and 4-mm dia m e t e r d i s c s , impregnated w i t h the 
compound to be tested at 50, 250, and 500 ug per d i s c , were p l a c e d 
on t h e a g a r . P l a t e s were i n c u b a t e d at 37 C o v e r n i g h t and the 
diameter of the growth i n h i b i t i o n zone was measured. 

Results and Discussion 

E x t r a c t i o n and Q u a n t i t a t i o n of Acylated Nornicotine 

The c u t i c u l a r components of the N i c o t i a n a species i n the s e c t i o n 
Repandae are r e a d i l y extracted by dipping the f r e s h green l e a f into 
methylene c h l o r i d e . A f t e r removal of the e x t r a c t i o n s o l v e n t and 
conversion of hydroxylated components to s i l y l ethers, the c u t i c u l a r 
components can be s e p a r a t e d and q u a n t i t a t e d by c a p i l l a r y gas 
chromatography. The r e s u l t i n g chromatograms of N. repanda, N. 
ne s o p h i l a , and 11. s t o c k t o n i i are shown i n Figure 5 and i d e n t i f i e d i n 
T a b l e I . E x t r a c t i o n e f f i c i e n c y f o r the major c u t i c u l a r components 
of the Repandae i s given i n Table II and t h e i r l e v e l s are g i v e n i n 
Tab l e I I I . C o n s i s t e n t w i t h p r e v i o u s d a t a , the trichome-produced 
components, the HOacylNN and d u v a t r i e n e d i o l s , are more e f f i c i e n t l y 
e x t r a c t e d than the true, waxy leaf surface components (the a l i p h a t i c 
h y d r o c a r b o n s ) (12) . Ν. repanda produced the h i g h e s t l e v e l s of 
acylNN and HOacylNN components. S i m i l a r l e v e l s of t y p i c a l N icotiana 
hydrocarbons were found i n a l l s p e c i e s and N. s t o c k t o n i i had the 
h i g h e s t l e v e l s o f t h e d u v a t r i e n e d i o l s , t h e t o b a c c o budworm 
o v i p o s i t i o n a l stimulants ( 5 ,10 ) . 

F r a c t i o n a t i o n and C h a r a c t e r i z a t i o n of C u t i c u l a r Components 

As shown i n Figure 6, the Repandae c u t i c u l a r extracts were separated 
into p o l a r i t y c l a s s e s by s o l v e n t p a r t i t i o n i n g between hexane and 
80%MeOH-H20. The t y p i c a l C25-C35 Nicotiana hydrocarbons (1,5,10) 
were the major c o n s t i t u e n t s of the hexane f r a c t i o n (greater than 
97+% by GC - 2 ) . Major components i n the MeOH-H20 soluble f r a c t i o n 
were the acyl-HOacylNN. The Nicotiana a l k a l o i d s ( n i c o t i n e , nornico
t i n e , a n a b asine, a n a t a b i n e ) and C\ and C2 acylNN, formylNN and 
acetylNN, and d u v a t r i e n e d i o l s , were minor constituents i n the p o l a r 
f r a c t i o n and were r e a d i l y c h a r a c t e r i z e d by GC-2/MS and GC-2 
r e t e n t i o n data (12.25,28). 

The m u l t i c o m p o n e n t MeOH-H20 s o l u b l e f r a c t i o n was f u r t h e r 
f r a c t i o n a t e d by Sephadex LH-20 chromatography, which r e s o l v e d the 
major acy 1NN-H0acyINN f r a c t i o n from duvatrienediols and the normal 
n i c o t i n e a l k a l o i d s , a l o n g w i t h formylNN and a c e t y l N N . The GC-2 
chromatograms of the r e s u l t i n g acylNN-HOacylNN i s o l a t e s are shown i n 
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348 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Table I. Major Components i n the Cuticulae of N. Section Repandae 

Peak 
No. Component 

1 a-4,8,13-Duvatriene-l,4-diol ( a - d i o l ) 
2 3-4,8,13-Duvatriene-l,4-diol (ρ-diol) 
3 1 '-(lO-Methylhendecanoyl)nornicotine (1-C12-NN) 
4 Dodecanoylnornicotine (n-Cj^-NN) 
5 l'-(3-Hydroxy-10-methylhendecanoyl)nornicotine (i-C^-HONN) 
6 1'-(ll-Methyldodecanoyl)nornicotine (i-Cj^-NN) 
7 l'-(10-Methyldodecanoyl)nornicotine (a-C^-NN) 
8 Nonacosane (n-C29) 
9 l'-(3-Hydroxydodecanoyl)nornicotine (n-Cj^-HONN) 

10 Tridecanoylnornicotine (n-C^-NN) 
11 l'-(3-Hydroxy-ll-methyldodecanoyl)nornicotine (1-C13-HONN) 
12 3-Methylnonacosane (a-C3Q) 
13 1'-(3-Hydroxy-10-methyldodecanoyl)nornicotine (a-Ci3~H0NN) 
14 Triacontane (n-C3Q) 
15 l'-(3-Hydroxytridecanoyl)nornicotine (n-C^-HONN) 
16 2-Methyltriacontane (1-C31) 
17 l'-(3-Hydroxy-12-methyltridecanoyl)nornicotine (1-C14-HONN) 
18 Hentriacontane (n-C3i) 
19 1'-(3-Hydroxytetradecanoyl)nornicotine (n-Cj4-H0NN) 
20 l'-(3-Hydroxy-13-methyltetradecanoyl)nornicotine (i-C^-HONN) 
21 3-Methylhentriacontane (a-C32) 
22 l'-(3-Hydroxy-12-methyltetradecanoyl)nornicotine (a-Ci5"H0NN) 
23 Dotriacontane (n-C32) 
24 l'-(3-Hydroxypentadecanoyl)nornicotine (n-C^-HONN) 
25 2-Methyldotriacontane (1-C33) 
26 1'-(3-Hydroxy-14-methylpentadecanoyl)nornicotine (î-C^g-HONN) 
27 T r i t r i a c o n t a n e (n-C33> 
28 l'-(3-Hydroxyhexadecanoyl)nornicotine (n-C^g-HONN) 
29 3-Methyltritriacontane (a-C 3 4) 
30 Tetratriacontane (n-C34) 
31 2-Methyltetratriacontane (1-C35) 
32 Pentatriacontane (n-C35) 
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22. SEVERSON ET AL. Acylnornicotines from N. repandae 349 

Table I I . E f f i c i e n c y of C u t i c u l a r Component E x t r a c t i o n 
Procedure (N. s t o c k t o n i i ) 

Wash No. 

% Recovered a 

Wash No. Hydrocarbons HOacylNN 
Duvatriene

d i o l s 

1 94.7 99.0 100.0 
2 3.7 0.9 — 

3 1.6 0.1 —— 

aBased on t o t a l amount of mat e r i a l recovered i n three 
sequential methylene c h l o r i d e e x t r a c t i o n s . Average of 
three determinations. 

Table I I I . Comparison of Major Green Leaf C u t i c u l a r Component 
Levels of N. repanda, N. s t o c k t o n i i , and 

N. n e s o p h i l a a 

a - + 3 - D i o l b Acy1NN C HOAcylNN 0 Hydrocarbons 6 

yg/cm 2 yg/cm 2 yg/cm 2 yg/cm 2 

N. repanda 0.2 1.8 19.4 7.1 

N. s t o c k t o n i i 1.5 <0.1 12.0 9.0 

N. nesophila 0.4 0.1 10.8 6.9 

^Young le a f at onset of flower development, Oxford, NC, 1985. 
a- and 3-4,8,13-duvatriene-l,4-diol. 

c C l 2 - C l 3 a c y l n o r n i c o t i n e , c a l c u l a t e d assuming chromatographic 
response equal to triacontane. 
C12-C15 hydroxyacylnornicotines, c a l c u l a t e d assuming chromato
graphic response equal to triacontane. 

eC29~C34 hydrocarbons, c a l c u l a t e d assuming chromatographic 
equal to triacontane. 
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350 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

F i g u r e 7. These components are r e a d i l y c h a r a c t e r i z e d by MS and 
GC-2/MS. The mass s p e c t r u m o f t h e m a j o r HOacylNN i s o m e r , 
l-(3-hydroxy-12-methyltridecanoyl)nornicotine, i s shown i n Figure 10 
and the mass spectrum of i t s TMS d e r i v a t i v e i s shown i n F i g u r e 11. 
A l l HOacylNN homologs and t h e i r TMS d e r i v a t i v e s y i e l d major 
f r a g m e n t a t i o n ions at m/e 147 , 175, 189, and 190. Due t o t h e 
h y d r o x y l g r o u p on the 3-carbon of the a c i d moiety, an i n t e n s e 
3-cleavage ion i s observed at m/e 219 (291 f o r TMS). MS data can 
a l s o be used to determine i s o - and anteiso-methyl chain branching 
from normal isomers. For the i s o - m e t h y l branched c h a i n enhanced 
M-15, M-43 and M-H20 ( o r HOTMS), M-18-15, M-18-43, and m/e 43 ions 
are present. The mass spectrum of anteiso-methyl branched isomers 
show enhanced i o n s at M-15, M-29 and M-57, M-HOTMS-15, M-HOTMS-29, 
M-HOTMS-57, and m/e 57. In contrast, the normal-chain isomers y i e l d 
mass s p e c t r a l and g r o u p f r a g m e n t a t i o n t y p i c a l of n - a l k a n e s . 
F r a g m e n t a t i o n p a t t e r n s of each of the acylNN compounds c l e a r l y 
i n d i c a t e s the a c y l c h a i n length and end branching. The spectra of 
1 '-dodecanoylNN shows the presence of 12 carbons i n the c h a i n and 
t y p i c a l s t r a i g h t c h a i n a l k a n e f r a g m e n t a t i o n . In c o n t r a s t , the 
i s o - C i 2~isomer shows the e f f e c t of the t r i m e t h y l i s o p r o p y l group on 
the i n t e n s i t y of end group fragments of m/e 43 ion (Figure 12). The 
a n t e i s o - C i 3 - i s o m e r y i e l d s fragment ions at M-15, M-29 and M-57 and 
m/e 57 representative of sec-butyl end group (Figure 13). 

The c o m p o s i t i o n o f the acy 1NN-H0acyINN i s o l a t e s from the 
Repandae species i s given i n Table IV. The acylNN c o n s t i t u t e d about 
8% of the N. repanda i s o l a t e . A l l three species had s i m i l a r acylNN 
isomer d i s t r i b u t i o n and the Ci4-H0acylNN was the major component. 
For the HOacylNN s e r i e s , some d i f f e r e n c e s i n r e l a t i v e d i s t r i b u t i o n 
of homologs and isomers w i t h i n each carbon number were observed. 
Such d i f f e r e n c e s have been observed for two years i n f i e l d samples 
g r o w n i n G e o r g i a and N o r t h C a r o l i n a , i n d i c a t i n g t h a t t h e 
d i s t r i b u t i o n of acids used to form the acylated NN i s under g e n e t i c 
c o n t r o l (27). 

As shown i n F i g u r e 8, the HOacylNN homologs can be separated 
f o r o t h e r s t u d i e s by C13 reverse-phase chromatography i n s u f f i c i e n t 
q u a n t i t i e s to evaluate the e f f e c t of carbon number on b i o l o g i c a l 
a c t i v i t y . The h i g h l e v e l o f t h e 1SO-C14 compound p e r m i t t e d 
s e l e c t i v e i s o l a t i o n o f t h i s i s o m e r . F i g u r e 9 shows GC-2 
chromatograms of the C\2~9 Ο 1 3 - , and C^-homolog isomer mixtures 
from the acylNN-HOacyINN of N. n e s o p h i l a . In t h i s reverse phase 
system, the C12-C13 acylNN co-elute with the C15-C16 HOacylNN. This 
f a c t , along with the r e l a t i v e low l e v e l s of these compounds, makes 
t h e i r i s o l a t i o n d i f f i c u l t . 

B i o l o g i c a l A c t i v i t y of Acylated Nornicotine 

T o p i c a l a p p l i c a t i o n s of 200 yg of a combination of acylNN-HOacylNN 
i s o l a t e f r o m t h e t h r e e s p e c i e s p r o d u c e d 100% m o r t a l i t y t o 
f i r s t - i n s t a r tobacco hornworm w i t h i n 48 hrs (Table V). The 50 to 
100 yg a p p l i c a t i o n s produced 80% or greater m o r t a l i t y a f t e r 96 h r s . 
Even at the low l e v e l of 10 yg, 40% m o r t a l i t y was observed a f t e r 96 
h r s . In c o n t r a s t , the most t o x i c of the normal n i c o t i n e a l k a l o i d s 
(28) . n i c o t i n e , when a p p l i e d at the 500 yg l e v e l , produced only 7% 
m o r t a l i t y a f t e r 96 h r s . However, i n s i m i l a r t e s t s with tobacco 
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22. SEVERSON ET AL. Acylnornicotines from N. repandae 3 5 5 

Table IV. Composition of Acyl- and Hydroxyacylnornicotine 
Isolates from N. repanda. N. stocktonii. and 

N. nesophila 

% Distribution 
N. repanda N. stocktonii N. nesophila 

C12 Acyl 5.7 0.1 0.8 
i 54 52 49 
a 
n 46 48 51 

Ci3 Acyl 2.6 0.1 0.9 
i 5 — — 

a 91 100 100 
n 4 — — 

Cl2 HOacyl 2.4 0.4 8.7 
i 62 68 73 
a 
n 38 32 27 

Cl3 HOacyl 7.5 3.8 5.9 
i 28 58 60 
a 68 42 40 
n 4 — — 

Cl4 HOacyl 76.0 90.5 83.0 
i 87 86 86 
a 
n 13 14 14 

Cl5 HOacyl 5.9 4.8 1.1 
i 6 12 12 
a 93 88 88 
n 1 — — 

Ci6 HOacyl — 0.2 0.2 
i — 65 41 
a 
n — 35 56 

aCalculated assuming unitary chromatographic response. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

02
2



356 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Table V. Percent M o r t a l i t y of M. sexta Larvae a following 
A p p l i c a t i o n s of AcylNN-HOacylNN I s o l a t e from 

N. repanda, Ci4-H0acylNN, and Ci4-AcylNN 

Hours 
No. of 24 48 72 96 

Treatment/Insect Larvae Cumulative % M o r t a l i t y b 

AcylNN-HOacylNN I s o l a t e 0 

10 ug 15 0 33 33 40 
50 yg 25 8 44 64 80 
100 yg 40 60 78 85 93 
200 yg 30 90 100 — — 

Control 15 0 0 0 0 
EtOH (1 yL) 30 0 0 0 0 
Nicotine (500 yg) 15 0 7 7 7 

Iso-Ci4~H0acylNN (1 ym) e 7 100 

Ci4-AcylNN (1 y L ) f 9 89 

EtOH (1 yL) 16 0 

aLarvae were tested l a t e during the f i r s t stadium. 
b I n c l u d e s moribund larvae which are extensively paralyzed 
but not yet dead. 

^Adapted, i n part, from Severson et a l . (19). 
Commercial n i c o t i n e i n 1 yL EtOH. 
e98.4% i s o and 1.2% normal. 
Prepared from n o r n i c o t i n e i s o l a t e d from N. tabacum cv. 
TI 1112 and m y r i s t y l c h l o r i d e . 
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22. SEVERSON ET AL. Acylnornicotines from N. repandae 357 

budworni and cabbage l o o p e r l a r v a e , no a c t i v i t y was observed. In 
another bioassay, at the micromole r a t e , the i-Ci4-H0acylNN (346 ug) 
i s o l a t e and the Ci4 - a c y l N N (330 yg) were v e r y t o x i c to the young 
larvae. A d d i t i o n a l studies are c u r r e n t l y underway to determine the 
c o n t r i b u t i o n of c h a i n l e n g t h and h y d r o x y l a t i o n toward the t o t a l 
t o x i c i t y of the molecule f o r tobacco hornworm larvae. 

The a n t i m i c r o b i a l p r o p e r t i e s of the HOacyINN-acyINN homolog 
i s o l a t e s and the a c e t a t e , b e n z o a t e , and 3 , 5 - d i n i t r o b e n z o a t e 
d e r i v a t i v e s of the 1-C14 HOacylNN are l i s t e d i n T a b l e V I . A l l 
h y d r o x y l a t e d i s o l a t e s demonstrated some a c t i v i t y a g a i n s t t h e 
b a c t e r i a t e s t e d . No s i g n i f i c a n t d i f f e r e n c e s i n a c t i v i t y with carbon 
numbers was observed f o r IJ. s u b t i l i s . The 1-C14 acetate was the 
most a c t i v e . IJ. cereus and M. thermosphactum were susceptible to 
Cx4~H0acylNN i s o l a t e s at a l l concentrations and were also the most 
a c t i v e against the gram negative b a c t e r i a , JE. cloacae. The benzoate 
and 3 , 5 - d i n i t r o b e n z o a t e d e r i v a t i v e s were completely i n a c t i v e i n a l l 
systems· 

S i m i l a r t e s t data on s e v e r a l s y n t h e t i c n-acylNNs i s given i n 
T a b l e V I I . The C2, C4, and compounds were e s s e n t i a l l y i n a c t i v e 
i n a l l systems t e s t e d . J B . s u b t i l i s was moderately susceptible to 
the CIQ to C14 acylNN and j i . c ereus was s u s c e p t i b l e to C3 to C14 
c h a i n lengths. For a l l gram p o s i t i v e b a c t e r i a , the n-C^-acylNN was 
the most a c t i v e homolog. Unlike the HOacylNN, the acylNN d i d not 
d i s p l a y s i g n i f i c a n t a c t i v i t y against I S . cloacae. 

T a b l e V I I I l i s t s the e f f e c t s of the HOacylNN and acylNN on the 
growth of wheat c o l e o p t i l e . A l l £\2~ t o Ci4~H0acylNN and CQĴ  to 
C i 4 ~ a c y l N N p r o d u c e d 100% g r o w t h i n h i b i t i o n a t t h e 10 M 
c o n c e n t r a t i o n . The i-C^-HOacyINN and i t s acetate ester and the 
c 1 0 ~ t 0 C i 4 - a c y l N N were the most a c t i v e . The i-Ci4~H0acyINN 
benzoates and 3,5-dinitrobenzoate esters were c o m p l e t e l y i n a c t i v e . 
Once a g a i n c h a i n l e n g t h and/or methyl branching were important i n 
r e l a t i v e a c t i v i t y . 

P r e v i o u s l y we have r e p o r t e d t h a t components i n the trichome 
e x u d a t e s o f N. t a b a c u m . t h e a - a n d 3 - d i o l s , t h e a - and 
3 - 4 , 8 , 1 3 - d u v a t r i e n o l s , and the s u c r o s e e s t e r s a l s o i n h i b i t the 
growth of wheat c o l e o p t i l e . a - D i o l and s u c r o s e e s t e r s i n h i b i t 
B a c i l l u s cereus ( 1 , 8 . 9 ) . However, the n a t u r a l l y occurring acylNN 
and HOacylNN are the most a c t i v e N i c o t i a n a c u t i c u l a r components 
evaluated to date. 

One v e r y i n t e r e s t i n g o b s e r v a t i o n i s t h a t the two i n s e c t s , 
tobacco budworm and tobacco hornworm, which use tobacco as a host 
p l a n t , are r e l a t i v e l y i n s e n s i t i v e to the parent a l k a l o i d , NN, and to 
other common n i c o t i n e a l k a l o i d s , i n comparison to o t h e r i n s e c t s . 
However, the HOacylNN and acylNN are s e l e c t i v e l y i n s e c t i c i d a l toward 
the tobacco hornworm. S t u d i e s are c u r r e n t l y b e i n g i n i t i a t e d to 
determine the n e u r o p h y s i o l o g i c a l basis f o r the mechanism of a c t i o n 
of t h i s group of a l k a l o i d s . 

Summary 

The l e a f trichomes of the species i n the Nicotiana se c t i o n Repandae 
produces a s e r i e s of 0χ2~ to Ci^-HOacylNN and 0χ2~ to Ci3-acylNN 
which can be i s o l a t e d from o t h e r c u t i c u l a r components by s o l v e n t 
p a r t i t i o n i n g and Sephadex LH-20 chromatography. N. repanda produces 
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22. SEVERSONETAL. Acylnornicotines from N. repandae 359 

Table V I I . A n t i b i o t i c A c t i v i t y of Various Synthetic 
1'-(N-acyl)nornicotines 

1'-(N-Acyl)nornicotines a 

Amount 
c 2 

c 4 C8 ClO Cl2 Ci4 Cl6 
Amount 

mm)b Organism (yg) I n h i b i t i o n Zone ( d i a . mm)b 

B. s u b t i l i s (+) 50 0 0 0 6 9 8 13 0 
250 0 0 0 12 11 9 14 0 
500 0 0 0 14 15 12 13 0 

B. cereus (+) 50 0 0 0 9 13 11 23 8 
250 0 0 0 11 15 14 24 10 
500 0 11 0 15 19 16 25 14 

M. thermosphactum (+) 50 0 0 0 0 13 12 20 17 
250 0 0 0 15 20 12 22 20 
500 0 9 0 17 22 12 22 20 

E. cloacae (-) 50 0 0 0 0 0 0 0 0 
250 0 8 8 0 0 0 0 0 
500 0 0 0 8 12 0 0 0 

aPrepared from n o r n i c o t i n e i s o l a t e d from N. tabacum cv TI-1112 and 
corresponding a c y l c h l o r i d e . 
Kirby-Bauer type d i s c assay; susceptible = greater than 15 mm d i a . 
i n h i b i t i o n zone; moderately susceptible = 10-15 mm d i a . i n h i b i t i o n 
zone; r e s i s t a n t = less than 10 mm d i a . i n h i b i t i o n zone. 
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360 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

T a b l e V I I I . E f f e c t s o f 3 - H y d r o x y a c y l n o r n i c o t i n e I s o l a t e s 
and E s t e r s and N - A c y l n o r n i c o t i n e s on t h e 

Growth o f Wheat C o l e o p t i l e s 

C o n c e n t r a t i o n ( M o l a r ) 
1Q-3 X Q-4 1 0 - 5 1Q-6 

Compounds % I n h i b i t i o n 3 

HOacylNN I s o l a t e s 1 3 

i+n-C^2 100 54 0 0 
i+a+n-C^2 100 62 0 0 
i + n - C 1 4 100 0 0 0 
i - C 1 4 100 99 36 0 

HOacylNN E s t e r s b 

i - C i 4 - a c e t a t e 100 100 34 0 
i - C i 4 - b e n z o a t e 0 0 0 0 
i - C i 4 - 3 , 5 - d i n i t r o b e n z o a t e 0 0 0 0 

N - a c y l N N c 

C2 4 0 0 0 
C4 48 0 0 0 
C6 58 5 0 0 
C8 100 46 4 0 
CIO 100 80 45 3 
C12 100 96 4 0 
C14 100 100 0 0 
C16 77 0 0 0 

a R e l a t i v e t o c o n t r o l . 
See T a b l e V I f o r c o m p o s i t i o n . 
P r e p a r e d f r o m n o r n i c o t i n e i s o l a t e d f r o m N. tabacum 
cv TI-1112 and c o r r e s p o n d i n g a c i d c h l o r i d e . 
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22. SEVERSON ET AL. Acylnornicotines from Ν. repandae 361 

the highest level of these components and the acylNN are about 8% of 
the mixture. Both types of compounds have a wide range of 
biological activity, including toxicity to tobacco hornworm larva 
and plant bacterial growth inhibitors. 
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Chapter 23 

Allelochemical Properties of Nicotiana tabacum 
Leaf Surface Compounds 

D. R. Lawson1, D. A. Danehower1, D. G. Shilling2, 
M. L. Menetrez3, and H. W. Spurr, Jr. 3 

1North Carolina State University, Raleigh, NC 27695-7620 
2University of Florida, Gainesville, FL 32611 

3Crops Research Laboratory, Agricultural Research Service, U.S. 
Department of Agriculture, Oxford, NC 27565 

The chemical constituents on the leaf surface of green 
tobacco (Nicotiana tabacum) are diverse in their com
position. They include, among other compounds, 
alkanes, fatty alcohols, wax esters, diterpenes, and 
sucrose esters. In addition to contributing to the 
flavor quality of the cured leaf, evidence has been 
reported that some of these compounds, primarily the 
diterpenes and the sucrose esters, have biological ac
tivity in tobacco-insect and tobacco-microbe interac
tions. Evidence is less definitive for such activity 
in tobacco-plant relationships, in that allelopathic 
potential for these compounds is strictly inferred from 
in vitro bioassays. 

In order to further investigate the allelochemi
cal potential of these compounds, preparative chromato
graphic procedures for isolating the major leaf surface 
components of Nicotiana tabacum, were developed. Com
ponents were then assayed for phytotoxic and microbial 
activity. The results of this work support previously 
reported results and suggest additional biological ac
tivity which has not been reported to date. 

Research over the past 25 years on the allelochemical potential of 
Nicotiana tabacum, L. leaf surface compounds has identified many 
of these compounds to be active as insect deterrents and attrac-
tants (1-5), antimicrobial agents (4,6-9), and potential al
lelopathic agents (4,10). The principal leaf surface constituents 
responsible for most of the reported biological activities are the 
following secondary metabolites: a- and β-4,8,13-duvatriene-l,3-
diols (ADVT and BDVT); a- and p-4,8,13-duvatriene-l-ols (DVT-
monols), (12Z)-labda-12,14-diene-8a-ol (Z-AB, Z-abienol) and 6-0-
acetyl-2,3,4-tri-0-acyl-a-D-glucopyranosyl-3"D-fructofuranoside 
(sucrose esters) (Figure 1). The sucrose esters consist of six 
groups, each group consisting of a mixture of structural isomers 

0097-6156/88/0380-0363$06.00/0 
© 1988 American Chemical Society 
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364 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

F igure 1. Major J^. tabacum l e a f sur face secondary metabo l i t e s : 
(a) ADVT, BDVT-4 (b) DVT-monols; (c) Z-AB; (d) Sucrose Esters 
(R = C~-C~ normal and methyl branched f a t t y a c i d s ) . 
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23. LAWSON ET AL. N. tabacum LeafSurface Compounds 365 

o f e q u a l m o l e c u l a r w e i g h t . T h e s e i s o m e r s d i f f e r i n t h e c h a i n 
l e n g t h a n d /or p o s i t i o n o f t h e s h o r t c h a i n f a t t y a c i d r e s i d u e s a t 
t h e 2, 3,or 4 p o s i t i o n o f t h e g l u c o s e m o i e t y . E a c h o f t h e s i x 
g r o u p s o f s u c r o s e e s t e r s d i f f e r s f r o m e a c h o t h e r by one m e t h y l e n e 
u n i t (14 AMU) o r m u l t i p l e s t h e r e o f . S e v e r a l o f t h e s e m e t a b o l i t e s 
a r e f o rmed by t h e t r i c h o m e heads o f t h e g l a n d u l a r h a i r s f o u n d on 
t h e l e a f s u r f a c e ( 1 4 ) . 

The e f f e c t s o f N i c o t i a n a l e a f s u r f a c e c o n s t i t u e n t s on 
m i c r o o r g a n i s m s a n d o t h e r p l a n t s h a s b e e n i n v e s t i g a t e d l e s s 
t h o r o u g h l y t h a n t h e i r e f f e c t s on i n s e c t s . I n 1963, S h e p h e r d and 
Mandryk ( 6 ) a t t r i b u t e d t h e l a c k o f s p o r e ( c o n i d i a ) g e r m i n a t i o n o f 
P e r o n o s p o r a t a b a c i n a Adam, t h e b l u e m old p a t h o g e n , on t h e l e a f 
s u r f a c e o f N_. t a b a c u m L. c v " V i r g i n i a G o l d " i n p a r t t o t h e 
p r e s e n c e o f a w a t e r s o l u b l e t o x i n . Much l a t e r , C r u i c k s h a n k e t a l . 
( 1 1 ) i s o l a t e d two f u n g i t o x i c compounds, ADVT and BDVT, f r o m t h e 
l e a f s u r f a c e o f " V i r g i n i a G o l d " t o b a c c o , w h i c h a c c o u n t e d f o r most 
o f t h e i n h i b i t o r y a c t i v i t y . 

P o s s i b l e i n h i b i t o r y e f f e c t s o f N i c o t i a n a l e a f s u r f a c e com
pounds on p l a n t g r o w t h have a l s o been i d e n t i f i e d . U s i n g a wheat 
( T r i t i c u m a e s t i v u m L., c v Wakeland) c o l e o p t i l e segment b i o a s s a y , 
ADVT, BDVT, and t h e s u c r o s e e s t e r s ( 4 , 1 2 ) have d e m o n s t r a t e d p o t e n 
t i a l p l a n t g r o w t h i n h i b i t o r y a c t i v i t y . W h i l e t h i s work has p i q u e d 
i n t e r e s t i n t h e a l l e l o p a t h i c p o t e n t i a l o f t h e s e c o m p o u n d s , 
b i o l o g i c a l e f f e c t s on p l a n t s have been i n f e r r e d s t r i c t l y f r o m i n 
v i t r o b i o a s s a y s . No i n v i v o e f f e c t s have y e t been r e p o r t e d . 

The p u r p o s e o f t h i s s t u d y was t o f u r t h e r c h a r a c t e r i z e t h e 
a l l e l o c h e m i c a l p o t e n t i a l o f N. tabacum l e a f s u r f a c e compounds on 
t h e g r o w t h o f f u n g i and p l a n t s . S p e c i f i c a l l y , t h e e f f e c t s o f t h i s 
s u c h compounds on P_. t a b a c i n a s p o r e g e r m i n a t i o n a n d i n v i v o 
b i o l o g i c a l e f f e c t s on two common weed s p e c i e s , E c h i n o c h l o a c r u s -
g a l l i L. B e u v o i s ( b a r n y a r d g r a s s ) and S e s b a n i a e x a l t a t a ( R a f ) C o r y 
(hemp s e s b a n i a ) were i n v e s t i g a t e d . 

MATERIALS AND METHODS 

I s o l a t i o n o f L e a f S u r f a c e Components. Whole, g r e e n , bud l e a v e s o f 
N i c o t i a n a tabacum ( B r a z i l i a n d o m e s t i c v a r i e t y , G a l p a o ) were washed 
w i t h g e n t l e a g i t a t i o n 45-60 s e c o n d s w i t h HPLC g r a d e m e t h y l e n e 
c h l o r i d e i n a 25 cm B u c h n e r f u n n e l f i t t e d w i t h Whatman No. 1 f i l 
t e r p a p e r . G a l p a o was c h o s e n f o r t h i s work as i t c o n t a i n s a l l o f 
t h e m a j o r c u t i c u l a r c h e m i c a l s o f i n t e r e s t . The r e s u l t i n g e x t r a c t 
was f i l t e r e d u n d e r a s p i r a t o r vacuum u n t i l t h e p l a n t m a t e r i a l was 
f r e e o f e x c e s s s o l v e n t . The f i n a l f i l t r a t e f r o m s e v e r a l e x t r a c 
t i o n s was c o n c e n t r a t e d i n v a c u o a t 35°C, a n d t h e n d r i e d o v e r 
s o d i u m s u l f a t e . The c r u d e e x t r a c t was s t o r e d i n an amber b o t t l e 
u n d e r n i t r o g e n a t m osphere a t -80°C u n t i l needed. 

F r a c t i o n a t i o n by Component C l a s s . P r e p a r a t i v e c h r o m a t o g r a p h y o f 
t h e c r u d e e x t r a c t was c a r r i e d o u t on a 2.5 χ 68.5 cm b e d o f 
Sephadex LH-20 g e l ( 2 ) . Ten ml o f a 300 mg/ml s o l u t i o n o f t h e 
c r u d e e x t r a c t were l o a d e d o n t o t h e column and e l u t e d a t 5 ml/min 
w i t h a 99:1 m e t h y l e n e c h l o r i d e - m e t h a n o l m o b i l e p h a s e . One h u n d r e d 
f i f t y 5 ml f r a c t i o n s were c o l l e c t e d and were f o l l o w e d by a s i n g l e , 
500 m l c o l l e c t i o n . A f t e r e a c h r u n , t h e column was washed w i t h 1 
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366 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

l i t e r o f 97:3 m e t h y l e n e c h l o r i d e - m e t h a n o l a t 5 ml/min and t h e n r e -
e q u i l i b r a t e d w i t h 99:1 m e t h y l e n e c h l o r i d e - m e t h a n o l . 

The c o m p o s i t i o n o f i n d i v i d u a l t e s t t u b e f r a c t i o n s o r g r o u p e d 
f r a c t i o n s was d e t e r m i n e d u s i n g t h i n - l a y e r c h r o m a t o g r a p h y (TLC) on 
s i l i c a g e l l a y e r s and gas c h r o m a t o g r a p h y (GC) o f s i l y l a t e d d e r i v a 
t i v e s on a DB-5 column (JL3). T h i n l a y e r p l a t e s were d e v e l o p e d i n 
9:1 c h l o r o f o r m - m e t h a n o l . F o r v i s u a l i z a t i o n , TLC p l a t e s w e r e 
s p r a y e d w i t h 10% e t h a n o l i c p h o s p h o m o l y b d i c a c i d and t h e n h e a t e d a t 
100°C f o r 1-3 m i n u t e s . Gas c h r o m a t o g r a p h i c peak i d e n t i f i c a t i o n 
was b a s e d on r e t e n t i o n t i m e s o f a u t h e n t i c s t a n d a r d s and GC/MS d a t a 
o b t a i n e d f r o m p r e v i o u s e x p e r i m e n t s . The Sephadex LH-20 p r o c e d u r e 
p r o v i d e d an e x c e l l e n t means o f f r a c t i o n a t i n g t h e l e a f s u r f a c e com
p o n e n t s by c h e m i c a l c l a s s . E l u t i o n o f t h e column p r o v i d e d t h e 
f o l l o w i n g f r a c t i o n s ( i n o r d e r o f t h e i r e l u t i o n ) : h y d r o c a r b o n s , 
wax e s t e r s , Z-AB/DVT-monols, D V T - d i o l s , m i s c e l l a n e o u s o x y g e n a t e d 
d u v a n e s , and s u c r o s e e s t e r s . The s e c o n d a r y m e t a b o l i t e f r a c t i o n s 
were t h e n s u b j e c t e d t o a d d i t i o n a l p r e p a r a t i v e c h r o m a t o g r a p h i c p r o 
c e d u r e s i n o r d e r t o o b t a i n p u r e m a t e r i a l s . 

I s o l a t i o n o f Z - A B / D V T - m o n o l s . P r e p a r a t i v e s e p a r a t i o n o f t h e 
Sephadex LH-20 g e l f r a c t i o n c o n t a i n i n g t h e s e compounds was c a r r i e d 
o u t on a 21.5 χ 2.5 cm bed o f Merck S i l i c a G e l 60. Two h u n d r e d mg 
o f sample were l o a d e d i n a 1 ml i n j e c t i o n volume o n t o t h e column 
and e l u t e d a t 4 ml/min w i t h a 7:3 m e t h y l e n e c h l o r i d e - h e x a n e m o b i l e 
p h a s e . E i g h t y 5 ml t e s t t u b e f r a c t i o n s were c o l l e c t e d . TLC and 
GC e v a l u a t i o n s o f i n d i v i d u a l t e s t t u b e f r a c t i o n s o r combined f r a c 
t i o n were c a r r i e d o u t u s i n g t h e TLC and GC p r o c e d u r e s d e s c r i b e d 
a b o v e . T h i n l a y e r p l a t e s w e r e d e v e l o p e d w i t h 7:3 m e t h y l e n e 
c h l o r i d e - h e x a n e . 

I s o l a t i o n o f D V T - d i o l s . P r e p a r a t i v e c h r o m a t o g r a p h y o f t h e DVT-
d i o l m i x t u r e was c a r r i e d o u t on a 21.5 χ 2.5 cm b e d o f M e r c k 
S i l i c a G e l 60. Two h u n d r e d mg o f combined Sephadex LH-20 f r a c 
t i o n s c o n t a i n i n g t h e d i o l s were l o a d e d o n t o t h e column i n a 1 ml 
i n j e c t i o n volume, and t h e column was e l u t e d a t 5 ml/min w i t h 1:1:8 
i s o p r o p a n o l - c h l o r o f o r m - h e x a n e . E i g h t y 5 ml f r a c t i o n s were c o l 
l e c t e d . C h e m i c a l c o m p o s i t i o n o f i n d i v i d u a l t e s t t u b e f r a c t i o n s o r 
g r o u p e d f r a c t i o n c o l l e c t i o n s was d e t e r m i n e d as d e s c r i b e d above. 
T h i n l a y e r p l a t e s w e r e d e v e l o p e d w i t h 1:1:8 i s o p r o p a n o l -
c h l o r o f orm-hexane . 

I s o l a t i o n o f S u c r o s e E s t e r s . P r e p a r a t i v e i s o l a t i o n o r e n r i c h m e n t 
o f i n d i v i d u a l s u c r o s e e s t e r g r o u p s was c a r r i e d o u t on a Whatman 
Magnum 20 P a r t i s i l 10 ODS-3 h i g h - p e r f o r m a n c e p r e p a r a t i v e column. 
One h u n d r e d t w e n t y - f i v e mg o f sample were l o a d e d o n t o t h e column 
i n a 1 m l i n j e c t i o n v o l u m e . The m o b i l e p h a s e was 6:4 
a c e t o n i t r i l e - w a t e r e l u t e d a t 5 ml/min. E i g h t y 5 ml f r a c t i o n s were 
c o l l e c t e d . 

An IBM I n s t r u m e n t s 9430 u l t r a - v i o l e t / v i s i b l e s p e c t r o 
p h o t o m e t e r , s e t a t a w a v e l e n g t h o f 225 nm, was u s e d f o r d e t e c t i o n . 
A b s o r b a n c e d a t a o f t h e e l u a t e o f e a c h t e s t t u b e was p l o t t e d as a 
h i s t o g r a m . C o m b i n a t i o n s o f f r a c t i o n s w e r e b a s e d on h i s t o g r a m 
p r o f i l e s . 
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23. LAWSON ET AL. N. tabacum LeafSurface Compounds 367 

P e r o n o s p o r a t a b a c i n a C o n i d i a l G e r m i n a t i o n I n h i b i t i o n A s s a y s . 
M i c r o b i a l b i o a s s a y s f o r t h e d e t e r m i n a t i o n o f s p o r e g e r m i n a t i o n i n 
h i b i t o r y a c t i v i t y o f t h e l e a f s u r f a c e compounds were c a r r i e d o u t 
by t h e method o f M e n e t r e z e t a l . ( 2 3 ) . S t o c k s o l u t i o n s (2.0 mg/ml) 
o f t h e v a r i o u s l e a f s u r f a c e components were p r e p a r e d and 10 f o l d 
s e r i a l d i l u t i o n s p e r f o r m e d . F i f t y m i c r o l i t e r s o f e a c h s o l u t i o n , 
i n c l u d i n g m e t h y l e n e c h l o r i d e a n d w a t e r c o n t r o l s , w e r e t h e n 
p i p e t t e d o n t o a 1.5% w a t e r - a g a r medium ( t o t a l volume o f a g a r = 2 
m l ) c o n t a i n e d i n a 10 χ 35 mm p e t r i d i s h , a n d t h e m e t h y l e n e 
c h l o r i d e was a l l o w e d t o e v a p o r a t e . T h r e e h u n d r e d m i c r o l i t e r s o f a 
f r e s h l y h a r v e s t e d s p o r e s u s p e n s i o n c o n t a i n i n g 1 χ 10^ c o n i d i a / m l 
o f w a t e r were t h e n p i p e t t e d o n t o t h e w a t e r - a g a r s u r f a c e . The 
p e t r i d i s h e s were c o v e r e d and p l a c e d i n t o a c o v e r e d t r a y c o n t a i n 
i n g m o i s t e n e d f i l t e r p a p e r . The samples were i n c u b a t e d f o u r h o u r s 
a t 18°C and d e t e r m i n a t i o n s o f p e r c e n t g e r m i n a t i o n were made by 
c o u n t i n g a minimum o f 100 s p o r e s and c o m p a r i n g w i t h b o t h m e t h y l e n e 
c h l o r i d e and w a t e r c o n t r o l s . A l l e x p e r i m e n t s were p e r f o r m e d i n 
d u p l i c a t e and were r e p l i c a t e d t h r e e t i m e s . 

P l a n t Growth I n h i b i t i o n A s s a y s . The p h y t o t o x i c a c t i v i t y o f t h e 
v a r i o u s i s o l a t e d f r a c t i o n s o r p u r i f i e d compounds i s o l a t e d f r o m 
N i c o t i a n a tabacum was d e t e r m i n e d by a p r e v i o u s l y d e s c r i b e d b i o a s -
s a y method ( 1 5 ) . Some m o d i f i c a t i o n s were made f o r t h i s r e s e a r c h 
a s d e s c r i b e d below. The p u r e compounds o r m i x t u r e s were d i s s o l v e d 
i n e i t h e r m e t h y l e n e c h l o r i d e o r a c e t o n e t o e s t a b l i s h t h e d e s i r e d 
c o n c e n t r a t i o n s . Under a l a m i n a r - f l o w hood, 3.5 ml o f e a c h s o l u 
t i o n were p l a c e d i n t o 60 ml g l a s s j a r s . A f t e r e v a p o r a t i o n , 0.22 g 
(60 s e e d s ) o f E c h i n o c h l o a c r u s g a l l i L. B e a u v o i s ( b a r n y a r d g r a s s ) 
o r 0.40 g ( 3 0 s e e d s ) o f S e s b a n i a e x a l t a t a ( R a f ) C o r y (hemp 
s e s b a n i a ) s e e d were p l a c e d i n t o t h e j a r s . Under s t e r i l e c o n d i 
t i o n s , 3.5 m l o f 15 mM MES [ 2 - m o r p h o l i n o e t h a n e s u l f o n i c a c i d ] 
b u f f e r ( 0 . 1 % v/v e t h a n o l ) , a d j u s t e d t o pH 6.0, were added t o e a c h 
j a r . The j a r s were t h e n c o v e r e d , and t h e se e d s were i n c u b a t e d i n 
g r o w t h chambers w i t h a 12-h p h o t o p e r i o d and a 28/23°C d a y / n i g h t 
t e m p e r a t u r e r e g i m e , r e s p e c t i v e l y . The e f f e c t s o f t h e v a r i o u s com
pounds were e v a l u a t e d a f t e r 84 h. A t t h i s t i m e any q u a l i t a t i v e 
symptoms were n o t e d , and t h e t o t a l p l a n t f r e s h w e i g h t (TFW) was 
d e t e r m i n e d . T h i s w e i g h t was t h e n u s e d t o d e t e r m i n e t h e p r e d i c t e d 
s h o o t - p l u s - r o o t f r e s h w e i g h t (PSRFW) as d e t e r m i n e d f r o m t h e f o l 
l o w i n g m o d e l s : 

b a r n y a r d g r a s s PSRFW = -0.24 + 0.741 (TFW) 
hemp s e s b a n i a PSRFW = -0.48 + 0.727 (TFW) 

The p r e d i c t e d s h o o t - p l u s - r o o t f r e s h w e i g h t was u s e d t o i n c r e a s e 
t h e s e n s i t i v i t y o f t h e b i o a s s a y . A l l e x p e r i m e n t s were c o n d u c t e d 
two o r t h r e e t i m e s w i t h t h r e e r e p l i c a t i o n s . 

D a t a were i n i t i a l l y s u b j e c t e d t o a n a l y s i s o f v a r i a n c e ( 1 6 ) . 
S i n g l e d e g r e e o f f r e e d o m c o m p a r i s o n s between t h e c o n t r o l and f r a c 
t i o n s e l u t e d f r o m t h e Sephadex LH-20 column were u s e d t o d e t e r m i n e 
s i g n i f i c a n t e f f e c t s f o r t h e i n i t i a l p u r i f i c a t i o n ( T a b l e I ) . 
S t a n d a r d d e v i a t i o n s were u s e d t o s t a t i s t i c a l l y e v a l u a t e t h e e f 
f e c t s o f c o n c e n t r a t i o n f o r e a c h o f t h e p u r i f i e d compounds on t h e 
g r o w t h o f t h e two b i o a s s a y s p e c i e s . 
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368 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Table I. P h y t o x i c i t y of the t o t a l l e a f - s u r f a c e e x t r a c t and p a r t i a l l y 
separated components ( f r a c t i o n s ) i s o l a t e d from N i c o t i a n a tabacum 

Frac t ion 
number 

24 
2k 
2k 
3k 
3k 

33 
33 
kk 
kk 

C o n c e n t r â t ion TFW 
(PPm) 

Barnyard grass 
PSRFW2 

Hemp sesbania 
TFW PSRFW 

-% inh ib i t !on3-
100 

10 
1 

100 
10 

100 
10 

100 
10 

+9.0 
9.6 

+8.9 
6.7 

+18.7* 
13.2 

+18.5* 
9.4 

23 .1* 34.0* 
12.8* 18.2* 

2.8 
0 

3.4 
2.2 
4.9 

7.4 
6.7 

8.4 
1.1 
6.8 

+5.1 

4.7 
3.0 
7.6 

3.2 
9.9 

13. 
1. 

10.6 
+8.6 

49 100 21.6* 35.0* 11. .7 17.6 
49 10 30.8* 45.3* +5. .5 +9.6 
49 1 - 8. .0 12.3 
64 100 38.1* 61. .2* 11 . .2 17.2 
64 10 2.6 7-.8 11 . .2 17.3 
64 1 +28.9* +53. . 1* -
69 100J 43.6* 69.0* 23. ,2* 36.4* 
69 10* 38.6* 59.2* 13. .5* 21.0* 
69 1 +15.7* +29.1* -
69 0.1 +55.5* +101 . .4 -
98 100 19.9 32. ,8* 17. .6* 27.0* 
98 10 7-7 11 . .3 +9. .0 +14.8 

109 100 26.8* 43-.3* 18. , 1* 28.3* 
109 10 +9.8 +17. .4 8. ,2 9-3 
113 100 +10.2 +18. 5 18. .2* 27.6* 
113 10 +14.4 +24. ,9* +6. .3 +10.4 
113 1 - 3. 5 5.4 
column wash 100* 36.2* 57. , 1* 14. , 1* 22.1* 
column wash 10 15.9* 19. ,2* 8. 3 13.1 
column wash 1 +32.3* +58. • 9* -
column wash 0.1 +56.7 +103. ,8* -
crude e x t r a c t 10005 58.7* 84. ,9* 27. 5* 43.2* 
crude e x t r a c t 100 43.4* 68. , 1* 19. 5* 30.2* 
crude e x t r a c t 10 0.4 0. 7 13. 7 21.1* 
crude e x t r a c t 1 + 14.7 +27. 1* 7. ,6 11.8 
crude e x t r a c t 0.1 +34.6* +63. .it* 0.8 1.2 
crude e x t r a c t 0.01 +42.1 +77. 0* -
' T o t a l f resh we î ght 
P r ed i c t ed s h o o t - p l u s - r o o t f resh weight . 

•^Values fo l lowed by an a s t e r i s k are s i g n i f i c a n t l y d i f f e r e n t from the 
^con t ro l at the P=0.05 l e v e l . Growth S t i m u l a t i o n i n d i c a t e d by +. 

Shoots of barnyard grass were bleached whi te and root growth of both 
species was e i t h e r very i n h i b i t e d and/or abnormal. 

-'No root growth and very l i t t l e shoot growth. 
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23. LAWSON ET AL. N. tabacum Leaf Surface Compounds 369 

RESULTS AND DISCUSSION 

C h r o m a t o g r a p h i c I s o l a t i o n s . P r e p a r a t i v e c h r o m a t o g r a p h y o n 
Sephadex L H - 2 0 g e l o f G a l p a o l e a f s u r f a c e e x t r a c t s y i e l d e d en
r i c h e d d i t e r p e n e a n d s u c r o s e e s t e r f r a c t i o n s a s i n d i c a t e d i n 
F i g u r e 2 . The g e l f r a c t i o n s and t h e c r u d e e x t r a c t were e v a l u a t e d 
f o r b i o l o g i c a l a c t i v i t y by d e t e r m i n i n g t h e i r e f f e c t on f u n g a l 
s p o r e g e r m i n a t i o n and p l a n t g r o w t h . D e c i s i o n s t o f u r t h e r f r a c 
t i o n a t e s e l e c t e d g e l f r a c t i o n s were ba s e d on t h e s e i n i t i a l b i o a s 
s a y r e s u l t s . S u bsequent a d s o r p t i o n and r e v e r s e phase p r e p a r a t i v e 
c h r o m a t o g r a p h i c p r o c e d u r e s y i e l d e d a t l e a s t 98% p u r i t y o f ADVT, 
BDVT, D V T - m o n o l s , a n d s u c r o s e e s t e r s ( g r o u p V ) ( F i g u r e 2 ) . 
E i g h t y p e r c e n t p u r i t y o f Z-AB was o b t a i n e d . Such p u r i t i e s were 
r o u t i n e l y o b t a i n e d f r o m t h e c r u d e l e a f s u r f a c e e x t r a c t a f t e r j u s t 
two p r e p a r a t i v e c h r o m a t o g r a p h i c s t e p s . These p u r e i s o l a t e s were 
a l s o e v a l u a t e d f o r b i o l o g i c a l a c t i v i t y . 

P e r o n o s p o r a t a b a c i n a S p o r e G e r m i n a t i o n I n h i b i t i o n . S p o r e 
( c o n i d i a l ) g e r m i n a t i o n a s s a y s were c o n d u c t e d on b o t h t h e component 
m i x t u r e s o b t a i n e d f r o m Sephadex L H - 2 0 g e l c h r o m a t o g r a p h y as w e l l 
as on t h e p u r e compounds i s o l a t e d f r o m t h e s e c o n d c h r o m a t o g r a p h i c 
s t e p s . A l t h o u g h a l l o f t h e m a j o r c h e m i c a l c l a s s e s r e p r e s e n t e d 
were t e s t e d , o u r d i s c u s s i o n w i l l be l i m i t e d t o t h o s e f r a c t i o n s o r 
components w h i c h showed s i g n i f i c a n t i n h i b i t o r y e f f e c t s . B i o a s s a y s 
o f t h e DVT-monol f r a c t i o n s showed no a c t i v i t y even a t t h e h i g h e s t 
c o n c e n t r a t i o n t e s t e d ( 5 0 ppm-data n o t shown). Z-AB, however, i n 
h i b i t e d c o n i d i a l g e r m i n a t i o n by 37% a t 5 0 ppm. T h i s a c t i v i t y 
d e c r e a s e d r a p i d l y a t l o w e r c o n c e n t r a t i o n s ( 5 ppm), and e v e n t u a l l y 
showed m i l d s t i m u l a t o r y a c t i v i t y a t t h e l o w e s t c o n c e n t r a t i o n s 
( F i g u r e 3 c ) . The phenomenon o f g e r m i n a t i o n i n h i b i t i o n a t h i g h 
c o n c e n t r a t i o n s a n d s t i m u l a t i o n a t l o w e r c o n c e n t r a t i o n s was 
r e p r o d u c i b l e and was o b s e r v e d f o r v i r t u a l l y a l l t h e components a s 
s a y e d . A s s a y s o f ADVT and BDVT ( F i g u r e 3a and b) c o n f i r m e d t h e 
p r e v i o u s o b s e r v a t i o n s o f C r u i c k s h a n k e t a l . (_Π). A c t i v i t y was 
h i g h e s t a t 5 0 ppm and, once a g a i n , d e c r e a s e d r a p i d l y a t l o w e r c o n 
c e n t r a t i o n s , e v e n t u a l l y l e a d i n g t o s l i g h t s t i m u l a t i o n o f g e r m i n a 
t i o n . A p p a r e n t l y no s i g n i f i c a n t d i f f e r e n c e e x i s t s between t h e two 
i s o m e r s w i t h r e g a r d t o t h e i r b i o l o g i c a l a c t i v i t y v e r s u s c o n c e n t r a 
t i o n . T h i s c o n t r a s t s w i t h t h e r e p o r t o f C r u i c k s h a n k e t al.» who 
o b s e r v e d s l i g h t l y h i g h e r a c t i v i t y f o r t h e β i s o m e r . B i o a s s a y s o f 
c o n c e n t r a t i o n s between 5 and 5 0 ppm a r e p l a n n e d i n o r d e r t o a s c e r 
t a i n t h e a c t u a l E D ^ Q ( e s t i m a t e d dose r e q u i r e d f o r 5 0 % g e r m i n a t i o n 
i n h i b i t i o n ) . 

The s u c r o s e e s t e r m i x t u r e ( F i g u r e 3d) showed v e r y s l i g h t i n 
h i b i t o r y a c t i v i t y a t 5 0 ppm. F u r t h e r f r a c t i o n a t i o n o f t h i s m i x 
t u r e i n t o Groups I - V I has been a c c o m p l i s h e d and b i o a s s a y s a r e 
p l a n n e d i n o r d e r t o a s c e r t a i n t h e r e l a t i v e a c t i v i t y o f t h e i n 
d i v i d u a l g r o u p s . 

P l a n t Growth I n h i b i t i o n . The p l a n t g r o w t h - r e g u l a t i n g a c t i v i t i e s 
o f t h e compounds i s o l a t e d f r o m t o b a c c o were e v a l u a t e d p r i m a r i l y t o 
d e t e r m i n e any p o s s i b l e e c o l o g i c a l s i g n i f i c a n c e . The r o l e o f a l -
l e l o p a t h i c c o m pounds i n b o t h n a t u r a l e c o s y s t e m s a n d t h e 
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370 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Green Bud Leaf Tissue 

|cH2CI2 WASH 

Crude Leaf Surface Wash 

SEPHADEX LH-20 

1 1 1 1 1 1 Fxn #24-26 34-36 39-41 44-46 64-67 69-76 Wash 

Hydrocarbons 
and waxes SILICA GEL 

DVT-monols Z-AB SILICA e g 

ADVT BDVT 

REVERSED PHASE 

I I I I I I 

I II III IV ν VI 

Sucrose Esters 

Figure 2. E x t r a c t i o n and separat ion scheme f o r the i s o l a t i o n of 
p r i n c i p l e N_. tabacum l e a f sur face components. 
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1 0 0 η 

50 

•I so 

100 

a 

τ τ ( 

• —ι 1 r . Ψ-

100 

.005 .05 .5 5 5 0 

Rate (ppm) 
.005 .05 .5 5 5 0 

Rate (ppm) 

Figure 3. E f f e c t s of IN. tabacum l e a f su r face components on _P. 
tabac ina germinat ion : (a) ADVT; (b) BDVT; (c) Z-AB 
(d) Sucrose E s t e r s . 
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372 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

a g r o e c o s y s t e m has been w e l l documented ( 1_7 ) · P r o v i n g a compound 
p h y t o t o x i c i s n o t o n l y i m p o r t a n t f o r e c o l o g i c a l c o n s i d e r a t i o n s b u t 
can a l s o have t e c h n o l o g i c a l i m p l i c a t i o n s i n terms o f t h e d e v e l o p 
ment o f p e s t i c i d e s t h a t a r e bas e d on n a t u r a l p r o d u c t c h e m i s t r y 
( 1 8 ) . W i t h t h e s e c o n s i d e r a t i o n s i n m i n d , a w h o l e - p l a n t b i o a s s a y 
was u s e d . T h i s b i o a s s a y a l l o w e d a compound t o be e v a l u a t e d f o r 
i t s a b i l i t y t o i n f l u e n c e t h e g r o w t h o f an i n t a c t p l a n t . Thus, any 
o b s e r v a b l e b i o l o g i c a l a c t i v i t y has g r e a t e r p o t e n t i a l i m p l i c a t i o n s 
t h a n a c t i v i t y o b s e r v e d u s i n g an i n v i t r o b i o a s s a y . The b i o a s s a y 
u s e d i n t h e s e s t u d i e s c o n t r a s t s w i t h t h e wheat c o l e o p t i l e b i o a s s a y 
u s e d by C u t l e r e t a l . ( 4 ) t o e v a l u a t e s i m i l a r compounds a l s o i s o 
l a t e d f r o m N. tabacum. 

The i n i t i a l e v a l u a t i o n o f t h e c r u d e l e a f - s u r f a c e t o b a c c o ex
t r a c t i n d i c a t e d a s i g n i f i c a n t amount o f i n h i b i t o r y and s t i m u l a t o r y 
a c t i v i t y on b o t h b i o a s s a y s p e c i e s ( T a b l e I ) . The q u a n t i t a t i v e and 
q u a l i t a t i v e a c t i v i t y o f t h e c r u d e e x t r a c t i n d i c a t e d t h a t compounds 
were p r e s e n t t h a t had p l a n t g r o w t h - r e g u l a t i n g a c t i v i t y and war
r a n t e d f u r t h e r i n v e s t i g a t i o n . T h e r e f o r e , t h e c r u d e e x t r a c t was 
f r a c t i o n a t e d as p r e v i o u s l y d e s c r i b e d i n o r d e r t o d e t e r m i n e what 
compound(s) was c a u s i n g t h e b i o l o g i c a l a c t i v i t y o f i n t e r e s t . 

T a b l e I shows t h e e f f e c t s o f t h e v a r i o u s f r a c t i o n s s e p a r a t e d 
by Sephadex LH-20 g e l c h r o m a t o g r a p h y on t h e g r o w t h o f b a r n y a r d 
g r a s s and hemp s e s b a n i a . F r a c t i o n s 64 and 69 and t h e column wash 
(CW) c a u s e d t h e g r e a t e s t amount o f p l a n t g r o w t h i n h i b i t i o n . F r a c 
t i o n 69 c a u s e d 6 9 % a n d 3 6 % i n h i b i t i o n o f PSRFW a t 100 ppm i n 
b a r n y a r d g r a s s and hemp s e s b a n i a , r e s p e c t i v e l y . The CW n o t o n l y 
c a u s e d a s i m i l a r l e v e l o f i n h i b i t i o n a t 100 ppm, b u t a l s o c a u s e d 
104% s t i m u l a t i o n i n b a r n y a r d g r a s s PSRFW a t 0.1 ppm. 

A l t h o u g h t h e q u a n t i t a t i v e a c t i v i t y o f t h e s e f r a c t i o n s was 
s i g n i f i c a n t , o f more i n t e r e s t was t h e q u a l i t a t i v e c h a r a c t e r i s t i c 
o f f r a c t i o n 69 and t h e CW t o c a u s e b l e a c h i n g ( i . e . , w h i t e s h o o t 
t i s s u e ) i n b a r n y a r d g r a s s . T h i s q u a l i t a t i v e c h a r a c t e r i s t i c n o t 
o n l y s t r e s s e d t h e i m p o r t a n c e o f u s i n g a whole p l a n t b i o a s s a y , b u t 
a l s o a c t e d as a u n i q u e b i o l o g i c a l m a r k e r t h a t was u s e d t o f o l l o w 
b i o l o g i c a l a c t i v i t y o f i n t e r e s t d u r i n g t h e c h e m i c a l p u r i f i c a t i o n 
p r o c e s s . By u s i n g a b i o a s s a y t h a t p r o v i d e d b o t h q u a l i t a t i v e and 
q u a n t i t a t i v e i n f o r m a t i o n d u r i n g t h e c h e m i c a l s e p a r a t i o n p r o c e s s , 
t h e t i m e - c o n s u m i n g t a s k o f c h e m i c a l p u r i f i c a t i o n and s t r u c t u r a l 
e l l u c i d a t i o n was d e v o t e d t o compounds t h a t c a u s e d t h e b i o l o g i c a l 
a c t i v i t y o f i n t e r e s t . 

F i g u r e s 4 and 5 show t h e p l a n t g r o w t h - r e g u l a t i n g a c t i v i t y o f 
t h e p u r i f i e d compounds w h i c h were i d e n t i f i e d as components o f t h e 
b i o l o g i c a l l y a c t i v e f r a c t i o n s p r e s e n t e d i n T a b l e I . Of t h e t e r -
penes e v a l u a t e d , BDVT showed t h e g r e a t e s t l e v e l o f p l a n t g r o w t h 
i n h i b i t i o n ( F i g u r e s 4b and 5 b ) , f o l l o w e d by t h e α i s o m e r ( F i g u r e 
4a and 5 a ) . The β i s o m e r c a u s e d 30% i n h i b i t i o n and t h e α i s o m e r 
c a u s e d 5% i n h i b i t i o n a t 1 ppm when a s s a y e d a g a i n s t b a r n y a r d g r a s s . 
S p r i n g e r e t a l . (12) a l s o showed t h a t t h e β i s o m e r was more a c t i v e 
t h a n t h e α i s o m e r i n t h e wheat c o l e o p t i l e a s s a y s y s t e m . These 
compounds a l s o c a u s e d b l e a c h i n g o f t h e s h o o t t i s s u e i n b a r n y a r d 
g r a s s . The o t h e r t e r p e n e s t h a t were e v a l u a t e d , DVT-monols, ( d a t a 
n o t shown) and Z-AB ( F i g u r e 4c and 5 c ) a l s o c a u s e d s i g n i f i c a n t 
l e v e l s o f i n h i b i t i o n o f b a r n y a r d g r a s s PSRFW. I n a d d i t i o n , b o t h o f 
t h e s e compounds c a u s e d g r o w t h s t i m u l a t i o n a t l o w e r c o n c e n t r a t i o n s . 
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Figure 4. E f f e c t s of N. tabacum l e a f sur face components on 
Echinochloa c r u s g a l l i Xbarnyard grass ) growth: 
(a) ADVT; (b) BDVT; (c) Z-AB; (d) Sucrose E s te r s . 
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374 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

.1 1 10 100 

Rate (ppm) 
.1 1 10 1 0 0 

Rate (ppm) 

Figure 5. E f f e c t s of N_. tabacum l e a f sur face components on 
Sesbania e x a l t a t a (hemp sesbania) growth: (a) ADVT; (b) BDVT; 
(c) Z-AB; (d) Sucrose E s te r s . 
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23. LAWSON ET AL. N. tabacum Leaf Surface Compounds 375 

The q u a n t i t a t i v e and q u a l i t a t i v e a c t i v i t y o f t h e p u r e compounds 
a c c o u n t e d f o r t h e b i o l o g i c a l a c t i v i t y a s s o c i a t e d w i t h t h e i n i 
t i a l l y s e p a r a t e d f r a c t i o n s p r e s e n t e d i n T a b l e I . C u t l e r and C o l e 
(10) have p r e v i o u s l y d e s c r i b e d t h e i n h i b i t o r y p r o p e r t i e s o f t h e s e 
compounds, b u t n o t t h e g r o w t h s t i m u l a t i o n o r t h e b l e a c h i n g a c 
t i v i t y . 

The s e c o n d most a c t i v e i s o l a t e s were t h e s u c r o s e e s t e r s 
( F i g u r e Ad and 5d). The s u c r o s e e s t e r s n o t o n l y i n h i b i t e d 
b a r n y a r d g r a s s PSRFW c o m p a r a b l e t o BDVT, b u t a l s o c a u s e d s l i g h t l y 
more i n h i b i t i o n o f PSRFW ( a t 10 ppm) o f hemp s e s b a n i a as compared 
t o BDVT. The i n h i b i t o r y e f f e c t s o f t h e s u c r o s e e s t e r s o f t o b a c c o 
have been p r e v i o u s l y d e m o n s t r a t e d (A) i n a wheat c o l e o p t i l e a s s a y . 
I n a d d i t i o n , t h e s u c r o s e e s t e r s c a u s e d 2A% and 32% s t i m u l a t i o n o f 
b a r n y a r d g r a s s PSRFW a t 1 and 0.1 ppm, r e s p e c t i v e l y . The s u c r o s e 
e s t e r s a l s o c a u s e d b l e a c h i n g o f b a r n y a r d g r a s s s h o o t t i s s u e . The 
q u a l i t a t i v e a n d q u a n t i t a t i v e e f f e c t s o f t h e p u r i f i e d s u c r o s e 
e s t e r s a g r e e d c l o s e l y w i t h t h e a c t i v i t y a s s o c i a t e d w i t h t h e CW 
( T a b l e I ) . 

CONCLUSIONS 

The i n v e s t i g a t i o n s d e s c r i b e d i n t h i s p a p e r c o n f i r m and expand upon 
p r e v i o u s work c o n d u c t e d on t h e b i o l o g i c a l a c t i v i t y o f N i c o t i a n a 
tabacum l e a f s u r f a c e e x u d a t e s . The c h r o m a t o g r a p h i c p r o c e d u r e s a l 
l o w t h e i s o l a t i o n o f r e l a t i v e l y l a r g e q u a n t i t i e s o f t h e s e 
m a t e r i a l s , as w e l l as o t h e r s u r f a c e c o n s t i t u e n t s ( h y d r o c a r b o n s , 
wax e s t e r s , e t c . ) , w i t h a minimum number o f c h r o m a t o g r a p h i c s t e p s , 
w h i c h i n c l u d e s i m p l e low p r e s s u r e c h r o m a t o g r a p h i c s y s t e m s . The 
Sephadex LH-20 s e p a r a t i o n i s a p a r t i c u l a r l y p o w e r f u l method. I t 
has h i g h l o a d i n g c a p a c i t y , i s a v e r y m i l d s e p a r a t i o n method b a s e d 
on b o t h p a r t i t i o n i n g and g e l p e r m e a t i o n modes, and i t r e s u l t s i n a 
c l e a r - c u t f r a c t i o n a t i o n i n t o component c l a s s e s . 

B i o a s s a y s f o r P e r o n o s p o r a t a b a c i n a c o n i d i a l g e r m i n a t i o n i n 
h i b i t i o n i n d i c a t e d t h a t , i n a d d i t i o n t o t h e known a c t i v i t y o f ADVT 
a n d BDVT, Z_-AB a l s o h a d s i g n i f i c a n t b i o l o g i c a l a c t i v i t y . The 
weaker a c t i v i t y d i s p l a y e d by t h e complex m i x t u r e o f s u c r o s e e s t e r s 
d e s e r v e s f u r t h e r work. A s s a y s o f i n d i v i d u a l s u c r o s e e s t e r g r o u p s 
o r i n d i v i d u a l i s o m e r s may d e m o n s t r a t e t h a t t h e b i o l o g i c a l a c t i v i t y 
i n d i c a t e d f o r t h e s u c r o s e e s t e r s as a group i s c o n c e n t r a t e d i n a 
l i m i t e d number o f i s o m e r s . F o r example, C u t l e r e t a l . (A) t e s t e d 
t h e s e compounds a g a i n s t b o t h gram p o s i t i v e and gram n e g a t i v e b ac
t e r i a . Growth i n h i b i t o r y a c t i v i t y was i n d i c a t e d a g a i n s t gram 
p o s i t i v e o r g a n i s m s and a c t i v i t y w h i c h was c o n c e n t r a t e d i n t h e 
Group V e s t e r s i n w h i c h t h e 2,3, and A h y d r o x y p o s i t i o n s on t h e 
g l u c o s e m o i e t y a r e e s t e r i f i e d w i t h β-methylvaleric a c i d . 

P l a n t g r o w t h - r e g u l a t i n g a c t i v i t y was a l s o d e m o n s t r a t e d i n 
t h e w h o l e p l a n t g r o w t h b i o a s s a y . Once a g a i n , b o t h and BDVT showed 
c o n s i d e r a b l e a c t i v i t y . G r owth i n h i b i t i o n a t h i g h e r c o n c e n t r a t i o n s , 
and t h e o b s e r v a t i o n o f b l e a c h i n g a c t i v i t y w i t h t h e s e compounds and 
t h e s u c r o s e e s t e r s i s s i g n i f i c a n t . M o r e o v e r , t h e s t i m u l a t i o n o f 
p l a n t g r o w t h a t l o w e r c o n c e n t r a t i o n s i s i n d i c a t i v e o f more complex 
b i o l o g i c a l p r o p e r t i e s . 

T h i s r e s e a r c h c o n f i r m s t h a t N i c o t i a n a tabacum c o n t a i n s p l a n t 
g r o w t h - r e g u l a t i n g compounds. The u s e o f t h e w h o l e p l a n t b i o a s s a y 
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376 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

a l l o w e d b o t h q u a n t i t a t i v e and q u a l i t a t i v e e v a l u a t i o n s of i s o l a t e s 
d u r i n g t h e p u r i f i c a t i o n p r o c e s s . T hus, n o t o n l y were t h e a p 
p r o p r i a t e compounds i d e n t i f i e d but t i m e s p e n t s e p a r a t i n g and i d e n 
t i f y i n g c h e m i c a l s of no b i o l o g i c a l s i g n i f i c a n c e was r e d u c e d . 
Q u e s t i o n s s t i l l r e m a i n c o n c e r n i n g t h e r o l e of t h e s e compounds i n 
p o s s i b l e e c o l o g i c a l i n t e r a c t i o n s ( i . e . , a l l e l o p a t h y ) . I n a number 
of e x a m p l e s , n a t u r a l p r o d u c t s have been shown t o l e a c h from p l a n t s 
and e l i c i t an a l l e l o p a t h i c r e s p o n s e t o s u r r o u n d i n g v e g e t a t i o n ( 1 7 , 
1 8 ) . However, t h e p l a n t g r o w t h - r e g u l a t i n g a c t i v i t y of t h e com
pounds e v a l u a t e d i n t h i s s t u d y was d e m o n s t r a t e d i n g l a s s j a r s . 
The e x t e n t o f t h e i r a c t i v i t y i n s o i l has not been s t u d i e d . I n a d 
d i t i o n , a l t h o u g h r a i n f a l l has been shown t o r e d u c e t h e l e v e l s of 
t h e s e compounds on t o b a c c o l e a v e s , w h i c h w o u l d i n d i c a t e t h a t 
l e a c h i n g i s p o s s i b l e , t h e c o n c e n t r a t i o n t h a t u l t i m a t e l y r e a c h e s 
t h e s o i l has n o t been d e t e r m i n e d ( 2 1 ) . T h e r e f o r e , t h e e c o l o g i c a l 
s i g n i f i c a n c e of t h e s e compounds r e l a t i v e t o p l a n t s has n o t y e t 
been a s c e r t a i n e d . 

Once b i o l o g i c a l a c t i v i t y has been d e m o n s t r a t e d f o r a n a t u r a l 
p r o d u c t , s e v e r a l a p p r o a c h e s t o t h e i r u se come t o mind. F i r s t , 
p l a n t b r e e d e r s and g e n e t i c i s t s a r e a l r e a d y a c t i v e l y i n v o l v e d i n 
t h e i n t r o d u c t i o n of s e v e r a l of t h e s e c h e m i c a l t r a i t s i n t o t o b a c c o 
f o r t h e p u r p o s e of p r o t e c t i n g t h e p l a n t from i n s e c t prédation o r 
d i s e a s e . I n t h e f u t u r e , b i o t e c h n o l o g y may supplement t h i s c l a s s i c 
g e n e t i c a p p r o a c h . These a p p r o a c h e s h o l d p r o m i s e f o r t h e i n v i v o 
a p p l i c a t i o n o f N. tabacum l e a f s u r f a c e c h e m i c a l s i n t h e c o n t r o l o f 
p e s t s . 

I n a d d i t i o n , t h e s u c r o s e e s t e r s i n p a r t i c u l a r , r e p r e s e n t an 
u n u s u a l c l a s s of n a t u r a l p r o d u c t s t h a t have not been e x t e n s i v e l y 
e xamined. A s i d e f r o m t h e work of S e v e r s o n e t a l . (13), t h e r e i s 
o n l y one a d d i t i o n a l r e p o r t of t h e o c c u r r e n c e of t h e s e compounds i n 
p l a n t s ( 2 2 ) . The w i d e range of b i o l o g i c a l a c t i v i t y , ( a p p a r e n t ) 
s t r u c t u r a l s i m p l i c i t y o f i n d i v i d u a l i s o m e r s , and p o t e n t i a l l y i n e x 
p e n s i v e n a t u r e of s y n t h e t i c s t a r t i n g m a t e r i a l s make t h e s e com
pounds an i n t r i g u i n g p o s s i b i l i t y f o r l e a d c h e m i s t r y i n t h e s y n 
t h e s i s of n o v e l p e s t i c i d e s . 
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Chapter 24 

Plant Constituents as Oviposition Deterrents 
to Lepidopterous Insects 

J. A. A. Renwick 

Boyce Thompson Institute, Tower Road, Ithaca, NY 14853 

The natural resistance of plants to herbivorous 
insects can often be explained by the presence of 
specific metabolites that act as toxins or as 
behavior-modifying agents. Oviposition deterrents 
can offer a first line of defense against insect 
pests, and extracts of non-host plants have been 
effective in protecting otherwise susceptible hosts. 
A search for active plant constituents that cause 
avoidance of treated plants for egg laying has led 
to examination of unacceptable plant species which 
are closely related to preferred species. The 
cabbage butterfly, Pieris rapae lays eggs on most 
members of the Cruciferae, but a few species such as 
Erysimum cheiranthoides are avoided. Potent 
oviposition deterrents have been isolated from this 
plant and characterized as cardenolides. 

Any s e a r c h f o r n a t u r a l p r o d u c t s t h a t m i g h t be u s e d t o c o n t r o l 
i n s e c t s i n e v i t a b l y l e a d s us t o t h e n a t u r a l c h e m i c a l d e f e n s e 
s y s t e m s t h a t p l a n t s have e v o l v e d t h r o u g h t h e ages t o p r o t e c t 
t h e m s e l v e s . The n a t u r a l r e s i s t a n c e o f p l a n t s a g a i n s t i n v a d e r s 
t a k e s many d i f f e r e n t f o r m s , b o t h p h y s i c a l and c h e m i c a l , and 
p o s s i b l e mechanisms have b e e n t h e s u b j e c t o f many r e v i e w s ( 1 , 2, 
!> 4, 5.) . T h i s d i s c u s s i o n w i l l be c o n f i n e d t o t h e c h e m i c a l 
f a c t o r s i n v o l v e d . 

A l l e l o c h e m i c a l s t h a t s e r v e t o p r o t e c t p l a n t s f r o m i n s e c t s may 
f u n c t i o n i n two ways: (1) b y a f f e c t i n g i n s e c t d e v e l o p m e n t and 
s u r v i v a l on t h e p l a n t , o r (2) b y i n f l u e n c i n g i n s e c t b e h a v i o r . The 
b e h a v i o r a l e v e n t s o f most i n t e r e s t h e r e a r e t h o s e i n v o l v e d i n t h e 
p r o c e s s o f h o s t s e l e c t i o n . O b s e r v a t i o n s on t h e a v o i d a n c e o f 
s p e c i f i c p l a n t s b y i n s e c t s c a n p r o v i d e t h e f i r s t c l u e s t h a t 
p r o t e c t i v e c h e m i c a l s may be p r e s e n t . More d e t a i l e d s t u d i e s on 
h o s t p r e f e r e n c e s c a n p r o v i d e i n f o r m a t i o n on p o s i t i v e as w e l l as 
n e g a t i v e s t i m u l i a f f e c t i n g h o s t f i n d i n g and a c c e p t a n c e . I f we 
know what c h e m i c a l s m e d i a t e t h i s b e h a v i o r , we m i g h t have a b a s i s 
f o r g e n e t i c m a n i p u l a t i o n o f c r o p p l a n t s o r f o r u s i n g c h e m i c a l s 
d i r e c t l y t o p r o t e c t s u s c e p t i b l e p l a n t s . 

0097-6156/88/0380-0378$06.00/0 
c 1988 American Chemical Society 
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24. RENWICK Plant Constituents as Oviposition Deterrents 

C h e m i c a l M e d i a t i o n o f H o s t S e l e c t i o n 

379 

H o s t s e l e c t i o n b y i n s e c t s i n v o l v e s one o r more b e h a v i o r a l 
r e s p o n s e s t h a t may be m e d i a t e d b y p l a n t c o n s t i t u e n t s . These 
i n c l u d e o r i e n t a t i o n , o v i p o s i t i o n and f e e d i n g ( 6 , 7 ) . However, 
t h e s e p h a s e s a r e n o t a l w a y s c l e a r l y s e p a r a t e d . F o r e xample, 
o v i p o s i t i o n g e n e r a l l y c a n n o t o c c u r w i t h o u t o r i e n t a t i o n t o t h e 
t a r g e t p l a n t , so a n a l y s i s o f t h e f a c t o r s a f f e c t i n g o v i p o s i t i o n 
o f t e n r e q u i r e s c o n s i d e r a t i o n o f t h e s t i m u l i t h a t e l i c i t l a n d i n g . 
The c h e m i c a l f a c t o r s m e d i a t i n g l a n d i n g on and a c c e p t a n c e o f 
p o t e n t i a l h o s t p l a n t s f o r o v i p o s i t i o n i n c l u d e a t t r a c t a n t s , 
r e p e l l e n t s , s t i m u l a n t s and d e t e r r e n t s . The i m p o r t a n c e o f 
u n d e r s t a n d i n g t h e i n t e r p l a y among t h e s e f a c t o r s h a s b e e n 
r e c o g n i z e d and e m p h a s i z e d b y many a u t h o r s (7., 8) · B u t t h e i d e a o f 
u t i l i z i n g t h e b e h a v i o r - m o d i f y i n g c h e m i c a l s t h a t a f f e c t o v i p o s i t i o n 
t o combat i n s e c t p e s t s has n o t b e e n w i d e l y i n v e s t i g a t e d . The 
c o n c e p t o f i n t e r f e r i n g w i t h o v i p o s i t i o n i s p a r t i c u l a r l y a p p e a l i n g , 
s i n c e i t c o u l d p r o v i d e t h e o p p o r t u n i t y t o b l o c k i n s e c t 
i n f e s t a t i o n s b e f o r e any damage c a n o c c u r . 

M a n i p u l a t i o n o f O v i p o s i t i o n 

S e v e r a l d i f f e r e n t s t r a t e g i e s m i g h t be e m p l o y e d t o m a n i p u l a t e 
o v i p o s i t i o n b y i n s e c t p e s t s . F i r s t l y , we m i g h t i n t e r f e r e w i t h 
o r i e n t a t i o n o r l a n d i n g b y i n t e r c r o p p i n g w i t h o d o r i f e r o u s p l a n t s o r 
t h r o u g h t h e d i r e c t u s e o f r e p e l l e n t s . S e c o n d l y , o v i p o s i t i o n 
d e t e r r e n t s m i g h t be i n t r o d u c e d i n t o c r o p p l a n t s as a r e s u l t o f 
p l a n t b r e e d i n g o r r e c o m b i n a n t DNA t e c h n i q u e s , o r d e t e r r e n t s c o u l d 
be s p r a y e d d i r e c t l y on t h e p l a n t s t o be p r o t e c t e d . T h i r d l y , 
o v i p o s i t i o n s t i m u l a n t s m i g h t be u s e d t o " f o o l " t h e i n s e c t s i n t o 
l a y i n g t h e i r eggs on n o n - h o s t p l a n t s w h i c h w o u l d be u n s u i t a b l e f o r 
l a r v a l d e v e l o p m e n t . G e n e t i c m a n i p u l a t i o n m i g h t a l s o be p o s s i b l e , 
i n t h i s c a s e , t o remove s t i m u l a n t f r o m t h e c r o p p l a n t s . The 
c o n c e p t o f i n t e r f e r i n g w i t h o v i p o s i t i o n as a means o f i n s e c t 
c o n t r o l h as y e t t o be s e r i o u s l y t e s t e d i n t h e f i e l d . S e v e r a l 
q u e s t i o n s n e e d t o be a n s w e r e d b e f o r e t h e s u g g e s t e d s t r a t e g i e s c a n 
be i m p l e m e n t e d . The use o f d e t e r r e n t s may l e a d t o h a b i t u a t i o n o f 
t h e t a r g e t i n s e c t s . T h e r e f o r e , t h e s u c c e s s o f t h i s a p p r o a c h may 
depend on t h e p r e s e n c e o f a l t e r n a t e s i t e s f o r o v i p o s i t i o n . I t i s 
l i k e l y t h a t c o m b i n a t i o n s o f p o s s i b l e s t r a t e g i e s w i l l p r o v i d e t h e 
b e s t r e s u l t s , and t h e i d e a o f u s i n g t r a p c r o p s , o r p l a n t s t r e a t e d 
w i t h s t i m u l a n t s , a l o n g w i t h d e t e r r e n t - t r e a t m e n t o f t h e m a i n c r o p , 
has c o n s i d e r a b l e m e r i t . 

D e s p i t e t h e w i d e s p r e a d i n t e r e s t i n o v i p o s i t i o n as a t a r g e t 
s t a g e f o r i n s e c t c o n t r o l and r a p i d l y e x p a n d i n g r e s e a r c h p rograms 
i n t h e f i e l d , r e l a t i v e l y few o f t h e c h e m i c a l s i n v o l v e d have 
a c t u a l l y b e e n i d e n t i f i e d . P r o b a b l y t h e b e s t p r o g r e s s i n t h e a r e a 
h a s b e e n i n t h e i s o l a t i o n and i d e n t i f i c a t i o n o f v o l a t i l e compounds 
t h a t a t t r a c t o r s t i m u l a t e s p e c i a l i s t f l i e s s u c h as t h e o n i o n f l y 
and t h e c a r r o t f l y ( 9 , 10, 11, 1 2 ) . These compounds f u n c t i o n as 
a t t r a c t a n t s a n d / o r a r r e s t a n t s so t h a t o v i p o s i t i o n i s t h e end 
r e s u l t . B u t t h e p o s s i b l e i n v o l v e m e n t o f c o n t a c t s t i m u l i t h a t 
t r i g g e r t h e f i n a l a c t o f egg d e p o s i t i o n c a n n o t be e x c l u d e d . Among 
t h e s p e c i a l i s t b u t t e r f l i e s , t h e l a r g e w h i t e cabbage b u t t e r f l y , 
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380 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

P i e r i s b r a s s i c a e . has b e e n w i d e l y s t u d i e d i n E u r o p e . T h i s 
b u t t e r f l y i s s t i m u l a t e d t o o v i p o s i t b y g l u c o s i n o l a t e s p r e s e n t i n 
i t s c r u c i f e r h o s t p l a n t s ( 1 3 ) . A n o t h e r group o f b u t t e r f l i e s 
p r e s e n t l y b e i n g e x t e n s i v e l y s t u d i e d a r e t h e s w a l l o w t a i l s . 
F l a v a n o n e g l y c o s i d e s t h a t s t i m u l a t e o v i p o s i t i o n b y P a p i l i o 
p r o t e n o r h a v e b e e n i d e n t i f i e d i n J a p a n ( 1 4 ) , 

a n d Feeny and c o w o r k e r s r e c e n t l y i d e n t i f i e d a c i d i c f l a v o n o i d s t h a t 
a c t s y n e r g i s t i c a l l y w i t h a n o t h e r p l a n t component t o s t i m u l a t e 
o v i p o s i t i o n b y t h e u m b e l l i f e r - f e e d i n g P a p i l i o p o l y x e n e s ( 1 5 ) . I n 
a l l t h e b u t t e r f l i e s s t u d i e d , t h e c r i t i c a l s t i m u l i a r e p e r c e i v e d 
t h r o u g h t a r s a l r e c e p t o r s (13., 15, 16) , so c o n t a c t w i t h t h e p l a n t 
i s n e c e s s a r y f o r h o s t r e c o g n i t i o n . The f a c t o r s a f f e c t i n g 
o v i p o s i t i o n b y moths a r e s i m i l a r t o t h o s e f o r b u t t e r f l i e s , and t h e 
s u b j e c t has b e e n r e v i e w e d by Ramaswamy ( 1 7 ) . 

O v i p o s i t i o n D e t e r r i n g Pheromones 

The r o l e o f i n h i b i t o r y compounds t h a t d i s c o u r a g e o v i p o s i t i o n on 
u n s u i t a b l e p l a n t s h a s l o n g b e e n r e c o g n i z e d , b u t h a s o n l y r e c e n t l y 
b e e n e m p h a s i z e d b y Jermy and S z e n t e s i ( 1 8 ) . A l t h o u g h we n e e d t o 
know as much as p o s s i b l e a b o u t p o s i t i v e as w e l l as n e g a t i v e i n p u t s 
i n p l a n t - i n s e c t r e l a t i o n s h i p s , f r o m a p r a c t i c a l p o i n t o f v i e w , t h e 
i d e a o f b l o c k i n g o v i p o s i t i o n a p p e a r s t o o f f e r t h e most p r o m i s e . 
The p o t e n t i a l o f o v i p o s i t i o n d e t e r r e n t s has r e c e n t l y b e e n 
h i g h l i g h t e d b y t h e d i s c o v e r y o f o v i p o s i t i o n d e t e r r i n g pheromones. 
P i o n e e r i n g w ork b y P r o k o p y (19) has shown t h a t many s p e c i e s o f 
f r u i t f l i e s r e l e a s e a m a r k i n g c h e m i c a l d u r i n g and a f t e r 
o v i p o s i t i o n . T h i s c h e m i c a l i s smeared o n t o t h e f r u i t s u r f a c e and 
s e r v e s t o d i s c o u r a g e f u r t h e r o v i p o s i t i o n b y o t h e r f e m a l e f l i e s on 
t h a t f r u i t . I n t h i s way, o v e r c r o w d i n g i s a v o i d e d and t h e l a r v a e 
c a n d e v e l o p w i t h l i t t l e o r no c o m p e t i t i o n . S i m i l a r o v i p o s i t i o n 
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2 4 . RENWICK Plant Constituents as Oviposition Deterrents 381 

d e t e r r i n g pheromones ( e p i d e i c t i c pheromones) have b e e n f o u n d i n a 
v a r i e t y o f i n s e c t s where r e s o u r c e s a r e l i m i t e d and a d e q u a t e 
s p a c i n g o f l a r v a e i s e s s e n t i a l ( 2 0 ) . I n most o f t h e s e c a s e s , 
p h y s i c a l as w e l l as c h e m i c a l c u e s p l a y a r o l e i n t h e s p a c i n g 
mechanism. F o r example, cowpea w e e v i l s a c h i e v e a l m o s t p e r f e c t 
d i s t r i b u t i o n o f t h e i r eggs on a v a i l a b l e s e e d s b y a c o m b i n a t i o n o f 
p h y s i c a l r e c o g n i t i o n and c h e m i c a l m a r k i n g o f eggs ( 2 1 ) . The 
cabbage b u t t e r f l y , P i e r i s b r a s s i c a e . a l s o u s e s unknown c h e m i c a l s 
as w e l l as v i s u a l c u e s t o r e c o g n i z e t h e p r e s e n c e o f egg b a t c h e s on 
h o s t p l a n t s (22., 23.) . The i d e n t i f i c a t i o n o f o v i p o s i t i o n d e t e r r i n g 
pheromones h a s p r o v e d t o be e x t r e m e l y d i f f i c u l t , b u t t h e f i r s t 
s u c c e s s h a s r e c e n t l y b e e n r e p o r t e d b y a g roup i n S w i t z e r l a n d . 
E l e c t r o p h y s i o l o g i c a l m o n i t o r i n g was u s e d t o i s o l a t e t h e pheromone 
o f t h e E u r o p e a n c h e r r y f r u i t f l y and t h e a c t i v e compound has b e e n 
c h a r a c t e r i z e d ( 2 4 ) . 

F i e l d t e s t s o f e x t r a c t s o f t h i s pheromone h a d p r e v i o u s l y shown 
t h a t p r a c t i c a l a p p l i c a t i o n i s a r e a l p o s s i b i l i t y (2j>) . 

P l a n t C o n s t i t u e n t s D e t e r r i n g O v i p o s i t i o n 

The s u c c e s s o f s t u d i e s on o v i p o s i t i o n d e t e r r i n g pheromones has 
h e l p e d i n b o o s t i n g r e s e a r c h on p l a n t - p r o d u c e d d e t e r r e n t s . S e v e r a l 
c a s e s have now b e e n r e p o r t e d where i n s e c t i n j u r y r e s u l t s i n t h e 
r e l e a s e o f p l a n t c o n s t i t u e n t s t h a t may f u n c t i o n as o v i p o s i t i o n 
d e t e r r e n t s . One example i s t h e o l i v e f r u i t f l y , w h i c h p u n c t u r e s 
t h e f r u i t as i t l a y s i t s eggs, and t h e j u i c e s f l o w i n g f r o m t h e 
wound c o n t a i n c h e m i c a l s t h a t d e t e r f u r t h e r o v i p o s i t i o n ( 2 6 ) . 
A n o t h e r s p a c i n g mechanism was f o u n d f o r t h e cabbage l o o p e r , 
T r i c h o p l u s i a n i . T h i s moth l a y s i t s eggs e v e n l y o v e r a v a i l a b l e 
p l a n t s and a v o i d s p l a n t s t h a t a r e a l r e a d y o c c u p i e d b y f e e d i n g 
l a r v a e . The l a r v a l f r a s s was f o u n d t o be a s o u r c e o f o v i p o s i t i o n 
d e t e r r e n t (27.), b u t f u r t h e r s t u d i e s showed t h a t d i s r u p t i o n o f 
p l a n t t i s s u e b y t h e f e e d i n g l a r v a e c o u l d a c c o u n t f o r r e l e a s e o f 
a c t i v e compounds f r o m t h e p l a n t ( 2 8 ) . O v i p o s i t i o n d e t e r r e n t s have 
now b e e n f o u n d i n f r a s s o f s e v e r a l i n s e c t s i n c l u d i n g t h e E u r o p e a n 
c o r n b o r e r and s p e c i e s o f S p o d o p t e r a ( 2 9 , 30, 3 1 ) , and p l a n t 
c o n s t i t u e n t s may be r e s p o n s i b l e f o r t h e a c t i v i t y i n most o f t h e s e 
c a s e s . 

I t i s now c l e a r t h a t s e v e r a l s o u r c e s o f n a t u r a l o v i p o s i t i o n 
d e t e r r e n t s a r e a v a i l a b l e t o u s . The m a r k i n g pheromones r e p r e s e n t 
a g roup o f p o t e n t s p e c i e s - s p e c i f i c a g e n t s f o r i n s e c t s w h i c h depend 
on a d e q u a t e s p a c i n g f o r t h e i r s u r v i v a l . P l a n t c o n s t i t u e n t s o f f e r 
a more g e n e r a l s o u r c e o f b i o l o g i c a l l y a c t i v e c h e m i c a l s . These may 
be r e l e a s e d f r o m damaged h o s t p l a n t s , and t h u s p l a y a r o l e i n t h e 
d i s t r i b u t i o n o f i n s e c t p o p u l a t i o n s , o r compounds f r o m n o n - h o s t 
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382 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

p l a n t s m i g h t be more g e n e r a l l y i n v o l v e d i n p r o t e c t i o n f r o m a 
v a r i e t y o f h e r b i v o r e s . B o t h v o l a t i l e and n o n - v o l a t i l e n e g a t i v e 
s i g n a l s may be p r o v i d e d b y a p l a n t . The u s e o f v o l a t i l e 
r e p e l l e n t s t o p r o t e c t a c r o p p l a n t has o f t e n b e e n s u g g e s t e d , and 
i n t e r c r o p p i n g w i t h h e r b s o r o t h e r f r a g r a n t p l a n t s i s a n a t t e m p t t o 
c a p i t a l i z e on t h i s p r i n c i p l e ( 3 2 , 3,3, 3 4 ) . However, most e f f o r t s 
t o u s e o v i p o s i t i o n d e t e r r e n t s as p r o t e c t i v e a g e n t s i n v o l v e non
v o l a t i l e p l a n t c o n s t i t u e n t s , w h i c h a r e l i k e l y t o h a v e a more 
p e r s i s t e n t e f f e c t . Some e a r l y work b a s e d on i d e a s o f o r g a n i c 
g a r d e n e r s i n c l u d e d t h e u s e o f tomato homogenates a g a i n s t cabbage 
b u t t e r f l i e s and c h e s t n u t e x t r a c t s a g a i n s t s u g a r b e e t moths (35 . 
3 6 ) . These s t u d i e s have b e e n f o l l o w e d b y s e v e r a l o t h e r s a i m e d a t 
l e p i d o p t e r o u s p e s t s o f v a r i o u s c r o p p l a n t s ( T a b l e I ) . The u s u a l 
a p p r o a c h , t h e r e f o r e , has b e e n t o t e s t e x t r a c t s o f u n r e l a t e d , non-
h o s t p l a n t s as d e t e r r e n t s a g a i n s t a p a r t i c u l a r i n s e c t . 

O v i p o s i t i o n D e t e r r e n t s f o r Pieris rapae 

I n i t i a l s t u d i e s on t h e cabbage b u t t e r f l y , P i e r i s r a p a e . i n c l u d e d a 
s u r v e y o f d e t e r r e n t a c t i v i t y i n a v a r i e t y o f h o s t and n o n - h o s t 
p l a n t s . I n c h o i c e b i o a s s a y s w i t h t r e a t e d and u n t r e a t e d cabbage 
p l a n t s i n g r e e n h o u s e c a g e s , hexane e x t r a c t s o f n o n - h o s t p l a n t s 
were a l l d e t e r r e n t ( 4 4 ) . However, hexane e x t r a c t s o f h o s t p l a n t s 
were a l s o d e t e r r e n t . These r e s u l t s s u g g e s t e d t h a t many non
s p e c i f i c c h e m i c a l s i n damaged t i s s u e s o f p l a n t s may a c t as 
d e t e r r e n t s . B u t when w a t e r s o l u b l e m a t e r i a l f r o m t h e same p l a n t s 
was t e s t e d , c l e a r d i f f e r e n c e s b e t w e e n h o s t s and n o n - h o s t s were 
s e e n ( 4 4 ) . The l a c k o f d e t e r r e n t a c t i v i t y i n w a t e r e x t r a c t s o f 
h o s t p l a n t s was n o t s u r p r i s i n g s i n c e t h e s e e x t r a c t s a r e known t o 
c o n t a i n o v i p o s i t i o n s t i m u l a n t s ( 4 5 ) . As a r e s u l t o f t h e s e 
s t u d i e s , a t t e n t i o n has b e e n f o c u s e d on c r u c i f e r s , w h i c h we m i g h t 
e x p e c t t o be a t t r a c t i v e t o cabbage b u t t e r f l i e s , b u t w h i c h a r e 
r e j e c t e d a f t e r l a n d i n g . Two examples o f u n a c c e p t a b l e c r u c i f e r s , 
Erysimum c h e i r a n t h o i d e s and C a p s e l l a b u r s a - p a s t o r i s . c l e a r l y 
c o n t a i n p o w e r f u l d e t e r r e n t s (44)· I f t h e s e p l a n t s a l s o p r o d u c e 
s t i m u l a n t s , t h e d e t e r r e n t s must be p a r t i c u l a r l y p o t e n t t o o u t w e i g h 
t h e p o s i t i v e e f f e c t s o f t h e s t i m u l a n t . T h i s argument h a s p r o v i d e d 
t h e r a t i o n a l e f o r o u r a p p r o a c h o f s t u d y i n g p l a n t s t h a t a r e a v o i d e d 
by an i n s e c t b u t w h i c h a r e c l o s e l y r e l a t e d t o p r e f e r r e d h o s t s . 

Erysimum c h e i r a n t h o i d e s i s a s m a l l i n c o n s p i c u o u s p l a n t w i t h 
l i t t l e f o l i a g e f o r c h e m i c a l s t u d i e s . B u t p r o p a g a t i o n i n t h e 
g r e e n h o u s e i s e a s y , and k i l o g r a m q u a n t i t i e s were p r o d u c e d o v e r a 
p e r i o d o f a few months. S e p a r a t i o n o f p o l a r e x t r a c t s b y 
p a r t i t i o n i n g b e t w e e n w a t e r and b u t a n o l p r o v i d e d a c o n v e n i e n t means 
o f s h o w i n g t h a t b o t h s t i m u l a n t and d e t e r r e n t a r e p r e s e n t i n t h i s 
p l a n t ( 4 6 ) . 

When b u t a n o l e x t r a c t s o f E. c h e i r a n t h o i d e s were s u b j e c t e d t o 
r e v e r s e d phase HPLC, w i t h a w a t e r - a c e t o n i t r i l e g r a d i e n t , a l l t h e 
d e t e r r e n t a c t i v i t y was o b t a i n e d i n a f r a c t i o n e l u t i n g w i t h a b o u t 
28% a c e t o n i t r i l e . Maximum UV a b s o r p t i o n a t 219 nm f o r t h e m a j o r 
p e a k s s u g g e s t e d t h a t t h e s e compounds may be c a r d e n o l i d e s . A 
p o s i t i v e r e a c t i o n w i t h Keddes' Reagent c o n f i r m e d t h e c a r d e n o l i d e 
c h a r a c t e r o f t h e a c t i v e components (47) and two o f t h e g l y c o s i d e s 
have b e e n p o s i t i v e l y i d e n t i f i e d ( 4 8 ) . 
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24. RENWICK Plant Constituents as Oviposition Deterrents 383 

T a b l e I . P l a n t e x t r a c t s t e s t e d as o v i p o s i t i o n d e t e r r e n t s a g a i n s t 
l e p i d o p t e r o u s p e s t s 

I n s e c t P l a n t E x t r a c t R e f e r e n c e 

P i e r i s b r a s s i c a e 

P. r a p a e 

Ρ. n a p i 

L u n d g r e n (35) 

S c r o b i p a l p a 
o c e l l a t e l l a 

C a s t a n e a s a t i v a 
( c h e s t n u t ) 

R o b e r t & 
B l a i s i n g e r 

(36) 

H e l i o t h i s 
v i r e s c e n s 

T i n g l e & 
M i t c h e l l (37) 

H. v i r e s c e n s Sambucus s i m p s o n i i 
( e l d e r b e r r y ) 

T i n g l e & 
M i t c h e l l (38) 

S p o d o p t e r a e x i g u a 
S. e r i d a n i a 

Amaranthus h y d r i d u s 
( pigweed) 

M i t c h e l l & 
H e a t h (39) 

S p o d o p t e r a f r u g i p e r d a c o r n l e a v e s 

P l u t e l l a x v l o s t e l l a v a r i o u s h e r b s 

W i l l i a m s 
e t a l . (30) 

Dover (40) 

C y d i a p o m o n e l l a v a r i o u s 
m e d i c i n a l p l a n t s 

A d i v a r d i & 
Benz (41) 

S p o d o p t e r a l i t u r a Neem k e r n e l J o s h i & 
S i t a r a m a i a h 
(42) 

S p o d o p t e r a f r u g i p e r d a Neem k e r n e l H e l l p a p & 
Mercado (43) 
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384 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

The big question that now remains is whether these 
cardenolides could be effective in protecting cabbage plants in 
the field. The results of preliminary field tests of crude 
extracts suggest that some degree of control is possible (49). 
The concentrations of cardenolides required are likely to be in 
the microgram per plant range, well below mammalian toxicity 
levels. However, the toxic reputation of cardenolides may make 
acceptance of these compounds in an agricultural system difficult, 
and research efforts are now being focused on other crucifer 
plants. The approach of isolating deterrents from unacceptable 
plants that are related to hosts appears to be promising, and this 
work should serve as a model system for future studies. 
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Chapter 25 

Plant Natural Products 
as Parasitoid Cuing Agents 

Douglas W. Whitman1 

Insect Biology and Population Management Research Laboratory, 
Agricultural Research Service, U.S. Department of Agriculture, 

Tifton, GA 31793 

Plant natural products play an important role 
in the orientation of insect parasitoids to 
their herbivorous insect hosts. Few of these 
stimulating or attractive plant compounds have 
been identified, but terpenoids, thiocyanates, 
and sugars are represented. Another group of 
synomonal plant natural products is the 
"green leaf odors," six carbon alcohols, 
aldehydes, and their derived esters, found in 
many plants. A better understanding of how 
plant volatiles and contact stimulants influence 
the behaviors of insect parasitoids, such as the 
parasitic Hymenoptera, could aid in the 
application of biological control. 

The herbivorous insects that attack our food and fiber 
crops are humankind's greatest competitors, causing 
b i l l i o n s of dollars i n damage and control costs annual
l y . Most of these pestiferous species are themselves 
attacked by microorganisms, predators, and parasitoids, 
c o l l e c t i v e l y known as natural enemies. One of the 
larger and more important groups of natural enemies i s 
the p a r a s i t i c wasps (order Hymenoptera), which number 
about 100,000 species worldwide. These useful 
parasitoids make their l i v i n g by seeking out other 
insects which serve as food for their young. Usually 
only one wasp egg i s l a i d on or in the insect host, and 
the wasp larvae completes i t s entire development on that 
particular host, eventually k i l l i n g i t . 

The potential value of using natural enemies such as 
par a s i t i c wasps to control crop pests has long been 
!Current address: Department of Biology, Illinois State University, Normal, IL 61761 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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25. WHITMAN Plant Natural Products as Parasitoid Cuing Agents 387 

recognized by crop protection s p e c i a l i s t s . Indeed, the 
advantages of such "biological control" are manifold. 
Successful b i o l o g i c a l control decreases pesticide use, 
thereby reducing potential environmental contamination 
as well as chemical disruption of the agroecosystem. 
The greatest benefit of using natural enemies to control 
plant pests occurs when the b i o l o g i c a l control agent 
becomes permanently established in the environment, thus 
providing a perennial low-cost means of crop protection. 

When i t works, b i o l o g i c a l control can be r e l a t i v e l y 
inexpensive, long-lasting, and environmentally sound. 
Indeed, there have been many v i c t o r i e s in the a p p l i 
cation of this technique (1) , successes which continue 
to save millions of dollars annually. Unfortunately, 
however, the majority of attempts to u t i l i z e b i o l o g i c a l 
control have f a i l e d (2, 3). Predators and parasitoids 
which work well in the laboratory are often dismal 
fai l u r e s in the f i e l d . The reasons for such mishaps are 
varied and complex, {4), but often can be attributed to 
what seems to be an i n a b i l i t y or unwillingness of 
released b i o l o g i c a l control agents to locate and attack 
their hosts. Many b i o l o g i c a l control practitioners, who 
have spent months carefully culturing large numbers of 
natural enemies in the laboratory, are frustrated to see 
the subjects of their research simply f l y away following 
f i e l d l i b e r a t i o n (5^7) · T o solve this problem, i t i s 
essential to gain an understanding of the factors which 
i n i t i a t e and maintain host searching behavior, and a 
knowledge of the cues used by natural enemies to locate 
their hosts. Simply put, once we know what turns 
parasitoids on and how parasitoids find and choose their 
prey, then we can manipulate these systems for our own 
advantage. 

The factors which govern parasitoid orientation to 
prey are best understood i n the p a r a s i t i c wasps, where 
host location and i d e n t i f i c a t i o n i s accomplished largely 
via the chemical modality (Figure 1). Various studies 
have shown that p a r a s i t i c Hymenoptera can be stimulated 
by kairomones originating from such diverse sources as 
the host's body, frass, scales, hairs, mandibular gland 
secretions, s i l k , and even sexual and aggregation 
pheromones (8-10). It i s becoming increasingly clear, 
however, that plant natural products also play an 
important role in this process, serving to attract and 
stimulate Hymenopterous parasitoids as well as other 
classes of natural enemies {8, 1Λ)· 

The idea that parasitoids u t i l i z e plant v o l a t i l e s 
and contact stimulants to locate their prey i s not new, 
but was suggested at least 50 years ago (1̂ 2, 1_3) · Since 
then, numerous researchers have documented the attrac
tion of parasitoids to odors of a great variety of 
plants (Vinson 1981). It i s therefore surprising that 
in only five studies have the actual stimulating plant 
synomones been i d e n t i f i e d . Table I l i s t s these studies 
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388 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Figure 1. Female M i c r o p l i t i s croceipes wasp orienting 
to v o l a t i l e s released as i t s c a t e r p i l l a r host feeds 
upon a bean leaf.  P
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390 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

and shows the great heterogeneity which characterizes 
them. It i s s i g n i f i c a n t to note that several families 
of p a r a s i t i c wasps as well as a tachinid f l y are 
represented. These parasitoids attack a d i v e r s i t y of 
prey ranging from sap-sucking aphids and leaf-feeding 
c a t e r p i l l a r s to bark-feeding beetles. The stimulating 
natural products are produced by a d i v e r s i t y of plants 
representing cultivated and wild taxa, herbs and trees, 
and deciduous and evergreen species, and include sugars, 
thiocyanates, and terpenoids (Figure 2), which act as 
long or short range olfactory attractants, contact 
arrestants, or oviposition stimulants. Notice also that 
whereas some compounds were tested in the laboratory 
with olfactometers, others were examined in the f i e l d 
with baited sticky traps. The diversity of plant, 
herbivore, and parasitoid taxa, and the variety of 
active plant components, which are represented in these 
studies, strongly suggest that plant natural product 
stimulation of parasitoids i s a widespread phenomenon, 
perhaps a major factor in the orientation of insect 
parasitoids. 

In our laboratory, we recently began a series of 
studies to elucidate the role of v o l a t i l e plant natural 
products in orienting and attracting the braconid wasp 
Mi c r o p l i t i s croceipes (Figure 1). Female M. croceipes 
attack and lay their eggs in Heliothis c a t e r p i l l a r s . 
These nefarious c a t e r p i l l a r s feed upon a great number of 
important crops including cotton, corn, bean, tomato, 
and tobacco, causing hundreds of millions of dollars in 
annual damage worldwide. 

We chose to study a series of six carbon alcohols, 
aldehydes, and their d e r i v i t i v e esters (Figure 3), which 
are c o l l e c t i v e l y known as "green leaf odors," because of 
their common occurrence in plants (20-22). It i s these 
substances, along with plant allelochemicals such as 
terpenoids and mustard o i l s , which give each plant group 
i t s characteristic odor. The exact function served by 
the green leaf compounds i s unknown. They may have some 
metabolic purpose, or perhaps deter or harm plant com
petitors or herbivores. However, data substantiating 
these roles are scarce. It i s known that damaged plants 
release r e l a t i v e l y large quantities of these v o l a t i l e s 
(e.g. the odor of a freshly mowed lawn) (23, .24) · In 
fact, some green leaf v o l a t i l e s appear to be produced 
only when plant tissue i s damaged (22). 

To test the attractiveness of these substances to M. 
cropeipes wasps, we employed a 75x75x200 cm wind tunnel. 
Young mated laboratory-reared female wasps were placed in 
the downwind end of the tunnel and a microcapillary tube 
containing the test compound was place 100 cm upwind 
(preliminary experiments had shown that males did not 
respond to these substances). By using various-sized 
c a p i l l a r y tubes, we obtained a wide range of release 
rates for our test compounds. If the substance and the 
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HOHjC ^ / 0 \ 0 H 
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fructose 

CHX>H 

" Ο . HOH,C 

OH HO 

sucrose 

CH.OH 

C H : = C H - C H 2 - N = C = S 

allyl isothiocyanate α-pinene ( — )-a-cubebene 

a-humulene y-bisabolene β-caryophyllene oxide 

spathulenol β-bisabolol gossonorol 

Figure 2. Plant natural products known to stimulate 
insect parasitoids. 

II 
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r/5-3-hexenyl butyrate 

r/5-3-hexenyl acetate 
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A / V C H 0 /^/75-2-hexena] 

Figure 3. Green leaf v o l a t i l e s tested for attrac t i v e 
ness with M i c r o p l i t i s croceipes wasps. 
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3 9 2 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

dose were attractive to the wasps, they flew upwind and 
landed on a 1 cm diameter paper target placed near the 
c a p i l l a r y tube o r i f i c e . If the test compound and/or 
dose was unattractive, wasps did not orient upwind, but 
instead flew to the c e i l i n g or walls of the wind tunnel. 
Wasps were either placed d i r e c t l y into the f l i g h t 
chamber (naive females) or f i r s t given a p r e f l i g h t 
stimulatory experience (experienced females). This 
p r e f l i g h t experience consisted of allowing the wasps to 
antennate a dried spot of water extract of Heliothis zea 
frass for 30 seconds. Previous work (2j), 26) 
demonstrated that antennal contact with H. zea frass or 
frass extract stimulates and enhances host finding by M. 
croceipes. 

After establishing dose-response curves for the 
various test substances, a release rate of approximately 
0.0004 μΐ/min was chosen for the test. This release 
rate was selected because i t was thought to be within 
the range that naturally occurs when a c a t e r p i l l a r feeds 
upon plant tissue, and because this l e v e l (for most 
compounds) e l i c i t e d a high rate of response from the 
wasps. 

Our results showed that, at the doses tested, the 
green leaf odors varied widely in their attractiveness 
to M. croceipes females (Table I I ) . Some substances 
(e.g., cis - 3-hexenyl butyrate) were extremely attractive 
to M. croceipes, e l i c i t i n g orientation responses near 
the highest ever recorded for this insect (2J5, .26) , 
whereas other substances were r e l a t i v e l y unattractive 
(e.g., trans -2-hexenal). 

Table I I . The Response of Naive and Experienced 
M i c r o p l i t i s croceipes Wasps to Various Green Leaf 

V o l a t i l e Substances Tested in a Wind Tunnel. See text 
for explanation 

% Successful Orientation 
V o l a t i l e Naive (n=20) Experienced (n=20) 

blank control 0 0 
hexane control 0 0 
trans -2-hexenal 0 10 
trans -2-hexenol 10 55 
trans -2-hexenyl acetate 20 55 
cis - 3-hexenyl acetate 20 70 
cis - 3-hexenyl propionate 25 65 
cis - 3-hexenyl butyrate 45 80 

As in other studies (2J5, 26) , p r e f l i g h t stimulation 
had a strong effect on orientation performance. In most 
cases, wasps were s i g n i f i c a n t l y more responsive to the 
test compounds i f they had f i r s t been exposed to the 
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25. WHITMAN Plant Natural Products as Parasitoid Cuing Agents 393 

dried extract of Heliothis frass. Currently, two 
hypotheses compete to explain this phenomenon. The 
sensitization hypothesis holds that the water extract of 
the Heliothis frass contained host kairomones which 
stimulated the wasps, perhaps sensitizing them, or 
increasing their appetitive drive. The second theory 
involves associative learning. Lewis and Tumlinson (25) 
recently demonstrated that M. croceipes could be con
ditioned to respond to novel odors i f the novel sub
stances were paired with host kairomones in a c l a s s i c a l 
UCS-CS encounter. A similar type of conditioning may 
have occurred in our tests when wasps were provided a 
pr e f l i g h t exposure to frass extract. Perhaps the dried 
extract of Heliothis frass contained low levels of 
certain of our green leaf test substances, which became 
conditioned stimuli when they were associated with the 
host kairomone acting as an unconditioned stimulus. 
Thus, increased response to green leaf odors following 
pr e f l i g h t stimulation may represent learning instead of 
sensitization. This p o s s i b i l i t y i s currently being 
explored in our laboratory. 

Regardless of how p r e f l i g h t stimulation occurs, the 
results c l e a r l y show that M. croceipes wasps orient to 
certain of the green leaf odors. Under natural con
ditions, this chemical-induced anemotactic response 
would bring wasps to plants where they could obtain food 
and water (nectar, dew, and honeydew), high humidity, 
and shelter from wind, rain, sunlight, and predators. 
However, the fact that only females are attracted by the 
green leaf v o l a t i l e s suggests a more female-specific 
benefit, i . e . host location. When plant tissues are 
damaged by chewing herbivores, r e l a t i v e l y large amounts 
of these v o l a t i l e substances are liberated. Perhaps M. 
croceipes, as well as other p a r a s i t i c wasps, orient to 
the source of these emissions, where they find their 
hosts. 

In the f i e l d , p a r a s i t i c wasps confront a diverse and 
structurally complex habitat in which suitable hosts may 
be scarce. An a b i l i t y to locate prey using both long-
and short-range cues would be highly adaptive. Like
wise, there i s undoubtedly selective pressure for plants 
to evolve mechanisms to attract parasitoids to sites of 
herbivory. The green leaf odors may represent such a 
mechanism. In other words, a t r i t r o p h i c chemical com
munication may exist between plants and members of the 
thi r d trophic l e v e l , a communication largely unnoticed 
by humans because of our poorly developed olfactory 
senses. 

Lending support to this hypothesis i s the fact that 
the carnivorous Hymenoptera are thought to have evolved 
from phytophagous ancestors. Phytophagous insects are 
well known to respond to green leaf odors (2_2) . It i s 
conceivable that the ancestors of the p a r a s i t i c 
Hymenoptera also possessed an a b i l i t y to orient to plant 
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394 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

compounds and retained this s e n s i t i v i t y during their 
evolution to a carnivorous way of l i f e . 

Also of interest i s evidence suggesting that un
damaged plants release r e l a t i v e l y low amounts of green 
leaf v o l a t i l e s while damaged plans release r e l a t i v e l y 
large amounts (2_3, 24) . Since herbivores respond to 
these compounds, i t may pay plants to "hide" their odor 
u n t i l they come under attack. At that time, the advan
tages of releasing parasitoid-attracting synomones could 
outweigh the disadvantages of attracting additional 
herbivores. Other studies suggest that the concentration 
of green leaf v o l a t i l e s i n the tissues of some plants 
may be quite low; only when the plant i s damaged are 
these v o l a t i l e s derived enzymatically from precursors 
(23) . 

Herbivorous insects might also produce and release 
green leaf v o l a t i l e s in their frass as a consequence of 
their digestion of plant tissue. At this point the 
rel a t i v e importance of plant- versus possible insect-
produced green leaf odors on host finding by parasitoids 
i s unknown. However, parasitoids would presumably 
orient to their hosts whether the attractive v o l a t i l e s 
arose from the head region (as a consequence of simple 
mandibular damage to plant tissue) or from the opposite 
end of the c a t e r p i l l a r . 

Significance to Biological Control 

The orientation of parasitoids to green leaf odors may 
have significance for agriculture, p a r t i c u l a r l y in the 
realm of b i o l o g i c a l control. Entomologists who mass 
rear parasitoids in the laboratory for eventual innun-
dative or innoculative release are careful to preserve 
the v i t a l i t y , fecundity, and genetic d i v e r s i t y of their 
colonies. However, under laboratory conditions, where 
hosts are often presented to parasitoids l i t e r a l l y "on a 
pla t t e r , " there may be l i t t l e selection for the a b i l i t y 
to respond to long-range plant cues. Indeed, we have 
observed great differences among our laboratory strains 
in their response to plant v o l a t i l e s . 

Because plant v o l a t i l e s d i f f e r q u a l i t a t i v e l y and 
quantitatively among plant species, and because para
sit o i d s often specialize not on particular hosts, but on 
a variety of hosts found on sp e c i f i c plant taxa {S), i t 
i s l i k e l y that parasitoids have evolved innate prefer
ences for certain v o l a t i l e s . It i s important that bio
l o g i c a l control s p e c i a l i s t s recognize these features and 
try to preserve i n their insects a s e n s i t i v i t y and a 
capability to orient to the natural products of their 
host's foodplant. 

The recent finding that parasitoids learn and can be 
conditioned (2_5) i s also of fundamental importance v i s à 
vis the semiochemical manipulation of natural enemies. 
Studies in our laboratory indicate that the a b i l i t y to 
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25. WHITMAN Plant Natural Products as Parasitoid Cuing Agents 395 

orient to hosts i s strongly related to the quality and 
quantity of the pre-release semiochemical experience. 
In fact, without the proper pre-release stimulation, 
laboratory-reared M. croceipes parasitoids show a ten
dency to disperse and are much less adept at locating 
their hosts. Such a phenomenon may be partly respon
si b l e for the large number of b i o l o g i c a l control 
f a i l u r e s alluded to e a r l i e r in this chapter. With the 
proper pre-release chemical conditioning, the f i e l d 
performance of parasitoids might be substantially 
increased. Perhaps parasitoids might even be "taught" 
to orient to the semiochemicals characteristic of 
s p e c i f i c crops, such as cotton or bean. 

If parasitoids possess the capability to learn to 
respond to certain odors, i t i s possible that they could 
also become habituated to these same odors. The high 
concentrations of key host or plant semiochemicals which 
sometimes permeate insect rearing f a c i l i t i e s may thus 
have a negative influence on subsequent parasitoid per
formance. Biolo g i c a l control s p e c i a l i s t s must recognize 
and compensate for those potential semiochemical 
effects. Failure to do so may have a profound impact on 
the success of future b i o l o g i c a l control release pro
grams . 

Another important ramification of our findings re
lates to biotechnology. It appears that parasitoids 
orient to v o l a t i l e plant substances. Perhaps genetic 
engineering w i l l allow us to create plants which are 
even more attractive to these natural enemies. Such 
plants would be designed to release elevated levels of 
v o l a t i l e s at sites of herbivore attack, thereby at
tracting elevated levels of parasitoids. Considering 
the rapid advancement of biotechnology, the a b i l i t y to 
perform such genetic transformations may not be far o f f . 

Above a l l , our findings suggest that a complex 
world of semiochemical interactions exists between 
plants, herbivores, and parasitoids. At present we have 
only begun to understand these heterogeneous inte r 
actions, l e t alone their applications. However, our 
i n i t i a l discoveries suggest that the use of plant 
natural products to manipulate the enemies of our crop 
pests may have potential economic and s o c i a l benefits. 
It i s for these reasons that the highest p r i o r i t i e s must 
be given to the elucidation of these semiochemical 
relationships. 
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Chapter 26 

Iridoid Glycosides and Aglycones as Chiral 
Synthons, Bioactive Compounds, 

and Lepidopteran Defenses 

Frank R. Stermitz 
Department of Chemistry, Colorado State University, 

Fort Collins, CO 80523 

Iridoid glycosides are relatively widely distributed among families of 
several higher plant orders and are often present in amounts reaching 
several percent of the plant dry weight. The high plant concentration 
of several iridoids has resulted in their use as starting materials for 
subsequent conversion to substituted cyclopentanes, such as 
prostaglandin synthons. Some iridoid glycosides have been shown 
to have antibiotic, antioxidant, plant growth inhibiting or antitumor 
properties, but these seem to be mainly a property of the aglycone. 
The bitter taste of iridoids is responsible for their utilization by 
Lepidoptera as defensive substances and such iridoids have been 
found in a number of boldly-patterned insect larvae. 

Iridoids are higher plant biosynthetic derivatives of 2, the hemiacetal form of an enol 
of iridoidal, 1. Iridoids generally occur in the plant as a glucosides, such as 3, but 
are occasionally encountered as glycosides of other sugars. Many iridoids occur as 
oxidized derivatives of 3, where the C-4 methyl has been replaced by an aldehyde, 
carboxylic acid, or carbomethoxy group. The C-4 decarboxylated compounds are 
also common. Most iridoids are, in addition, further oxidized in the cyclopentane 
ring. In some plant families, the cyclopentane ring has been cleaved to yield 
secoiridoids related to secologanin, 4, which is an important biosynthetic precursor 
of indole alkaloids and a useful, commercially available synthon. Known iridoids 
and secoiridoids from plants now number over 300. A recent review (1) with 200 
references provided background information as well as a comprehensive discussion 
of iridoid biosynthesis. 

The present review, which will be illustrative rather than comprehensive, 
focuses on aspects of recent work showing that iridoids can be exploited as chiral 
synthons, on recent reports of biological activity of some iridoids and their 
aglycones, and on some of our own results on iridoid sequestration by aposematic 
(warningly-patterned or colored) insects. 

3 4 

0097-6156/88/0380-0397$06.00/0 
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398 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Iridoids as Useful Chiral Synthons 

By early 1986 18 papers and 4 patents had appeared in which naturally-occurring 
iridoids were utilized as chiral starting materials for the preparation of prostanoid 
synthons or prostaglandins (2). The three iridoids most commonly used have been 
aucubin, 5, asperuloside, 6, and catalpol, 7. The Italian group has generally used 

ο 

12R 1 =COOMe;R 2 = OH 8 R, = CH3; R2 = OH 

13 R, =COOH;R2 = H 

14 R1 = COOMe; R2 = Η 

5, obtained in 2% yield from the readily available ornamental shrub Aucuba japonica 
(2). In another case (3), 5, was obtained from Eucommia ulmoides 
(Eucommiaceae). Derivatives of 6 have been obtained from Asperula odorosa 
(Rubiaceae). Weinges and co-workers have generally used 7 and recently reported 
(4) a 1.6% yield of pure 7 by hydrolysis of the natural catalpol esters from 
Picrorhiza kurrooa (Scrophulariaceae). Thus, 800 g of pure catalpol was obtained 
from 50 kg of dried plant after ester hydrolysis, activated charcoal absorption, 
desorption and alumina chromatography. Catalpol (5a) and aucubin (5b) have been 
converted to (-)-jasmonate or analogs. 

Although it has apparently not yet been utilized synthetically, antirrhinoside, 
8, might be valuable, perhaps in the preparation of 11-methylprostaglandins (6). 
Many common snapdragons (Antirrhinum sp.) contain high levels of 8 and might be 
exploited as iridoid sources. I recently soaked 100 g of fresh plant material of a 
closely related taxon, Maurandya antirrhiniflora, in methanol for two days, 
evaporated the methanol, extracted the residue with water, washed the water with 
ether, evaporated the water and triturated the residue with absolute methanol. 
Evaporation of the methanol yielded 2g of solid 8 which was greater than 90% pure 
by nmr analysis. Thus, if one is able to work with fresh plant material even higher 
yields of an exploitable iridoid might be achievable since plant drying has sometimes 
been found to result in a decrease in extractable iridoids. 

Just as secologanin, 4, is a precursor of indole alkaloids, iridoids are both 
biosynthetically and synthetically convertible to pyridine monoterpene alkaloids. As 
a recent example of conversion, we isolated both penstemonoside, 9, and 
rhexifoline, 10, from several Castilleja (Scrophulariaceae) species and were able to 
convert 9 to 10 (7). The pharmacological properties of pyridine monoterpene 

9 10 11 

alkaloids have been but little explored, although most have been isolated from 
pharmacologically active plants (8). Many of the pyridine monoterpenes occur as 
such in the plant, while others, such as cantleyine, 11, have been found several 
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26. STERMITZ Iridoid Glycosides and Aglycones 399 

times in different plant species, but always as artifacts arising from the use of 
ammonia in the isolation procedure. Other "alkaloids" reported from iridoid-
containing plants can also arise as artifacts of the isolation procedure (9). 

In general, extensive use of iridoids as chiral synthons will depend on the 
availability of an easily grown plant species containing the desired iridoid (or iridoid 
ester) as a major component. When the desired iridoid is not a major component, 
separation of individual compounds from each other and from contaminating sugars 
in the extracts may be tedious and time-consuming. 

Iridoid and Iridoid Aglycone Biological Activity 

As has been pointed out (1), one important factor leading to a doubling of the 
known iridoid glycosides from 158 in 1980 (10) to over 300 by 1986 has been their 
common occurrence in folk medicinal plants. This has led to many new isolations 
and a renewed interest in biological activity studies. Several recent reports have 
focussed on the activity of the iridoid glucosides relative to the activity of their 
aglycones. 

In only rare instances have iridoid aglycones related to 2 been isolated from 
plants, although compounds linked at C-l to alcohols other than sugars, or further 
transformation products of 2 (such as lactones or cyclic ethers) are known (10). 
The relative plant proportions of iridoid aglycone vs. glycoside are essentially 
unknown since normal isolation procedures probably result in the decomposition of 
the relatively unstable aglycone (11). Recently, however, an isolation technique 
involving CH2CI2 liquid-liquid extraction of an aqueous iridoid glycoside enzymatic 
hydrolysis reaction mixture has yielded pure aglycones in high yield (12). In this 
work, the antimicrobial activity of aucubin aglycone against moulds and bacteria, 
but not yeasts, was clearly established. Other research groups had previously 
studied the antimicrobial activity of aucubin and other iridoids (12). It had been 
shown (13) in a study involving 21 iridoids, that iridoid glycoside antimicrobial 
activity was only observable after treatment with β-glucosidase. A similar study was 
reported on antitumor activity. Five isolated and Si gel purified aglycones showed 
activity against leukemia P388, while none of the glucosides were active (14). The 
most active were 5 aglycone and (especially) scandoside methyl ester aglycone, 12. 
A patent was recently issued (15) for use of 12 as a chiral synthon for preparation 
of other antitumor compounds. 

Several iridoids isolated from Garrya elliptica, including geniposidic acid, 
13, and its aglycone were shown to inhibit the growth of wheat embryos (16). 13 
has also been shown to be the active antioxidant in a methanol extract of Plantago 

asiatica Linne (17). The activity was superior to that of d/-a-tocopherol against air 
oxidation of linoleic acid. Also present in the extract were aucubin, geniposide, 14, 
and gardenoside, 15, but these were much less active than 13. The aglycone of 13 
was not studied. 

In each of these cases, the aglycones may not be the active species 
themselves. Biological activity might instead stem from the aglycone-derived, 
highly electrophilic oxonium ion, 16. There are, however, a number of other 
biologically-active compounds which contain highly substituted 5,6-fused rings and 

COOMe 

Oglu 
15 
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400 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

iridoid aglycones could be bioisosters of these. An example is provided by the 
important indolizidine swainsonine, 17. 

16 17 

Iridoid Sequestration and Aposematic Lepidopteran Larvae 

Several recent reports detail the acquisition and sequestration of bitter tasting iridoid 
glucosides by lepidopteran larvae feeding on iridoid-containing plant species (18, 
19, 20, 21). The known cases of sequestration were recently summarized (22). We 
have discovered additional examples involving some lepidopteran species having 
particularly boldly-patterned and/or highly colored larval stages, but cryptic imagos. 

Poole first described the remarkable similarity between last-instar larval color 
patterns (black and white longitudinal stripes, with gold-yellow spots) of Meris 
alticola Hulst and Neoterpes graefiaria (Hulst), geometrid moths known from 
Arizona (23). We collected M. alticola larvae on Penstemon virgatus, raised them to 
cryptic adults and analyzed adults, empty pupal cases, cocoon silk and emitted 
meconium for catalpol. A Neoterpes graefiaria female adult was collected at a uv 
light in southern Arizona. After the female had oviposited, eggs were collected, 
hatched and the larvae raised on P. barbatus (23). Larvae, pupal cases, meconium 
and adults were again analyzed for catalpol. Adult males of both species contained 
low amounts of catalpol, while meconium and the pupal cases were high in catalpol. 
Although only one adult female was available (of Meris alticola), a high level of 
catalpol was found in the abdomen, but not in other parts. We presume catalpol to 
be an important constituent of the eggs. Manipulation of N. graefiaria larvae 
resulted in a reflex bleeding emission, which had a high catalpol concentration. We 
have suggested that larval Mullerian mimicry, based on the sequestered bitter iridoid 
catalpol, may be involved with these two geometrids (24). 

The vine snapdragon, Maurandya antirrhiniflora, a common wildflower in 
the southwest U.S., is host to another geometrid, Meris paradoxa Rindge, and also 
to a noctuid moth, Oncocnemis (Lepopolys) perscripta. The strikingly colored and 
boldly-patterned larvae of these insects have cryptic adult stages. The previously 
uninvestigated hostplant was found to contain 2% wet weight of antirrhinoside and 
this iridoid was also found to be present in relatively high concentration in the 
larvae, but not adults of both species. M. paradoxa emits a yellow liquid via reflex 
bleeding and this also contained antirrhinoside. 

Thus the aposematic larva/cryptic adult predator avoidance strategy noted 
(18) for Ceratomia catalpae (Sphingidae), a catalpol sequester, has been extended to 
several additional Lepidoptera. A number of evolutionary aspects of the 
"profitability" of such strategies have recently been discussed (25). 

Our field work indicates that the iridoid content of the insect larvae and 
adults is not deterrent to ants or spiders, which can be major predators. It seems 
likely that vertebrate predators provided the selection pressures resulting in the 
development of the aposematic patterns. There is evidence that some iridoid-
containing lepidoptera are unpalatable to birds (26, 27), but effects on other possible 
vertebrate predators (such as mice or lizards) are unknown. In wild-collected and 
lab raised insects, sequestered iridoid content is commonly 2-4% of the insect dry 
weight and values as high as 10% have been found. In view of some of the other 
biological activities described above (antioxidant, antimicrobial, for example) it is 
conceivable that the iridoids could play additional roles in insect survival besides that 
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26. STERMITZ Iridoid Glycosides and Aglycones 401 

of a prédation defense. If this were the primary selection pressure which resulted in 
iridoid sequestration, one might, however, expect completely cryptic specialists on 
iridoid-containing plants to also store these substances. The only case we have 
studied so far is that of the plume moth Amblyptilia (Platyptilia) pica, which is a 
specialist on many iridoid-containing Scrophulariaceae, but which is cryptic in both 
larval and adult stages. These larvae excrete iridoids in the frass and none can be 
found in adult insects (28). 

Addendum 

As a continuation of some earlier work, a very recent report (29) described a new 
preparation of a prostanoid intermediate starting from the iridoid glucoside loganin. 
A complete literature review, supplementary to that quoted above (2), is presented on 
such synthetic uses of iridoids. 
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Chapter 27 

Glycosides: The Interface Between Plant 
Secondary and Insect Primary Metabolism 

Kevin C. Spencer 

Department of Medicinal Chemistry and Pharmacognosy, University 
of Illinois, Chicago, IL 60612 

Plant secondary glycosides are proposed to have evolved 
as specific toxins toward enzymes of herbivore primary 
digestive metabolism. Insect herbivore digestive 
enzymes are optimized to process plant foods. An 
essential component of their digestive effort is the 
breakdown of sugar-containing plant materials by 
glycosidases. This essential activity has provided a 
target for plant toxins, which are delivered as 
glycosides. Such toxic action against glycosidases is 
described for cyanogenic glycosides, glucosinolates, 
iridoid glycosides, phenol glycosides and triterpene 
glycosides. The toxicity of individual glycosides 
depends upon their specific interaction with specific 
glycosidases, wherein they function as inhibitory 
substrates or release toxic aglycones. This great 
specificity in delivery and manifestation of toxicity 
can be measured for given sets of plants and 
herbivores, and may possibly be exploited in the design 
of effective, species-specific insecticides. 

A plant i s , i n i t s essence, a c o l l e c t i o n of chemicals. A d i v e r s i t y of 
sensory modalities e x i s t i n an i n s e c t , c o l l e c t i v e l y c o n s t i t u t i n g a 
mechanism f o r mating i t s d i g e s t i v e s p e c i a l i z a t i o n with host 
searching, s e l e c t i o n and acceptance (1). The a b i l i t y of an i n s e c t to 
acquire and i n t e r n a l i z e appropriate l e v e l s and types of n u t r i t i o n a l 
f a c t o r s i s c r i t i c a l to i t s success (2). These n u t r i t i o n a l f a c t o r s are 
r e l a t e d to defensive a l l e l o c h e m i c a l regimes i n two ways: f i r s t , as 
the e f f e c t i v e n e s s of the defense impinges upon the value of the 
nu t r i e n t s , and second, as the q u a l i t y of the n u t r i e n t s may permit the 
tolerance of secondary chemicals (3). 

The q u a n t i t a t i v e and q u a l i t a t i v e v a r i a t i o n expressed i n 
a l l e l o c h e m i c a l f a c t o r s i s a powerful force against herbivore 
s p e c i a l i z a t i o n ( 4 ) . The presence of such v a r i a b i l i t y i n host-plant 
populations i s evidence f o r the existence of a strong s e l e c t i o n 
p o t e n t i a l promoting s p e c i a l i z a t i o n of i n s e c t s upon i n d i v i d u a l p l a n t 
chemotypes. E c o l o g i c a l f a c t o r s are a l s o important, and conside r a t i o n 

0097-6156/88/0380-0403S06.00/0 
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404 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

of the o v e r a l l p h y s i o l o g i c a l e f f i c i e n c y of feeding (5) i s a f a r more 
u s e f u l construct f o r evaluating i n s e c t host-plant i n t e r a c t i o n s than 
narrower feeding s p e c i a l i z a t i o n hypotheses. Whatever t h e i r 
evolutionary r e l a t i o n s h i p to p l a n t defensive chemistries, herbivorous 
i n s e c t s have been under evolutionary pressure f o r m i l l e n i a to 
optimize t h e i r d i g e s t i v e systems f o r e f f i c i e n t e x t r a c t i o n of 
n u t r i e n t s from t h e i r host p l a n t s . Their primary metabolism having 
thus been adapted to p l a n t n u t r i e n t composition, i t seems reasonable 
to hypothesize that i n s e c t d i g e s t i v e systems have been forced to 
adapt to p l a n t secondary compounds as w e l l . 

In the f o l l o w i n g paragraphs the e s s e n t i a l s of i n s e c t primary 
metabolism of glucose and i t s e x t r a c t i o n from p l a n t sources through 
the a c t i o n of glycosidases i s discussed. These and other sugar-
processing enzymes are considered i n view of t h e i r a c t i v i t y upon 
p o t e n t i a l l y t o x i c p l a n t g l y c o s i d e s . P o s s i b l e i n t e r f e r e n c e with the 
b i o l o g i c a l a c t i v i t y of g l y c o s i d e h y d r o l y s i s products i n s i t u by 
i n s e c t d e t o x i f i c a t i o n enzymes i s explored, and i n t e r f e r e n c e with 
normal i n s e c t glycosidase a c t i v i t y by s p e c i a l i z e d p l a n t - d e r i v e d 
i n h i b i t o r y substances i s found to occur. F i n a l l y , the r e s u l t s of 
experimental t e s t s of the hypothesis that p l a n t glycosides are 
elaborated p r i m a r i l y as toxins targeted against e s s e n t i a l i n s e c t 
glycosidases are given, and the conclusion i s reached that t h i s may 
indeed be the case. I f so, the c o n s i d e r a t i o n of p l a n t 
g l y c o s i d e / i n s e c t glycosidase i n t e r a c t i o n s may be fundamentally 
important i n optimizing the design and e f f i c a c y of novel and s p e c i f i c 
p e s t i c i d e s . 

Insect Primary Metabolism 

The energy needed to d r i v e i n s e c t primary metabolism i s derived 
p r i m a r i l y from the uptake of glucose from the d i e t through c a t a b o l i c 
glycosidase a c t i v i t y and from the subsequent g l y c o l y s i s of alpha-D-
glucose (6). An e s p e c i a l l y e f f i c i e n t glucose transport and 
transformation a b i l i t y i s required by i n s e c t s . While t h e i r primary 
metabolism i s e s s e n t i a l l y s i m i l a r to that of other animals, i n s e c t s 
are subject to extreme p h y s i o l o g i c a l s t r e s s e s during metamorphosis, 
a c q u i s i t i o n of cold-hardiness, o v i p o s i t i o n and f l i g h t . Developmental 
processes require the r a p i d and s p e c i f i c depolymerization and 
repolymerization of a l p h a - c h i t i n (1,4 l i n k e d 2-deoxy-2-acetamido-
beta-D-glucose polymer). A c q u i s i t i o n of cold-hardiness requires the 
r a p i d production of g l y c o l . O v i p o s i t i o n involves the production of 
storage glycoproteins and f l i g h t depends upon the e f f i c i e n t 
degradation of trehalose. 

Insect Glucose Digestion 

Glucose uptake and absorption takes place i n the midgut as a very 
r a p i d and o s m o t i c a l l y - r e g u l a t e d process. Increased sugar or other 
solute concentrations i n the haemolymph decrease the r a t e of crop-
emptying, increased sugar concentrations i n the gut increase the r a t e 
of crop-emptying, and crop d i s t e n s i o n regulates the rate of uptake 
of food. The f u n c t i o n a l process of glucose transport across membranes 
i s probably a f a c i l i t a t e d d i f f u s i o n which does not depend upon an 
a c t i v e c a r r i e r mechanism · 

The uptake of glucose can be p o t e n t i a t e d by trehalose formation 
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(Figure 1). An a c t i v e transport system i n v o l v i n g Malpighian 
reabsorption has been reported f o r Locusta m i g r a t o r i a (8) and 
C a l l i p h o r a vomitoria (9), which may permit maintenance of an 
e x c e p t i o n a l l y high glucose-to-trehalose r a t i o i n the haemolymph of 
these i n s e c t s , r e l a t i v e to i n s e c t s shown to depend upon passive 
d i f f u s i o n only (1_) . 

Figure 1. 
Trehalose. 

Trehalose (alpha-D-glucopyranosyl-alpha-D-glucopyranoside) i s 
the major form of ready-reserve stored energy i n i n s e c t s , not 
glycogen as i n mammals (10^). Concentration of the disaccharide i n the 
haemolymph can reach 2% w/v, more than enough to account f o r the 
extreme energy requirements of f l i g h t through the d i r e c t h y d r o l y s i s 
of trehalose to glucose. The energetics of conversion are s u f f i c i e n t 
to o f f s e t the i n e f f i c i e n t i n s e c t c i r c u l a t o r y system (11). Trehalase, 
the enzyme c a t a l y z i n g the h y d r o l y s i s of the high-energy storage 
product, i s l o c a l i z e d i n the foregut- and mid g u t - e p i t h e l i a . The 
l a t t e r contains the highest t i t e r of trehalase a c t i v i t y , and i s a l s o 
responsible f o r the highest rate of absorption of glucose from the 
d i e t ( i n the midgut caeca) (12). 

Insect Digestive Enzymes : Glycosidases 

Insect beta-glucosidase a c t i v i t y i s l o c a l i z e d i n the foregut- and 
midgut-epithelia (13). In the cottonseed feeder Dysdercus ci n g u l a t u s , 
the highest t i t e r s are found i n the foregut and increase with 
continued feeding (14). Phytophagous i n s e c t s produce d i g e s t i v e 
enzymes at l e v e l s c o n s i s t e n t with q u a n t i t a t i v e s t i m u l a t i o n by food i n 
the gut, probably v i a a p r o t e i n - s e n s i t i v e neurosecretory pathway 
(15,16). A l l of the secreted midgut enzymes may vary q u a n t i t a t i v e l y 
together, as was found f o r 3 carbohydrases, trehalase and t r y p s i n i n 
Locusta m i g r a t o r i a (15). The high pH of many i n s e c t d i g e s t i v e system 
maximizes the a c t i v i t y of a l k a l i n e - t o l e r a n t enzymes (glycosidases, 
oxygenases) and permits a high rate of passive uptake of sugars 
through p o l a r channels (1_). 

Compartmentalization and r e g u l a t i o n of these a c t i v i t i e s has been 
observed. Di g e s t i v e glycosidase a c t i v i t i e s of Schis t o c e r c a g r e g a r i a 
disappear, and are p o s s i b l y i n some way i n a c t i v a t e d as they pass to 
the hindgut (13). I t i s not known whether they are i n a c t i v a t e d and 
excreted, reabsorbed, digested as part of the i n a c t i v a t i o n process, 
or even retain e d , by an unknown process, proximally above the 
hindgut. 

Insect gut m i c r o f l o r a may a l s o be important sources of 
glycosidases, as they are c e l l u l a s e s (Γ7). These may be e s p e c i a l l y 
s i g n i f i c a n t f a c t o r s i n the d e t o x i f i c a t i o n and degradation of p l a n t 
glycosides (18). 

Fi v e beta-glycosidases i s o l a t e d and p a r t i a l l y p u r i f i e d from the 
g e n e r a l i s t feeder Locusta m i g r a t o r i a (19) showed h y d r o l y t i c a c t i v i t y 
toward c e l l o b i o s e , gentiobiose and methyl-beta-glucoside. While a 
broad range of h y d r o l y t i c c a p a b i l i t y was postulated f o r t h i s s u i t e of 
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enzymes, i t i s more probable that each of the f i v e a c t i v i t i e s 
represents a p a r t i a l l y - s e p a r a t e d mixture of more s p e c i f i c a c t i v i t i e s . 
C e l l o b i a s e s are c r i t i c a l i n the n u t r i t i o n of wood-devouring i n s e c t s . 
These glycosidases c a t a l y z e the terminal degradative step i n the 
d i g e s t i o n of wood c e l l u l o s e (12). However, the terminal c e l l u l o s i c 
a c t i v i t y i s dependent upon the presence of an i n i t i a l c e l l u l a s e 
a c t i v i t y : c e l l o b i a s e alone does not confer the a b i l i t y to accept 
c e l l u l o s e i n the d i e t . Insect carbohydrases, i n c l u d i n g amylases, 
transglycosidases, phosphorylases and glucosidases, e x h i b i t 
s p e c i f i c i t y of a c t i o n depending upon substrate linkage conformation 
(alpha vs beta), conformation (D vs L) and type and number of 
monosaccharide u n i t s (10). 

Substrate s p e c i f i c i t y has been e s t a b l i s h e d f o r p l a n t 
glycosidases which hydrolyze phenol g l y c o s i d e s , s t e r o i d a l g l y c o s i d e s , 
coumarins, f l a v o n o i d s , cyanogenic g l y c o s i d e s , t h i o g l u c o s i d e s and 
o l i g o s a c c h a r i d e s (20-23). Glycosidases have been shown to e x h i b i t 
substrate s p e c i f i c i t y dependent upon the s t r u c t u r e of the aglycone or 
the type and number of sugar moieties (20-23). This s p e c i f i c i t y can 
be e x c l u s i v e (24), but i s g e n e r a l l y more "relaxed" (2j5). The 
admission of xenosubstrates to glycosidase sugar binding s i t e s 
creates a p o t e n t i a l f o r the i n h i b i t i o n of these enzymes. 

Insect D e t o x i f i c a t i o n Systems 

Before we can p o s t u l a t e an e f f e c t i v e i n h i b i t o r y i n t e r a c t i o n between 
pl a n t t o x i c glycosides and i n s e c t glycosidases, we must consider the 
l i k e l i h o o d that i n s e c t d e t o x i f i c a t i o n systems w i l l degrade glycosides 
before they can reach t h e i r putative s i t e s of a c t i o n . The major 
enzymes u t i l i z e d by i n s e c t s i n d e t o x i f i c a t i o n reactions are the 
microsomal monooxygenases (mixed f u n c t i o n oxidases or MFO). Insect 
MFO a c t i v i t y i s a multienzyme 02/NADPH-requiring system capable of 
c a t a l y z i n g o x i d a t i o n of many substrates (Equation 1). R represents 
the substrate and X the e l e c t r o n donor. 

RH + 0 2 + H 2X • ROH + X + H O (1) 

Reactions ca t a l y z e d include hydroxylations, d e a l k y l a t i o n s , 
o x i d a t i o n s , epoxidations, d e s u l f u r a t i o n s and dehalogenations (26). 
These v a r i e d reactions are c a r r i e d out by i n d i v i d u a l hemoproteins, P-
450 cytochrome terminal oxidase isozymes (27), which are produced i n 
response to the presence of s p e c i f i c substrates i n the gut (28)-
S p e c i f i c inducers, i n h i b i t o r s and s y n e r g i s t s of a c t i v i t y are known. 
The expressed a c t i v i t y of these isozymes i s q u i t e v a r i a b l e , and i s 
responsive to many e c o l o g i c a l , edaphic, and organismal f a c t o r s (29). 
Of the many isozymes postulated, only 3 from i n s e c t s and 6 from 
mammals have been c h a r a c t e r i z e d . MFO a c t i v i t y can be q u a n t i t a t i v e l y 
much greater i n mammals than i n i n s e c t s on a per u n i t p r o t e i n b a s i s 
(30). 

Insects are adept at synthesizing g l y c o s i d e s through the 
a d d i t i o n of glucose to a substrate v i a UDP-glucosyltransferase (31), 
the same process as occurs i n p l a n t s . Insects are known to synthesize 
mainly 0-glucosides and to a l e s s e r extent S-glucosides, whereas 
p l a n t s a l s o synthesize N-glucosides. G l y c o s i d a t i o n i s an e f f e c t i v e 
d e t o x i f i c a t i o n mechanism (32), e s p e c i a l l y f o r phenolics, coumarins, 
quinones and other conjugated aromatic compounds containing a c t i v e 
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oxygens. Destructive f r e e - r a d i c a l formation from these source 
compounds can be prevented through conjugation of glucose at the 
a c t i v e center. 

Other d e t o x i f i c a t i o n pathways of importance include 
s u l f o t r a n s f e r a s e s and glutathione-S-transferases (33). 

Insect glycosidase a c t i v i t y seems to be present e a r l i e r i n the 
d i g e s t i v e sequence than MFO a c t i v i t y (foregut/midgut vs midgut), and 
h y d r o l y s i s o f t e n has to take place before t o x i c aglycones are 
released and act to induce MFO synthesis. Glycosidase a c t i v i t y may be 
greater than MFO a c t i v i t y as a general consequence of the greater 
frequency of occurrence of the molecular events of sugar d i g e s t i o n 
than those of t o x i n degradation. I t seems l i k e l y that glycosidase 
a c t i v i t y w i l l precede MFO a c t i v i t y because of p h y s i c a l l o c a t i o n of 
enzymes, of d i f f e r e n c e s i n r e l a t i v e a c t i v i t i e s , and because i t would 
be unreasonable to expect MFO a c t i v i t y to be needed before t o x i c 
aglycones are l i b e r a t e d . A f u r t h e r reason i s found i n the relaxed 
s p e c i f i c i t y shown by some glycosidases. For example, a beta-
glucosidase with g e n e r a l i z e d a c t i v i t y i s o l a t e d from Phoracantha 
semipunctata (34) increases glucose a v a i l a b i l i t y through c e l l o b i o s e 
h y d r o l y s i s while at the same time r e l e a s i n g t o x i c aglycones i n other 
h y d r o l y t i c reactions (Applebaum, 1985). MFO a c t i v i t y targeted against 
such toxins would a l s o undoubtedly i n t e r f e r e with glucose 
a s s i m i l a t i o n . 

Glycosidase I n h i b i t o r s 

The rate of uptake of glucose, being a m o l a r - d i f f u s i v e process, i s 
dependent upon the concentration of glucose i n the midgut. I n h i b i t i o n 
of glycosidase a c t i v i t y w i l l l i m i t the amount of f r e e glucose i n the 
lumen and decrease the r a t e of uptake of glucose i n t o haemolymph as 
terhalose (35), which creates conditions of glucose s t a r v a t i o n . The 
i n s e c t w i l l respond by emptying the crop f a s t e r (2[6) and eating more 
(_37)- In a d d i t i o n , since i n s e c t d i g e s t i v e enzymes seem o f t e n to be 
produced i n response to the stimulus of p r o t e i n i n food as a 
prepackaged set of i n v a r i a n t composition (16), defeat of one c r i t i c a l 
enzyme system w i l l e f f e c t i v e l y diminish an extended range of 
d i g e s t i v e a c t i v i t i e s . 

I n h i b i t i o n of herbivore glycosidase a c t i v i t y by plant glycosides 
has been found i n the case of castanospermine (1,6,7,8-
tetrahydroxyoctahydroindolizidine) i s o l a t e d from Castanospermum 
au s t r a l e A. Cunn. (Fabaceae) (38). This compound i n h i b i t s s e v e r a l 
i n s e c t and mammalian alpha- and beta-glycosidases (39), o f t e n 
competitively (40). I n h i b i t i o n i s e f f i c i e n t at high pH, and d i s r u p t s 
g l y c o p r o t e i n processing (4_1). 

Castanospermine was found to be a feeding deterrent to aphids 
(42) and Locusta m i g r a t o r i a L. but not to Schist o c e r c a g r e g a r i a 
Forsk. (43), and to be t o x i c i n a dose-dependent manner to 
Callosobruchus maculatus (44). In t h i s i n s e c t and i n Tr i b o l i u m 
confusum t o x i c i t y was caused by i n h i b i t i o n of alpha-D-glucosidase, 
beta-D-glucosidase and beta-D-galactosidase a c t i v i t i e s i n the 
alimentary t r a c t (45). Castanospermine appears to act as a s t r u c t u r a l 
analogue of glucose (43). 

A s i m i l a r compound, swainsonine (an i n d o l i z i d i n e t r i o l ) , was 
shown to i n h i b i t alpha-mannosidase (46,47). Other pyranose and 
furanose sugar analogues are known to be potent i n h i b i t o r s of 
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408 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

glycosidases, and i n a d d i t i o n , of glucosytransferase (43). One 
furanose analogue, l,5-dideoxy-l,5-imino-D-mannitol, has been found 
to i n h i b i t t rehalase (48). These data on sugar analogue a c t i o n 
prompted the observation that i n h i b i t o r s of glycosidases may be an 
important and common defensive mechanism i n plants (43). 

Plant Glycosides as I n h i b i t o r s of Glycosidases 

Plant glycosides which release t o x i c aglycones upon h y d r o l y s i s may 
have evolved to target the e s s e n t i a l process by which i n s e c t 
herbivores d i g e s t p l a n t foods and i n t e r n a l i z e energy. This hypothesis 
i s t e s t e d i n the experiments described i n the f o l l o w i n g s e c t i o n . A 
summary of the s t r u c t u r a l c l a s s e s of t o x i c glycosides i s given i n 
Table I ( a f t e r 49-51). 

Table I. S t r u c t u r a l Classes of B i o a c t i v e Plant Glycosides 

Terpene glycosides Glucosinolates 
S t e r o i d a l glycosides Lactone glycosides 
Saponins G l y c o a l k a l o i d s 
Phenolic glycosides Cyanogenic glycosides 
Flavonoids Glycoproteins 
S t i l b e n e glycosides I r i d o i d g lycosides 
Xanthone glycosides Quinone glycosides 
Lignan glycosides Benzoxazine glycosides 

Plant glycosides u t i l i z e d i n t e s t s of i n h i b i t i o n were s e l e c t e d 
to represent the commonly-studied t o x i c g l y c o s i d e s , and included a 
t h i o g l u c o s i d e , cyanogenic glucoside, i r i d o i d g l y c o s i d e , phenol 
gl y c o s i d e , t r i t e r p e n e g l y c o s i d e and benzoxazine (Figure 2). 

Experimental Tests Of I n h i b i t i o n 

Glycosidase preparations were made by f l a s h - f r e e z i n g whole starved 
i n s e c t larvae under l i q u i d nitrogen, b i s e c t i n g the larvae and 
e x t r a c t i n g the frozen midgut under a stereomicroscope, and dipping 
the extracted t i s s u e i n t o a c o l d m i c r o c e l l containing 2.0 mL of pH 
6.8 phosphate b u f f e r . This i n i t i a l enzyme mixture was accreted u n t i l 
protein-assay a l i q u o t s (micro-Lowry/biuret) showed 10-100 pg t o t a l 
p r o t e i n . The mixture was then p a r t i a l l y p u r i f i e d by passage through a 
s e r i e s of small Sephadex columns (G-25, G-100, G-200) i n b u f f e r . 
Beta-glycosidase a c t i v i t y was assayed using 4-nitrophenyl-beta-D-
glucoside as a substrate (40). Standard r e a c t i o n conditions c o n s i s t e d 
of a 1.0 pg s o l u t i o n of glycosidase i n 1.0 mL of b u f f e r to which was 
added 5.0 umol of nitrophenyl glucoside. The mixture was incubated 
f o r 30 min at 37 °C, then 3.0 mL of pH 10.4 g l y c i n e b u f f e r was added 
to slow the r e a c t i o n and allow q u a n t i t a t i v e c o l o r i m e t r i c d e t e c t i o n of 
4-nitrophenol released at 410 nm. The f i n a l products of i s o l a t i o n 
had, on average, only 10 times the a c t i v i t y of the i n i t i a l enzyme 
mixture, but were f r e e of proteases and t i s s u e p a r t i c l e s , and could 
be stored i n the r e f r i g e r a t o r f o r s e v e r a l weeks. 

Tests f o r i n h i b i t i o n of i n s e c t glucosidase a c t i v i t y were c a r r i e d 
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410 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

out by adding 1.0 μg/mL of plant g l y c o s i d e to the above r e a c t i o n 
mixture. When necessary, small amounts of dimethyl s u l f o x i d e or 
ethanol were added to improve s o l u b i l i t y . C o n t r o l r e a c t i o n s were a l s o 
run with these solvents. Reactions were conducted as above, and at 
the end of the incubation period, the amount of 4-nitrophenyl 
glucoside released was compared with that of the c o n t r o l , and 
expressed as a percentage. 

Separate t e s t s of aglycone a c t i v i t y were a l s o c a r r i e d out, under 
the assumption that not a l l p l a n t g l y c o s i d e / i n s e c t glycosidase 
i n t e r a c t i o n s proceed to h y d r o l y s i s . Aglycones were produced using a 
s p e c i a l i z e d microware apparatus depicted i n Figure 3. The production 
chamber i s made of a d i a l y s i s tubing sac a f f i x e d to the d i s t a l end of 
a t h i s t l e tube, i n t o which could be added b u f f e r and p l a n t 
g l y c o s i d e / p l a n t glycosidase p a i r s optimal f o r h y d r o l y s i s . A long 
needle i n s e r t e d i n t o the tube provides a stream of nitrogen f o r 
mixing. The production chamber (1.0 mL volume) was h e l d below the 
surface of a tube holding 1.0 mL of b u f f e r . This tube contains the 
i n s e c t t e s t glycosidase f r a c t i o n , and i s s t i r r e d c o n s t antly with a 
microbar magnetic s t i r r e r . Hydrolysis of the p l a n t g l y c o s i d e takes 
place e f f i c i e n t l y i n the production chamber, and the aglycone 
produced d i f f u s e s e f f i c i e n t l y across the membrane i n t o the t e s t 
s o l u t i o n . During the r e a c t i o n experiment, s u f f i c i e n t g l y c o s i d e i s 
introduced i n t o the r e a c t i o n chamber to y i e l d approximately 1.0 ug/mL 
of aglycone at e q u i l i b r i u m ( u s u a l l y 2.0 mg of aglycone as g l y c o s i d e 
molar e q u i v a l e n t ) . The pH of the b u f f e r was sometimes lowered to 
prevent binding of the aglycone to the membrane, and to s t a b i l i z e 
ketone products. Samples drawn from the t e s t s o l u t i o n a f t e r 30 min at 
37 °C were assayed f o r r e l a t i v e glucosidase a c t i v i t y as above. 

Glucosidase preparations from nine i n s e c t species were u t i l i z e d 
i n the present experiments. These i n s e c t s were chosen to represent a 
range of feeding s p e c i a l i s t s and g e n e r a l i s t s , i n c l u d i n g s p e c i a l i s t s 
known to be t o l e r a n t of c e r t a i n of the t e s t p l a n t g l y c o s i d e s (Table 
I I ) . 

The purpose of combining i n d i v i d u a l glycosides with i n d i v i d u a l 

Table I I . Test P a i r s Of Insects And T h e i r Hostplants Used In 
Analyses Of I n h i b i t i o n Of Insect Glucosidases By 

Plant Glycosides 

Insect Species Host Plant I n t e r a c t i o n 

P i e r i s b r a s s i c a e L. 
H e l i c o n i u s erato L. 
Ceratomia c a t a l p a Bois. 
P a p i l i o glaucus canadensis L. 

Drosophila mojavensis L. 
H e l i o t h i s zea L. 

Spodoptera e r i d a n i a Cramer 
Locusta m i g r a t o r i a L. 
Drosophila melanogaster L. 

Brassicaceae 
P a s s i f l o r a c e a e 
Catalpa speciosa L 
Salicaceae 

Cactaceae 
Zea mays L. 

S p e c i a l i s t 
S p e c i a l i s t 
S p e c i a l i s t 
G e n e r a l i s t 
S a l i c i n - t o l e r a n t 
S p e c i a l i s t 
G e n e r a l i s t 

S p e c i a l i s t mays 
Ge n e r a l i s t 
G e n e r a l i s t 
G e n e r a l i s t 
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Plant glycoside ~ 

Plant glycosidase ^ 

N 0 e x i t 

1.0 mL d i a l y s i s 
tubing sac 

• 2.0 mL tube 
containing i n s e c t 

glycosidase s o l u t i o n 
1 
pH 6.8 P0 4 b u f f e r 

magnetic s t i r b a r 

Figure 3. Apparatus f o r the donation of aglycone h y d r o l y s i s 
products from a pl a n t glucoside/plant glucosidase mixture to a 
t e s t i n s e c t glucosidase s o l u t i o n . 
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glucosidase f r a c t i o n s i n the above r e a c t i o n system was to determine 
the f o l l o w i n g : a) Do p l a n t glycosides i n h i b i t i n s e c t glucosidase 
a c t i v i t i e s i n v i t r o ? b) I f such i n h i b i t i o n i s detected, does i t 
derive from competitive or noncompetitive behavior? c) I f 
noncompetitive i n h i b i t i o n takes place, what i s the mode of ac t i o n of 
the i n h i b i t o r ? d) When i n h i b i t i o n i s observed, i s there a component 
of s p e c i f i c i t y of a c t i o n which can be r e l a t e d to i n s e c t host-plant 
s p e c i a l i z a t i o n ? 

The r e s u l t s of these experiments are summarized i n Table I I I . 
A l l p l a n t glycosides t e s t e d reduced i n s e c t glucosidase a c t i v i t y 
towards 4-nitrophenyl glucoside to some degree i n v i t r o . Enzyme 
f r a c t i o n s from s p e c i a l i s t s were most p o t e n t l y i n h i b i t e d by glycosides 
not present i n t h e i r host p l a n t s : erato by th i o g l u c o s i d e 2, P. 

Table I I I . I n h i b i t o r y E f f e c t s Of Plant Glycosides And Aglycones (A) 
Upon Insect Glycosidase F r a c t i o n s 

Source of 
Glycosidase Glycoside (Number Refers To Figure 2) 

1 1A 2 2A 3 3A 4 4A 5 5A 6 6A 

% A c t i v i t y R e l a t i v e to Control 

brassicae 80 90 90 60 40 40 70 70 100 100 100 100 
erato 80 70 40 50 90 30 70 60 90 100 90 80 

ÇL catalpae 90 80 90 50 80 30 50 60 90 100 90 70 
Σ\ glaucus can. 80 70 90 60 60 40 90 70 90 100 90 80 
EL mojavensis 90 90 90 60 90 30 90 70 40 80 100 100 
ÎL_ zea 80 90 70 60 70 30 80 80 100 100 80 70 

e r i d a n i a 80 90 60 60 70 40 80 70 100 100 80 50 
m i g r a t o r i a 100 100 70 50 80 40 90 70 100 100 90 80 

EL melanogaster 100 90 90 50 90 20 100 80 90 90 90 90 

b r a s s i c a e by cyanogenic g l y c o s i d e 3, C^ catalpae by s a l i c i n 4, and P. 
glaucus by cyanogenic g l y c o s i d e 3. This s t r o n g l y i n d i c a t e s that these 
i n s e c t s are able to avoid the h y d r o l y s i s products corresponding to 
the compounds found i n t h e i r p r e f e r r e d host p l a n t s , which are seen to 
be e f f e c t i v e i n h i b i t o r s , by not accepting the glycos i d e as a 
substrate f o r t h e i r g l y c o s i d a s e s . D^ mojavensis i s an exception i n 
responding to i n h i b i t i o n by a t r i t e r p e n e g l y c o s i d e 5 found i n i t s 
host p l a n t , but t h i s species probably does not encounter t h i s 
compound i n i t s normal d i e t as i t i s f i r s t processed to the aglycone 
by yeasts (21). The t r i t e r p e n e 5 i s seen to have l i t t l e e f f e c t i n 
other species. The t h i o g l u c o s i d e 2 i s not an e f f e c t i v e i n h i b i t o r of 
glucosidases, as i s expected from i t s being an S-glucoside, except i n 
H. erato and three g e n e r a l i s t species. A l l of these were found to 
possess thiog l u c o s i d a s e a c t i v i t y s u f f i c i e n t to produce the aglycone 
product 2A. This was found to be a noncompetitive i n h i b i t o r of 
glucosidase a c t i v i t y , p o s s i b l y through a l k y l a t i o n of a c i d i c a c t i v e 
s i t e s by thiocyanate (40). 

The cyclopentenoid aglycone 3A i s a potent a l k y l a t o r and 
diminished enzyme a c t i v i t y wherever present (21,22). Some degree of 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

02
7



27. SPENCER Glycosides: Plant and Insect Metabolism 413 

noncompetitive i n h i b i t i o n was observed f o r c a t a l p o l 1, s a l i c i n 4 and 
DIMBOA 6, as the recoverable t i t e r of gly c o s i d e was detectably 
smaller than expected a f t e r reactions were run. Retention of the 
corresponding aglycones 1A, 4A, 6A was a l s o observed from reactions 
run using the aglycone donation apparatus, but q u a n t i f i c a t i o n was 
d i f f i c u l t . I t appears that both noncompetitive binding and a l k y l a t i o n 
occur with these compounds, and p o s s i b l y with the t h i o g l u c o s i d e 2 and 
cyanogenic glucoside 3 as w e l l . A l k y l a t i o n under c e r t a i n 
circumstances seems to be a r a t i o n a l p o s s i b i l i t y , as can be i n f e r r e d 
from consi d e r a t i o n of the structu r e s of aglycones shown i n Figure 2. 

I t should be stressed that e x t r a p o l a t i o n of these r e s u l t s 
to t o x i c i t y i n v i v o should be done with care. We do know that 
t e t r a p h y l l i n Β i s u s u a l l y t o x i c i n proportion to i t s a l k y l a t i n g 
a b i l i t y to Heliconius sp. and to KL_ zea (21,22). Benzylisothiocyanate 
2 i s a t o x i n or deterrent to many species (52J, and DIMBOA 6 has been 
shown to reduce f i t n e s s i n Spodoptera sp., but i t s e f f e c t upon H. 
zea i s l e s s c l e a r (3). Triterpene g l y c o s i d e s 5 are frequently 
b i o a c t i v e , but s p e c i f i c i t y of a c t i o n against desert f r u i t f l i e s has 
only r e c e n t l y been studied (21). Both c a t a l p o l 1 and s a l i c i n 4 are 
such e f f e c t i v e feeding deterrents (29,53) that determination of modes 
of a c t i o n requires s p e c i a l i z e d techniques. The o r a l t o x i c i t y of a l l 
these compounds toward i n s e c t s i s c u r r e n t l y under i n v e s t i g a t i o n i n 
t h i s and other l a b o r a t o r i e s , and i t i s hoped that these i n v i t r o 
studies w i l l provide some guidance i n experimental design. Work i s 
al s o underway to f u r t h e r p u r i f y i n s e c t beta-glucosidase f r a c t i o n s , to 
acquire alpha-glucosidase f r a c t i o n s , and to provide adequate 
r e p l i c a t i o n f o r these r e s u l t s . Other t e s t substrates and enzymes are 
al s o being studied. 

Summary 

The primary metabolism of i n s e c t s depends upon e f f i c i e n t f u n c t i o n of 
glycosidases optimized f o r e x t r a c t i o n of glucose from p l a n t food 
sources i n the d i e t . The el a b o r a t i o n by p l a n t s of substances 
i n h i b i t o r y to glyc o s i d a s e s , such as the e f f e c t i v e t o x i n and feeding 
deterren castanospermine, suggest that i n s e c t d i g e s t i v e enzymes can 
be targets of p l a n t defensive chemistry. Insect d e t o x i f i c a t i o n 
mechanisms are probably not able to e f f i c i e n t l y i n t e r f e r e with 
gl y c o s i d e h y d r o l y s i s events. B i o a c t i v e p l a n t glycosides are 
ubiquitous i n the pl a n t kingdom, and i t i s proposed that these have 
a r i s e n i n ev o l u t i o n as s p e c i f i c toxins toward i n s e c t glycosidases. 
Preliminary data are presented which support t h i s hypothesis. They 
demonstrate: a) i n h i b i t i o n of a s e l e c t i o n of i n s e c t glucosidase 
f r a c t i o n s by diverse p l a n t g l y c o s i d e s t r u c t u r e s , b) the existence of 
biochemical mechanisms of t o x i c i t y i n c l u d i n g both competitive and 
noncompetitive modes of i n h i b i t i o n , c) s e l e c t i v i t y and s p e c i f i c i t y of 
a c t i o n i n i n h i b i t o r y e f f e c t r e l a t e d to i n s e c t s p e c i a l i z a t i o n upon 
host p l a n t s . 

E x p l o i t a b i l i t y In P e s t i c i d e Design 

In the ongoing e f f o r t to eliminate major crop pests, s p e c i a l 
a t t e n t i o n has been given to chemical c o n t r o l , i n c l u d i n g compounds 
derived from p l a n t sources. Many of these p l a n t - d e r i v e d n a t u r a l 
products are g l y c o s i d e s . We have i n the past assumed t o x i c i t y f o r 
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many of these compounds whereas they are in fact toxic only upon 
hydrolysis by glycosidases. Work in this laboratory and others has 
shown that these glycosidases are highly specific in action, and may 
be inhibited either by other glycosidases or glycosides. The 
determination of toxicity of glycosides will therefore depend upon an 
assessment of the ability of the enzyme complement of the targeted 
organism to either potentiate or inhibit hydrolysis and hence 
toxification. 
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Chapter 28 

Chemistry and Biological Activity 
of Pentatomoid Sex Pheromones 

Jeffrey R. Aldrich 

Insect and Nematode Hormone Laboratory, Beltsville Agricultural Research 
Center, Agricultural Research Service, U.S. Department of Agriculture, 

Beltsville, MD 20705 

The Pentatomoidea include devastating pests, as well 
as beneficial predators. In the pest, Nezara 
viridula, males liberate a long-range attractant 
pheromone containing a trans-epoxide of 
(Z)-α-bisabolene as the major component, and in 
Eurygaster integriceps, vanillin and ethyl acrylate 
from males attract nearby females after the bugs 
migrate to wheat fields. Males of an African cotton 
pest, Sphaerocoris annulus, emit a blend of (Z)- and 
(E)-4,8-nonadienal, (Z)-4-nonenal, and nonanal that is 
probably an attractant pheromone. In the 
cottonseed-feeding Tectacoris diophthalmus, males that 
have not found females produce a crystalline deposit 
of 3,5-dihydroxy-4-pyrone which may be an aphrodisiac 
and/or an attractant. Pheromones attractive to flying 
adults have been identified from male predaceous 
pentatomids (Asopinae) in the genus Podisus and 
artificially mimicked; R-(+)-α-terpineol, 
(E)-2-hexenal, and benzyl alcohol for P. 
maculiventris, S-(+)-linalool, (E)-2-hexenal, and 
benzyl alcohol for P. fretus. Antipodes of chiral 
monoterpenols are inactive but not inhibitory, and 
the pheromones are not mutually inhibitory. A complex 
of parasitoids use these pheromones to locate hosts. 
Males of 5 other asopine species that prey upon 
pestiferous beetles yield pheromones comprised of 
6,10,13-trimethyltetradecanol and/or the isovalerate 
ester of this alcohol. 

On the n ight of October 14, 1939, a high school f o o t b a l l game in 
Kansas was invaded by s t i n k bugs: " Spectator s were f i r s t made aware 
of t h e i r presence by the d in caused by the w h i r r i n g of wings...The 
band l o ca ted i n the best l i g h t e d po r t i on of the stands had to move 
immediate ly. The o f f e n s i v e s t inkbug smell permeated the 
neighborhood, e s p e c i a l l y a f t e r spectator s and p layer s had crushed 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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the bugs w i th t h e i r shoes and c l o t h i n g . By the time the game was 
o v e r . . . t h e bugs were from 1 1/2 to 3 1/2 inches d e e p " U ) . Th is 
b i z a r r e account of a Thyanta spec ies i n d i c a t e s that pentatomids, 
a l i a s s t i n k bugs, are not only chemica l l y v i l e , but a l so v a g i l e . 

The Pentatomidae and a l l i e d groups such as s h i e l d bugs 
( S c u t e l l e r i d a e ) comprise the super fami l y Pentatomoidea. The i r 
s t i n k s are t y p i c a l l y mixtures of n-a lkanes, Cg, C Q , and C^o 
a l k - 2 - e n a l s , 4 -oxo -a l kena l s and, Tn a d u l t s , a lkeny l a ce ta te s . These 
odo r i f e rou s sec re t i on s are e xpe l l ed from t ho r a c i c glands in adu l t s 
and abdominal glands i n immatures when the i n sec t s are at tacked 
[2). Bes ides t h e i r notor ious chemical f o r t i f i c a t i o n , pentatomoids 
c h a r a c t e r i s t i c a l l y possess hypodermic-1ike mouthparts w i th which 
they p ie rce and suck the sap of developing f r u i t s or , i n the case of 
predatory spec ies , the blood of prey. The most va luab le po r t i on of a 
crop may be severe ly damaged and exposed to d i sease, y e t the i n i t i a l 
i n j u r y i s o f ten inconsp icuous . This sub t l e a s s a u l t , combined w i th 
the m o b i l i t y of adu l t bugs, make pentatomoids d i f f i c u l t to detect 
and c o n t r o l . 

At f i r s t researchers in search of sex pheromones f o r 
Heteroptera suspected tha t s t i n k gland e s te r s were a t t r a c t a n t s ( 3 ) . 
However, i n the Pentatomoidea (and probably most Heteroptera) thTs 
i s not so. In f a c t , the chemical barrage from the s t i n k glands 
confounds the task of i s o l a t i n g the t rue sex pheromones. I t i s now 
ev ident tha t a v a r i e t y of pheromone glands have evolved 
independently i n male pentatomoids. In some of the predaceous s t i nk 
bugs (Asop inae) , m a l e - s p e c i f i c pheromone glands are e x t r a o r d i n a r i l y 
l a r ge and produce copious amounts of s e c r e t i o n . Though le s s than a 
tenth of the over 2500 spec ies o f Pentatomidae are predaceous, the 
extreme r e l i a n c e of asopines on pheromones has f a c i l i t a t e d research 
on these spec ie s . There fore , the sex pheromone chemistry and 
b i o l o g i c a l a c t i v i t y of Asopinae w i l l be d i scussed f i r s t as a 
framework f o r the ensuing d i s cu s s i on s of the meager data f o r 
s c u t e l l e r i d and phytophagous pentatomid sex pheromones. Data on the 
usurpat ion of pentatomoid sex pheromones and l a r v a l s t i nk gland 
s e c re t i on s by p a r a s i t o i d s as h o s t - f i n d i n g kairomones are a l so 
i n c l uded . 

Asopinae 

Males i n the genera Pod i su s , A lcaeorrhynchus, and Z i c rona have huge 
pheromone glands opening underneath the wings (4,ÇJ~. A w e l l - f e d 
Podisus male may conta in over a m i l l i g r a m of pheromone in h i s dorsal 
abdominal glands (DAGs) and can s e l e c t i v e l y re lease the f r ag ran t 
s e c r e t i o n to c a l l a mate (6). In the two sympatr ic species of 
Podisus tha t have been i n v e s t i g a t e d , m a c u l i v e n t r i s ( c a l l e d the 
spined s o l d i e r bug) and £ . f r e t u s , the DAG sec re t i on s each conta in 
(E)-2-hexenal ( I ) and benzyl a lcoho l ( I I ) as major c o n s t i t u e n t s , but 
d T f f e r i n t h e i r major monoterpenol component (F igure 1 ) . 
j*-( + ) -a -Terp ineo l (V) i s the p r i n c i p a l monoterpenol i n the pheromone 
of the spined s o l d i e r bug and S - ( + ) - l i n a l o o l ( I I I ) i s the 
predominant terpene i n the T re tu s pheromone but, i n t e r e s t i n g l y , 
the major monoterpenol of each species occurs as a minor con s t i t uen t 
i n i t s s i b l i n g s pec i e s ' pheromone ( Λ 8 ) . Other minor components 
(<2%) i n c l ude t e r p i nen - 4 - o l (IV) and t r a n s - p i pe r i t o i (VI) i n the 
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Podisus maculiventris 

male larva 

i22_ 

Podisus fretus 
male larva . 

HYBRID 
male , larva 3 

2 4 6 8 2 4 6 8 
MINUTES 

Figure 1. Gas chromatograms of e x t r a c t s of male pheromone glands 
and l a r v a l exuviae f o r Podisus spp. and t h e i r hybr id (Roman 
numerals r e f e r to i l l u s t r a t e d compounds; 1 = (E ) -4 -oxo-2 -hexena l , 
2 = n-dodecane, 3 = j i - t r i d e c a n e , and 4 = tetra ï ïecanal) . 
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28. ALDRICH Pentatomoid Sex Pheromones 421 

pheromone blends of both species and, i n the P_. f r e t u s pheromone, 
the se squ i te rpeno id homologue of l i n a l o o l , n e r o l i d o l (V I I ) . Podisus 
f r e t u s has only been c o l l e c t e d i n con i fe rous f o r e s t s ( 8 h However, 
the spined s o l d i e r bug occurs i n deciduous and con i fe rous f o r e s t s , 
and i s an important predator i n agroecosystems because of i t s 
f a c i l i t y f o r congregat ing near aggregations of a wide v a r i e t y of 
l a r v a l crop pests ( 9 -Π_ ) . In the l abo r a t o r y , male jP. f r e t u s pa i red 
w i th female IP. macuTiventr i s o c c a s i o n a l l y mated and produced v i a b l e 
hyb r i d s . The DAG s e c r e t i o n of hybr id males conta ined both 
α-terp ineol and l i n a l o o l , p lus (E j -2 -hexena l and benzyl a lcoho l as 
major c on s t i t uen t s (F i gu re 1 ) . 

E a r l y f i e l d t e s t s of a r t i f i c i a l £ . m a c u l i v e n t r i s pheromone 
con ta i n i n g compounds I-VI showed tha t S - ( - ) - a - t e r p i n e o l i s i n a c t i v e 
but not i n h i b i t o r y , so pheromones con ta i n i ng a double volume of 
racemic α-terpineol can be used [6). F i e l d comparisons of p a r t i a l 
pheromone formulat ions to the s i x component pheromone made wi th 
( ± ) - a - te rp ineo l revea led that on ly α-terpineol and (£)-2-hexenal are 
r equ i red f o r high a t t r a c t ancy (Table I ) . Thus, wh i le minor 
components may play a communicative r o l e dur ing cou r t s h i p , they are 
not e s s en t i a l f o r long-range a t t r a c t i o n . L i kew i se , a fo rmulat ion of 
(E)-2-hexenal and ( ± ) - l i n a l o o l proved h igh ly a t t r a c t i v e to P_. f r e t u s 
( 7 ) . In both Podisus spp., males as we l l as females are a t t r a c t e d . 
For P̂ . macul i v e n t r i s s i g n i f i c a n t l y more males than females were 
captured in pheromone-baited traps (Table I) whereas f o r P_. f r e t u s 
the reverse was t rue ( 7 ) . The response of Podisus males to t ï ï i 
pheromone of conspec i f î c males may be exp l a i ned , in pa r t , by the 
f a c t tha t a complex of p a r a s i t o i d s use the pheromones as 
h o s t - f i n d i n g kairomones (Table I I ) . C a l l i n g males r i s k d i scovery by 
p a r a s i t o i d s , s e l e c t i n g f o r a counter s t ra tegy whereby " s i l e n t " males 
a t t r a c t e d to the v i c i n i t y of c a l l i n g males t r y to i n t e r c e p t females 
w i thout paying the p r i c e of p a r a s i t i z a t i o n (3). Th i s male 
counter s t ra tegy may be more pronounced f o r P_. macul i v e n t r i s than P_. 
f r e t u s because the spined s o l d i e r bug, w i th i t s c a t h o l i c d i e t , i s 
r e l a t i v e l y more abundant and more heav i l y p a r a s i t i z e d than P_. f r e t u s 
(Table I I ) . Female spined s o l d i e r bugs have small DAGs that produce 
t h e i r own unique b lend, i n c l u d i n g benzaldehyde and nonanal (12,13). 
Females of the egg p a r a s i t o i d , Telonomus ca l vus (Hymenoptera: 
S c e l i o n i d a e ) , seem to use both s e x - s p e c i f i c spined s o l d i e r bug odors 
as cues; p a r a s i t o i d s are a t t r a c t e d to c a l l i n g males, but only become 
pho re t i c on females [3,14). Another i n t e r e s t i n g feature of the 
Podisus pheromone system i s that an a r t i f i c i a l hybr id pheromone 
a t t r a c t s both species (Table I I ) , i n d i c a t i n g that ne i the r spec ies i s 
i n h i b i t e d by the major monoterpenol of the o t h e r ' s pheromone. 

The t a c h i n i d p a r a s i t o i d s a t t r a c t e d to Podisus pheromones have 
p rev i ou s l y been recorded from P_. macul i v e n t r i s l a r vae (15) , 
suggest ing tha t these f l i e s use other s i gna l s to f i n d l a r v a l hosts . 
When heteropterans mol t , the contents of t h e i r scent glands are shed 
w i th the exuviae. S ince t a c h i n i d s o v i p o s i t on the c u t i c l e and these 
eggs must hatch before the l a r v a l host mo l t s , might not scent gland 
v o l a t i l e s emanating from the exuviae of a r ecen t l y molted bug serve 
as an idea l t a c h i n i d kairomone? To t e s t t h i s hypothes i s , 
e xuv i a l e x t r a c t s of P_. macul i v e n t r i s , P_. f r e t u s , and hybr ids were 
ana lyzed (F igure 1) and an a r t i f i c i a l l a r v a l s t i nk gland s e c re t i on 
f o r £. macu l i v en t r i s was prepared and f i e l d te s ted (Table I I I ) . 
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422 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Table I. Podisus m a c u l i v e n t r i s caught a l i v e i n s i de t raps ba i t ed 
w i th a r t i f i c i a l pheromones 

Mean/day/trap Pheromone blend' 

Both sexes^ Male Female I II I I I IV V VI 

6.44 a 4.17 2.23 + + - - + -
5.83 ab 3.53 2.31 + + - + + + 
4.39 ab 2.81 1.58 + - - - + -3.72 ab 2.11 1.61 + + + + + + 
3.67 b 2.22 1.44 + + + + + -3.42 b 2.11 1.31 + + + - + + 
2.03 c 1.19 0.83 - + + + + + 
1.94 c 0.92 1.03 + - + + + + 
0.17 d 0.17 0.00 - - - - + -0.06 de 0.06 0.00 + + + + - + 
0.00 e 0.00 0.00 + 
0.00 e 0.00 0.00 

Mean = 1.61 a 1.03 b 

Trap design and f i e l d placement as descr ibed p rev iou s l y 
( 6 J . Two r e p l i c a t e s per treatment were monitored and 
r e p o s i t i o n e d d a i l y , and r eba i t ed every three days from 
A p r i l 16 through May 3, 1984. 

Data were transformed us ing l og (x+1) and analyzed by 
Duncan's M u l t i p l e Range Te s t . Means not fo l l owed by a common 
l e t t e r are s i g n i f i c a n t l y d i f f e r e n t (P<0.05). 

ο 
The complete pheromone was prepared by b lending 1739 μΐ 

(E) -2-hexenal ( I ) , 96.8 μΐ benzyl a l coho l ( I I ) , 11.8 μΐ 
( ± ) - l i n a l o o l ( I I I ) , 9.8 μΐ 87% ee (+ ) - te rp inen -4 -o l ( IV ) , 
2123 μΐ ( ± ) -a - te rp ineo l (V ) , and 19.6 μΐ t r a n s - p i p e r i t o i (VI) 
(4 ml t o t a l ) , and then mix ing t h i s amount of the neat blend 
w i th 20 ml of p l a s t i c i z e d p o l y v i n y l c h l o r i d e (PVC). P a r t i a l 
f o rmu la t i on s were prepared i n the same manner except one or 
more compounds were omitted and the r e s u l t i n g volume was 
mixed w i th 20 ml PVC. Traps were reba i ted w i th ca . 250 mg 
pheromone-PVC. 
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28. ALDRICH Pentatomoid Sex Pheromones 423 

Table I I . Podisus spp. and p a r a s i t o i d s caught in t raps ba i ted 
wi th a r t i f i c i a l P_. macu l i v en t r i s pheromone, f r e t u s 

pheromone, or hybr id pheromone 

ο 
Lure^ 

Podisus 
ο 

P a r a s i t o i d s 0 

ο 
Lure^ mac. f r e t u s E. f l a v a H. aurata F. c r i n i t a T. ca lvus 

Ï / I I / V 308 0 279 41 18 2 
I/II/I 11 0 83 19 30 0 5 
I/II/III-V 151 41 211 19 4 10 

1 Two l i v e - t r a p s and 2 s t i c k y t raps per treatment [6) 9 randomized 
and monitored d a i l y , and r eba i t ed every 3 days from March 27 
through May 29, 1985. One P_. macul i v e n t r i s was caught i n a con t ro l 
t r a p . 

ù Lures conta ined by volume 1 par t (£)-2-hexenal (I) and 0.17 
pa r t benzyl a l coho l ( I I ) w i th e i t h e r 2 pa r t s (± ) -a - te rp ineo l (V ) , 
2 pa r t s ( ± ) - l i n a l o o l ( I I I ) , or 1 par t ( ± ) - a - te rp ineo l and 1 pa r t 
( ± ) - l i n a l o o l . Pheromone-PVC (20%) was prepared and used f o r 
r e b a i t i n g as descr ibed i n Tab le I. 

ο 
E u d y t i a f l a v a and Hemyda aurata (D i p te ra : Tachin idae) are 

endopa ra s i t i c on adu l t s and l a r v a e , Forc ipomyia c r i n i t a (D i p te r a : 
Ceratopogonidae) are e c t opa ra s i t e s of a d u l t s , and TeTênomus 
ca l vu s (Hymenoptera: S ce l i o n i d ae ) are egg p a r a s i t o i d s . 
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424 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Each exuv ia l e x t r a c t conta ined (£ ) -4 -oxo-2-hexena l , j i-dodecane, 
n - t r i decane , and tet radecana l i n equ i va len t amounts. S u r p r i s i n g l y , 
T i n a l o o l i s a major c o n s t i t u e n t of l a r v a l £ . m a c u l i v e n t r i s DAG 
s e c r e t i o n (12) and l a r v a l P_. f r e t u s DAG sec re t i on inc ludes both 
l i n a l o o l and α-terpineol (F igure 1 ) . The exuv ia l e x t r a c t of hybr ids 
i s c ompos i t i ona l l y l i k e tha t of P_. f r e t u s except f o r r e l a t i v e l y more 
l i n a l o o l (F igure 1 ) . Desp i te the f a c t that the DAG sec re t i on s of 
these Podisus l a r vae are s p e c i e s - s p e c i f i c by v i r t u e of t h e i r 
monoterpenol components, there was no i n d i c a t i o n i n the f i e l d t e s t 
t ha t spined s o l d i e r bug l a r vae use the s t i nk gland v o l a t i l e s as an 
aggregat ion pheromone. On the con t ra r y , the only P_. macul i v e n t r i s 
l a r vae caught dur ing the experiment were a t t r a c t e d to the 
fo rmu la t i on mimicking the adu l t pheromone (Table I I I ) . On the other 
hand, both t a c h i n i d spec ies were a t t r a c t e d to the blend mimicking 
the l a r v a l IP. macul i v e n t r i s DAG s e c r e t i o n , a l b e i t l e s s so than to 
the a r t i f i c i a l adu l t pheromone, demonstrating tha t these p a r a s i t o i d s 
recogn ize at l e a s t two chemical beacons from t h e i r Podisus hosts . 

Asopines i n the genera P e r i Π us and Oplomus have been re leased 
(but apparent ly not e s tab l i s hed ) i n Europe and the U.S. f o r 
b i o l o g i c a l con t ro l of the Colorado potato bee t l e and the Mexican 
bean b e e t l e , r e s p e c t i v e l y ( Γ 7 , 18 ) . These predator s , and others from 
the r e l a t e d genera S t i r e t r u s anïï Mineus, e v i d e n t l y s p e c i a l i z e on 
c e r t a i n l ep idopte ran and co leopteran l a rvae ( £ , 1 0 ) . Th i s group of 
asopines l a ck s s exua l l y dimorphic DAGs, but in s tead males possess 
s t e r na l glands (SGs) conspicuous e x t e r n a l l y by dense patches of 
setae on the fou r th to s i x t h abdominal s t e r n i t e s (F igure 2 ) . In 
these oligophagous p redator s , s t a r v a t i o n ( s imu l a t i n g migrat ion? ) 
f o l l owed by feed ing ad l i b i t u m s t imu la te s the SGs to secrete 
6 , 10 ,13 - t r imethy l t e t r adecano l (V I I I ) [S. anchorago and 0. d ichrous ) 
and/or the i s o v a l e r a t e e s t e r (IX) of t h i s a lcoho l (P. bToculatus, 0. 
severus, 0. d i ch rou s , and M. s t r i g i p e s ) (17,19). Although the 
c h i r a l i t y of the natura l products has not been determined, male and 
female adu l t s of S. anchorago f lew and la rvae walked to f i e l d t raps 
b a i t e d w i th racemTc V I I I , demonstrating tha t the male SG s e c r e t i o n 
i s an a t t r a c t a n t pheromone and that unnatural antipodes are probably 
not i n h i b i t o r y (Kochansky, J . P.; A l d r i c h , J . R.; Lusby, W. R. J . 
Chem. E c o l . , i n p re s s ) . A i rbo rne t rapp ing of v o l a t i l e s from f i e T d -
c o l l e c t e d S. anchorago males v e r i f i e d tha t V I I I evaporates from the 
SGs of males and i s absent from females. In a d d i t i o n , ana l y s i s of 
male-der ived a i rborne e x t r a c t s revea led that the corresponding 
aldehyde of VI I I i s about ten times more concentrated (5%) than i n 
samples prepared by d i r e c t l y e x t r a c t i n g SG sec r e t i on from the 
s te rna l setae. Whether or not i n c l u s i o n of the minor a ldehyd ic 
component or only the natura l s tereo i somer( s ) w i l l increase the 
a t t r a c t i v e n e s s of the s yn the t i c pheromone remains to be determined. 
The SG sec re t i on s of the other asopines con ta i n i n g V I I I and/or IX 
w i l l l i k e l y prove to be long-range a t t r a c t a n t s and po s s i b l y 
c lo se - range mating s t i m u l a n t s . A d d i t i o n a l asopine genera bear ing 
pubescent SGs whose sec re t i on s have y e t to be chemica l l y 
i n v e s t i g a t e d i nc lude D i scocera (American t r o p i c s ) , Do ryco r i s ( A f r i c a 
and Madagascar), and C a z i r a (As ian t r o p i c s ) (20). 

The asopine genera Pfcromerus, Dinorhyncffïïs, Apa te t i c u s , and 
Euthyrhynchus have ne i t he r s exua l l y dimorphic DAGs nor SGs ( 2 h The 
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28. ALDRICH Pentatomoid Sex Pheromones 425 

Table I I I . Podisus m a c u l i v e n t r i s and t a c h i n i d f l y p a r a s i t o i d s caught 
i n t raps b a i t ed w i th a r t i f i c i a l adu l t pheromone or 

a r t i f i c i a l l a r v a l s t i nk gland s e c r e t i o n 1 

P. m a c u l i v e n t r i s E. f l a v a H. aurata 

ρ 
Lure^ adu l t s l a r vae female male female male 

I/II/V 86 6 249 171 42 35 
1/III/3 0 0 88 8 11 18 
I I I 0 0 0 0 0 2 
Unbaited 0 0 0 0 0 0 

S i x l i v e - t r a p s and 6 s t i c k y t raps per treatment were t i e d to 
t rees c a . 2 m above ground ( 6 ) . Traps were monitored and r eba i t ed 
d a i l y from A p r i l 25 through Tune 17, 1986. 

2 (Ej -2-Hexenal ( I )/benzy l a lcoho l ( I I ) / ( ± ) - a - t e r p i n e o l (V) were 
mixed as descr ibed i n Table I I , and (E)-4-oxo-2-hexenal 
( l ) / ( ± ) - l i n a l o o l ( I I I ) / n - t r i decane (3T were mixed in equal volumes. 
Ten μΐ of these neat mixtures were app l i ed d a i l y to a rubber septum 
i n the appropr ia te t r ap s . Unbaited c o n t r o l s were run from A p r i l 25 
through June 2; f o r the remainder of the t e s t con t ro l t raps were 
b a i t ed w i th 5 μΐ of ( ± ) - l i n a l o o l d a i l y . (E)-4-0xo-2-hexenal was 
synthes i zed accord ing to Ward and VanDorp T16) . 

F i gu re 2. Sterna of P e r i l l u s b i o cu l a t u s adu l t s showing the male 
( l e f t ) s t e rna l gland setae ( l i g h t areas) that are wetted w i th 
s e c r e t i o n , and the female ( r i g h t ) where pubescent patches are 
absent . (Repr in ted from r e f . 19.) 
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426 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

only h i n t of pheromone-mediated behavior i n these predators i s f o r 
l a r v a e ; E. f l o r i d a n u s immatures are e x c e p t i o n a l l y gregar ious (21) 
and A. b racteatus l a r vae hunt s i n g l y , y e t recongregate to molt 
(22)7 

S c u t e l l e r i d a e 

S h i e l d bugs are a l l phytophagous and some are important a g r i c u l t u r a l 
pe s t s . Foremost among the pest species i s Eurygaster i n t e g r i c e p s , a 
se r i ous wheat pest in the Middle East (18) . Adu l t s overwinter i n 
the mountains and migrate to the g ra i n "F ie lds i n the s p r i n g , 
whereupon males re lease a scent con ta i n i ng v a n i l l i n (X ) , e thy l 
a c r y l a t e (X I ) , and presumably other compounds (23,24). While the 
source of t h i s scent remains unknown, emiss ion i s accompanied by a 
c h a r a c t e r i s t i c c a l l i n g posture and nearby females are a t t r a c t e d to 
c a l l i n g males (25) . Some s c u t e l l e r i d males have pubescent SGs ( a l s o 
c a l l e d androcomal glands) on s t e r n i t e s 4-6 (2Ό), but i n the 
subfami ly Te ty r i nae the sternum ins tead bears s t r i d u l a t o r y areas in 
both sexes (26) . The cot ton har lequ in bug, T e c t o r i s diophthalmus, 
i s an occas iona l pest of c u l t i v a t e d Malvaceae i n A u s t r a l i a and i s 
the only s h i e l d bug whose SG s e c re t i on has been chemica l l y ana lyzed; 
i n v i r g i n males the SGs are o f ten loaded wi th a c r y s t a l l i n e depos i t 
o f 3,5-d ihydroxy-4-pyrone ( r u b i g i n o l ) (X I I ) suspected to serve as an 
aph rod i s i a c (20,27). Never the les s , XI I may a l so be an a t t r a c t a n t 
because the c r y s t a l s r epo r ted l y sublime qu i t e r e a d i l y (27)· Adu l t s 
of T. diophthalmus a l so r e t a i n a c t i v e a n t e r i o r DAGs that produce 
nonanal i n both sexes (28 ) . In another co t ton - f eed ing s h i e l d bug, 
Hotea gambiae, the a n t e r i o r DAGs are p r o p o r t i o n a l l y l a r g e r i n males 
than i n l a r v a e , whereas i n females they regress i n s i z e ; i n l a r vae 
these glands produce mono- and sesquiterpenes (29) , but in both 
sexes of adu l t s (Jî)-2-hexenol i s predominant (3ÏÏT. F i n a l l y , males 
of the t r o p i c a l West A f r i c a n s h i e l d bug, Sphaerocor i s annul us, have 
w e l l developed DAGs that re lease an odor i fe rous array of Cg 
a l i p h a t i c aldehydes (X I I I -XVI ) that might f unc t i on as an a t t r a c t a n t 
pheromone (31). Un fo r tuna te l y , behav io ra l data as to the ra i son 
d ' e t r e f o r s c u t e l l e r i d m a l e - s p e c i f i c exocr ine sec re t i on s are 
want ing. 

Phytophagous Pentatomidae 

P l a n t - f e e d i n g pentatomids are a la rge and cosmopol itan assemblage of 
i n s e c t s , i n c l u d i n g many devas ta t ing a g r i c u l t u r a l pests (11,18,32), 
but as of t h i s w r i t i n g a s yn the t i c pheromone a c t i v e i n tRë TTeTcT has 
y e t to be reported f o r the group (2). I t has been known s ince 1971 
t ha t males of the worldwide pest , Nezara v i r i d u l a , emit an 
a t t r a c t a n t pheromone (33) . In the same year i t was reported tha t 
the pe s t i f e r ou s s t ink "Bug, Eusch i s tus conspersus, mates i n 
aggregat ions that remain at the same place f o r days, w i th 
i n d i v i d u a l s coming and going (34). A d d i t i o n a l f i e l d t e s t s us ing 
caged bugs v e r i f i e d t ha t JN. v i r i d u l a males a t t r a c t females and the 
p a r a s i t o i d , Trichopoda pennipes (D ip te ra : Tach in i dae ) , and that 
c o n s p e c i f i c males and f i f t h - i n s t a r l a r vae a l so respond (35) . More 
r e c e n t l y , caged males of a ser ious f r u i t pest i n Japan, P j a u t i a 
s t a l i , have been shown to s t rong l y a t t r a c t females and males of the 
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28. ALDRICH Pentatomoid Sex Pheromones 427 

spec ie s , as we l l as a t a c h i n i d p a r a s i t o i d (36), and in the 
pentatomoid, Megacopta punctissimum (P la taspTdae) , males i n i t i a t e 
mating aggregations s i m i l a r to those of E. conspersus (37,38). 
Thus, even though males of many phytophagous pentatomoi"3s have 
glands i n the s te rna l epidermis that are absent or l e s s numerous in 
females ( 3 9 h the behav iora l data s i g n a l l i n g the ex i s tence of sex 
pheromones in these bugs are sparse. 

For U. v i r i d u l a , the s o - c a l l e d southern green s t i nk bug o r 
green vegetable bug, a i rborne v o l a t i l e s i s o l a t e d from mature males 
were a t t r a c t i v e to females i n an o l f ac tomete r (40,41), and to 
a d u l t s , l a r v a e , and T. pennipes i n the f i e l d (F igure 3) (42). 
Mezara males, and maTes of severa l other pentatomoids, have areas on 
the a n t e r i o r abdominal s t e r n i t e s that are v i s i b l y smoother than 
surrounding c u t i c l e ( 2 ) . Nonetheless, e x t r a c t s of the p o s t e r i o r 
segments of N_. v i r i d u T a males were more a t t r a c t i v e than e x t r a c t s of 
a n t e r i o r segments (43) , suggest ing tha t the modi f ied s te rna l areas 
are not i nvo lved i n pheromone p roduct ion . Males of a B r a z i l i a n 
s t r a i n of H. v i r i d u l a l i b e r a t e Ci3> and C^g 
normal hydrocarbons, U ) - a - b i s a b o l e n e (XV I I ) , and a t rans -epox ide 
(XVI I I ) o f the sesquiterpene hydrocarbon (44). The l a t t e r compound 
was the predominant component and the s tereochemist ry of the natura l 
product was ass igned based on the bioassay a c t i v i t i e s of s yn the t i c 
d iastereomers (44) . Southern green s t i n k bug males from the U.S. 
r e l ea se XVIII (and/or the ant ipode) and the c i s - i s ome r XIX 
(15%) (and/or the an t ipode ) , p lus the C13 (2.3%) and (^9 
(7.4%) a lkanes , and 1.4% n e r o l i d o l (VI I ) (42 ) . Male N. v i r i d u l a 
from France resemble the U.S. s t r a i n of the bug i n em i t t i n g both 
XVII I and XIX ( c a . 2:1 r a t i o ) (44) . Therefore , i t appears tha t 
d i f f e r e n t pheromone s t r a i n s of ÎN. v i r i d u l a e x i s t (42). 

Conc lud ing Remarks 

Males of many predaceous s t i nk bugs have massive, w e l l - d e f i n e d 
exocr ine glands tha t sec rete a t t r a c t a n t pheromones. Some 
p l a n t - f e e d i n g s c u t e l l e r i d s a l so have obvious pheromone-1ike glands 
as do the Asopinae (20) , but i n most phytophagous pentatomoids 
exoc r i ne gland c e l l s are s ca t te red i n the c u t i c u l a r epidermis and 
t h e i r excess i n males i s only apparent upon h i s t o l o g i c a l examination 
(39) . In species l a c k i n g pheromone glands that can be d i s sec ted 
from the bugs, ae ra t i on i s the best method f o r pheromone i s o l a t i o n . 
Th i s approach i s f raught w i th the d i f f i c u l t y of herding bugs i n t o a 
s u i t a b l e apparatus wi thout e l i c i t i n g a defens ive chemical d i s cha rge . 
Moreover, pentatomoids f r equen t l y h ibernate or a e s t i v a t e as adu l t s 
before reproduc ing, and d iapaus ing males o f v i r i d u l a (and 
probably males of other spec ies ) do not produce pheromone (45). 
Never the le s s , m a l e - s p e c i f i c blends have been i s o l a t e d v i a a i rborne 
t r app ing f o r economica l ly important Eu s ch i s t u s , Acrosternum, 
Thyanta, and Murgantia spec ies ( A l d r i c h , J . R.; Hoffmann, M. P., 
unpubl i shed data ) . 

S t i nk bug damage i s o f ten unpred i c tab le because pentatomoids 
are s t rong f l i e r s U ,46,47) tha t haphazardly invade crops. 
There fo re , pheromone-baited t raps f o r pest species may be usefu l i n 
de t e c t i n g i n c i p i e n t i n f e s t a t i o n s . Beyond t h i s now convent ional use 
of pheromones, dec iphe r i ng the chemical communication systems of 
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4 2 8 B I O L O G I C A L L Y A C T I V E N A T U R A L P R O D U C T S 

20i 

1985 

F i gu re 3. Nezara v i r i d u l a adu l t s (cumulat ive) and t a c h i n i d 
p a r a s i t o i d s ( d a i l y ) caught i n t raps deployed i n Lou i s i ana b a i t e d 
w i th a i rbo rne - t rapped v o l a t i l e s from H. v i r i d u l a males 
l a b o r a t o r y - r e a r e d i n Mary land. (Repr inted from r e f . 42.) 
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28. ALDRICH Pentatomoid Sex Pheromones 429 

harmful and beneficial pentatomoids could lead to improved 
biological control in a variety of ways. Nezara vjridula has 
recently invaded the Sacramento Valley in California (32). The 
knowledge that at least some parasitoids home in on the Nezara 
attractant pheromone and that this pheromone differs between 
geographically isolated populations, may temper decisions as to 
where to seek parasitoids for establishment in California (Hoffmann, 
M. P., University of California at Davis, personal communication, 
1987). A novel use for synthetic pheromones of the southern green 
stink bug and other exotic pentatomoid pests would be their 
implementation as artificial kairomones to collect the parasitoids 
needed for biological control. Similarly, synthetic pheromones of 
Asopinae might be used to collect exotic predators for biological 
control programs (17). Native asopines could be augmented and 
conserved in agroecosystems by the judicious application of 
artificial pheromones. This approach may be an economically 
favorable means to tap the vast reservoir of predaceous 
heteropterans, especially if attractants are discovered for more 
species from other taxa and found not to be mutually inhibitory. 
Better biocontrol through chemistry would be a propitious welcome to 
the next millennium. 
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Chapter 29 

Dithiopolyacetylenes as Potential Pesticides 

Eloy Rodriguez 

Phytochemical and Toxicology Laboratory, Department of Developmental 
and Cell Biology, University of California-Irvine, Irvine, CA 92717 

Dithiopolyacetylenes (1,2-dithiin cyclohexadiene 
polyacetylenes) are a group of naturally occurring 
allelochemicals synthesized primarily in the roots and 
exhibit a wide-range of antibiotic activities. Some 
dithiopolynes known to be active in the dark and in 
the presence of ultraviolet light, are active against 
fungi and insects. The thiarubrines (1,2-dithiin polyines) 
occur in a variety of plant species from the family 
Asteraceae and show promise as antiviral and nematicidal 
agents. In this brief report, we present our latest in 
vitro finding on the nematicidal and antiviral action of 
thiarubrine A. 

Nematodes t h a t p a r a s i t i z e r o o t s y s t e m s a r e w e l l - r e c o g n i z e d p e s t s i n 
a g r i c u l t u r e , w i t h g r o w e r s commonly a p p l y i n g l a r g e q u a n t i t i e s o f 
s y n t h e t i c p e s t i c i d e s t o c o n t r o l t h e i r i n f e s t a t i o n . A l t h o u g h v a r i o u s 
s y n t h e t i c p e s t i c i d e s have been u s e d and banned, s t u d i e s on t h e use 
of n a t u r a l l y d e r i v e d c h e m i c a l s as n e m a t i c i d a l a g e n t s have been 
r a t h e r l i m i t e d . Gommers i n 1973 (1) e s t a b l i s h e d t h a t c e r t a i n 
s e c o n d a r y m e t a b o l i t e s ( p o l y a c e t y l e n e s and chromenes) p r e s e n t i n t h e 
r o o t s o f v a r i o u s t a x a o f t h e s u n f l o w e r f a m i l y ( A s t e r a c e a e ) were 
e f f e c t i v e i n c o n t r o l l i n g nematode i n f e s t a t i o n s . I t was fo u n d t h a t 
v a r i o u s s p e c i e s o f t h e A s t e r a c e a e c o n t r o l l e d and r e d u c e d t h e 
p o p u l a t i o n s o f nematodes i n b o t h g r e e n h o u s e and f i e l d c o n d i t i o n s . 
The most e f f e c t i v e s p e c i e s b e l o n g e d t o t h e g e n e r a R u d b e c k i a , 
A s p i l i a , A m b r o s i a , C h a e n a c t i s and G a i l l a r d i a . Gommers s u g g e s t e d 
t h a t i t m i g h t be p o s s i b l e t o e l i m i n a t e 80-90% o f p a r a s i t i c nematodes 
by p l a n t i n g a c r o p o f o r n a m e n t a l c o m p o s i t e s . A l t h o u g h no d e t a i l e d 
c h e m i c a l s t u d i e s were c a r r i e d o u t by Gommers, i t was s u g g e s t e d t h a t 
t h e p o s s i b l e a c t i v e a g e n t s were t h i o p h e n e d e r i v a t i v e s and 
d i t h i o p o l y a c e t y l e n e s . The d i t h i o p o l y i n e s were d i s c o v e r e d by 
Bohlmann (2) and i t was n o t u n t i l 1985 t h a t s e r i o u s b i o l o g i c a l t e s t s 
were i n i t i a t e d . R o d r i g u e z and a s s o c i a t e s (3) d i s c o v e r e d s u b s t a n t i a l 
q u a n t i t i e s o f t h e t h i a r u b r i n e s i n l e a v e s o f A s p i l i a m o s s a m b i c e n s i s 

0097-6156/88/0380-0432S06.00/0 
c 1988 American Chemical Society 
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29. RODRIGUEZ Dithiopolyacetylenes as Pesticides 433 

and s u b s e q u e n t l y i n v a r i o u s s p e c i e s o f A m b r o s i a . The a c t i v e 
c o n s t i t u e n t s were i d e n t i f i e d as t h i a r u b r i n e A and B, w h i c h were 
p r e v i o u s l y f o u n d i n t h e r o o t s and tumor c u l t u r e s o f C h a e n a c t i s 
d o u g l a s i i ( 4 , 8 ) . T h i a r u b r i n e s A and Β ( F i g u r e 1) a r e i m p o r t a n t 
m e d i c i n a l p r i n c i p l e s p r e s e n t i n p l a n t e x t r a c t s and u s e d i n A f r i c a 
and Canada by n a t i v e p o p u l a t i o n s f o r s k i n i n f e c t i o n s and i n t e s t i n a l 
p a r a s i t e s ( 5 ) . The f i n d i n g s a r e s i g n i f i c a n t , s i n c e p r e v i o u s 
a n t h r o p o l o g i c a l s t u d i e s had s u g g e s t e d t h a t w i l d apes were s w a l l o w i n g 
A s p i l i a l e a v e s i n a p a r t i c u l a r manner f o r p o s s i b l e t h e r a p e u t i c 
p u r p o s e s (_3) · D e t a i l e d c h e m i c a l i n v e s t i g a t i o n s p r o v e d t h a t t h e 
m a j o r compounds were r e d - c o l o r e d c o n s t i t u e n t s p r e s e n t i n h i g h 
amounts i n t h e young l e a v e s p r e f e r r e d by t h e w i l d c h i m p a n z e e s . The 
r e d compound a b s o r b e d a t 490 nm, 345 nm and 243 nm. H i g h p r e s s u r e 
l i q u i d c h r o m a t o g r a p h y and mass s p e c t r o m e t r y i d e n t i f i e d t h e two 
m a j o r d i t h i o p o l y a c e t y l e n e s as l - ( 2 - m e t h y l e t h y n ) - 4 - ( h e x - l , 3 - d i y n - 4 -
e n e ) - 2 , 3 - d i t h i a c y c l o h e x a - 4 , 5 - d i e n e ( t h i a r u b r i n e A) and l - ( 4 -
m e t h y l b u t - 1 , 3 - d i y n ) - 4 - ( b u t - l - y n - 3 - e n e ) - 2 , 3 - d i t h i a c y c l o h e x a - 4 , 6 -
d i e n e ( T h i a r u b r i n e B ) . The l e a v e s o f A s p i l i a m o s s a m b i c e n s i s , 
consumed by t h e w i l d a p e s , were a l s o f o u n d t o be u s e d by A f r i c a n 
n a t i v e s f o r t h e t r e a t m e n t o f a b d o m i n a l p a i n s , i n t e s t i n a l worms and 
s k i n i n f e c t i o n s . 

R e c e n t l y , Hudson and a s s o c i a t e s (_7) p u b l i s h e d p r e l i m i n a r y 
f i n d i n g s on t h e a c t i o n o f t h i a r u b r i n e A ( i n t h e d a r k and l i g h t ) on 
a v a r i e t y o f b a c t e r i a , f u n g i , v i r u s e s and nematodes. As n o t e d i n 
t h e E x p e r i e n t i a p a p e r , t h i a r u b r i n e A i s as e f f e c t i v e as t h e s t r o n g 
p h o t o s e n s i t i z e r o ^ - t e r t h i e n y l (o(-T) w h i c h i s e f f e c t i v e a g a i n s t 
C a n d i d a a l b i c a n s , S t a p h y l o c o c c u s a l b u s , M y c o b a c t e r i u m p h l e i , 
B a c i l l u s s u b t i l i s , S t r e p t o c o c c u s f a e c a l i s and E. c o l i a t a 
c o n c e n t r a t i o n o f 0.1-1.0 ppm. I t i s as e f f e c t i v e a g a i n s t C a n d i d a 
a l b i c a n s as f u n g i z o n e ( a m p h o t e r i c i n Β ) , a t c o n c e n t r a t i o n s o f 1 ppm 
i n t h e d a r k o r 0.1 ppm i n t h e l i g h t ( F i g u r e 2 ) . T h i a r u b r i n e A was 
a l s o e v a l u a t e d f o r i t s a n t i v i r a l p r o p e r t i e s i n t h e p r e s e n c e and 
absence o f UV-A r a d i a t i o n (UVA) (Hudson, J . , P l a n t a M e d i c a , i n 
p r e s s ) . Two mammalian v i r u s e s , m u r i n e c y t o m e g a l o v i r u s (mCMv) and 
S i n d b i s v i r u s ( S V ) , b o t h o f w h i c h p o s s e s s membranes, were s e n s i t i v e 
t o t h e compound, b u t o n l y i n t h e p r e s e n c e o f UVA r a d i a t i o n . The 
b a c t e r i o p h a g e T4 was s l i g h t l y a f f e c t e d i n t h e p r e s e n c e o f UVA 
r a d i a t i o n , whereas t h e b a c t e r i o p h a g e M13 was c o m p l e t e l y u n a f f e c t e d 
( T a b l e s I and I I ) . These s t u d i e s s u g g e s t t h a t a p h o t o a c t i v a t e d 
s p e c i e s o f t h i a r u b r i n e A i s t h e a c t i v e c o n s t i t u e n t . A l t h o u g h 
c C - t e r t h i e n y l and t h i a r u b r i n e A have s i g n i f i c a n t a n t i v i r a l a c t i v i t y 
a t 10~5 ug/ml, an e q u i v a l e n t a n t i c e l l u l a r e f f e c t r e q u i r e s 10"^ ug/ml 
( 6 ) . 

These d a t a s u g g e s t t h a t i n a d d i t i o n t o l i p i d s some v i r a l 
p r o t e i n s may be t a r g e t s o f t h e s e compounds, a l t h o u g h t h e mechanism 
by w h i c h s u c h t a r g e t - d i r e c t e d p h o t o a c t i v i t y i s c o n v e r t e d i n t o a 
b l o c k i n t h e v i r a l r e p l i c a t i o n c y c l e i s n o t u n d e r s t o o d (Hudson, J . , 
P l a n t a M e d i c a , i n p r e s s ) . I n d e e d , o u r p r o p o s e d s y n t h e t i c and 
s t r u c t u r e - a c t i v i t y s t u d i e s s h o u l d p r o v i d e v a l u a b l e i n s i g h t s . 

I n y e t u n p u b l i s h e d r e s u l t s , i n v e s t i g a t o r s a t UC R i v e r s i d e and 
UC I r v i n e have f o u n d t h a t r o o t s o f A s p i l i a m o s s a m b i c e n s i s a r e v e r y 
résistent t o t h e r o o t nematode, M e l o i d o g y n e i n c o g n i t a . F u r t h e r m o r e , 
p e t r o l e u m e t h e r e x t r a c t i o n s o f t h e r o o t s have y i e l d e d a s u b s t a n t i a l 
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29. RODRIGUEZ Dithiopolyacetylenes as Pesticides 435 

F i g u r e 2. A c t i v i t y o f T h i a r u b r i n e A v s F u n g i z o n e a g a i n s t 
C a n d i d a a l b i c a n s . ( D a t a f r o m r e f . 5.) 
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436 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

q u a n t i t y o f r e d o i l t h a t c o n t a i n s t h i a r u b r i n e s A and B. E x t r a c t i o n s 
o f R u d b e c k i a h i r t a , A m b r o s i a c h a m i s s o n i s and A. p s i l o s t a c h y a have 
y i e l d e d good q u a n t i t i e s o f t h i a r u b r i n e s A and Β and some n o v e l 
d i t h i o p o l y i n e s . H i g h p r e s s u r e l i q u i d c h r o m a t o g r a p h y (HPLC) y i e l d e d 
t h e p u r i f i e d t h i a r u b r i n e A t h a t e x h i b i t e d p o t e n t i n v i t r o a c t i v i t y 
a g a i n s t t h e r o o t k n o t nematode (see T a b l e I I I ) . S i m i l a r n e m a t i c i d a l 
a c t i v i t y has been r e p o r t e d f o r a s p a r a g u s i c a c i d ( 9 ) . I t i s a l s o 
i m p o r t a n t t o n o t e t h a t t h e a c t i v i t y o f t h i a r u b r i n e A was o b s e r v e d i n 
th e a bsence o f l i g h t , t h e r e f o r e s u g g e s t i n g t h a t t h e a c t i v e n e m a t i c i 
d a l m e t a b o l i t e does n o t app e a r t o be a p h o t o s e n s i t i z e r . 

T a b l e I . Summary o f A n t i v i r a l E f f e c t s o f T h i a r u b r i n e A 

V i r u s Genome Membrane A n t i v i r a l E f f e c t 
UV-A I n d a r k 

MCMV d . s a DNA yes v. s t r o n g none 
S i n d b i s s . s . RNA yes v. s t r o n g none 
T4 d.s. DNA no s l i g h t none 
M13 s . s . DNA no none none 
a d . s . = d o u b l e s t r a n d e d , s.s.= s i n g l e s t r a n d e d . 

Hudson e t a l . , ( 6 ) . 

T a b l e I I . LDgg V a l u e s f o r T h i a r u b r i n e A and T h i o p h e n e s 
o f N a t u r a l O r i e i n b 

Compounds 3 SV MCMV 

- T e r t h i e n y l 30 194 
t h i a r u b r i n e A 1,140 625 
P h e n y l h e p t a t r i y n e (PHT) 3,168 6,272 
Thi o p h e n e A c 12,000 12,000 
a C o n c e n t r a t i o n o f 0.1 ug/ml 
b LD^g = dose o f UV r a d i a t i o n ( s e e ' s o f e x p o s u r e χ 5 watts/m^) 

r e q u i r e d t o d e c r e a s e i n f e c t i v i t y by 99% 
c E s t i m a t e d by c o m p a r i s o n w i t h PHT a t 10 ug/ml 

Hudson £t a l . , (6). 

T a b l e I I I . I n v i t r o t o x i c i t y o f t h i a r u b r i n e A on t h e 
s e c o n d - s t a g e l a r v a e o f M e l o i d o g y n e i n c o g n i t a 

E x p o s u r e 
C o n d i t i o n 

% L i v e Nematode2 

D.W.(CK) 3 

C o n t r o l 
1% E t o H 
C o n t r o l 

5ppm lOppm 15ppm 20ppm 

L i g h t , 48 h 97.5 93.3 10.9 2.2 0 0 
Dark, 48 h 99.5 93.7 1.7 0 0 0 

I n 1% e t h a n o l s o l u t i o n 
Mean o f 8 r e p l i c a t e s . 
D.W. (CK) = d i s t i l l e d w a t e r ( c h e c k ) 
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29. RODRIGUEZ Dithiopolyacetylenes as Pesticides 437 

Due to the difficulty in obtaining sufficient quantities of 
thiarubrines for biological testing, we have established root 
cultures of Aspilia mossambicensis, and tumor cultures of Chaenactis 
douglasii for obtaining thiarubrines A and Β (Norton, R. e_t al., 
J. of Plant Physiology, in press) (8). Polyine levels in Aspilia 
cultures exceeded the levels in roots of intact plants with the 
percentage composition very similar for cultured and intact roots. 

Concluding Remarks 

Although only a few dithiopolyacetylenes have been isolated from 
higher plants, it appears that these red-colored oils have 
primarily evolved as potent antibiotics that are effective against 
fungi, viruses and nematodes. It also is not surprising that these 
compounds are effective against phytophagous insects, since prelimi
nary studies indicate that these compounds affect the hormonal 
system of larvae. Further chemical and mechanism of action studies 
are needed to fully understand the pesticidal potential of the 
dithiopolyacetylenes. 
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Chapter 30 

Biocidal and Deterrent Activities 
of Nitrogen Heterocycles Produced 

by Venomous Myrmicine Ants 

Murray S. Blum 

Department of Entomology, University of Georgia, Athens, GA 30602 

The poison glands of ant species in the genera 
Solenopsis and Monomorium are outstanding 
sources of novel nitrogen heterocycles. A 
large variety of alkaloids belonging to 
several chemical classes have been identified 
as venom constituents of these myrmicine 
species and these compounds have been 
demonstrated to possess a diversity of 
biological activities. These alkaloids are 
undoubtedly of great significance in the 
chemical ecology of these ants v i s - à -v i s both 
prokaryotes and eukaryotes. Comparative 
analyses of the biocidal activities of these 
alkaloids against fungi and insects provide 
strong grounds for regarding them as very 
promising candidates for reducing pest 
populations of these organisms. The 
pronounced insect repellent properties of 
these nitrogen heterocycles offer additional 
support for regarding them as of great 
potential value in man's struggle with his 
microbial and insect competitors. 

In the order Hymenoptera, ants i n a few genera i n the 
subfamily Myrmicinae have proven to be singular i n 
producing venoms dominated by alkaloids rather than 
proteinaceous constituents. Whereas analyses of the 
venoms of bees, wasps, and most ant species have 
demonstrated that these secretions are f o r t i f i e d 
primarily with proteins and polypeptides (1), the venoms 
of ants i n the genera Solenopsis and Monomorium consist 
mainly of alkaloids (2). These poison gland products 
include a d i v e r s i t y of piperidines, pyrrolidines, 
pyrrolines, p y r r o l i z i d i n e s , and indolizidines (3), and 
in most cases, mixtures of alkaloids characterize each 
species' venom. Although proteins may constitute minor 

0097-6156/88/0380-0438S06.00/0 
° 1988 American Chemical Society 
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30. BLUM Nitrogen Heterocyclesfrom Myrmicine Ants 439 

concomitants of the alkaloids i n these venoms (4), the 
poison glands of these myrmicines are c l e a r l y atypical 
of those of the Hymenoptera i n emphasizing small 
nitrogen heterocycles as their primary products. 

The toxinological significance of these alkaloids 
has become apparent as a consequence of the 
demonstration that they possess a wide range of 
pharmacological a c t i v i t i e s . In particular, the 2,6-
dialkylpiperidines produced by Solenopsis species (_5) 
have been shown to be powerful cytotoxins capable of 
producing a variety of biochemical lesions (reviewed i n 
6). In addition, the pronounced antimicrobial and 
i n s e c t i c i d a l a c t i v i t i e s of f i r e ant (Solenopsis spp.) 
venoms (7) have been i d e n t i f i e d with these alkaloids (8, 
9), further documenting their a b i l i t y to function as 
toxins for a wide spectrum of organisms. Recent studies 
on the b i o l o g i c a l properties of another group of ant-
derived alkaloids, 2,5-dialkylpyrrolidines, demonstrate 
that as i n the case of the dialkylpiperidines, they 
possess pronounced t o x i c i t y and repellency. 

One of the 2,5-dialkylpyrrolidines characteristic 
of Monomorium spp. (10) has been reported to exhibit 
considerable i n s e c t i c i d a l a c t i v i t y against termite 
species i n the genus Reticulitermes (11). Another of 
these nitrogen heterocycles has been shown to be very 
active as a repellent against a variety of ant species 
(12). S i g n i f i c a n t l y , these two a c t i v i t i e s of the 
pyrrolidines--insect repellency and toxicity--are 
readily correlated with the chemical ecology of the ants 
producing them vis-à-vis other insect species. 

In view of the reported b i o c i d a l and deterrent 
a c t i v i t i e s of a few of these ant-derived alkaloids, i t 
seemed worthwhile to examine the b i o l o g i c a l properties 
of a large number of these compounds i n some d e t a i l . In 
the present report, an in-depth analysis of the 
fungicidal, insect deterrent, and i n s e c t i c i d a l 
a c t i v i t i e s of a variety of the alkaloids synthesized by 
ants i s described. The results of these investigations 
provide considerable optimism for regarding the poison 
gland effronteries of myrmicine ants as agents of real 
potential for the control of man's omnipresent--and 
ubiquitous--microbial and insect adversaries. 

Fungicidal A c t i v i t i e s 

The c i s - and trans-isomers of the 6-alkyl- or 6-
alkylidene-2-methylpiperidines i d e n t i f i e d as venom 
products of Solenopsis spp. (15) were evaluated as 
inhibit o r s of colony growth for a variety of fungal 
species (L3). The alkaloids were prepared by alkylation 
of the lithuim s a l t of 2,6-lutidine with the appropriate 
a l k y l bromide or tosylate, followed by reduction of the 
resulting 2-alkyl-6-methylpyridine (5). The 
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440 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

stereoisomers were p u r i f i e d by preparative gas 
chromatography and determined to be of >98% purity. 

These alkaloids included compounds i n which the 6-
a l k y l group was normal C 9, C^, C^j, and C^; the 6-
alkylidene group was either Z-4-tridecenyl or Z-6-
pentadecenyl. In this section, compounds are referred 
to as c i s or trans (relation of substituents at C-2 and 
C-6) i n combination with an abbreviation for the chain 
length (plus unsaturation) of the group attached to C-6. 
For example, cis-6-tridecyl-2-methylpiperidine (I) i s 
designated as c i s - C ^ and trans-6-( Z-6 '-pentadecenyl)-2-
methylpiperidine i s designated trans-C^c;.ι (II) (see 
Figure 1). 

Figure 1. cis-6-tridecyl-2-methylpiperidine (I) 
(cis-Ci^) and trans-6-(Z-6'-pentadecenyl)-2-methyl-
piperidine ( I I ) (trans-CiR ;ι). 

The fungicidal a c t i v i t i e s of the alkaloids 
i d e n t i f i e d as natural products of f i r e ants (Solenopsis 
spp.) have been compared to those of two commercial 
fungicides, 10-undecenoic acid (Un) and griseofulvin 
(Gris). In addition, the inhibitory a c t i v i t y of 6-
undecyl-2-methylpyridine was evaluated i n order to 
compare the fungicidal a c t i v i t y of this alkaloid to i t s 
saturated counterpart, the ant-derived compound 6-
undecyl-2-methylpiperidine. 

Inhibition of colony growth i n the presence of 
candidate compounds was determined for 13 fungal 
species. Included were three animal pathogens--
Trichophyton rubrum (TR), T. mentagrophytes (TM) and 
Microsporum canis (MC)--and two plant pathogens, Pythium 
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30. BLUM Nitrogen Heterocycles from Myrmicine Ants 441 

irregulare (PI) and Rhizoctonia solani (RS), which were 
obtained as pure isolates from laboratory cultures. 

In addition, eight species of fungi were isolated 
from larvae of two ant species, Iridomyrmex pruinosus 
and the f i r e ant Solenopsis i n v i c t a , i n order to 
evaluate the t o x i c i t y of ant natural products to fungi 
that are known to be associated with ants i n the 
colo n i a l milieu. Fungi were transferred from f i e l d -
collected ant larvae that had been placed on a s t e r i l e 
watch glass supported on water agar. Fungi growing from 
the larvae were transferred to plates containing potato 
dextrose agar; pure cultures were obtained by repeated 
transfers of isolates to fresh medium. Fusarium 
oxysporum (FO), Cunninghamella echinulata (CE), 
Gliocladium deliquescens (GD), Pénicillium species (PS), 
and Paecilomyces marguandii (PM) were isolated from 
larvae of I. pruinosus. Larvae of the f i r e ant S. 
inv i c t a yielded Aspergillus zonatus (AZ), Zygorhynchus 
v u i l l e m i n i i (ZV), and Mucor sp. (MS). No fungi could be 
isolated from adult ants. 

Fungal growth on potato dextrose agar was 
determined following incorporation of test compounds i n 
warm agar. Inhibitory a c t i v i t y was evaluated i n 
comparison to agar controls lacking test compounds. A l l 
fungal species grew vigorously on potato dextrose agar. 

Preliminary evaluations demonstrated that the 
isomers of 6-nonyl-2-methylpiperidine (cis-trans-Cp) and 
6-undecyl-2-methylpiperidine ( c i s - and trans-C^) were 
among the most active i n h i b i t o r s of fungal growth. As a 
consequence, the fungicidal a c t i v i t i e s of these 
compounds were compared to those of the other alkaloids 
and commercial fungicides. The results of these 
investigations are presented i n Tables I-III. 

Both the c i s and trans-isomers of the 2-
methylpiperidines containing 6-undecyl (C^) or 6-
tr i d e c y l (C 1 3) substituents were equivalent i n a c t i v i t y 
to 10-undecenoic acid (Un) for a l l but one species 
(Rhizoctonia solani) of pathogenic fungi (Table I ) . On 
the other hand, the alkaloids were considerably more 
fungicidal than the C-^ acid for two of the ant-derived 
fungi, Gliocladium deliquescens and Zygorhynchus 
v u i l l e m i n i i . Although the alkaloids manifested 
considerable a c t i v i t y as inhibitors of fiv e of the ant-
derived fungi (Table I ) , they were not highly effective 
against Cunninghamella echinulata, Aspergillus zonatus, 
and Pénicillium species, as was also the case for 
undecenoic acid. In general, the c i s - and trans-C-Q and 
C 1 3 isomers were fungicidally equivalent against the 13 
species. 

A comparison of the a c t i v i t i e s of the alkaloids 
with 6-(4'-tridecenyl) ( C i 3 : 1 ) , 6-pentadecyl (C^) and 
6-(6'-pentadecenyl) ( C 1 5 : 1 ) " s i d e chains with the 6-nonyl 
isomers ( C 9), demonstrates that the C 9 compounds are 
consistently as, or more active, than the C 1 3 or 
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442 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

T a b l e I . P e r c e n t i n h i b i t i o n o f c o l o n y g r o w t h 3 o f f u n g i by i s o m e r s 
o f two S o l e n o p s i s a l k a l o i d s and 1 0 - u n d e c e n o i c a c i d (Un) 

Compound' 

F u n g u s 0 c i s - C - Q C t r a n s - C - Q c i s - C - ^ t r a n s - C - ^ Un 

TR 100, .0 100, ,0 100.0 100, ,0 100. ,0 
TM 100. .0 100. .0 95.0 98. .2 100. .0 
MC 94, .5 100. .0 87.5 89. ,9 100. .0 
P I 100. .0 100. .0 99.0 99. ,9 100. .0 
RS 47. .9 56. .0 31.3 36. ,2 100. .0 
GD 98, .9 98. .9 93.0 93. ,7 8. .1 
ZV 96. .9 98, ,2 76.9 97. ,3 47. .7 
MS 89. ,7 94, ,8 79.3 83. ,8 98, ,4 
PM 88. ,9 91. .6 80.3 81. .8 88. .5 
FO 76. .5 78. ,1 69.9 76. ,6 55, .0 
CE 48. .9 53. .3 34.5 33. .6 49. ,3 
AZ 20, ,8 46. .3 16.1 14. .8 19. .7 
PS 1. ,2 16. ,8 8.9 16. .5 9, ,3 

a Mean v a l u e s a t maximum i n c u b a t i o n p e r i o d . 
b 800 ppm a t 41 days i n c u b a t i o n . 
c See t e x t f o r names o f f u n g i and compounds. 
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444 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

T a b l e I I I . P e r c e n t i n h i b i t i o n o f c o l o n y g r o w t h 3 o f f u n g i by two 
S o l e n o p s i s a l k a l o i d s , g r i s e o f u l v i n ( G r i s ) , and 10-
u n d e c e n o i c a c i d (Un) 

Compound 1 

F u n g u s c c i s - t r a n s - C o 0 ^ t r a n s - C - Q G r i s Un 

TR 100. .0 100. 0 100. 0 100.0 
TM 100. ,0 100. 0 84. 6 100.0 
MC 100. .0 97. 0 100. 0 100.0 
P I 100. .0 98. 0 25. 7 100.0 
RS 53. ,0 40. 6 30. 2 100.0 
GD 99. ,6 99. 6 78. 8 57.0 
ZV 100. ,0 99. 8 41. 0 46.4 
MS 66, ,0 59. ,5 33. 6 98.7 
PM 78. .8 91. ,6 86. 6 19.2 
FO 78, .8 67. ,2 65. 1 38.0 
CE 25. .2 29. Λ 52. 6 34.6 
AZ 29, .3 21. ,5 54. 6 21.5 
PS 16, .3 28. Λ 28. 4 18.5 

a Mean v a l u e s a t maximum i n c u b a t i o n p e r i o d , 
k 400 ppm a t 59 days i n c u b a t i o n . 
c See t e x t f o r names o f f u n g i and compounds. 
^ A m i x t u r e o f 85% c i s and 15% t r a n s i s o m e r s . 
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30. BLUM Nitrogen Heterocycles from Myrmicine Ants 445 

alkaloids (Table I I ) . The 6-tridecenyl compounds were 
of equivalent fungicidal a c t i v i t y to the pentadecenyl 
compounds, whereas the alkaloids with 6-pentadecyl side 
chains were less inhibitory for several of the fungal 
species. P. marquandii was singular i n being 
considerably more inhibited by tr a n s - C ^ . ι than c i s -
c 1 5 : l * A s w a s t n e case for the and C 1 3 alkaloids, 
three fungal species—C. echinulata, A. zonatus, and 
Pénicillium sp.--were much less sensitive to the C 9 , 
c 1 3 : l ' c15' a n d c 1 5 : l alkaloids than the other species 
of fungi (Table II)\ 

A comparison of the fungicidal a c t i v i t i e s of the C9 
and C ^ alka l o i d a l isomers with two commercial 
fungicides, 10-undecenoic acid and griseofulvin at 400 
ppm, demonstrates a great deal of v a r i a b i l i t y i n the 
growth responses of the different fungal species. For 
example, whereas a l l compounds were of equivalent 
a c t i v i t i e s against the animal pathogens--T. rubrum, T. 
mentagrophytes, and M. canis-- griseofulvin was not very 
inhibitory to one of the plant pathogens, P. irregulare 
(Table I I I ) . On the other hand, undecenoic acid was 
considerably more fungicidal with one of the plant 
pathogens, R. solani, and one of the ant-derived fungi, 
Mucor species. Conversely, the alkenoic acid was less 
inhibitory than the other compounds against three of the 
other ant-derived fungi, G. deliquescens, P. marquandii, 
and F. oxysporum (Table I I I ) . The alkaloids exhibited 
more fungicidal a c t i v i t y against G. deliquescens and Z. 
vu i l l e m i n i i than the commercial products. As was found 
with the other alkaloids, none of the compounds were 
highly inhibitory against C. echinulata, A. zonatus, and 
Pénicillium species. 

Overall, the C9 and C ^ alkaloids compare favorably 
to 10-undecenoic acid and griseofulvin as fungicides. 
In general, fungicidal a c t i v i t y was similar i n the range 
c9~ c13' w i - t n a decrease i n e f f i c a c y for some species 
occurring with the C15 compounds. The alkaloids with 6 -
alkylidene side chains were generally more inhibitory 
than their saturated counterparts. No si g n i f i c a n t 
differences were observed between the c i s - and trans-
isomers. 

6-Undecyl-2-methylpyridine exhibited s i g n i f i c a n t l y 
less fungicidal a c t i v i t y than the other alkaloids for 
eight of 14 species. This unsaturated heterocycle was 
about as active as i t s saturated counterparts, c i s - and 
trans-6-undecyl-2-methylpiperidine, against R. solani 
and three of the ant-derived fungi, C. echinulata, A. 
zonatus, and Pénicillium species. 

The fungicidal a c t i v i t i e s of a series of 2,5-
dialkylpyrrolidines and -pyrrolines have been studied 
recently (14). Both the pyrrolidines and pyrrolines 
exhibit considerable inhibitory a c t i v i t y against a 
variety of fungal species, but as i n the case of the 
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446 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

2,6-dialkylpiperidines, fungicidal a c t i v i t y varies 
depending on the nature of the a l k y l groups. 

Inse c t i c i d a l A c t i v i t y 

The venom of the f i r e ant Solenopsis i n v i c t a possesses 
considerable to p i c a l i n s e c t i c i d a l a c t i v i t y , a property 
not generally i d e n t i f i e d with proteinaceous venoms. The 
contact t o x i c i t y of the venom i s c l e a r l y due to the 
presence of the 2,6-dialkylpiperidines, which have 
recently been studied as termiticides against a species 
of Reticulitermes ( L5) . Both c i s - and trans-6-undecy1-
2-methylpiperidine possess an LD50 (ug/mg termite) of 
about 0.6, which i s the approximate LD5Q of c i s - and 
trans-6-tridecyl-2-methylpiperidine. cis-6-Pentadecyl-
2-methylpiperidine i s somewhat less toxic (1.14 ± 0.08 
u g ) , whereas the trans-isomer i s similar i n t o x i c i t y to 
the C 1 3 compounds. The alkaloids with the 6-alkylidene 
moitiés are as toxic or more toxic than their saturated 
counterparts. In general, the t o x i c i t i e s of the 
dialkylpiperidines are similar to that of nicotine (0.5 
± 0.02 ug) when evaluated against termite workers. 

Similar results have been obtained i n a study of 
the to p i c a l a c t i v i t y of a 2,5-dialkylpyrrolidine against 
workers of three European species of Reticulitermes 
(1_1). Likewise, both 2,5-dialkylpyrrolidines and -
pyrrolines exhibit considerable contact t o x i c i t y when 
evaluated against workers of North American species of 
termites (Reticulitermes spp.) ( L5) . These compounds 
are approximately as toxic as the 2,6-dialkylpiperidines 
to these termite species. 

In addition to these nitrogen heterocycles, several 
d i a l k y l i n d o l i z i d i n e s and d i a l k y l p y r r o l i z i d i n e s have been 
evaluated as termiticides against termite workers. 3-
Hexyl-5-methylindolizidine i s about as toxic (0.74 ± 
0.05 ug) as the dialkylpiperidines and 
dia l k y l p y r r o l i d i n e s , whereas 3-ethyl-5-
methylindolizidine i s considerably less active (14). 
The 3,5-dialkylpyrrolizidines were among the most toxic 
compounds tested, indicating that b i c y c l i c alkaloids 
such as 3-methyl-5-(8'-nonenyl)pyrrolizidine may be of 
considerable importance i n the chemical ecology of ants 
vis-à-vis their prey insects. 

Repellent A c t i v i t i e s 

The demonstration that trans-2-butyl-5-
heptylpyrrolidine, the only alkaloid produced i n the 
venom of a thief ant (Solenopsis sp.), functioned as an 
outstanding repellent for other ant species (.12) , raised 
the p o s s i b i l i t y that these venom alkaloids may also be 
u t i l i z e d as effective insect deterrents. Indeed, 
results of a recent investigation (17) document the 
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30. BLUM Nitrogen Heterocycles from Myrmicine Ants 447 

e f f i c a c y of these nitrogen heterocycles as repellents 
for several aggressive ant species. 

Ten species of ants which included members of both 
the subfamilies Myrmicinae and Dolichoderinae were given 
access to l i q u i d food that had been f o r t i f i e d with 1 or 
2 ug of a di v e r s i t y of synthetic alkaloids previously 
i d e n t i f i e d as venomous products of ants. The repellency 
of these heterocycles to species that either produce or 
do not produce alkaloids was analyzed and i t was 
demonstrated that some of these compounds are powerful 
repellents for hungry ant workers. Furthermore, there 
was a tendency for alkaloid-producing species to be less 
deterred by these compounds than species that are not 
known to produce a l k a l o i d a l venoms (17). 

Although each ant species exhibited an 
idiosyncratic response to the spectrum of alkaloids, 
certain compounds were s i g n i f i c a n t l y more repellent for 
a l l species than others. The 2,6-dialkylpiperidines 
were among the most effective repellents, especially 
those with shorter 6-alkyl or 6-alkylidene groups. In 
addition, dialkylpiperidines with the c i s configuration 
were more deterrent than the trans-isomers (17). 3,5-
Dialky l i n d o l i z i d i n e s were generally less repellent than 
the dialkylpiperidines whereas some of the 2,5-
dialkylpyrrolidines were of equivalent deterrency to the 
piperidines. 

In general, a variety of these nitrogen 
heterocycles were effect i v e repellents at concentrations 
similar to those found i n the venoms that ant workers 
can secrete from their poison gland reservoirs. These 
results are certainly consistent with the conclusion 
that ant-derived alkaloids can be u t i l i z e d as highly 
ef f e c t i v e agents of deterrence for competitive species. 

Conclusions 

The venoms of many species of myrmicine ants are 
f o r t i f i e d with a large d i v e r s i t y of novel alkaloids that 
include a variety of mono- and b i c y c l i c compounds. 
These compounds possess a wide range of b i o l o g i c a l 
a c t i v i t i e s that include pronounced fungicidal, 
i n s e c t i c i d a l , and repellent properties. In view of the 
li k l i h o o d that these compounds have been evolved to 
counter the ubiquitous and omnipresent pathogens and 
invertebrate adversaries of these ants, these 
heterocycles must be regarded as a potential treasure 
trove of b i o l o g i c a l l y active natural products for 
u t i l i z a t i o n by humankind. The need for new classes of 
fungicides i s manifest (18) and the same can be said of 
insecticides whose use i s severely limited by either 
environmental r e s t r i c t i o n s and/or insect resistance. 
The ant-derived alkaloids, whose bio c i d a l a c t i v i t i e s are 
r e l a t i v e l y pronounced, could be further exploited v i a 
development of synthetic analogues for structure-

American Chemical Society 
Library 

1155 15th St., N.W. 
Washington. D.C. 20036 
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448 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

activity investigations. Stereoselective syntheses of 
the 2,6-dialkylpiperidines are available (5, 1_9) and 
enantioselective synthesis of these compounds has 
recently been reported (20). Similarly, several 
syntheses for the 2,5-dialkylpyrrolidines have been 
described (21, 22) which include both stereoselective 
( 23 ) and chirospecif ic (2Λ) routes for obtaining these 
compounds. 

The emergence of ants as an incredibly successful 
group of animals must surely reflect, among other 
things, the uti l izat ion of their alkaloidal venom 
arsenals as effective offensive and defensive weapons. 
There is no reason why humankind should not appropriate 
these weapons for i ts own use. And there is no time 
like the present! 
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Chapter 31 

Protecting Crops and Wildlife 
with Chitin and Chitosan 

M. L. Bade1 and R. L. Wick2 

1Department of Biology, Boston College, Chestnut Hill, MA 02167 
2Suburban Experiment Station, University of Massachusetts, 

Waltham, MA 02154 

Chitin and its deacetylation derivative chitosan show 
inhibitory activity against crop-damaging fungi and 
nematodes. A novel method for isolating chitin in 
forms that retain the high degree of native structure 
has been developed; its future large-scale employment 
promises formulation of less toxic pesticides to 
replace some of the more dangerous ones now in use. 
The ability of high grade chitosans to be cold cast 
into high tensile strength plastics has been demon
strated. Plastics based on petrochemicals are not 
degraded in the environment within a reasonable time 
span and damage wildlife and fisheries. Chitosan
-based plastics have desirable properties and are 
degradable; their degradation could become smoothly 
integrated into existing biogeochemical cycles. 

C h i t i n and c h i t o s a n a r e n o t w i d e l y r e g a r d e d as b i o l o g i c a l l y a c t i v e ; 
c h i t i n , e s p e c i a l l y , i s c o n s i d e r e d t o be c h e m i c a l l y i n e r t and d i f f i 
c u l t t o h y d r o l y z e even by means o f s p e c i f i c enzymes. I t has now 
been shown (1) t h a t l a c k o f r e a c t i v i t y and l a c k o f p r e d i c t a b i l i t y o f 
p e r f o r m a n c e i n s u b s e q u e n t r e a c t i o n s by p u r i f i e d c h i t i n and c h i t o s a n 
i s an a r t e f a c t o f i s o l a t i o n and c a n be a v o i d e d . L a r g e - s c a l e a g r i 
c u l t u r a l and o t h e r a p p l i c a t i o n s t h u s become f e a s i b l e . Among t h e s e 
a r e f o r m u l a t i o n o f f u n g i c i d e s and n e m a t o c i d e s o f l o w t o x i c i t y , and 
m a n u f a c t u r e o f p l a s t i c t h a t combines h i g h t e n s i l e s t r e n g t h and good 
s h e l f l i f e w i t h t o t a l b i o d e g r a d a b i l i t y a f t e r d i s c a r d . 

C h i t i n and C h i t o s a n . 

The n a t u r a l p r o d u c t c h i t i n c o n s i s t s p r e d o m i n a n t l y o f u n b r a n c h e d 
c h a i n s o f β-(1,4)-linked N - a c e t y l g l u c o s a m i n e r e s i d u e s ( 2 ) . I t seems 
t o be n e a r l y u b i q u i t o u s l y d i s t r i b u t e d i n i n v e r t e b r a t e e x o s k e l e t o n s 
( 3 ) . A n n u a l s y n t h e s i s i n t h e b i o s p h e r e i s e s t i m a t e d a t 100 b i l l i o n 
t o n s ( 4 ) . An i m p o r t a n t d e r i v a t i v e , c h i t o s a n , r e s u l t s f r o m 
d e a c e t y l a t i o n o f s u f f i c i e n t amine g r o u p s t o c o n v e r t v e r y i n s o l u b l e 
c h i t i n t o a m a t e r i a l s o l u b l e i n d i l u t e weak a c i d s u c h as a c e t i c . 

0097-6156/88/0380-0450$06.00/0 
© 1988 American Chemical Society 
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31. BADE & WICK Protecting Crops and Wildlife with Chitin and Chitosan 451 

S i n c e s o l u b i l i t y i s t h e c h i e f c r i t e r i o n f o r d i s t i n g u i s h i n g c h i t o s a n s 
f r o m p a r e n t c h i t i n , a number o f s u b s t a n c e s d i f f e r i n g i n d e g r e e and 
i n t e r n a l d i s t r i b u t i o n o f f r e e amine g r o u p s a r e d e s c r i b e d by t h e t e r m 
c h i t o s a n . 

N a t u r a l S o u r c e s . T y p i c a l l y , f i b r o u s c h i t i n i n a n i m a l e x o s k e l e t o n s 
i s embedded i n a p r o t e i n m a t r i x ; i t may a d d i t i o n a l l y be a s s o c i a t e d 
w i t h o t h e r m a t e r i a l s . I n t h e most common s o u r c e o f c h i t i n , s h e l l 
f i s h w a s t e , c h i t i n and i t s p r o t e i n m a t r i x a r e i n v e s t e d w i t h c r y s t a l 
l i n e c a l c i u m s a l t d e p o s i t s and l i p o i d c o l o r i n g m a t e r i a l s . T a b l e I 
shows t h e makeup o f Red c r a b w a s t e f r o m a c o m m e r c i a l c a n n e r y o p e r a 
t i o n i n D a n v e r s , MA. 

T a b l e I . C o m p o s i t i o n o f Red C rab Waste 

Component w/w% 

Water 45 
E d i b l e p r o t e i n 20 
Ca s a l t s 20 
C a r o t e n e s t r a c e 
S t r u c t u r a l p r o t e i n 5 
C h i t i n 10 

I t i s i m p o r t a n t t o n o t e t h a t c h i t i n i n s i t u e x h i b i t s a h i g h d e g r e e 
o f i n t e r n a l o r d e r p r i o r t o p o s s i b l e damage i n f l i c t e d d u r i n g i s o l a 
t i o n . T h i s i s e v i d e n t f r o m F i g u r e 1 w h i c h shows an e l e c t r o n m i c r o 
g r a p h o f d e c a l c i f i e d c r a b c l a w t e n d o n i n w h i c h t h e p r o t e i n has n o t 
b een d i s t u r b e d and t h e c h i t i n i s l a r g e l y u n m o d i f i e d . F i b r i l s o f 
<0.1 μ d i a m e t e r a r e v i s i b l e on t h e r i g h t s i d e o f t h e f i g u r e ; t h e 
l e f t shows s i m i l a r f i b r i l s i n s l i g h t l y a n g l e d c r o s s s e c t i o n . 

C h i t i n / C h i t o s a n I s o l a t i o n ; C u r r e n t C o m m e r c i a l M e thods. E x t r a n e o u s 
m a t e r i a l i s removed i n t h e p u r i f i c a t i o n o f c h i t i n a n d / o r i t s 
c o n v e r s i o n t o c h i t o s a n . P r o c e s s i n g t o d e s i r e d p r o d u c t s t y p i c a l l y 
i n v o l v e s t h e f o l l o w i n g s equence o f o p e r a t i o n s ( c . f . 6, 7) ( T a b l e 
I I ) : 

T a b l e I I . T y p i c a l P r o c e s s i n g Sequence i n C h i t i n / C h i t o s a n 
P r o d u c t i o n 

SHELL m e c h a n i c a l NaOH, h e a t : H 2 0 : 
WASTE d i s i n t e g r a t i o n d e p r o t e i n i z a t i o n r i n s e 

DEPROTEINIZED 
SHELL 

b a s e , h e a t : HCL: CHITOSAN < — : CHITIN <-d e a c e t y l a t i o n d e m i n e r a l i z a t i o n 
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452 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

F i g u r e 1. O r d e r l y A r r a y of C h i t i n - P r o t e i n Complex i_n s i t u . 
T r a n s m i s s i o n e l e c t r o n m i c r o g r a p h of d e c a l c i f i e d c r a b c l a w t e n d o n : 
120,000 χ m a g n i f i c a t i o n . U n s t a i n e d f i b e r s and f i b r i l s a r e 
c h i t i n ; they a r e seen t o be i n t e r m i n g l e d w i t h e l e c t r o n dense 
p r o t e i n m a t r i x . ( R e p r o d u c e d w i t h p e r m i s s i o n from Ref. 6. 
C o p y r i g h t 1975, S p r i n g e r P r e s s . ) 
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31. BADE & WICK Protecting Crops and Wildlife with Chitin and Chitosan 453 

The bulk of the commercial c h i t i n / c h i t o s a n presently on the market 
i n the U.S.A. i s prepared i n t h i s manner. However, t h i s o p e r a t i o n a l 
sequence i n e v i t a b l y leads to extensive c o l l a p s e of n a t i v e c h i t i n 
f i n e s t r u c t u r e (see Figure 2). Such c o l l a p s e of t e r t i a r y s t r u c t u r e 
i s i r r e v e r s i b l e ; even i f f i b e r s are secondarily formed from i n t e r 
m i t t e n t l y collapsed c h i t i n , the native u l t r a s t r u c t u r e i s not r e 
gained (Bade & Stinson, unpublished). In a d d i t i o n , c h i t i n i s often 
bleached i n preparation (8, 9, 10) and t h i s r e s u l t s i n extensive 
chain breakage and unpredictable chemical a l t e r a t i o n of component 
sugars (Bade & Stinson, unpublished). Harsh chemical d e a c e t y l a t i o n 
conditions i n f l i c t f u r t h e r damage, to the point where some commer
c i a l chitosan preparations cannot act as inducers of m i c r o b i a l 
chitosanases (11). 

As a r e s u l t of such maltreatment, " p u r i f i e d " c h i t i n s and 
chitosans have long been known to react unpredictably i n p r a c t i c a l 
a p p l i c a t i o n s . Since the chemistry of damage was not understood, 
attempts at preparing c h i t i n with p r e d i c t a b l e p r o p e r t i e s have f r e 
quently u t i l i z e d c o l l a p s e d and otherwise damaged c h i t i n / c h i t o s a n as 
the s t a r t i n g materials (12-18). In other instances, c h i t i n s have 
retained t h e i r s t r u c t u r e at the expense of gross contamination with 
proteins (19, 20). 

C h i t i n I s o l a t i o n : Improved Method. The senior author has developed 
a method f o r i s o l a t i n g pure animal c h i t i n s with i n t a c t , c o v a l e n t l y 
s t a b i l i z e d f i n e s t r u c t u r e (1; pat. pend.). In an important change 
from e x i s t i n g usage, the new procedure s p e c i f i e s demineralization as 
the o b l i g a t o r y f i r s t step i n c h i t i n p u r i f i c a t i o n ; only then i s the 
s h e l l residue deproteinized. The d e c a l c i f i e d , deproteinized 
" p r o t o c h i t i n " thus obtained r e t a i n s i t s native f i b r o u s s t r u c t u r e i n 
compacted form. Something c l o s e to the o r i g i n a l f i b r o u s s t r u c t u r e 
can be r e c o n s t i t u t e d by suspending p r o t o c h i t i n i n c h i l l e d d i l u t e 
ester-forming a c i d . Under ap p r o p r i a t e l y c o n t r o l l e d c o n d i t i o n s , a 
c o l l o i d a l suspension of high v i s c o s i t y i s formed from which elon
gated p a r t i c l e s can be p r e c i p i t a t e d and harvested. The procedure 
preserves the o r i g i n a l f i b r o u s s t r u c t u r e of the c h i t i n throughout 
the i s o l a t i o n procedure and restores the spaces formerly occupied by 
the p r o t e i n matrix. This i s achieved through i n s e r t i o n of sparse 
i n t e r n a l ester cross l i n k s w i t h i n the p a r t i c l e s (D.S. <<0.05). 
These cross l i n k s f u n c t i o n a l l y replace the s t a b i l i z i n g s t r u c t u r a l 
proteins p r e v i o u s l y removed under conditions that minimize damage to 
n a t i v e f i n e s t r u c t u r e . The product i s > 98% pure c h i t i n that i s 
f i b r o u s i n the l i g h t and scanning e l e c t r o n microscope. Figure 3A 
shows s u l f a t e - s t a b i l i z e d i n s e c t c h i t i n at 100 χ m a g n i f i c a t i o n . 
S u l f a t e - s t a b i l i z e d Red crab c h i t i n i s shov/n at 3600 χ magnification 
i n Figure 3B. The smooth e x t e r i o r of the f i b r o u s p a r t i c l e s i s i n 
s t r i k i n g contrast to the rough, disordered p i c t u r e given by c o l 
lapsed c h i t i n ; o r d e r l y appearance i s mirrored i n i n t e r i o r order 
which i s expressed e.g. i n r a p i d , s p e c i f i c and p r e d i c t a b l e reactions 
of e s t e r - s t a b i l i z e d c h i t i n s . They can therefore be d e r i v a t i z e d i n 
p r e d i c t a b l e fashion (1, 20). Uniform s t r u c t u r e and a c c e s s i b l i t y of 
relevant bonds i n e s t e r - s t a b i l i z e d c h i t i n i n t e r a l i a permit 
d e r i v a t i z a t i o n to chitosan of unusually high q u a l i t y by very mild 
chemical techniques (Bade, unpublished). 

A g r i c u l t u r a l A p p l i c a t i o n s . Since c h i t i n i s nearly as abundant i n the 
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454 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

F i g u r e 2. C o l l a p s e d C h i t i n . 
C h i t i n r e s u l t i n g from i m p r o p e r p r o c e s s i n g of c r u s t a c e a n c a r a p a c e , 
i . e . d e p r o t e i n i z a t i o n f o l l o w e d by HCl d e c a l c i f i c a t i o n , and show
i n g e x t e n s i v e l o s s of n a t i v e s t r u c t u r e . 5000 χ m a g n i f i c a t i o n , 
s c a n n i n g e l e c t r o n m i c r o s c o p y . C o u r t e s y Rev. F. V e n u t a , S . J . , 
B o s t o n C o l l e g e . 
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31. BADE & WICK Protecting Crops and Wildlife with Chitin a 455 

F i g u r e 3A. F i b r o u s E s t e r - S t a b i l i z e d I n s e c t C h i t i n . 
S u l f a t e - s t a b i 1 i z e d i n s e c t c h i t i n p r e p a r e d i n Bade's l a b o r a t o r y 
from f r e s h i n s e c t i ntegument. 100 χ m a g n i f i c a t i o n , l i g h t m i c r o 
scopy . 
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456 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

F i g u r e 3B. F i b r o u s E s t e r - S t a b i l i z e d Crab C h i t i n . 
S u l f a t e - s t a b i 1 i z e d c h i t i n p r e p a r e d i n Bade's l a b o r a t o r y from 
f r e s h c r a b c a r a p a c e . 3600 χ m a g n i f i c a t i o n , s c a n n i n g e l e c t r o n 
m i c r o g r a p h . SEM p r e p a r a t i o n c o u r t e s y of H e r c u l e s , I n c . 
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31. BADE & WICK Protecting Crops and Wildlife with Chitin and Chitosan 457 

b i o s p h e r e as c e l l u l o s e , a v a i l a b i l i t y of pure c h i t i n s w i t h p r e d i c t 
a b l e p e r f o r m a n c e i n c h e m i c a l and e n z y m a t i c r e a c t i o n s makes p r a c t i 
c a b l e l a r g e s c a l e t e c h n o l o g i c a l uses f o r c h i t i n and c h i t o s a n . Two 
a p p l i c a t i o n s of i n t e r e s t t o a g r i c u l t u r e a r e : 

1) f o r m u l a t i o n of s a f e b i o d e g r a d a b l e p e s t i c i d e s , and 
2) m a n u f a c t u r e of h i g h t e n s i l e s t r e n g t h b i o d e g r a d a b l e 

p l a s t i c s . 

P l a n t P r o t e c t i o n . 

A g a i n s t F u n g i . C h i t i n a l o n e o r i n c o m b i n a t i o n w i t h o t h e r o r g a n i c 
m a t e r i a l s has r e p e a t e d l y been found t o l e s s e n the s e v e r i t y of symp
toms of f u n g a l i n f e c t i o n i n p l a n t s ( 2 2 , 23; see t h e s e r e f e r e n c e s 
a l s o f o r c i t a t i o n s of p r i o r w o r k ) . T h i s b e n e f i t was i n i t i a l l y 
a s c r i b e d t o a change i n s o i l m i c r o f l o r a so as t o " e n c o u r a g e ... 
o r g a n i s m s a n t a g o n i s t i c t o the p a t h o g e n " ( 2 2 ) , i n c r e a s e s b e i n g n o t e d 
s p e c i f i c a l l y i n a c t i n o m y c e t e s ( i b i d ) and more g e n e r a l l y i n m y c o l -
y t i c b a c t e r i a ( 2 4 ) . I n d u c e d o r c r o s s r e s i s t a n c e a c h i e v e d by p r i o r 
i n o c u l a t i o n o f p l a n t s w i t h a f u n g a l r a c e p a t h o g e n i c on a n o t h e r p l a n t 
s p e c i e s has a l s o been d e s c r i b e d ( 2 5 ) . Many s i m i l a r o b s e r v a t i o n s 
a s s i g n an a c t i v e r o l e t o t h e p l a n t i n i t s own d e f e n s e . P l a n t s have 
been shown t o p r o t e c t t h e m s e l v e s i n r e s p o n s e t o i n j u r y o r s t r e s s by 
p r o d u c i n g p h y t o a l e x i n s , d e f i n e d as " s u b s t a n c e s w i t h a n t i b i o t i c a c 
t i v i t y t h a t f u n c t i o n as g r o w t h i n h i b i t o r s of p h y t o p a t h o g e n i c o r g a 
n i s m s , c h i e f l y f u n g i " ( 2 6 ) . A w i d e l y h e l d v i e w i s t h a t an " e l i c -
i t o r " becomes a t t a c h e d t o and may e n t e r the p l a n t c e l l where i t 
s t i m u l a t e s the r i s e of p h y t o a l e x i n s and h y d r o l y t i c enzymes such as 
c h i t i n a s e s ( 2 7 ) . T h i s e f f e c t may be m e d i a t e d t h r o u g h the p l a n t 
hormone e t h y l e n e (28) o r i t may be more d i r e c t : U s i n g immature pea 
pods, Hadwiger and c o - w o r k e r s (29) have shown t h a t c h i t o s a n o l i 
gomers (D.P. a p p r o x . seven) e l i c i t the r i s e b o t h of t h e p h y t o a l e x i n 
p i s a t i n and of a l a r g e number of p r o t e i n s among w h i c h a r e endo-
c h i t i n a s e and endo- 3-1,3-g l u c a n a s e . Hadwiger e_t a_l. have a l s o ob
s e r v e d a r e d u c t i o n i n RNA s y n t h e s i s i n t h e e l i c i t i n g f u n g u s ; t h i s i s 
p r o b a b l y the r e s u l t of e n t r y of the p h y t o a l e x i n i n t o t h e i n t e r i o r of 
the fungus ( 3 0 ) . 

C o n t a c t o f c h i t o s a n w i t h p l a n t c e l l s a l l o w s c h i t o s a n t o e n t e r 
and i n d u c e d i s e a s e r e s i s t a n c e r e s p o n s e s b i o c h e m i c a l l y i d e n t i c a l t o 
t h o s e i n d u c e d by e x p o s u r e of c e l l s t o c e r t a i n F u s a r i u m s p o r e s ( 3 1 ) . 
R e s u l t s have been r e p o r t e d of b o t h seed and f o l i a r t r e a t m e n t s of 
f i e l d c r o p s w i t h c o m m e r i c a l c h i t o s a n ( 3 2 ) . F o l i a r t r e a t m e n t s on 
wheat showed i n c o n s i s t e n t and sometimes p h y t o t o x i c e f f e c t s . Seed 
t r e a t m e n t s r a n g i n g from 60ug - lOOOyg c h i t o s a n p e r gram of seed 
were c a r r i e d out o v e r f i v e y e a r s on w i n t e r and s p r i n g wheat, p e a s , 
and l e n t i l s . Y i e l d i n c r e a s e s of 10-30 p e r c e n t were o b t a i n e d ; r e d u c 
t i o n i n damp-off, l o g g i n g , and o t h e r symptoms of f u n g a l i n f e c t i o n 
were seen and no c a s e of y i e l d d e c r e a s e due t o c h i t o s a n t r e a t m e n t 
o c c u r r e d d u r i n g the t e s t p e r i o d . C h i t o s a n seed t r e a t m e n t s a r e 
o f f e r e d c o m m e r c i a l l y . 

A g a i n s t Nematodes. Nematodes a r e m i c r o s c o p i c o r m a c r o s c o p i c r o u n d 
worms w h i c h a r e among the most abundant a n i m a l s on E a r t h . A number 
of g e n e r a have a d o p t e d p a r a s i t i c l i f e s t y l e s and t h e y cause i m p o r t a n t 
d i s e a s e s of humans and o t h e r a n i m a l s . P h y t o p a r a s i t i c nematodes 
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458 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

i n f l i c t e x t e n s i v e damage on f i e l d and greenhouse c r o p s and 
o r n a m e n t a l s l i k e t u r f ( 3 3 ) . 

F o l l o w i n g e m b r y o n a t i o n , each nematode h a t c h e s from an egg w h i c h 
i s s u r r o u n d e d by s e v e r a l p r o t e c t i v e l a y e r s ; one of t h e s e i s composed 
of c h i t i n . H a t c h i n g i s made p o s s i b l e by a c h i t i n a s e and o t h e r 
enzymes w h i c h a r e r e l e a s e d from the egg i n r e s p o n s e t o s t i m u l i s i g 
n a l i n g an e n v i r o n m e n t f a v o r a b l e t o development of the p a r a s i t e ( i b i d . ) . 

A l t h o u g h s u p p r e s s i o n of nematode damage t o p l a n t s by c h i t i n 
a p p l i c a t i o n t o s o i l has r e p e a t e d l y been o b s e r v e d , th e i n h i b i t o r y 
e f f e c t of c h i t i n and d e r i v a t i v e s on p l a n t p a r a s i t i c nematodes has 
been s t u d i e d i n l e s s d e t a i l t h a n has f u n g i c i d a l a c t i v i t y . R e s u l t s 
from r e p r e s e n t a t i v e p u b l i c a t i o n s a r e summarized i n T a b l e 111. Common 
o b s e r v a t i o n s a r e : 

1) r e d u c t i o n o r p r e v e n t i o n of e f f e c t s of nematode i n f e s t a t i o n 
such as r o o t g a l l o r r o o t k n o t f o r m a t i o n ; 

2) i n c r e a s e i n s o i l m i c r o o r g a n i s m s i n c l u d i n g f r e e l i v i n g 
nematodes seen as b e n e f i c i a l t o p l a n t s ; 

3) a f i n e l i n e between a p p l i c a t i o n r a t e s t h a t have nematode-
s u p p r e s s a n t e f f e c t s and r a t e s t h a t a r e p h y t o t o x i c ; 

4) marked d i f f e r e n c e s between p l a n t g e n e r a and f a m i l i e s i n 
s e n s i t i v i t y t o p h y t o t o x i c i t y ; 

5) marked d i f f e r e n c e s i n e f f e c t s on b o t h p l a n t s and nematodes 
between t y p e s of c h i t i n p r e p a r a t i o n ; 

6) marked d i f f e r e n c e s i n p h y t o t o x i c e f f e c t s seen d e p e n d i n g on 
w h e t h e r a p p l i c a t i o n o c c u r r e d i n the g r e e n house o r the 
f i e l d , d i m i n u t i o n of p h y t o t o x i c i t y g e n e r a l l y b e i n g o b s e r v e d 
i n f i e l d a p p l i c a t i o n . 

A p p l i c a t i o n of c h i t i n t o a g r i c u l t u r a l s o i l s i s b e s e t by p r o b 
lems w h i c h r e d u c e the p r o b a b i l i t y f o r p r a c t i c a l use a t p r e s e n t . 
There a r e v e r y few s c i e n t i f i c s t u d i e s d e m o n s t r a t i n g t h e mechanism(s) 
by w h i c h c h i t i n f u n c t i o n s i n s u p p r e s s i o n of nematodes. One t h e o r y 
h o l d s t h a t a t r a n s i e n t h i g h s p i k e of NH^ i s formed i n the s o i l w h i c h 
i s h a r m f u l t o t h e p a r a s i t i c roundworms ( 3 0 ) . A n o t h e r t h e o r y i s t h a t 
" b e n e f i c i a l " m i c r o o r g a n i s m s a r e f a v o r e d when c h i t i n i s a v a i l a b l e as 
a s u b s t r a t e , and t h a t r e d u c t i o n of p a r a s i t i c nematodes o c c u r s s e c o n d 
a r i l y ( 3 4 ) . B o t h mechanisms a r e p r o b a b l y o p e r a t i v e e i t h e r s i m u l t a 
n e o u s l y o r s e q u e n t i a l l y ( 4 0 ) . 

A d d i t i o n a l m a j o r p r o b l e m s d i s c o u r a g e f i e l d a p p l i c a t i o n s i n t h e 
immediate f u t u r e . Among t h e s e a r e low b u l k d e n s i t y (30 t o 50 l b s . 
p e r c u b i c f o o t ) , t h e q u a n t i t i e s r e q u i r e d (2,000 - 10,000 l b s . p e r 
a c r e ) , t o g e t h e r w i t h the need f o r i n c o r p o r a t i o n i n t o t h e s o i l . 
I n c o r p o r a t i o n w o u l d be d i f f i c u l t a t b e s t w i t h e s t a b l i s h e d p e r e n n i a l 
c r o p s such as t u r f . More i m p o r t a n t , n e m a t o c i d a l l e v e l s of c h i t i n 
may a l s o be t o x i c t o p l a n t s . The h y p o t h e t i c a l NH^ o r N0^ s p i k e has 
been blamed f o r p h y t o t o x i c i t y as w e l l as nematode s u p p r e s s i o n ( 3 7 ) . 
The v a r i e t y of c h i t i n p r e p a r a t i o n s used by v a r i o u s i n v e s t i g a t o r s 
under n o n - u n i f o r m e x p e r i m e n t a l c o n d i t i o n s adds t o t h e c o n f u s i o n . 

F e a s i b l e E x p e r i m e n t s and A p p l i c a t i o n s . C h i t i n and c h i t o s a n s of 
known and r e p r o d u c i b l e p r o p e r t i e s can now be p r e p a r e d i n b u l k , and 
can be f u r t h e r d e r i v a t i z e d t o g i v e m a t e r i a l s w i t h p r e d i c t a b l e p e r 
formance. Bade's l a b o r a t o r y has e s t a b l i s h e d the f o i l owing: E s t e r — 
s t a b i l i e d c h i t i n s can be d e p o l y m e r i z e d by c h i t i n e n d o c h i t i n a s e s and 
t h e n d e r i v a t i z e d t o c h i t o s a n s o r o t h e r m a t e r i a l s ; e n z y m a t i c as w e l l 
as c h e m i c a l d e a c e t y l a t i o n of s t a b i l i z e d c h i t i n s t o h i g h q u a l i t y 
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460 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

c h i t o s a n s i s f e a s i b l e , and l a b e l e d c h i t i n s and c h i t o s a n s can be p r e 
p a r e d (41) and used t o t r a c e t he f a t e of such m a t e r i a l s f o l l o w i n g 
a p p l i c a t i o n t o s o i l o r p l a n t s . 

E x p e r i m e n t s can now be p e r f o r m e d u t i l i z i n g h i g h l y p u r i f i e d 
c h i t i n of known c o m p o s i t i o n and s t r u c t u r e on a s u f f i c i e n t l y l a r g e 
s c a l e t o answer q u e s t i o n s such a s : What i s / a r e mechanism(s) of p l a n t 
p r o t e c t i o n a g a i n s t n e m a t o d e - i n c i t e d d i s e a s e ? Do some p l a n t s p e c i e s 
r e s p o n d d i f f e r e n t l y from o t h e r s ? Can e f f e c t i v e p r o t e c t i o n be p r o 
v i d e d by c h i t o o 1igomers w h i c h c o u l d be made s o l u b l e so as t o make 
a p p l i c a t i o n by d r e n c h i n g f e a s i b l e ? Can p l a n t p r o t e c t i o n be a c h i e v e d 
r e l i a b l y w i t h o u t the r i s k of p h y t o t o x i c i t y ? 

D e s p i t e the p r e s e n t d i f f i c u l t i e s w i t h f i e l d a p p l i c a t i o n , t he 
p i c t u r e i s b r i g h t w i t h r e s p e c t t o d e v e l o p i n g u s e f u l , p r o t e c t i v e 
c h i t i n amendments f o r greenhouse c o n t a i n e r s o i l s . A n o t h e r a t t r a c 
t i v e p o s s i b i l i t y i s t h a t of d e v e l o p i n g a f o r m u l a t i o n of c h i t i n / 
c h i t o s a n o r d e r i v a t i v e s t h a t w o u l d combine s o l u b i l i t y i n w a t e r and 
b i o d e g r a d a b i 1 i t y w i t h h a t c h i n g i n h i b i t i o n of p a r a s i t i c nematode eggs. 
To t h i s end, t h e egg c h i t i n a s e needs t o be s t u d i e d . Bade 1 s l a b o r a 
t o r y has shown t h a t c h i t i n s whose s t r u c t u r e i s s u f f i c i e n t l y d i s 
t u r b e d a r e e f f e c t i v e i n h i b i t o r s of c h i t i n a s e s from m i c r o o r g a n i s m s and 
i n s e c t s ; a s i m i l a r e f f e c t on nematode egg c h i t i n a s e can be e x p e c t e d . 
S i n c e p a r a s i t i c namatodes h a t c h i n r e s p o n s e to f a v o r a b l e e n v i r o n 
mental s t i m u l i , s e a s o n a l a p p l i c a t i o n of a h a t c h i n g i n h i b i t o r f o r 
maximum e f f e c t i v e n e s s c o u l d p r e s u m a b l y be p l a n n e d . Such an i n h i b i t o r 
might a l s o f i n d r o u t i n e uses i n v e t e r i n a r y p r a c t i c e . 

P l a s t i c s . 

The r e f e r e n c e i n the t i t l e t o " P r o t e c t i n g ... W i l d l i f e . . . " i s o n l y i n 
p a r t d e s i g n e d t o c a l l a t t e n t i o n t o the need f o r r e p l a c i n g dangerous 
p e s t i c i d e s w i t h more b e n i g n v e r s i o n s . Of a t l e a s t e q u a l i m p o r t a n c e 
i s t he n e c e s s i t y t o stem t h e p o t e n t i a l f o r d e s t r u c t i o n i n h e r e n t i n 
the use of n o n - b i o d e g r a d a b l e p l a s t i c . 

P l a s t i c damage. I f l o n g - l i v e d p l a s t i c bags a r e b u r i e d i n l a n d f i l l s 
o r a r e d i s c a r d e d , t h e i r c o n t e n t s a r e e f f e c t i v e l y c u t o f f from m i n e r 
a l i z a t i o n , w h i l e buoyancy and r e s i s t a n c e t o w e a t h e r i n g of p l a s t i c 
s e r v e s t o c o n c e n t r a t e and a c c u m u l a t e i t i n the uppermost s u r f a c e 
l a y e r s of oceans and l a k e s . Amounts and t y p e s of p l a s t i c d e b r i s i n 
the N o r t h A t l a n t i c s y s t e m a r e b e i n g examined i n an o n g o i n g s t u d y ( 4 2 ) . 
R e s u l t s t o d a t e i n d i c a t e t h a t p l a s t i c a c c i d e n t a l l y l o s t o r i n d i f f e r 
e n t l y dumped a t sea h e a v i l y l i t t e r s t he s h o r e s even of remote i s l a n d s 
f a r removed from s i g n i f i c a n t l o c a l s o u r c e s ; Bermuda and the Bahamas 
a r e examples. On B o n a i r e b e a c h e s , 150,000 p l a s t i c p a r t i c l e s p e r 
squ a r e meter have been c o u n t e d . F o r the upper 3 cm o f sand i n a 
w i d t h of 1-2 m, v o l u m e t r i c a l l y more p l a s t i c t h a n sand was f o u n d ; 90% 
of the p l a s t i c c o n s i s t e d of p o l y e t h y l e n e p e l l e t s of w h i c h many bore 
t e e t h marks from f i s h ( J . W i l b e r , Woods Hole Océanographie I n s t i t u t e , 
p e r s o n a l c o m m u n i c a t i o n , 1 9 8 8 ) . T h i s m a t e r i a l does more tha n e s t h e t i c 
damage: "The M a r i n e S c i e n c e s R e s e a r c h C e n t e r a t Stony B r o o k , L . I . , 
has e s t i m a t e d t h a t 30 p e r c e n t of the f i s h i n the w o r l d ' s oceans have 
t i n y p i e c e s of p l a s t i c i n t h e i r stomachs t h a t i n t e r f e r e w i t h d i g e s 
t i o n " ( 4 3 ) . 

W i l b e r ' s s t u d y (42) has f u r t h e r e s t a b l i s h e d t h a t s h o r e w a t e r s of 
some s i t e s i n c l u d i n g Cape Cod and the F l o r i d a Keys a c t as " s i e v e s " 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ch

03
1



31. BADE & WICK Protecting Crops and Wildlife with Chitin and Chitosan 461 

f o r f r e s h l y d i s c a r d e d p l a s t i c t r a s h and l o s t g e a r from f i s h i n g b o a t s . 
Such m a t e r i a l maims and k i l l s l a r g e m a r i n e a n i m a l s i n c l u d i n g w h a l e s 
s e a l s , and sea t u r t l e s t h a t become e n t a n g l e d i n i t . Because such 
damage i s w i d e s p r e a d r a t h e r t h a n c o n c e n t r a t e d as a r e o i l s p i l l s , i t 
i s more d i f f i c u l t t o q u a n t i t a t e . A s u r v e y begun i n 1976 of one pop
u l a t i o n of mammals, the n o r t h e r n f u r s e a l s of the P r i b i l o f 
I s l a n d s , l e d t o the c o n c l u s i o n t h a t p l a s t i c e n t a n g l e m e n t was k i l l i n g 
up t o 40,000 f u r s e a l s a y e a r , o r about 5% of t h e h e r d ( 4 4 ) . Sim
i l a r mechanisms f o r damage t o the ones d e s c r i b e d a r e assumed t o be 
o p e r a t i n g i n o t h e r ocean s y s t e m s . F i g u r e 4 shows a y e a r l i n g C a l i f 
o r n i a sea l i o n w e a r i n g a s i x - p a c k s t r a p t h a t p r o b a b l y s l i p p e d o v e r 
h i s head when he p l a y e d w i t h i t as a pup. F i g u r e 5 d e p i c t s a n o t h e r 
C a l i f o r n i a p i n n i p e d e n t a n g l e d i n a p i e c e of l o s t g i l l n e t t i n g ; such 
" g h o s t n e t s " go on " f i s h i n g " f o r y e a r s . B i r d s a r e not exempt. They 
a r e t r a p p e d by f l o a t i n g p r o d u c e bags and s i x - p a c k s t r a p s ( F i g u r e 6 ) . 
B i r d s a l s o a c c u m u l a t e u l t i m a t e l y l e t h a l p l a s t i c l o a d s from t h e f i s h 
t h e y e a t and d i g e s t ( i b i d ) . 

C h i t i n / C h i t o s a n - B a s e d P l a s t i c s . E n v i r o n m e n t a l damage done by p l a s 
t i c s i s c a u s e d by p r e c i s e l y t h o s e c h a r a c t e r i s t i c s f o r w h i c h t h e y 
were d e v e l o p e d : They o u t l a s t and o u t p e r f o r m p r o d u c t s made from 
n a t u r a l m a t e r i a l s ( 4 4 ) . I n r e p l a c e m e n t , m a t e r i a l s a r e needed t h a t 
combine l i g h t n e s s , h i g h t e n s i l e s t r e n g t h , and d u r a b i l i t y d u r i n g use 
w i t h a r a p i d r a t e of d e g r a d a t i o n a f t e r d i s c a r d . H e r e , t o o , c h i t i n , 
o r c h i t i n d e r i v a t i z e d i n t o c h i t o s a n , can be employed. C h i t o s a n i s 
e a s i l y c a s t i n t o f i l m s and f i l a m e n t s of h i g h t e n s i l e s t r e n g t h p r o 
v i d e d i t s s t r u c t u r a l i n t e g r i t y i s not compromised d u r i n g p r e p a r a t i o n . 
The f o l l o w i n g a b s t r a c t p r o v i d e s d e t a i l s : 

"The f o r m a t i o n of f i l m s and f i b e r s from c h i t o s a n i s dependent 
on the s t r u c t u r e of the b u l k c h i t o s a n from w h i c h i t i s c a s t . The 
s t r u c t u r e of the b u l k c h i t o s a n i s r e l a t e d , i n t u r n , t o the p r o c e s s 
i n g s t e p s i n p r e p a r i n g c h i t i n and c h i t o s a n from t h e s h e l l , and i t 
may be i n f l u e n c e d ... by the s p e c i e s of C r u s t a c e a used as the 
s t a r t i n g m a t e r i a l ... The f i l m - f o r m i n g q u a l i t i e s a p p e ar t o c o r r e l a t e 
w e l l w i t h t he s t r u c t u r e as d e f i n e d by x - r a y d i f f r a c t i o n w h i c h i s 
i n d i c a t i v e o f t h e m o l e c u l a r s t r u c t u r e of the p o l y m e r . 

Tough f l e x i b l e f i l m s , w i t h a t e n s i l e s t r e n g t h of 20,000 p s i and 
an e l o n g a t i o n of 6 p e r c e n t , have been c a s t from d i l u t e a c e t i c o r 
f o r m i c a c i d s o l u t i o n s . These f i l m s a r e v i r t u a l l y i m p e r v i o u s t o a i r 
and w a t e r " ( 4 5 ) . 

C h i t i n and c h i t o s a n a r e i n t e r n a l l y c r o s s l i n k e d t o a much 
g r e a t e r degree t h a n i s c e l l u l o s e ; each N - a c e t y l g l u c o s a m i n e r e s i d u e 
i n c h i t i n i s l i n k e d by an e s t i m a t e d e i g h t h y d r o g e n bonds t o r e s i d u e s 
i n s u r r o u n d i n g c h a i n s w h i c h g i v e s t h i s m a t e r i a l e x c e p t i o n a l l y h i g h 
t e n s i l e s t r e n g t h i n t h r e e d i m e n s i o n s compared t o c e l l u l o s e o r s t a r c h . 
I n d e e d , a l o b s t e r s h e l l may be l o o k e d upon as a p i e c e of t o u g h , 
f l e x i b l e c h i t i n p l a s t i c r e n d e r e d h a r d and i m p a c t - r e s i s t a n t by 
i n f i l t r a t i o n of an i n o r g a n i c f i l l e r , c a l c i u m c a r b o n a t e , and l a s t i n g 
as l o n g as needed by i t s l i v i n g o c c u p a n t . A f l e x i b l e , t r a n s p a r e n t 
bag c a s t i n 1980 out of c h i t o s a n p r e p a r e d from V i r g i n i a B l u e Crab 
c h i t i n shows no v i s i b l e change i n p r o p e r t i e s t o d a t e . D i f f e r e n c e s i n 
s t r u c t u r e and p e r f o r m a n c e of c h i t i n s b ased on b i o l o g i c a l o r i g i n have 
been c o n f i r m e d i n Bade's l a b o r a t o r y by s e v e r a l l i n e s o f e v i d e n c e ; 
s i n c e d i s t i n c t p r o p e r t i e s a r e r e p r o d u c i b l e , t h e y can be a l l o w e d f o r 
i n f u t u r e t e c h n o l o g i c a l a p p l i c a t i o n s . 
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462 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

F i g u r e 4. C a l i f o r n i a Sea L i o n W e a r i n g S i x - p a c k S t r a p . 
Y e a r l i n g sea l i o n w i t h s i x - p a c k s t r a p embedded i n h i s neck 
t i s s u e . P h o t o g r a p h by George A n t o n e l i s , N a t i o n a l M a r i n e 
F i s h e r i e s S e r v i c e . ( R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 54. 
C o p y r i g h t 1987 D e f e n d e r s of W i l d l i f e . ) 
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31. BADE & WICK Protecting Crops and Wildlife with Chitin and Chitosan 463 

F i g u r e 5. C a l i f o r n i a P i n n i p e d W earing "Ghost N e t . " 
P h o t o g r a p h by J a c k D. Swenson. ( R e p r o d u c e d w i t h p e r m i s s i o n from 
Ref. 54. C o p y r i g h t 1987 D e f e n d e r s of W i l d l i f e . ) 
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F i g u r e 6. Dead J u v e n i l e G u l l . 
G u l l p e r i s h e d from i n t e r f e r e n c e by s i x - p a c k s t r a p . P h o t o g r a p h 
c o u r t e s y of M i c h i g a n Dept. of N a t u r a l R e s o u r c e s . ( R e p r o d u c e d 
w i t h p e r m i s s i o n from Ref. 54. C o p y r i g h t 1987 D e f e n d e r s of 
W i l d l i f e . ) 
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31. BADE & WICK Protecting Crops and Wildlife with Chitin a 465 

B i o d e g r a d a b i 1 i t y . M i c r o o r g a n i s m s t h a t degrade c h i t o s a n a r e abun
dant i n a l l s o i l t y p e s examined ( 4 6 , 47) and i n some, may c o n t r i b u t e 
a major f r a c t i o n of m i c r o b i a l biomass ( 1 1 ) . C h i t o s a n f i l m s d i s a p 
p e a r e d c o m p l e t e l y w i t h i n t h r e e t o f o u r weeks i n N o r t h A t l a n t i c 
w a t e r s o f f the c o a s t of M a s s a c h u s e t t s (B. A v e r b a c k , Mass. I n s t . 
T e c h n o l o g y , p e r s o n a l c o m m u n i c a t i o n , 1987). R e c o g n i z a b l e p i e c e s of 
c h i t i n o u s s h e l l s do not a c c u m u l a t e i n e s t u a r i n e e n v i r o n m e n t s i n t h e 
G u l f of M e x i c o ( 4 8 ) ; t h e i r m i n e r a l i z a t i o n r a t e i n D u tch t i d a l f l a t s 

_ ? _ i 
i s e s t i m a t e d a t 90 gm χ cm χ y r 1 ( 4 9 ) . C h i t i n a s e s from v e r t e b r a t e 
d i g e s t i v e t r a c t s have been d e s c r i b e d (50-52) and t h e y a r e i n d u c i b l e 
i n many g r a m - n e g a t i v e b a c t e r i a and A c t i n o m y c e t e s ( 5 3 ) . I n d u c i b l e 
e x t r a c e l l u l a r e x o - and e n d o c h i t i n a s e s from S t r e p t o m y c e s p i i c a t u s 
have r e c e n t l y been s e p a r a t e d i n the s e n i o r a u t h o r ' s l a b o r a t o r y . 
The e n d o c h i t i n a s e , w h i c h r a p i d l y r e d u c e s the s i z e of m a c r o m o l e c u l e s , 
has the low t e m p e r a t u r e optimum of 15 C, and r e t a i n s good a c t i v i t y 
a t 4 C where l i q u i d w a t e r o v e r w i n t e r s . 

Because c h i t i n and c h i t o s a n do not a c c u m u l a t e i n t h e e n v i r o n 
ment, c h i t i n a s e s and c h i t o s a n a s e s must a l r e a d y p l a y a s i g n i f i c a n t 
r o l e i n b i o g e o c h e m i c a l c y c l i n g of l i m i t i n g e l e m e n t s i n c l u d i n g 
n i t r o g e n . C h i t i n / c h i t o s a n a r e n a t u r a l p r o d u c t s t h a t w o u l d o n l y 
t e m p o r a r i l y be d i v e r t e d from n a t u r a l breakdown p a t t e r n i f t h e i r use 
i n p l a s t i c s were t o become w i d e s p r e a d . D i s c a r d i n g p l a s t i c made from 
such an abundant n a t u r a l r e s o u r c e s h o u l d t h e r e f o r e have m i n i m a l 
e n v i r o n m e n t a l impact and i t may be p r e d i c t e d t h a t d e g r a d a t i o n w i l l 
e a s i l y become i n t e g r a t e d i n t o e x i s t i n g b i o g e o c h e m i c a l c y c l e s . 
C o n t r a r y t o the p r e s e n t s i t u a t i o n , such i n t e g r a t i o n s h o u l d p r o v e 
l i f e - e n h a n c i n g ; L e a f - and garbage bags formed from f i b r o u s c h i t i n / 
c h i t o s a n w i l l i n j e c t needed f i x e d n i t r o g e n i n t o l e a f and o t h e r 
compost d e f i c i e n t i n t h i s e l e m e n t . P l a s t i c mulches w o u l d b r e a k down 
even i n n o r t h e r n e n v i r o n m e n t s where the g r o w i n g s e a s o n i s s h o r t but 
d e g r a d a t i v e p r o c e s s e s c o n t i n u e y e a r - r o u n d . I n a q u a t i c e n v i r o n m e n t s , 
where damage t o w i l d l i f e by p l a s t i c i s p a r t i c u l a r l y a c u t e , c y c l i c 
e c o s y s t e m s a l o n g t h e model of mangrove swamps might w e l l d e v e l o p 
w i t h t h e use o f c h i t i n / c h i t o s a n - b a s e d p l a s t i c s . 

T h i s c o n t r a s t s w i t h p l a s t i c s p r e s e n t l y i n use. P e t r o c h e m i c a l -
based p l a s t i c s a r e p e r i s h a b l e o n l y o v e r v e r y l o n g p e r i o d s ; hundreds 
of y e a r s a r e u s u a l l y e s t i m a t e d ( 4 3 ) . " P a r t i a l l y b i o d e g r a d a b l e " 
m a t e r i a l s do not o f f e r a v i a b l e a l t e r n a t i v e . S t a r c h - b a s e d b i o 
dégradables ca n n o t c o n t a i n more t h a n 57o of s t a r c h b e f o r e t e n s i l e 
s t r e n g t h i s a d v e r s e l y a f f e c t e d (A. A n d r a d y , R e s e a r c h T r i a n g l e I n 
s t i t u t e , p e r s o n a l c o m m u n i c a t i o n , 1988). U V - d e g r a d a b l e p l a s t i c s t o p s 
b r e a k i n g down j u s t when such an e f f e c t i s most needed: I n a f i e l d 
under s o i l crumbs and p l a n t m a t e r i a l , on the f o r e s t f l o o r , h a l f -
b u r i e d i n s a l t marshes. I t seems d o u b t f u l t h a t any m o d i f i c a t i o n t o 
e x i s t i n g p l a s t i c s w i l l r e n d e r them as r e a d i l y b i o d e g r a d a b l e w h i l e 
l e a v i n g them as s t a b l e d u r i n g use as c h i t i n and c h i t o s a n n a t u r a l l y 
a r e . 
C o n c l u s i o n s . 

C h i t i n and c h i t o s a n s c o n s t i t u t e an a l t e r n a t i v e biomass of c o n s i d e r 
a b l e p r o m i s e . I n t h e p e s t i c i d a l a p p l i c a t i o n s , i t w i l l be advan
t a g e o u s t o u n d e r s t a n d more about a f f e c t e d systems t o p e r m i t c o n 
s t r u c t i v e i n t e r f e r e n c e i n g i v e n l i f e - c y c l e s w i t h m i n i m a l harm t o 
o t h e r s p e c i e s , but the work r e m a i n i n g t h e r e , and w i t h r e s p e c t t o 
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466 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

plastics manufacture, represents no more than application of estab
lished principles to systems studied incompletely in the past. 
Success in the ventures here outlined can be predicted with confi
dence. 
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472 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Southern Regional Research Center, 24,35 
Southern Weed Science Laboratory, 182,273,318 
Tufts University, 155 
University of Alaska, 130 
University of California-Davis, 143 
University of California-Irvine, 432 

University of Florida, 363 
University of Georgia, 438 
University of Illinois, 109,403 
University of Kentucky, 335 
University of Massachusetts, 450 
University of Southern Mississippi, 250 
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Abamectin 
description, 93,95 
differential toxicities, 103-104 
photodegradation, 98-99,100/ 
translaminar activity, 99,101 

Abscisic acid 
biological activity, 10 
discovery, 2 
structure, 10,12/ 

Acremonium-type fungi, function, 122 
Actinomycetes, pesticidal activity, 68,69* 
Acylated nornicotine 
antibiotic activity, 357,358-359* 
biological activity, 350,356 
characterization of cuticular 

components, 347,350,351-354/355/ 
effects on growth of wheat 

coleoptiles, 357,360* 
extraction of cuticular 

components, 347,348-349* 
fractionation of cuticular 

components, 347,350 
percent mortality of 

hornworm, 350,356̂ ,357 
quantitation of cuticular 

components, 347,349* 
Adult beetle, responses to 

glucosinolates, 169-170 
Affirm, description, 95 
Aglycons 
inhibitory effects, 412*,413 
preparation, 410,411/ 

Agricultural research, future problems to 
solve, 306 

Agrochemical agents, marine natural 
products, 307-313 

Agrochemicals, utilization of toxins, 63 
Alaskan woody plants, defense by phenol 

glycosides, 134-139 
Aldoximes, role in biosynthesis of 

cyanogenic glycosides, glucosinolates 
and nitro compounds, 149,152/ 

Alkaloids from myrmicine ants 
examples, 438-439 
fungicidal activities, 439-446 
inhibition of colony growth, 441,442-444* 
insecticidal activity, 446 
repellent activities, 446-447 
structures, 439-440 
toxicological significance, 439 

Alkyl spacer analogues in peptides, 
synthesis, 47,49 

N-Alkyldehydrophenylalanine-containing 
di- and tripeptides, wheat coleoptile 
assay, 47-52 

Allelochemicals 
effects, 253 
function in plant—insect 

interactions, 256-258 
function processes, 378 
olfactory responses toward plant 

volatiles, 256-258 
process of host selection, 378 

Allelopathic agents 
diterpenoids, 255-256 
examples, 250-251 
mechanisms of inhibition by 

monoterpenoids, 253 
monoterpenes, 251—253 
sesquiterpene hydrocarbons, 254-255 
sesquiterpene lactones, 255 

Allelopathic plant lipids 
fluorescence intensity vs. concentration 

of leachates, 245-246,247/ 
release mechanisms, 245 
water solubilization, 245-246 

Allelopathic plant products, future 
outlook, 246,248 

Allelopathy 
definition, 212,250 
effect of glucosinolates, 175 

Allyl isothiocyanate 
activity, 213 
structure, 213,215 

Altermaria mali toxins 
structure, 5,7/ 
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472 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Southern Regional Research Center, 24,35 
Southern Weed Science Laboratory, 182,273,318 
Tufts University, 155 
University of Alaska, 130 
University of California-Davis, 143 
University of California-Irvine, 432 

University of Florida, 363 
University of Georgia, 438 
University of Illinois, 109,403 
University of Kentucky, 335 
University of Massachusetts, 450 
University of Southern Mississippi, 250 

Subject Index 

Abamectin 
description, 93,95 
differential toxicities, 103-104 
photodegradation, 98-99,100/ 
translaminar activity, 99,101 

Abscisic acid 
biological activity, 10 
discovery, 2 
structure, 10,12/ 

Acremonium-type fungi, function, 122 
Actinomycetes, pesticidal activity, 68,69* 
Acylated nornicotine 
antibiotic activity, 357,358-359* 
biological activity, 350,356 
characterization of cuticular 

components, 347,350,351-354/355/ 
effects on growth of wheat 

coleoptiles, 357,360* 
extraction of cuticular 

components, 347,348-349* 
fractionation of cuticular 

components, 347,350 
percent mortality of 

hornworm, 350,356̂ ,357 
quantitation of cuticular 

components, 347,349* 
Adult beetle, responses to 

glucosinolates, 169-170 
Affirm, description, 95 
Aglycons 
inhibitory effects, 412*,413 
preparation, 410,411/ 

Agricultural research, future problems to 
solve, 306 

Agrochemical agents, marine natural 
products, 307-313 

Agrochemicals, utilization of toxins, 63 
Alaskan woody plants, defense by phenol 

glycosides, 134-139 
Aldoximes, role in biosynthesis of 

cyanogenic glycosides, glucosinolates 
and nitro compounds, 149,152/ 

Alkaloids from myrmicine ants 
examples, 438-439 
fungicidal activities, 439-446 
inhibition of colony growth, 441,442-444* 
insecticidal activity, 446 
repellent activities, 446-447 
structures, 439-440 
toxicological significance, 439 

Alkyl spacer analogues in peptides, 
synthesis, 47,49 

N-Alkyldehydrophenylalanine-containing 
di- and tripeptides, wheat coleoptile 
assay, 47-52 

Allelochemicals 
effects, 253 
function in plant—insect 

interactions, 256-258 
function processes, 378 
olfactory responses toward plant 

volatiles, 256-258 
process of host selection, 378 

Allelopathic agents 
diterpenoids, 255-256 
examples, 250-251 
mechanisms of inhibition by 

monoterpenoids, 253 
monoterpenes, 251—253 
sesquiterpene hydrocarbons, 254-255 
sesquiterpene lactones, 255 

Allelopathic plant lipids 
fluorescence intensity vs. concentration 

of leachates, 245-246,247/ 
release mechanisms, 245 
water solubilization, 245-246 

Allelopathic plant products, future 
outlook, 246,248 

Allelopathy 
definition, 212,250 
effect of glucosinolates, 175 

Allyl isothiocyanate 
activity, 213 
structure, 213,215 

Altermaria mali toxins 
structure, 5,7/ 
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INDEX 473 

Altermana mali toxins—Continued 
usefulness as agrochemicals, 4-5 

ηί-Aminobutyric acid, mode of action of 
avermectins, 96 

1- Aminocyclopropane-l-carboxylic acid, 
description, 52 

2- Aminoethylphosphonic acid 
biosynthesis, 184,186/ 
degradation, 184,186/ 
structure, 183,185/ 

^-Aminolevulinic acid 
structure, 13,17/ 
use as photodynamic herbicide, 13,15 

Anatomical defenses, description, 263 
Ancistrofuran, structure, 18/19 
Ansamacrolides 
structures, 223-226 
velvetleaf inhibition, 223,225 

Anthraquinones 
structure, 61-62 
toxicity, 61 

Antifeedants, terpenoids, 324 
Antimicrobials from marine specimens 
activity, 308 
structures, 308,310 

Antirrhinoside, structure, 398 
Aphidicolanes 
structure, 58—59 
toxicity, 58,60i 

Apigenin, structure, 216—217 
Artemisia 
examples, 318 
uses, 318-319 

Artemisia annua, scanning electron 
micrograph, 319,32Qf 

Artemisinin 
comparison to arteether 

activity, 325,327/328 
effect of cysteine 

concentrations, 328,329/" 
isolation, 325 
plant growth inhibitor, 325,328,330/" 
structure, 325,326/ 

Asopinae 
attractancy of Podisus 

pheromones, 421,423/,424,425i 
compounds required for high 

attractancy, 421,422/ 
constituents of male pheromone 

glands, 418,41S>f,420-421 
Perillus pheromones, 424,425/ 

Asperuloside, structure, 398 
Associative learning, parasitoid 

stimulation, 393-394 
Asteraceae, control of nematodes, 432 
Aucubin, structure, 398 
Avermectins 
activity against soil nematodes, 97-98 

Avermectins—Continued 
anthelmintic screening program, 92 
applications, 65 
behavior in soil, 101 
biological activity, 93 
chemistry, 3 
composite structure, 93,94/ 
composition, 92 
discovery, 91-92 
lethal activity, 101-102 
mode of action, 95-96 
nomenclature, 93 
postsynaptic agonists of 

7-aminobutyric acid, 96 
sublethal activity, 102 

Bacterial phytotoxins, examples, 57-58 
Benzoxazolinone, inhibition of 

velvetleaf, 214,216 
Benzyl alcohol, structure, 418,420-421 
Benzyl isothiocyanate 
structure, 213,215 
velvetleaf inhibition, 213 

Betaenones 
structure, 58-59 
toxicity, 58,60i 

Bialaphos 
ammonia toxicity, 199 
biosynthetic pathway, 201-202/ 
discovery, 194—195 
effect on glutamine synthetase 

activity, 199 
general properties, 195 
glutamine antagonism, 199 
herbicidal activity, 190,194-195 
pesticidal activity, 65—66 
potential as herbicides, 201 
stereochemistry, 210 

Biological control of crop pests 
advantages, 387 
problems, 387 

Biological elicitors, categories, 111 
Biologically active natural products, 

problems, 79 
Biorational synthetic herbicides, 

advantages, 212 
(Z)-a-Bisabolene, structure, 420,427 
Bissetone 
activity, 308 
structure, 308 

Brassinolide 
biological activity, 10 
mechanism of action, 11 
structure, 10,112/ 
synthesis, 11 
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474 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Brassinosteroids 
biological activity, 10 
mechanism of action, 11 
structure, 10,12/ 

Brassins, biological activity, 10 

Caffeine 
description, 286 
mitotic effects, 286,287/288 
structure, 277/286 

Calamintha ashei 
biological activities, 242-244 
chemical analyses, 236 
constituents, 242,243/ 
effects on germination and radicle 

length, 242/,244 
Camptotheca acuminata, plant growth 

regulator, 297 
Camptothecin 
effect on plant topoisomerases, 302/303 
isolation, 297 
mechanisms of action, 299,303 
seedling growth 

assays, 297,298*,299,300-301/ 
structure, 297,298/ 

Cantleyine, structure, 398 
Carboenzoxyprolylvalinol, activity, 36 
Carbohydrates, use as elicitors, 111,115 
Carbon-phosphorus bond biosynthesis, 

pathway, 184,185/ 
Carbon-phosphorus compounds in nature, 

discovery, 183 
Castanospermine, glycosidase inhibitor, 407 
Castasterone, structure, 13,14/ 
Catalpol, structure, 398 
Ceratiola ericoides 
chemical analyses, 236 
constituents, 237,238/ 
description, 236 
effects on germination and radicle 

length, 239,241*,242 
Ceratiola ericoides catechins, effects on 

germination and radicle length, 240* 
Ceratiola ericoides constituents, biological 

activities, 236-242 
Ceratiola ericoides flavonoids, effects on 

germination and radicle length, 239/ 
Ceratiolin 
effects of germination and radicle 

length, 241*,242 
role in allelopathic activity of 

Ceratiola, 240-241 
Chemical defenses, description, 263 
Chemicals of plant origin, study of 

mitosis, 274 

Chitin 
agricultural applications, 453,457—465 
applications, 450,458,460 
biodegradability, 465 
description, 450—451 
isolation methods, 451*,453,454-456/ 
natural sources, 451* 
orderly array of chitin-protein 

complex, 451,452/" 
plant protection against fungi, 457 
plant protection against 

nematodes, 457-458,459* 
plastic formation, 461 

Chitosan 
agricultural applications, 453,457-465 
applications, 450,458,460 
biodegradability, 465 
description, 450-451 
isolation methods, 451,453,454/ 
plant protection against fungi, 457 
plant protection against 

nematodes, 457-458 
plastic formation, 461 

Chlorinated camphene, herbicidal usage, 322 
Chlorinated camphor, use as insecticide, 324 
Choke disease fungi, description, 61 
Chokolic acid A 
fungitoxic activity, 61 
structure, 61—62 

Chokols 
fungitoxic activity, 61 
structure, 61-62 
Chrysanthemum leaves, effect of 

abamectin, 98,100/ 
1,8-Cineole, structure, 322 
Cinereain 
activity, 87 
effect on noble rot of grapes, 87 
structure, 87,88/" 

Cinmethylin 
growth inhibitor activity, 322-323 
structure, 322 

Cinnamic acid derivatives 
structures, 220,222 
velvetleaf inhibition, 220,222*,223 

Citrinin, structure, 85,88/ 
Colchicine 
effects on plant cells, 21S,219f 
inhibition of tubulin, 278,280 
structure, 275,277/278 

Compactin 
growth regulatory properties, 80 
structure, 80,83/ 

Conradina canescens 
biological activities, 242 
chemical analyses, 236 
effects on germination and radicle 

length, 244*,245 
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INDEX 475 

Coralloid nodules 
description, 121 
nitrogen fixation by endophytes, 121 

Cotton plant, See Gossypium hirsutum 
Crop protection 
advantages of endophyte-delivered 

agrichemicals, 123-124 
effect on food production, 123 
safety of chemicals, 123 

Cryptocaryalactone 
inhibition by velvetleaf, 214 
structure, 214-215 

Crysin, structure, 216-217 
Cutler, Horace G. 

ethnobotany, 2 
introduction to secondary metabolites, 1 
study of growth regulators, 1-2 
study of nematodes, 2-3 

Cyanogenic glycosides 
biosynthesis, 144-147 
distribution, 143-144 
physiological role, 144 
precursor-product relationship, 144,145/ 
properties, 143 
structures, 143 

Cyclic oligopeptides, usefulness as 
agrochemicals, 4 

Cyclic tetrapeptides, structure-conformation 
relationship, 37 

Cycloheximide 
applications, 68 
effect on radicle growth of garden 

cress, 68,73/ 
phytotoxicity, 68,70/ 
structure, 68,71/ 

Cyclopenin 
acute toxicity, 82 
antibiotic activity, 81 
control of Phytophthora infestans, 82/ 
effect on beans, 80-81 
effect on corn, 80-81 
effect on tobacco plants, 80-81 
history, 81 
structure, 80,83/ 
structure of derivative, 84,86/ 

Cyclopenol 
acute toxicity, 82 
control of Phytophthora infestans, 82/ 
effect on beans, 80-81 
effect on corn, 80-81 
effect on tobacco plants, 80-81 
structure, 80,83/ 

Cyclopropyl amino acids, activity of 
analogues, 52 

Cyclopropylphenylalanine, structure, 52,53/ 

D 

Detoxification systems, insects, 406—407 
3.5- Dialkylindolizidines 
insecticidal activity, 446 
repellent activity, 447 

2.6- Dialkylpiperidines 
insecticidal activity, 446 
repellent activity, 447 

2,5-Dialkylpyrrolidines 
fungicidal activity, 445-446 
insecticidal activity, 439,446 
repellent activity, 447 

2,5-Dialkylpyrrolines, fungicidal 
activity, 445—446 

Dialkylpyrrolizidines, insecticidal 
activity, 446 

Diazepam 
activity against wheat coleoptiles, 84 
structure, 82,83/ 

2,4-Dichlorophenoxyacetic acid, 
synthesis, 2 

Differential toxicities, abamectin, 103-104 
(5/?,6S)-5,6-Dihydro-5-hydroxy-2H-pyran-2-one, 

structure, 16,18/ 
(5S,6S)-5,6-Dihydro-5-hydroxy-2H-pyran-2-one, 

structure, 16,18/" 
2.4- Dihydroxy-l,4-benzoxazin-3-one 

inhibition of velvetleaf, 214,216 
structure, 214-215 

3.5- Dihydroxy-4-pyrone, structure, 420,426 
5.7- Dihydroxychromone, structure, 216-217 
3,7-Dimethyl-8-hydroxy-6-methoxyisochroman 
activity, 85 
structure, 85,86/" 

3,5-(Dimethyloxy)-4-oxo-5-phenylpent-2-enoic 
acid 

biological activity, 16 
structure, 16,17/ 

Disease-resistant plants, selection, 63 
Diterpenoids 
activity, 256 
structures, 255-256 

Dithiopolyacetylenes, pesticidal 
activity, 432-437 

Dithiopolyines, discovery, 432 
4-Dodecanolide, structure, 18/19 
Duvatrienediols, structure, 33%340 

Ε 

Eggs, susceptibility to glucosinolates, 173 
Electrophilic oxonium ion, 

structure, 399-400 
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476 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Elicitors 
carbohydrates, 111,115 
description, 110-111 
discovery, 111 
future research, 116 
structure of derivative from Phytophthora 

megasperma, 111,113/ 
use as fungicides, 115 

Elicitors of phytoalexin, use in crop 
protection, 115 

Endophyte-delivered agrochemicals, 
advantages 123-124 

Endophytes, definition, 121 
Endophytic bacteria 
description, 124 
economic advantages, 124 
environmental advantages, 125 
insecticide for corn, 126/127 
technological advantages, 125,126/127 

Enzyme characteristics, effect on 
glucosinolate-thioglucosidase 
system, 163-164 

24-Epibrassinolide 
biological activity, 11 
structure, 11,12/ 

Epiepoformin 
activity, 72,75 
isolation, 72, 

Epithio specifier protein, effect on 
glucosinolate-thioglucosidase 
system, 160-161,162/163 

Ethephon, plant growth regulation, 194 
Ethnobotany, examples, 2 
Ethyl acrylate, structure, 420,426 
Eyrsimum cheiranthoides, oviposition 

deterrents, 382,384 

F 

Fadyenolide 
biological activity, 16 
structure, 16, 17/ 

Feeding inhibition, definition, 103 
Ferrous ions, effect on 

glucosinolate-thioglucosidase 
system, 160 

Fosamine-ammonium, phytotoxicity, 194 
Fungal biosynthesis, nitro compounds, 147 
Fungal non-host-specific toxins 
anthraquinones, 60—62 
aphidicolanes, 58-60 
betaenones, 58-60 
chokolic acid A, 61-63 
chokols, 61-63 
fungitoxic compounds, 61-63 
reduced perylenequinines, 60-62 

Fungicidal activities, alkaloids from 
ants, 440-446 

Fungitoxic compounds 
activity, 61 
structure, 61-62 

G 

Gardenoside, structure, 399 
Geldanamycin 
activity, 68,72 
effect on radicle growth of 
garden cress, 68,73/ 

herbicidal effects, 72,73* 
structure, 68,71/ 

Gibberellic acid, applications, 3 
N-[15-£-Glucopyranosyl)oxy-8-hydroxy-

palmitoyltaurine, structure, 381 
Glucose, digestion by insects, 404,405/ 
Glucosinolates 
adult beetle responses, 169-170 
allelopathy, 175 
biosynthesis, 147,148/ 
competitors, 174 
distribution, 144 
effects on insects and fungi, 167-175 
egg susceptibility, 173 
hydrolysis, 156,157/ 
larval lepidopteran chemoreceptor 

responses, 170-171 
lepidopteran larval behavior, 168-169 
oviposition responses, 171 
pathogen responses, 173-174 
physiological responses of larval 

Lepidoptera, 171-173 
potential symbionts, 174-175 
properties, 143 
responses to volatiles, 168 
structure, 144 

Glucosinolate-thioglucosidase system 
botanical occurrence, 164-167 
component compartmentation, 166-167 
effect of enzyme characteristics, 163-164 
effect of epithio specifier 

protein, 160-163 
effect of ferrous ions, 160 
effect of pH, 156,160 
effect of R groups, 156, 158-159f 
effect of thiocyanate formation, 163 
system components, 164-166 

Glutamine, effect on phosphonate 
inhibition, 199 

Glutamine synthetase 
inhibition by phosphonates, 187,189/,190 
mechanism of phosphate inhibition, 197 
roles, 197 
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INDEX 477 

Glyceollin, structure, 111,113/ 
Glycosidases 
activities, 405-406 
inhibition by glycosides, 408,410 
inhibitors, 407-408 
insects used for inhibition analysis, 408 
plant, See Plant glycosides 
preparation, 408 

Glycoside 
inhibition of velvetleaf, 214,216 
structure, 214-215 

Glyphosate, use as herbicide, 5 
Gossypium hirsutum 
defense mechanisms, 263 
losses due to Verticullium wilt, 263 
phytoalexin formation, 263 
tylose formation, 263 

Green leaf volatiles 
attractiveness to 

wasps, 390,392/,393-395 
structure, 390,391/ 

Gregatin 
biological activity, 6 
structure, 6,8/ 

H 

H-Gly-Ala-OMe, synthesis, 43,46 
Harringtonolide 
isolation, 295 
structure, 295,2%/ 

Herbicidal screening, soil 
microorganisms, 66-67 

Herbicides, development, 24 
Herbicides from marine specimens, 

structures, 311-312 
Herbicides with plant-derived mitotic 

disrupters, comparison, 288-289,290/ 
Herbivorous insects, attack by natural 

enemies, 386 
Hesperidin, structure, 380 
Hexanorbrassinolide 22-esters, 

structure, 11,12/ 
(£)-2-Hexenal, structure, 418,420-421 
Higher plant extracts, examples of plant 

growth inhibitors, 295,296/ 
Homodolicholide, structure, 11,14/ 
Homodolichosterone, structure, 11,14/ 
Honeybees, effect of abamectin, 99,100/ 
Host selection, chemical mediation, 379 
Host-specific toxins 
classifications, 58 
examples, 25 
potential limitations to herbicidal 

use, 25 
toxicity, 58 

Hydrocinnamic acid, effects on germination 
and radicle length, 241/,242 

l-(3-Hydroxy-12-methyltridecanoyl)nor-
nicotine, mass spectrum, 350,351/ 

Hydroxybenzyl alcohol 
activity, 72,75 
isolation, 72 

6-Hydroxycyclohexenone, chemistry and 
biochemistry, 135,137,139/" 

InCide biopesticide technology 
description, 124 
economic advantages, 124 
environmental advantages, 125 
insecticide for corn, 126/127 
product function, 124 
technological advantages, 125,126/127 

Indole-3-acetic acid, growth regulator, 1-2 
Indole-3-butyric acid, applications, 3 
Insect mixed-function oxidases 
effect of allelochemicals, 258 
function, 258 

Insect pheromones, biological activity, 15 
Insects 
detoxification systems, 406—407 
digestive enzymes, 405-406 
glucose digestion, 404-405 
primary metabolism, 404 

Insecticidal activity, alkaloids from 
ants, 446 

Insecticidal screening, soil 
microorganisms, 67 

Insecticides, pyrethroids, 323 
Insecticides from marine specimens 
activity, 310-311 
structures, 310-311 

International Conference on Chemistry and 
World Food Supplies, objectives, 306 

Ipsenol 
activity, 257-258 
structure, 258 

Ipsidienol 
activity, 257-258 
structure, 258 

Iridoid aglycon, biological 
activity, 399-400 

Iridoid glycosides, structure, 397 
Iridoidal, structure, 397 
Iridoids 
biological activity, 399—400 
description, 397 
sequestration, 400 
structure, 397 
use as chiral synthons, 398-399 
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478 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

(2E,4£)-AMsobutyl-6-phenylhexa-
2,4-dienamide 

biological activity, 16 
structure, 16,18/" 

N-Isocyanoacetyl-L-valine methyl ester 
structure, 5,7/ 
use as herbicide, 5—6 

Iturins, usefulness as agrochemicals, 4 
Ivermectin, applications, 65 

Κ 

Kaempferol, structure, 216-217 

L 

Larval Lepidoptera, physiological responses 
to glucosinolates, 171-173 

Larval Lepidopteran chemoreceptors, effect 
of glucosinolates, 170-171 

Leaf nodules, nitrogen fixation by 
endophytes, 122 

Lepidopteran larvae, iridoid 
content, 400-401 

Lepidopteran larval behavior, 
glucosinolates, 168-169 

Lethal activity, avermectins, 101-102 
Lethal effects, definition, 101 
(S)-(+)-Linalool, structure, 418,420-421 
Lobed nodules 
description, 121 
nitrogen fixation by endophytes, 121 

Luteolin, structure, 216-217 

M 

Malformin, plant regulatory effects, 35 
Marine natural products as agrochemical 

agents 
antimicrobials, 308 
collection, 307 
herbicides, 311-313 
insecticides, 310-311 
plant growth regulators, 311-313 
screening, 307-308,309/* 

Maytansinoids 
mitotic effects, 282-283,284/ 
structure, 277/282 

Methyl isothiocyanate 
structure, 213,215 
velvetleaf inhibition, 213-214 

Methylhydroquinone 
activity, 75 
isolation, 72 

Microbial peptides, isolation, 35 

Microorganisms, soil, See Soil 
microorganisms 

Microtubles 
configurations, 275,276/ 
description, 274 
factors influencing polymerization and 

depolymerization, 274-275 
function, 274 

Mitosis in plant cells, colchicine-induced 
disruption, 274 

Mixed-function oxidases, insect, See Insect 
mixed-function oxidases 

Mode of action, avermectins, 95-96 
Monoterpene alcohols, olfactory responses 

toward plant volatiles, 256-258 
Monoterpene hydrocarbons, olfactory 

responses toward plant 
volatiles, 256-258 

Monoterpenes 
allelopathic activity, 251-253 
structure, 251 

Monoterpenoids 
description, 251 
mechanisms of allelopathic inhibition, 253 

Mycorrhyzal fungi, function, 122 
Myrcene 
activity, 257-258 
structure, 258 

Myrmicine ants, alkaloid-composed 
venoms, 438-439 

Naringin, structure, 380 
Natural enemies, value in crop 

protection, 386-387 
Natural phytotoxins, advantages, 182-183 
Natural products 
advantages, 306-307 
need for synthesis, 3—4 
Natural products from plants, stimulators 

for parasitoids, 387-395 
Naturally occurring endophytes, nitrogen 

fixation, 121-123 
Naturally occurring naphthoquinones 
activity, 216,218 
antigermination activity, 218,219/ 
occurrence, 216 
structure, 216-217 

Naturally occurring phosphonates, structures 
of glutamine synthetase 
inhibitors, 197,198/ 

Nematocides, terpenoids from Artemisia, 325 
Nematodes 
biochemistry, 2 
biological activities of 

avermectins, 97-98 
control by Asteraceae, 432 
description, 432 
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INDEX 479 

Nerolidol, structure, 420-421 
Nezara, pheromones, 427,428/ 
Nicotiana leaf trichomes 
glanded trichome, 335,337/ 
glanded trichome with exudates, 335,338/ 
simple trichome, 335,336/ 

Nicotiana section Repandae species 
bioassays on hornworms, 343,347 
capillary gas 

chromatograms, 343,344/346/ 
gas chromatograms, 340,341/ 
isolation scheme, 340,342/ 
preparative reversed-phase chromatographic 

separation, 343,345/ 
sample preparation, 340 

Nicotiana species, major cuticular 
components, 335,339f,340 

Nicotiana tabacum leaf-surface compounds 
allelochemical potential, 363 
applications, 369,376 
chromatographic isolations, 369,370/ 
fractionation by component class, 365-366 
inhibitory activity, 363 
isolation of components, 365 
isolation of diols, 363 
isolation of monols, 363 
isolation of sucrose esters, 363 
phytoxicity, 367,368* 
plant growth inhibi

tion, 369,372,373-374/375 
plant growth inhibition assays, 367 
secondary metabolites, 363,364/365 
spore germination inhibition, 369 
spore germination inhibition assays, 367 

Nigericin 
activity, 72 
effect on radicle growth of garden 

cress, 68,73/ 
effect on velvetleaf seedlings, 72,74/ 
herbicidal effects, 72,73* 
structure, 68,71/ 

Nitro compounds 
biosynthesis in plant cell 

cultures, 147,149,150-151/ 
distribution, 144 
fungal biosynthesis, 147 
properties, 144 

Nitrogen fixation, naturally occurring 
endophytes, 121-123 

Nitrogen heterocycles, See Alkaloids from 
myrmicine ants 

Non-host-specific toxins 
advantages for herbicidal use, 26 
See also Fungal non-host-specific 

toxins 
Nornicotine, acylated, See Acylated 

nornicotine 

Ο 

Osmundalactone, biological activity, 16 
Oviposition 
manipulation, 379-380 
responses to glucosinolates, 171 

Oviposition deterrents 
Pieris rapae, 382,384 
plant constituents, 381-382,383* 

Oviposition-deterring pheromones, 
mechanism, 380-381 

Parasitic wasps, chemical 
modality, 387,388/ 

Parasitoids 
examples of stimulating natural 

products, 387,389*,390 
host selection, 387 
significance of orientation to biological 

control, 394-395 
stimulation theories, 393-394 
synomones from plant natural 

products, 390,392/ 
Parasorbic acid 
activity, 214 
structure, 214-215 

Pathogenic microorganisms, constraints to 
direct usage, 24-25 

Pathogens, effect of glucosinolates, 173-174 
Penstemonoside, structure, 398 
Pentatomoid sex pheromones 
Asopinae, 418-426 
Phytophagous pentatomidae, 426-428 
Scutelleroidae, 426 

Pentatomoidea, odoriferous secretions, 418 
Pentatomoids, example as pests, 417-418 
Peptides, retroinverso-modified 

analogues, 42 
Peptides for wheat coleoptile assay, 

synthesis, 48—49 
Perillus pheromones, attractancy of 

parasitoids, 424,425/ 
Pesticidal activity 
actinomycetes, 68,69* 
dithiopolyacetylenes, 432—437 

Pesticidal metabolites, identification, 67 
Pesticides, production by microorganisms, 65 
pH, effect on glucosinolate-thioglucosidase 

system, 156, 160 
Phenethyl isothiocyanate 
activity, 213 
structure, 213,215 

Phenol glycosides 
agricultural relevance, 133 
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480 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Phenol glycosides—Continued 
analysis, 132 
biological properties, 133 
biosynthesis, 132 
defense of Alaskan woody plants, 134-139 
defensive significance, 138-140 
definition, 130 
ecological relevance, 133-134 
isolation, 132 
structure, 130,131/ 
structure elucidation, 132 

Phenylalanine ammonia-lyase 
effect of glufosinate on activity, 195 
effect of glyphosate on activity, 195 
effect of phosphinotricin on activity, 197 

Phenyltetrahydrofurano-2-pyrone 
inhibition by velvetleaf, 214 
structure, 214-215 
Pheromones, oviposition deterrents, 380-381 
Phosalacine 
general properties, 195 
herbicidal activity, 190,195 

Phosphinothricin 
activity, 194-195 
ammonia toxicity, 199 
discovery, 194-195 
effect on glutamine synthesis 

activity, 197 
effect on glutamine synthetase 

activity, 199 
formation, 195,196/ 
general properties, 195 
glutamine antagonism, 199 
site(s) of action for glutamine synthetase 

inhibition, 199,200/ 
stereochemistry, 210 

Phosphonates 
detection, 183 
distribution, 184,187 
enzyme inhibition, 187 
enzyme systems tested for 

effects, 190,193/ 
fungicidal activity, 190,191-192/,194 
herbicidal activity, 190,191-192/,194 
occurrence, 184,187,188/ 
plant growth regula

tion, 190,191-192/,194 
potential as herbicides, 201-202 

Photodegradation, abamectin, 98-99,100/ 
Photodynamic herbicides, principles, 13 
Phyllosticta maydis toxin B, biological 

activity, 9 
Phytoactive naturally occurring peptides, 

agricultural potential, 36-37 
Phytoalexin formation, defense against 

Verticullium wilt, 264 
Phytoalexin production, suppressors, 115 

Phytoalexins 
accumulation in plants, 110 
definition, 262 
description, 110 
structure, 110,111/ 
See also Terpenoid phytoalexins 

Phytopathogenic microorganisms, 
toxins, 57-63 

Phytophagous pentatomidae 
attractant pheromones, 426-427 
description, 426 

Phytophthora infestans 
control by cyclopenin and cyclopenol, 82/ 
description, 81 

Phytotoxins, herbicidal 
properties, 322,323/ 

/rani-Piperitol, structure, 418,420-421 
Plant constituents, oviposition 

deterrents, 381-382,383/ 
Plant defense against herbivores, role of 

phenol glycosides, 130-140 
Plant-derived chemicals, applications, 212 
Plant-derived microtubule disrupters, 

potential use in agriculture, 289,291 
Plant diseases 
causes, 109 
methods for control, 110 
resistance mechanisms, 110 

Plant glycosides 
inhibition of glycosides, 408,410 
inhibitory effects, 412/,413 
structural classes, 408/ 
structures, 408,409f 

Plant growth regulating activity, detection 
by higher plant extracts, 295,296/ 

Plant growth regulating chemicals, from 
plants having antitumor activity, 294 

Plant growth regulators, 
identification, 295-303 

Plant growth regulators from marine 
specimens, activity, 312 

Plant pathogens, production of toxins, 25-26 
Plant peptides, isolation, 35 
Plants, interactions with insects, 403-404 
Plastics, damage to environ

ment, 460-461,462-464/ 
Podisus pheromones, attractancy of 

parasitoids, 421,423/,424,425/ 
Podophyllotoxin 
structure, 277/280 
tubulin inhibition, 280,281/ 

Prehelminthosporol, activity, 48 
Primary metabolism, insects, 404 
Propylphosphonic acid, plant growth 

regulation, 194 
Psilotin 
activity, 214 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

28
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
38

0.
ix

00
2



INDEX 481 

Psilotin—Continued 
structure, 214-215 

Pyrenochaetic acids 
isolation, 6 
regioisomer, 6,7/ 
structure, 6,7/ 

Pyrenolide B 
biological activity, 6,9 
structure, 6,8/ 

Pyrethrin, chemistry, 3 
Pyriculol 
structure, 6,8/ 
synthesis, 6 
use as herbicide, 6 

Q 

Quercitin, structure, 216-217 

R 

R groups, effect on 
glucosinolate-thioglucosidase 
system, 156,158-159/" 

Race T toxin, biological activity, 9 
Reduced perylenequinones 
structure, 61-62 
toxicity, 61 

Repandae species, See Nicotiana section 
Repandae species 

Repellent activity, alkaloids from 
ants, 446-447 

Retroinverso modifications of peptides, 
structure-activity relationships, 42 

Retroinverso-modified analogue of tentoxin, 
synthesis, 42-46 

Rhexifoline, structure, 398 
Rhizobium species, symbionts, 121 
Rootknot nematodes, biological activities of 

avermectins, 97-98 

S 

Salicaldehyde, structure, 134,136 
Salicin, pathway for biochemical 

mobilization for defensive 
purposes, 138,139/ 

Sandhill vegetation, description, 234/ 
Scrub plant leachates, micellization studies 

by the Wolff method, 236 
Scrub vegetation 
description, 234/ 
effect of water washes on germination and 

radicle length, 235,237/ 
Scutelleridae, pheromones, 426 
Secologanin, structure, 397 

Sensitization hypothesis, parasitoid 
stimulation, 393-394 

Sesbania drumondii 
isolation, 297 
plant growth regulator, 297 

Sesbanimides 
structure, 223-224 
velvetleaf inhibition, 223 

Sesquiterpene, structures, 254 
Sesquiterpene hydrocarbons 
activity, 254-255 
olfactory responses toward plant 

volatiles, 256-258 
Sesquiterpene lactones 
activities, 255 
structures, 255 

Sesquiterpenoids, description, 251 
Sex pheromones, pentatomoid, See 

Pentatomoid sex pheromones 
Soil microorganisms 
culture, 66 
herbicidal screening, 66-67 
identification of pesticidal 

metabolites, 67 
insecticidal screening, 67 
isolation, 66 
production of herbicidal and insecticidal 

metabolites, 65-75 
Sour orange, inhibition of herbaceous 

vegetation via allelopathic 
mechanism, 252 

Steganacin 
structure, 277/280 
tubulin inhibition, 280 

Stem nodules, nitrogen fixation by 
endophytes, 122 

Stemphyloxins I and II, toxicity, 60 
Sublethal activity, avermectins, 102-103 
Suppressors, definition, 115 
Swainsonine 
glycosidase inhibitor, 407 
structure, 400 

Synthesis of compounds on the basis of 
higher plant templates 

brassinosteroids, 10—14 
photodynamic herbicides, 13,15,17/ 

Synthesis of compounds on the basis of 
insect templates 

amide of 3,5-(dimethyloxy)-4-oxo-5-
phenylpent-2-enoic acid, 16,17/ 

ancistrofuran, 18/19 
(5/?,65)-5,6-dihydro-5-hydroxy-2H-pyran-2-

one, 16,18/19 
(55,65)-5,6-dihydro-5-hydroxy-2H-pyran-2-

one, 16,18/19 
4-dodecanolide, 18/19 
fadyenolide, 16,17/ 
(2£,4£)-./V-isobutyl-6-phenylhexa-

2,4-dienamide, 16,18/ 
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482 BIOLOGICALLY ACTIVE NATURAL PRODUCTS 

Synthesis of compounds on the basis of 
microorganism templates 

Alternaria mali toxins, 4—5,7/ 
examples, 4 
glyphosphate, 4 

Synthetic agrochemicals, disadvantages, 305 

Taxol 
mitotic effects, 283,285/286 
structure, 277/283 

Teasterone, structure, 13,14/ 
Tentoxin 
amide bond modifications, 38,40f 
amino acid modifications, 38,40f 
backbone conformation, 36 
biosynthesis, 29-30 
characteristics, 37 
conformation of analogues, 37-38,39/ 
description, 26 
differential sensitivity of chloroplast 

envelope ATPases in treated 
tissues, 29,31/ 

discovery, 26—27 
effect of protein synthetic inhibitors on 

biosynthesis, 30,31/ 
effect of virus on 

biosynthesis, 30,32/33 
effects on CFj, 27,29 
field efficacy, 29 
herbicidal activity, 36 
identification of potential target 

sites, 27,29-33 
inhibition of ATPase activity, 27 
limitations, 33 
mode of action, 27 
polypeptide profile, 27,28/29 
structure, 36,53/52,53/ 
synthesis of analogue, 52-54 
synthesis of retroinverso-modified 

analogues, 42-46 
usefulness as agrochemicals, 4 

Terpenes 
function, 250 
structures, 220-222 
velvetleaf inhibition, 218,220,221/ 

Terpenoid aldehydes, mole percent in cotton 
tissue, 264,266/ 

Terpenoid phytoalexins 
biosynthetic sequence, 264,265/ 
elicitation in cell culture, 267,268/ 
inhibition of Verticullium 

wilt, 264,267/,270 
mean water solubility, 267/ 
structure, 264,265/ 
toxicity, 264,266/ 

Terpenoid synthesis, effects of 
citrate, 269/,270/ 

Terpenoids 
function, 250 
role in plant-insect interactions, 323-324 

Terpenoids of Artemisia 
antifeedant compounds, 324 
antifungal compounds, 324/,325 
antimicrobial compounds, 324-325 
biological significance, 319-322 
biosynthetic site, 319,320/ 
chemical ecology, 322 
considerations in development as 

pesticides, 331 
examples, 319,321/ 
examples with known pesticidal 

properties, 322-325 
insecticidal compounds, 323-324 
nematocidal activity, 325 
phytotoxins, 322,323/ 

Terpinen-4-ol 
activity, 252 
structure, 418,420-421 

Tetronic acids 
activity, 308 
structure, 310 

Thiarubrine A 
antiviral effects, 433,436/ 
in vitro toxicity on second-stage 

larvae, 436/ 
Thiarubrines A and Β 
activity vs. activity of 

fungizone, 433,435/ 
structure, 433,434/ 

Thiocyanate formation, effect on 
glucosinolate-thioglucosidase 
system, 163 

Thiomethylene ether containing 
pseudodipeptide, synthesis, 38,41-42 

Thiophenes, LD^ values, 433,436/ 
Tobacco hornworm, resistance on Nlcotiana 

section Repandae species, 340-361 
Toxins of phytopathogenic microorganisms 
bacterial phytotoxins, 57 
fungal non-host-specific toxins, 58-63 
history, 57 
host-specific toxins, 58 
significance and application, 63 

Toxins produced by plant pathogens 
host-specific toxins, 25 
non-host-specific toxins, 26 

Translaminar activity 
abamectin, 99,101 
definition, 99 

Treadmilling, description, 274-275 
Trehalose, structure, 405/ 
Trewiasines 
structures, 225,227 
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INDEX 483 

Trewiasines—Continued 
velvetleaf inhibition, 225 

Trichocarpigenin, structure, 135-136 
Trichocarpin, structure, 135-136 
(-)-2,2,2-Trimethyl-3-formyl-2,5-

cyclohexadienyl angelate 
structure, 252 
structure-activity relationship, 252 

6,10,13-TrimethyItetradecanol, 
structure, 420,424 

Tubulin, plant vs. animal, 274,276/ 
Tyiose formation, defense against 

Verticullium wilt, 263-264 
l^phasterol, structure, 13,17/ 

U 

Ursolic acid, ecological function, 246 

V 

Valine analogues, activity, 48 
Valinomycin 
activity, 75 
structure, 71/75 

Vanillin, structure, 420,426 
Velvetleaf 
inhibition by ansamacrolides, 223-226 
inhibition by benzoxazolinones, 214,216 
inhibition by benzyl isothiocyanate, 213 
inhibition by cinnamic acid 

derivatives, 220,222/,223 
inhibition by cryptocaryalactone, 214-215 
inhibition by 5,7-dihydro-

chromone, 216-217 

Velvetleaf—Continued 
inhibition by naphthoquinones, 216,218 
inhibition by methyl 

isothiocyanate, 213-214 
inhibition by sesbanimides, 223-224 
inhibition by 

terfenes, 218,220,221̂ ,222 
inhibition by trewiasine, 225,227 

Verbenol 
activity, 258 
structure, 258 

Verbenone 
activity, 258 
structure, 258 

Verticillium wilt 
defenses of Gossypium hirsutum, 263 
description, 263 
pathogenesis, 263 

(5)-(-)-Vertinolide 
biological activity, 6 
structure, 6,8/ 

Vinca alkaloids 
description, 280,282 
mitotic effects, 280 

W 

Wheat coleoptile assay 
results, 47-48,51/ 
structure of peptides, 48-50/ 

X 

Xylem-inhabiting bacteria, function, 123 
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