
Plant Resistance to Insects 

Paul A. Hedin, EDITOR 
U.S. Department of Agriculture 

Based on a symposium 

sponsored by the ACS 

Division of Pesticide Chemistry 

at the 183rd Meeting of the 

American Chemical Society, 

Las Vegas, Nevada, 

March 28-April 2, 1982 

ACS SYMPOSIUM SERIES 208 

AMERICAN CHEMICAL SOCIETY 
WASHINGTON D.C. 1983 

In Plant Resistance to Insects; Hedin, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



Library of Congress Cataloging in Publication Data 
Plant resistance to insects. 

(ACS symposium series, ISSN 0097-6156;208) 
"Based on a symposium sponsored by the ACS 

Division of Pesticide Chemistr
of the American Chemical Society
March 28-April 2, 1982." 

Includes bibliographies and index. 
1. Plants—Disease and pest resistance—Congresses. 

2. Insects—Host plants—Congresses. 3. Insects, In
jurious and beneficial—Congresses. I. Hedin, Paul A. 
(Paul Arthur), 1926- . II. American Chemical 
Society. Division of Pesticide Chemistry. III. Ameri
can Chemical Society. National Meeting (183rd: 
1982:Las Vegas, Nev.) IV. Series. 
SB750.P57 1983 632'.7 82-22622 
ISBN 0-8412-0756-9 ACSMC8 208 1-375 

1983 

Copyright © 1983 

American Chemical Society 

A l l Rights Reserved. The appearance of the code at the bottom of the first page of each 
article in this volume indicates the copyright owner's consent that reprographic copies of 
the article may be made for personal or internal use or for the personal or internal use of 
specific clients. This consent is given on the condition, however, that the copier pay the 
stated per copy fee through the Copyright Clearance Center, Inc. for copying beyond that 
permitted by Sections 107 or 108 of the U.S. Copyright Law. This consent does not extend 
to copying or transmission by any means—graphic or electronic—for any other purpose, 
such as for general distribution, for advertising or promotional purposes, for creating new 
collective work, for resale, or for information storage and retrieval systems. The copying 
fee for each chapter is indicated in the code at the bottom of the first page of the chapter. 

The citation of trade names and/or names of manufacturers in this publication is not to be 
construed as an endorsement or as approval by ACS of the commercial products or services 
referenced herein; nor should the mere reference herein to any drawing, specification, 
chemical process, or other data be regarded as a license or as a conveyance of any right or 
permission, to the holder, reader, or any other person or corporation, to manufacture, repro
duce, use, or sell any patented invention or copyrighted work that may in any way be 
related thereto. 

PRINTED IN THE UNITED STATES OF AMERICA 

In Plant Resistance to Insects; Hedin, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



ACS Symposium Series 

M. Joa

Advisory Board 

David L. Allara 

Robert Baker 

Donald D. Dollberg 

Brian M. Harney 

W. Jeffrey Howe 

Herbert D. Kaesz 

Marvin Margoshes 

Donald E. Moreland 

Robert Ory 

Geoffrey D. Parfitt 

Theodore Provder 

Charles N. Satterfield 

Dennis Schuetzle 

Davis L. Temple, Jr. 

Charles S. Tuesday 

C. Grant Willson 

In Plant Resistance to Insects; Hedin, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



FOREWORD 
The ACS SYMPOSIUM SERIES 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 ADVANCES 

IN CHEMISTRY SERIES 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 
published papers are not accepted. Both reviews and reports 
of research are acceptable since symposia may embrace both 
types of presentation. 
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PREFACE 

B IOLOGISTS HAVE LONG RECOGNIZED the specificity of various insects for 
plants and the related interactions between plants and herbivorous insects. 
A degree of understanding has evolved from the realization that.different 
kinds of insects respond differentially to various secondary chemicals occur
ring in plants. It has also been recognized that plants and insects coevolve, 
and the continuing adjustments of one to the other reflect the biosynthesis 
of defensive compounds b  th  plant d th  development f detoxificatio
or avoidance mechanism
ship is illustrated by the ability of insects to induce detoxifying mechanisms 
within twenty-four hours when challenged by a toxic agent. Plant injury, in 
turn, can elicit the biosynthesis of additional quantities of resistance agents. 

The resources that plants can muster for defense when attacked by 
insects are limited. Plants that stand exposed to insects over long periods 
generally develop defense systems that require a relatively large quantity of 
the resistance agent(s), and these agents often bind dietary protein or other
wise interfere with digestion. In this case, the costs of defense are relatively 
large and so the yield may be decreased. Plants that are exposed to pests over 
a short period generally develop defense systems that involve the biosyn
thesis of a small amount of a highly toxic agent. Although such defense 
systems require that the plant divert less energy from yield to defense, in 
evolutionary time the insect may be able to adapt to the plant and defeat 
the resistance. 

Of the expressions of plant resistance that are chemical, the so-called 
secondary plant compounds appear to be dominant. In most cases they 
modify or control insect growth, development, and reproduction, but others 
such as the antifeedants modify behavior. However, antifeedants may also 
be toxicants and toxicants may also be antifeedants; thus their designation 
is a function of the bioassay employed. Not all compounds toxic to one 
insect are toxic to another. In evolutionary time, some insects develop 
mechanisms by adaption to detoxify compounds in plants on which they 
must feed whereas others do not. As a result, a compound toxic to one 
insect may be a feeding stimulant for a second. To the extent that the bio
synthesis of the compounds is an expression of genetic information, the 
elucidation of the compounds and their roles can provide a guide to selec
tions by plant breeders. Additionally, as genetic studies become more 
sophisticated, the assignments of the role of individual genes in directing 
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biosynthesis of resistance compounds will be expediated. Eventually, 
improved knowledge about genetic engineering will provide the technology 
for introducing protective genes into crop plants, thus creating resistant 
lines. 

The book is divided into four sections: Ecological and Histochemical 
Aspects, Biochemical and Physiological Mechanisms, Insect Feeding Me
chanisms, and Roles of Plant Constituents. It is hoped that this volume will 
help to identify unifying themes by which plants express resistance to 
insects. With an ever increasing world population exerting greater and 
greater pressure on food production systems, every potential breakthrough 
is of critical importance. 

As the editor, I am grateful to all of the participants for their contribu
tions to this book. I am also grateful to the U.S  Department of Agriculture 
for a financial grant. 

P A U L A. HEDIN 

U.S. Department of Agriculture 
Mississippi State, MS 39762 

September 30,1982 
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1 
Patterns in Defensive Natural Product Chemistry: 
Douglas Fir and Western Spruce Budworm 
Interactions 
REX G. C A T E S , R I C H A R D A . R E D A K , and C O L I N B . H E N D E R S O N 

University of New Mexico, Chemical Ecology Laboratory, Department of Biology, 
Albuquerque, NM 87131 

Studies were undertaken to test various aspects of current 
plant-herbivore theory  P a r t i c u l a r emphasis was given to 
inv e s t i g a t i n g the effect
success of the western
the most important variables influencing budworm success were the 
concentrations of several s p e c i f i c terpenes and changes i n the 
distribution of foliar terpenes. A d d i t i o n a l l y , the productivity 
of trees was inversely correlated with budworm success. The 
ava i l a b l e foliar nitrogen did not appear to be an important 
fac t o r determining insect success. F i n a l l y , escape i n time 
appears to be another factor limiting insect utilization of newly 
emerged Douglas-fir t i s s u e . 

Some of the major objectives i n coevolutionary biology are 
to explain the patterns of interaction between plants and 
herbivores, the s e l e c t i o n pressures maintaining these patterns, 
the ways in which these patterns differ among plant communities, 
and how they might change over ecological and evolutionary time 
(1). The recently developed theory of plant phytophagous insect 
i n t e r a c t i o n s suggests that the population biology of phytophagous 
insects i s influenced significantly by the diversity of plant 
species within a community, the intertwining relationships among 
invidual plants, the predictability of the plant resources i n 
space and time to herbivores, the nutritional l e v e l s of plant 
tissues of various growth forms, and the d i v e r s i t y of mechanical 
and chemical defense mechanisms of plant tissues (1-6). This 
theory has sparked considerable research e f f o r t within several 
d i f f e r e n t areas. Appropriate i n v e s t i g a t i o n s , however, of the 
ways i n which the above factors i n t e r a c t i n molding plant and 
herbivore l i f e h i s t o r i e s and community structure are only 
beginning to surface i n the l i t e r a t u r e ( 3 _ 7 - 9 ) . 

Since we wish to address various aspects of current 
plant-herbivore theory, a b r i e f discussion of some of the basic 
premises follows, emphasizing those that pertain to woody 
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4 PLANT RESISTANCE TO INSECTS 

perennials and t h e i r associated herbivores. Rhoades and Cates 
(6) suggest that plant resources for herbivores vary along a 
continuum of increasing p r e d i c t a b i l i t y . Resources such as 
long - l i v e d woody perennials, or mature, evergreen leaf tissues, 
are suggested to be predictable, or i n Feeny's (5) terminology, 
apparent, resources to herbivores. Examples, on the other hand, 
of the unpredictable or unapparent resources that may vary 
g r e a t l y i n t h e i r occurrence and a v a i l a b i l i t y to herbivores are 
the ephemeral annuals or the quickly developing young leaf 
tissues of perennials (6). 

These differences i n plant and tissue p r e d i c t a b i l i t y and 
a v a i l a b i l i t y as a food resource to herbivores, along with various 
t i s s u e developmental constraints, are suggested to be important 
determinants of the defensive system evolved by a plant (_1 f 6). 
Although plants produce many secondary products, chemical 
defensive compounds ca
as toxins or d i g e s t i b i l i t y - r e d u c i n
treated usually as small molecular weight compounds that a f f e c t 
the metabolic processes within herbivores and include cyanogenic 
glycosides, cardiac glycosides, terpenes, a l k a l o i d s , and numerous 
others. D i g e s t i b i l i t y - r e d u c i n g substances, on the other hand, 
are often large molecular weight substances capable of bonding 
with proteins and polysaccharides r e s u l t i n g i n a complex that may 
be d i f f i c u l t to digest. These two classes are not absolutely 
d i s t i n c t but represent a continuum, and i n some cases, compounds 
may function both as a toxin as well as a protein complexing 
substance (6). 

The a v a i l a b l e data suggest that toxins, or q u a l i t a t i v e 
defenses, are c h a r a c t e r i s t i c of ephemeral plants and plant 
t i s s u e s , and that d i g e s t i b i l i t y - r e d u c i n g substances, or 
quan t i t a t i v e defenses, appear to be c h a r a c t e r i s t i c of predictable 
plants and plant tissues (_5,6). Furthermore, unpredictable plant 
resources are thought to escape i n space and/or time from t h e i r 
herbivores to a larger extent than do predictable resources (6). 
This escape i n space and/or time may be more e f f e c t i v e against 
s p e c i a l i z e d or monophagous-oligophagous herbivores than against 
the generalized or polyphagous herbivores since the former lack 
alternate food resources. 

Our objective i s to examine some aspects of current plant 
herbivore theory using Douglas-fir (Pseudotsuga menziesii) and 
western spruce budworm (Choristoneura o c c i d e n t a l i s ) . Both plant 
and herbivore are widespread i n western North America. Natural 
hosts of the budworm include Douglas-fir, species of Abies, and, 
on occasion, other conifers (9). V a r i a t i o n i n budworm density 
occurs on both a geographic and l o c a l scale. We have frequently 
observed d i f f e r e n t i a l d e f o l i a t i o n ' i n trees having overlapping 
crowns at s i t e s i n Montana, Idaho, and New Mexico. 
I n t e r e s t i n g l y , considerable geographic v a r i a t i o n i s known to 
e x i s t i n the terpene chemistry of Douglas-fir (10,11). Our 
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1. CATES ET AL. Defensive Natural Product Chemistry 5 

preliminary data show that t h i s v a r i a t i o n also e x i s t s at a l o c a l 
l e v e l (Table I ) . 

Table I. V a r i a t i o n i n some of the chemical constituents i n the 
young needles of Douglas-fir from s i t e s at Boulder, 
Montana (MT) and Taos, New Mexico (NM). 

Value 
Constituent S i t e X SD Min Max 

Total Nitrogen MT 1.8 0.5 1.3 3.5 
NM 1.3 0.1 1.1 1.4 

a-pinene MT 176.5 223.6 0.0 1001.0 
NM 105.1 48.4 34.0 221.0 

Camphene MT 
NM 190.8 84.4 67.0 351.0 

0-pinene MT 134.8 93.7 0.0 429.0 
NM 75.9 52.5 3.0 221.0 

Limonene MT 84.7 69.2 0.0 403.0 
NM 81.5 38.0 24.0 193.0 

Bornyl Acetate MT 63.1 38.4 6.0 189.0 
NM 92.6 42.1 26.0 190.0 

Cadinene Isomer MT 6.9 5.4 0.0 33.2 
NM 4.4 8.1 0.0 32.0 

Total Terpenes MT 713.6 502.1 147.8 2442.5 
NM 616.6 270.2 246.0 1119.0 

Polyphenols MT 0.4 0.2 0.1 1.0 
NM 16.6 9.1 0.0 40.0 

Polyphenols = % fresh wt; nitrogen =» % dw; terpenes -
counts/20 mg tissue 

Objectives 

Our focus was upon natural and experimental studies that 
were designed to Investigate various aspects of the current 
plant-herbivore theory using the Douglas-fir/western spruce 
budworm system. S p e c i f i c a l l y , we wished to test whether there 
are chemical c h a r a c t e r i s t i c s la the young needle tissue of 
Douglas-fir that reduce the growth, s u r v i v a l , and adult fecundity 
of the western spruce budworm. Secondly, we were interested i n 
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6 PLANT RESISTANCE TO INSECTS 

e l u c i d a t i n g the re l a t i o n s h i p between budworm success and physical 
a t t r i b u t e s of Douglas-fir. F i n a l l y , we desired to determine 
whether there are any changes i n fo l i a g e q u a l i t y due to increased 
water stress that could account for v a r i a b i l i t y i n budworm 
success. 

Resistance i s defined as the suite of "heritable 
c h a r a c t e r i s t i c s by which a plant species, race, clone or 
i n d i v i d u a l may reduce the p r o b a b i l i t y of successful u t i l i z a t i o n 
of that plant as a host by an insect species, race, biotype, or 
i n d i v i d u a l " (2). The important aspect of th i s concept i s that 
resistance c h a r a c t e r i s t i c s are h e r i t a b l e , even though they may be 
modified by the physical environment. With regard to the above 
considerations and questions, emphasis was placed upon 
determining the effects of v a r i a t i o n i n n u t r i t i o n a l (water, 
nitrogen sources) as well as secondary chemical c h a r a c t e r i s t i c s 
(terpenes, r e s i n acids
capacity) i n the foli a g
growth, s u r v i v a l , density, l e v e l of d e f o l i a t i o n , adult dry 
weight, and fecundity. Several physical and phenological 
measurements of the trees were made at each s i t e including age, 
height, dbh, crown diameter, crown r a t i o , bole radius, f i v e year 
growth increment, average internode length, xylem pressure 
p o t e n t i a l , and time of budburst. 

S i t e Selection and General Methodology 

Res i s t a n c e - S u s c e p t i b i l i t y Studies 

Studies to determine the l e v e l of resistance or 
s u s c e p t i b i l i t y due to foli a g e q u a l i t y and tree physical 
parameters of Douglas-fir to the budworm were conducted at the 
Boulder, Montana and Barley Canyon, New Mexico s i t e s . The study 
at the Montana s i t e involved trees exposed to moderate budworm 
d e n s i t i e s , while the study at Barley Canyon was done using 
budworm that were placed on trees that had very low natural 
d e n s i t i e s of budworm. 

Near Boulder, Montana i n the Deer Lodge National Forest a 
s i t e was selected that consisted of a near monoculture of 
Douglas-fir i n which were scattered ponderosa pine, lodgepole 
pine, and junipers. During May and early June, 1979, 147 trees 
were located and tagged at the s i t e which was at an elevation of 
1620 m. The i n i t i a l s e l e c t i o n of these trees was done such that 
a l l were of s i m i l a r age, height, dbh, and crown diameter. Trees 
were selected that were growing i n s i m i l a r microenvironments 
(proximity to drainage, angle and a t t i t u d e of slope, and distance 
to neighboring t r e e s ) . After the i n i t i a l s e l e c t i o n a more exact 
determination of the above physical parameters was made, and from 
the i n i t i a l 147 trees, 80 were selected for th i s 
r e s i s t a n c e - s u s c e p t i b i l i t y study. 

In Plant Resistance to Insects; Hedin, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



1. CATES ET AL. Defensive Natural Product Chemistry 1 

Natural budworm densities were determined by sampling 6 
sprays, each 40 cm long, i n the same quarter of the tree used to 
c o l l e c t tissue for chemical analysis and to c o l l e c t d e f o l i a t i o n 
data. Densities were expressed as the average number of budworm 
larvae per 100 buds per tree. A v i s u a l estimate of the amount of 
d e f o l i a t i o n also was made i n the same area of the crown where the 
den s i t i e s and needle tissue were c o l l e c t e d . Since budworm may 
disperse from heavily defoliated trees, (Greenbank, 1963) budworm 
den s i t i e s from each tree were weighted by the l e v e l of 
d e f o l i a t i o n that each tree sustained. This resulted i n an 
i n f e s t a t i o n i n t e n s i t y measurement (dependent variable) which was 
subjected to multiple stepwise c o r r e l a t i o n analysis using various 
f o l i a g e q u a l i t y and physical tree parameters as the independent 
v a r i a b l e s . Thirty-one parameters were used as independent 
variables i n th i s analysis

F i f t e e n to 20 g o
co l l e c t e d during the tim
5th l a r v a l i n s t a r . The tissue was frozen, and returned to the 
laboratory at the University of New Mexico for analys i s . 
Polyphenols and protein complexing capacity were determined by 
p r e c i p i t a t i n g the polyphenols, weighing t h i s f r a c t i o n , 
r e d i s s o l v i n g i n 20% acetone, and f i n a l l y , measuring the protein 
complexing capacity of the extract using a 1.5% buffered g e l a t i n 
s o l u t i o n . This method, with s l i g h t modification, i s taken from 
Feeny and Bostock (13) and Feeny (14). 

Total nitrogen was determined using standard microkjeldahl 
d i g e s t i o n , and terpenes were analyzed using a Perkin Elmer 3920 
gas chromatograph equipped with a Perkin Elmer 0.10 i n x 150 f t 
c a p i l l a r y column packed with 85% 0S-138, 14% CO-880, and 1% 
V-930. The method foe terpene analysis followed Redak (1982) 
with only minor modifications i n column loading time. Dr. D. F. 
Zinke l (Forest Products Laboratory, USDA, Madison, Wisconsin) 
k i n d l y analyzed the young f o l i a g e for r e s i n acids. The re s i n 
acids were not detected and no detailed analysis of the needles 
for these chemicals was done i n any of our studies. 

The r e s i s t a n c e - s u s c e p t i b i l i t y study, where budworm larvae 
were placed on trees that n a t u r a l l y had few, i f any, budworm, was 
conducted In 1980 at the Barley Canyon s i t e i n the Santa Fe 
National Forest. This s i t e was approximately 3.2 km long and 0.5 
km wide at an average elevation of 2440 m. The dominant 
vegetation included Douglas-fir, white f i r , ponderosa pine, and 
aspen. Tree s e l e c t i o n was i d e n t i c a l to that described for the 
Montana s i t e except that i n i t i a l l y 200 trees were selected. From 
t h i s group 105 trees eventually were used for the study reported 
here. Thirty-four of the 105 were trenched in 1980 to induce 
water stress i n 1981. One-way multiple analysis of variance 
showed no s i g n i f i c a n t difference i n the measurements of 34 
fo l i a g e q u a l i t y and tree physical c h a r a c t e r i s t i c s between the 34 
trees that were trenched i n 1980 and the remaining 71 trees (15). 
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8 PLANT RESISTANCE TO INSECTS 

Consequently a l l 105 trees were used i n the analysis reported 
here. 

Larvae were collected from a nearby infested area and 
transported i n the cool of the evening to the University of New 
Mexico laboratory (15). Approximately 3000, 4th i n s t a r larvae 
were co l l e c t e d from the infested s i t e and placed i n v i a l s 
containing a small amount of young Douglas-fir tissue. Each v i a l 
contained 25 larvae. V i a l s were then returned to the 
environmental chamber to minimize l a r v a l s tress. The following 
day the experimental larvae were placed on the selected trees at 
the Barley Canyon s i t e . Five larvae were placed on each branch 
that had at least 10 new, expanding f o l i a g e buds, and were 
contained on the branches using screen sleeves. Seventy percent 
of f u l l sunlight penetrated these sleeves. Five sleeves, each 
with f i v e larvae, were placed on each tree to y i e l d a t o t a l of 25 
larvae per tree. The larva
t r a n s f e r r i n g them to th
sexed. Larval survivorship and adult dry weight could then be 
determined. In addition, for 81 randomly selected females, egg 
mass dry weight and numbers of eggs per female were determined to 
examine the r e l a t i o n s h i p between fecundity and female dry weight 
(15) . 

During the 5th and 6th i n s t a r , approximately 30 g of 
f o l i a g e were col l e c t e d from the same side and i n the same midcrown 
l e v e l where the larvae were placed. The fo l i a g e samples were put 
i n z i p - l o c bags, transported on Ice to the laboratory, and frozen 
u n t i l analyzed for nitrogen content and protein complexing 
capacity. Nitrogen was analyzed as above. Protein complexing 
capacity was determined using the method described by Bate-Smith 
(16) with minor modifications (15). For the analysis of f o l i a g e 
terpene content, 30 mg of young f o l i a g e were collected and weighed 
i n the f i e l d , encapsulated i n indium tubing, placed on i c e , 
transported to the laboratory, and frozen u n t i l i t was analyzed 
f o r terpene content. Terpenes were analyzed as described by 
(15). 

A t o t a l of 34 variables were used i n the multiple stepwise 
c o r r e l a t i o n analysis. Twenty-three were used to determine 
f o l i a g e q u a l i t y , while 11 variables were used to define the 
physical and phenological a t t r i b u t e s of the sample trees. The 
dependent variables used were average adult female budworm dry 
weight and average adult male budworm dry weight for each tree. 
D e t a i l s are found i n Redak (15). 

Water Stress Studies 

Studies to determine the effect of water stress on foliage 
q u a l i t y and budworm success were conducted at 2 s i t e s west of 
Jemez springs, New Mexico, Santa Fe National Forest. These s i t e s 
were chosen such that differences i n water a v a i l a b i l i t y to 
Douglas-fir trees would be maximized. Thirty trees were selected 
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1. CATES ET AL. Defensive Natural Product Chemistry 9 

that were growing on a north facing slope (non-stress), while 
another 30 were selected from a south facing slope (stress s i t e ) . 
Analysis of preliminary data suggested that these trees did not 
d i f f e r i n i t i a l l y i n foliage q u a l i t y c h a r a c t e r i s t i c s . 
A d d i t i o n a l l y , at the stress s i t e , about a t h i r d of the area 
beneath each tree was trenched to cut roots i n an e f f o r t to 
further maximize water stres s . Xylem water potentials were 
measured using a Scholander pressure bomb when the larvae were i n 
t h e i r 5th i n s t a r . Budworm larvae were placed on each of the 
trees at the s i t e s as described above for the Barley Canyon 
study. Terpenes and nitrogen were analyzed as described above. 
Polyphenols and protein completing capacity were measured as 
described for the Montana s i t e . 

Female adult budworm dry weights and the number of 
survivors of budworm were analyzed by multivariate analysis of 
variance to test for th
discriminant analysis wa
physical parameters d i f f e r e d between s i t e s (17). 

Results 

Resistance - S u s c e p t i b i l i t y Studies Using Natural Budworm 
Densities and "Defoliation 

Results of the data gathered at the Montana s i t e indicate 
that 50% of the v a r i a t i o n i n the natural budworm i n f e s t a t i o n 
i n t e n s i t y v ariable was explained by 9 variables (Table I I ) . 
The acetate f r a c t i o n of the terpenes, myrcene, an uni d e n t i f i e d 
terpene, time of budburst, and bole radius were inversely 
correlated with budworm i n f e s t a t i o n i n t e n s i t y , i n d i c a t i n g that 
some aspects of fol i a g e q u a l i t y may confer resistance against the 
budworm. The evenness i n the quantitative d i s t r i b u t i o n of the 
terpenes i n the foliage among the trees, beta-pinene, t o t a l 
f o l i a r nitrogen, and tree age were a l l correlated p o s i t i v e l y with 
budworm i n f e s t a t i o n i n t e n s i t y . Examination of the standardized 
c o r r e l a t i o n c o e f f i c i e n t s indicated that the acetate f r a c t i o n of 
the terpenes, the quantitative d i s t r i b u t i o n of the terpenes i n 
the f o l i a g e among trees, age, and time of budburst were the most 
important of the included variables i n explaining the v a r i a t i o n 
i n i n f e s t a t i o n i n t e n s i t y . 

The evenness measurement, calculated from the Shannon-
Wiener formula, suggests that trees which have an uneven 
d i s t r i b u t i o n of terpenes are more r e s i s t a n t to the budworm. I t 
i s l i k e l y that t h i s imbalance i n the terpene d i s t r i b u t i o n i s 
represented by the s p e c i f i c terpenes (acetate f r a c t i o n , myrcene, 
and the uni d e n t i f i e d terpene) that were found to be important i n 
the a n a l y s i s . The analysis also indicated that the polyphenol 
and protein complexing capacity of the extracts from the foliage 
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were not important i n determining the budworm densities and 
l e v e l s of d e f o l i a t i o n * 

Studies Using Experimental Female Budworm Levels on 
Non-Infested Trees 

Results of the data gathered at the Barley Canyon s i t e , 
where budworm were placed on trees that n a t u r a l l y had few larvae, 
indicated that terpenes again were important i n determining 

Table I I . M u l t i p l e c o r r e l a t i o n analysis using i n f e s t a t i o n 
i n t e n s i t y as the dependent variable R^ = 0.50, p < 
0.001). Boulder, Montana s i t e , 1979. 

Standardized 
Independent 
Variable 

Acetate Fraction -0.17828 0.0432 -0.547 
Evenness i n Terpene 

D i s t r i b u t i o n 45.85419 15.7133 0.389 
Tree Age 0.38511 0.1327 0.339 
Budburst -3.05608 1.00207 -0.331 
Bole Radius -1.74379 0.6490 -0.302 
3-pinene 0.02624 0.0138 0.246 
Total Nitrogen 5.17278 2.3350 0.239 
Myrcene -0.03534 0.0162 -0.227 
Unidentified 

Terpene No. 10 -0.22199 0.1247 -0.193 

Nitrogen = % dw; Terpenes • area counts/20 mg dw 

budworm success (Table I I I ) . When the unid e n t i f i e d terpene, 
t o t a l nitrogen, beta-pinene, and myrcene were i n high 
concentration i n the needles of Douglas-fir trees, the adult 
female dry weights were reduced s i g n i f i c a n t l y . The f i v e year 
growth increment also was inversely related with female dry 
weight. When bornyl acetate, terpinolene, and geranyl acetate 
were higher i n the f o l i a g e , budworm success increased. Also, 
budburst, tree age, and twig internode length for 1980 were 
associated p o s i t i v e l y with budworm success. 

Examination of the standardized c o r r e l a t i o n c o e f f i c i e n t s 
indicated that bornyl acetate, the uni d e n t i f i e d terpene, t o t a l 
nitrogen content, and beta-pinene were the most important 
variables i n determining female adult dry weight. I t i s 
i n t e r e s t i n g to note that once more protein complexing capacity of 
the extract was not important i n determining female dry weight. 

I n t e r e s t i n g l y , several more variables were included i n the 
model dealing with male budworm success on the trees at the 
Barley Canyon s i t e (Table IV). Terpinolene, c i t r o n e l l y l acetate, 

In Plant Resistance to Insects; Hedin, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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alpha-pinene, bornyl acetate, myrcene, an unid e n t i f i e d terpene, 
and crown r a t i o were inversely related with average adult male 
dry weight production per tree. P o s i t i v e l y correlated with male 
dry weight were limonene, young needle water content, gamma-
terpinene, 3 uni d e n t i f i e d terpenes, the r a t i o of soluble to 
Insoluble nitrogen, and the amount of twig internode growth i n 
1980. The most important of these 15 variables i n influencing 
male adult dry weight production were limonene, terpinolene, 
c i t r o n e l l y l acetate, alpha-pinene, and bornyl acetate. Once 
again, protein complexing capacity explained none of the 
v a r i a t i o n i n average male adult success. 

Table I I I . M u l t i p l e c o r r e l a t i o n analysis using adult female 
dry weight as the dependent var i a b l e . (R2 = 0.35; 
F - 3.31; p < 0.001). Barley Canyon, New Mexico 
(Redak, 1982)

Standardized 
Independent Standard Regression 
Variable C o e f f i c i e n t Error C o e f f i c i e n t 

Bornyl Acetate 0.00334 0.00122 0.354 
Unidentified 

Terpene No. 5 -0.04165 0.01862 -0.262 
Total Nitrogen -114.75060 51.62314 -0.232 
3-pinene -0.00541 0.00290 -0.229 
Budburst 0.41324 0.22878 0.193 
Terpinolene 0.04044 0.02703 0.172 
Myrcene -0.01387 0.000948 -0.165 
Tree Age 0.16913 0.12241 0.145 
Geranyl Acetate 0.00436 0.00376 0.137 
Five Yr 

Growth Increment -1.59537 1.31204 -0.133 
1980 Internode 

Length 0.48272 0.37711 0.133 

Nitrogen = % dw; Terpenes » Area counts/20 mg dw 

Water Stress and Budworm Success 

Hypotheses concerning drought stress and i t s influence on 
budworm success and changes i n f o l i a g e q u a l i t y were tested using 
Douglas-fir trees growing on south facing (stress) and north 
facing slopes (non-stress). We f i r s t demonstrated that the 
degree of water stress was d i f f e r e n t between the 2 groups of 
trees . Xylem pressure potentials averaged 23% higher for the 
trees at the stress s i t e when compared to the non-stress s i t e 
(p < 0.001). 
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Next, the male and female adult dry weights and the number 
of budworm surviving per tree between the 2 s i t e s were compared. 
Table V indicates the means for each of these variables 
subdivided by s i t e and sex. These data were used i n the 
m u l t i v a r i a t e analysis of variance, and are presented i n t h i s 
table as a point of reference. Since no dependency was found 
between weight and number of survivors (r = 0.158; p • 0 . 12 ) , 
these variables were subjected to mult i v a r i a t e analysis of 
variance to test for the effects of s i t e and sex (Table V I ) . 
Budworm success, as measured by adult dry weight and number of 
surv i v o r s , was found to be s i g n i f i c a n t for both s i t e and sex, 
but there was no i n t e r a c t i o n between these fact o r s . The 
r e l a t i v e contributions of weight and numbers of survivors to 
the differences between s i t e s and sexes are i l l u s t r a t e d by the 
c h a r a c t e r i s t i c vector c o e f f i c i e n t s . Not s u r p r i s i n g l y , they 
in d i c a t e that difference
i n weight between male
was that differences between s i t e s were due to differences i n 
weight and the number of survivors per tree. 

Stepwise discriminant analysis was used to determine how 
tree chemical, phenological, and physical parameters d i f f e r e d 
between s i t e s (Table V I I ) . Only seven of the 18 variables used 
were needed to completely d i f f e r e n t i a t e the trees at the 2 
s i t e s (F(7 193} = 210.36; p < 0 . 001 ) . The magnitudes of the 
standardized discriminant function c o e f f i c i e n t s for the 
included variables indicated that the differences between s i t e s 
were l a r g e l y due to terpene chemistry (Table V I I I ) . The 
discriminant function contrasts p r i m a r i l y the r e l a t i v e 
concentration of alpha-pinene versus the concentration of 
several terpenes, p a r t i c u l a r l y bornyl acetate and beta-pinene. 
Examination of the discriminant scores showed that the stressed 
trees loaded negatively on the function (x discriminant score = 
-2.23), while the non-stressed trees loaded p o s i t i v e l y (x 
discriminant score = 3.38). In other words, trees from the 
stressed s i t e were higher i n alpha-pinene while the 
non-stressed trees contained more bornyl acetate, beta-pinene, 
and other terpenes i n t h e i r young needles. 

Discussion 

Douglas-fir Foliage Quality and Resistance to Budworm 

Data from a l l three studies show that, i n a l l cases, the 
terpene chemistry of young f o l i a g e , or q u a l i t a t i v e defenses, 
was the most important factor i n reducing budworm success. The 
protein complexing capacity, or quantitative defenses, of this 
t i s s u e was not important i n reducing budworm success i n any of 
the studies. 
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Table IV. Mu l t i p l e c o r r e l a t i o n analysis using adult male dry 
weight as the dependent v a r i a b l e . (R 2 - 0.35; 
F * 2.49; p < 0.005) 
(Redak, 1982). 

Barley Canyon, New Mexico 

Independent 
Variable C o e f f i c i e n t 

Standard 
Error 

Standardized 
Regression 
C o e f f i c i e n t 

Limonene 0.00512 0.00200 0.461 
Terpinolene -0.02296 0.00999 -0.300 
C i t r o n e l l y l 

Acetate -0.00335 0.00144 -0.256 
a-Pinene -0.00079 0.00055 -0.234 
Bornyl Acetate -0.00062 0.00040 -0.202 
Myrcene -0.0052
Water Content 6.7411
y-Terpinene 0.00825 0.00543 0.167 
Uni d e n t i f i e d 

Terpene No. 8 -0.02614 0.01863 -0.159 
Uniden t i f i e d 

Terpene No. 5 0.00770 0.00598 0.149 
Crown Ratio -5.52496 4.97238 -0.124 
Uniden t i f i e d 

Terpene No. 9 0.00946 0.00831 0.121 
Soluble/ 

Insoluble 
Nitrogen 0.71473 0.68189 0.119 

Unid e n t i f i e d 
Terpene No. 4 0.00658 0.00686 0.104 

1980 Internode 
Length 0.11978 0.12284 0.102 

Nitrogen * % dw; Terpenes = Area Counts/20 mg dw 

Table V. Mean adult dry weight and number of budworm surviving 
per tree on stressed and non-stressed s i t e s . These 
data were used in the mult i v a r i a t e a n a l y s i s , the 
re s u l t s of which are given i n Table VI (Cates et 
a l . , 1982). 

Weight Number 
Si t e Sex N (mg) Survived 

Non-stressed Male 22 8.95 3.73 
Female 23 18.18 3.04 

Stressed Male 27 10.73 4.63 
Female 26 23.64 5.15 
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14 PLANT RESISTANCE TO INSECTS 

Table VI. Results of multivariate analysis of variance for 
the e f f e c t s of s i t e and sex on adult dry weight and 
number of survivors. C h a r a c t e r i s t i c vector co
e f f i c i e n t s indicate the r e l a t i v e contribution of 
the dependent variables to a p a r t i c u l a r effect 
(Cates et a l . , 1982). 

C h a r a c t e r i s t i c Vector 
C o e f f i c i e n t s 

Source F ( 2 t 9 3 ) ? Number Weight 

S i t e 10.78 0.0001 0.022 0.018 
Sex 73.97 0.0001 -0.007 0.023 
Si t e x Sex 2^42 0.0941 0.018 0.019 _ 

Table VII. Chemical, phenologlcal
c h a r a c t e r i s t i c s of Douglas-fir trees that were 
subjected to discriminant a n a l y s i s . 

Nitrogen Terpenes 
Total 13 Individual Compounds 
Soluble Total 

Protein Complexing Tree Age 
Capacity 

Table V I I I . Standardized discriminant function c o e f f i c i e n t s for 
the 7 variables r e s u l t i n g from the analysis of 
chemical and physical parameters among trees 
growing on the stressed and non-stressed s i t e s 
(Cates et a l . , 1982). 

Variable 
Standardized Discriminant 

Function C o e f f i c i e n t 

a-pinene -5.84 
Soluble Nitrogen -0.71 
Age 0.34 
Unidentified terpene 1 1.22 
Uniden t i f i e d terpene 2 1.66 
3-pinene 2.57 
Bornyl Acetate 2.81 

Nitrogen was found to be of l i t t l e importance except for 
the female model generated from the Barley Canyon Study. In 
t h i s case, female success was inversely correlated with f o l i a r 
nitrogen l e v e l s . However, these l e v e l s , based on published 
data (18,19), do not appear high enough to be toxic to the 
budworm. This observation, i n view of the inverse c o r r e l a t i o n 
between t o t a l nitrogen and female budworm success, leads us to 
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suggest that t h i s r e l a t i o n s h i p i s more a r e f l e c t i o n of tree 
p r o d u c t i v i t y than i t s role as a primary nutrient. In other 
words, higher l e v e l s of f o l i a r nitrogen i n non-stressed trees 
that were growing on good q u a l i t y s i t e s may have been 
i n d i c a t i v e of o v e r a l l tree productivity and vigor (19,20,21). 
These trees would be better able, providing they were 
g e n e t i c a l l y predisposed, to produce e f f e c t i v e defensive 
chemistry against the budworm. The inverse r e l a t i o n s h i p 
between female budworm success and the 5 year growth increment, 
as w e l l as the po s i t i v e r e l a t i o n s h i p between tree age and 
female budworm success, are consistent with t h i s hypothesis. 
Productive trees should be more vigorous, grow better, and 
hence, possess wider annual rings. The smaller width of annual 
rings indicates that older trees may be less productive, 
suggesting a reduced a b i l i t y to produce e f f e c t i v e defensive 
chemistry. 

A l l of our r e s u l t
associated with reduced budworm success. In the Montana study 
t h i s was evidenced by the re l a t i o n s h i p between budworm 
i n f e s t a t i o n i n t e n s i t y and bole radius. In the Barley Canyon 
study, the re l a t i o n s h i p between budworm growth and crown r a t i o , 
the 5 year growth increment, and t o t a l nitrogen support t h i s 
conclusion as w e l l . Assuming that productivity declines with 
age, the p o s i t i v e c o r r e l a t i o n between budworm success and age 
also implies that a decline i n vigor increases tree 
s u s c e p t i b i l i t y to budworm. 

A d d i t i o n a l l y , our data suggest that Douglas-fir may reduce 
the r i s k of damage to new tissue through escape i n time. In 
Montana, trees which burst bud l a t e r i n the growing season 
suffered less damage from budworm. This i s consistent with 
theory (1,5^6) which suggests that u n p r e d i c t a b i l i t y i n space 
and time may be an e f f e c t i v e mechanism for reducing the adverse 
e f f e c t s of monophagous-oligophagous herbivores on young 
ephemeral tis s u e s . On the other hand, trees at Barley Canyon 
show a p o s i t i v e r e l a t i o n s h i p between budburst and budworm s i z e . 
This appears to be i n d i r e c t contradiction with the Montana 
data and theory, u n t i l the experimental design Is considered. 
At Barley Canyon, budworm were placed on trees a f t e r a l l had 
burst bud. Consequently, most budworm were subjected to 
tissues that had developed for up to 10 days and which 
possessed more complete defensive systems. Therefore, the 
c o r r e l a t i o n we observed with budburst r e f l e c t e d the length of 
time the foliage was allowed to mature defensively before the 
budworm feeding occurred. I t did not r e f l e c t an escape i n time 
component as the Montana study did where natural populations 
were studied. 
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Water Stress and Budworm Success 

The study involving water stress i n the Jemez mountains 
suggests that changes i n f o l i a g e q u a l i t y due to stress 
p o s i t i v e l y influences budworm success (17). Female adult 
budworm from larvae reared on stressed trees were 30% heavier, 
while the male adults were 20% heavier. In addition, a higher 
number of both sexes survived on stressed trees (Table VI). 
The water stress incurred by trees growing on the south s i t e i s 
hypothesized to have modified f o l i a g e q u a l i t y such that trees 
became highly susceptible to the budworm. This appears to have 
been pr i m a r i l y due to the decrease i n the resistance factors 
beta-pinene and bornyl acetate accompanied by an increase i n 
alpha-pinene. If alpha-pinene consistently Increases i n 
stressed Douglas-fir trees, i t i s then possible that budworm 
may use i t as an attractan

The primary emphasi
the importance of nitrogen i n f a c i l i t a t i n g outbreaks of 
phytophagous insects (22). More recently, i t has been 
suggested that changes i n defensive chemistry are as important 
as the changes i n primary nutrients (23,24). In our studies, 
nitrogen was not nearly as important as were several terpenes. 
Budworm success was most strongly associated with changes i n 
terpene defensive chemistry, p a r t i c u l a r l y i n the reduction of 
resistance f a c t o r s , rather than with changes i n the primary 
n u t r i t i o n of the herbivore. 

Implications f o r Current Plant-Herbivore Theory 

Ephemeral tissues, such as the young needles of 
Douglas-fir, are suggested to be defended by toxins or 
q u a l i t a t i v e defenses (5,6). Because these tissues are under 
strong s e l e c t i o n for rapid development and growth to a l e v e l 
where they are contributing to the net primary productivity of 
the plant, s e l e c t i o n i s postulated to favor a defensive system 
that does not place a further burden on an already strained 
energy budget (1,6). Hence, quantitative defenses that require 
considerable energy to produce, and must be compartmentalized 
so that they do not i n t e r f e r e with metabolic processes, are 
postulated to be a minor or missing defensive system i n 
ephemeral tis s u e s . Q u a l i t a t i v e , or toxin defensive systems are 
predicted i n these tissues instead. Exceptions to t h i s general 
p r e d i c t i o n may possibly include the young leaves of evergreen 
trees or shrubs which should show slower growth when compared 
to s h o r t - l i v e d tissues of non-evergreen plants. 

While quantitative defenses or d i g e s t i b i l i t y reducing 
substances are also present i n small quantities i n the .young 
needles, they do not seem to be e f f e c t i v e i n reducing female 
dry weight, l a r v a l density, or l e v e l of d e f o l i a t i o n . This i s 
consistent with the reasoning that young tissue development 
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constraints render d i f f i c u l t the production of a well developed 
d i g e s t i b i l i t y reducing system. 

As discussed i n the previous section, we have observed 
that escape i n time, another prediction of current 
plant-herbivore theory, e x i s t s making newly emerged foliage 
l e s s predictable to the budworm. Some trees may burst bud as 
l a t e as 10-14 days after the f i r s t trees within a stand, and as 
our data show, t h i s delay i s associated with reduced damage by 
the budworm. 

Slansky and Feeny (25) and Feeny (_5) suggest that once 
q u a l i t a t i v e defenses are overcome they "affect l a r v a l growth to 
a much lesser extent than do the nutrient c h a r a c t e r i s t i c s of 
food plants," and that "once overcome by s p e c i f i c adaptation, 
they may have l i t t l e a f f e c t on growth or f i t n e s s . " Our data do 
not corroborate these predictions  Budworm success was reduced 
s i g n i f i c a n t l y by the presenc
i n the young needles o
studies, nitrogen content was not as important as were the 
terpene contents of the fol i a g e i n influencing budworm success. 

In a l l three studies, but p a r t i c u l a r l y In the 2 dealing 
with r e s i s t a n c e - s u s c e p t i b i l i t y c h a r a c t e r i s t i c s of fol i a g e 
q u a l i t y , s p e c i f i c a l l y the higher quantities of terpenes were 
correlated with reduced budworm success. At any p a r t i c u l a r 
s i t e a l l of the trees sampled contained the same basic 
complement of terpenes, a l b e i t , some were present i n low 
qu a n t i t i e s . The e f f e c t , which we assume i s one of t o x i c i t y , of 
the terpenes i n reducing budworm success, then, was due to an 
Increase i n t h e i r quantitative amounts. In other words, the 
terpenes were acting i n a quantitative or dosage dependent 
fashion. 

Q u a l i t a t i v e defenses i n Douglas-fir also may be successful 
against the r e l a t i v e l y s p e cialized budworm because of the 
d i v e r s i t y of terpenes that are present. In other words, a 
large number of q u a l i t a t i v e toxic combinations are available 
f o r s e l e c t i o n to act upon i n Douglas-fir. I n t e r e s t i n g l y , we 
found that i n the Montana study the greater the Imbalance In 
the terpene d i s t r i b u t i o n i n the f o l i a g e , the less well the 
budworm performed. This suggests that the more a tree's 
defensive chemistry deviates from a balanced, or "average" 
pattern, the less l i k e l y i t i s to be attacked by the chemically 
w e l l adapted budworm. A d d i t i o n a l l y , adaptation by budworm to 
the p a r t i c u l a r imbalanced terpene pattern of one host tree 
would confer an advantage to any tree whose terpene pattern was 
predominated by other terpenes. 

Thus we f e e l that the eff e c t of se l e c t i o n by the budworm 
fo r q u a l i t a t i v e terpene defenses would be to produce a number 
of "chemical pattern phenotypes" among Individuals at a l o c a l 
or intrapopulational l e v e l . Chemical d i v e r s i t y should exist 
among populations as w e l l , and this has been suggested i n our 
work as well as by others (10,11). Such se l e c t i o n for 
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d i v e r s i t y i n the host plant chemistry should produce races of 
budworm that are generally adapted to the average defensive 
chemistry of t h e i r host plants but that may not be well adapted 
to the chemistry of Douglas-fir from other populations. I f 
t h i s scenario i s correct, then some very i n t e r e s t i n g 
s i l v i c u l t u r a l practices i n managing forests could r e s u l t using 
defensive natural product chemistry along with other control 
measures i n an integrated pest management system. 

In a sense, many of the data presented from our work are 
preliminary since the above discussion i s based on c o r r e l a t i o n 
a n a l y s i s . Synthetic diets incorporating compounds that are 
suggested by these studies to adversely influence budworm 
success, as well as other experimental work with natural 
populations of Douglas-fir and budworm, are needed to determine 
cause and e f f e c t . A thorough examination of the natural 
product chemistry i s neede
be influencing s i g n i f i c a n t l
Considerable e f f o r t needs to be given to various aspects of 
budworm biology. But i n the f i n a l a n alysis, these data suggest 
that the Douglas-fir-budworm system may be very useful i n 
unraveling various aspects of plant-herbivore i n t e r a c t i o n s , and 
i n understanding ways i n which we might better manage our 
fo r e s t s against phytophagous ins e c t s . 
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2 
Physiological Constraints on Plant Chemical 
Defenses 

H . A . M O O N E Y , S. L. G U L M O N , and N. D. J O H N S O N 

Stanford University, Department of Biological Sciences, Stanford, C A 94305 

Plants allocate their carbon and nitrogen 
resources to a variet
constructing and
shoot, reproductive), storage, and defense from 
herbivores. There i s a genetically-determined time 
schedule of al location of resources to various 
functions which can be modified to a certain 
degree by environmental conditions. The 
proposition is examined that this time schedule 
represents changing allocation pr ior i t i es within 
the plant which results in time "windows" when i t 
i s more susceptible to herbivore damage than 
others. Anti-herbivore "strategies" of plants 
must be considered in relat ion to changing 
patterns of resource ava i l ab i l i t y to the whole 
plant and in relat ion to allocation of these 
resources to enhance reproductive output. 

Plant-insect i n t e r a c t i o n has been considered extensively 
from the view point of the chemistry involved i n plant defense 
(for example reviews i n I), the growth cycle of the plant as i t 
a f f e c t s i t s "apparency" to herbivores (2_), and the seasonal 
physical and b i o t i c environment of the herbivores (3). Here we 
consider the i n t e r a c t i o n of the plant's physical environment, 
that i s , i t s changing resource a v a i l a b i l i t y pattern, with the 
u t i l i z a t i o n of these resources for growth, reproduction and 
defense against herbivores.The production of plant defensive 
chemicals i s , optimally, governed by the cost of the chemicals, 
t h e i r effectiveness at deterring herbivory, the r i s k of 
herbivory, and the cost of herbivory. The effectiveness of 
d i f f e r e n t chemicals at deterring herbivory has been extensively 
studied, and theories concerning the r i s k of herbivory are w e l l 
established. Much less Is known about the costs of herbivory 
or the costs of defensive chemicals. The costs of defensive 
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22 PLANT RESISTANCE TO INSECTS 

chemicals are a function of t h e i r biosynthetic maintenance 
and turnover costs, but also a function of the value of the 
elements used i n t h e i r construction. The value of these 
resources w i l l be determined by t h e i r importance to other 
a c t i v i t i e s such as reproduction, photosynthesis, nutrient 
uptake, or support. Here we assess the consequences, i n terms 
of herbivore s u s c e p t i b i l i t y , of simultaneous uses of l i m i t i n g 
resources by plants for a v a r i e t y of necessary functions. We 
e a r l i e r discussed costs of defensive compounds i n r e l a t i o n to 
herbivory (_4). 

Carbon and nitrogen are the two primary resources which can 
be a l l o c a t e d to defensive structures and which may also be 
l i m i t i n g i n a plant. They are used d i r e c t l y i n the 
construction of secondary compounds or protective structures, 
and carbon i s also used as an energy source to construct these 
components. The suppl
the a v a i l a b i l i t y of a l
including l i g h t , water, and n u t r i e n t s . Temperature acts 
i n d i r e c t l y to c o n t r o l resource a v a i l a b i l i t y . V a r i a t i o n i n any 
of these r e s u l t s i n fluctuations i n carbon gain and recurrent 
cycles of storage and u t i l i z a t i o n of carbon i n d i f f e r e n t parts 
of the plant ( F i g . 1). Limitations on the supply of nitrogen 
and carbon could r e s u l t i n " p r i o r i t i e s " of use w i t h i n the plant 
i n order to maximize f i t n e s s . In the f i r s t part of t h i s paper 
we consider general aspects of both nitrogen and carbon 
a l l o c a t i o n . Then we examine the way carbon a l l o c a t i o n 
p r i o r i t i e s a f f e c t defense from herbivores i n a p a r t i c u l a r 
vegetation type, the temperate deciduous fo r e s t . 

Nitrogen 

Nitrogen i s a component of several classes of compounds 
believed to be important i n plant chemical defense, p r i n c i p a l l y 
cyanogenic glycosides, glucosinolates, a l k a l o i d s , c e r t a i n 
proteins, and non-protein amino acids and peptides. The 
nitrogen concentration i n leaves i s often l i m i t i n g to insect 
l a r v a l growth (see review by Mattson, _5), and i t i s a primary 
l i m i t i n g factor to leaf carbon-gaining capacity (6^ 7_9 8). 
A l l o c a t i o n of nitrogen to chemical defense must be considered 
w i t h i n the context of t h i s complex interdependency. 

The quantitative commitment of nitrogen to secondary 
compounds varies considerably. At one extreme, the nicotine 
concentration of tobacco leaves (Nlcotlana tabacum) can range 
from 0.17 to 4.93% (9). At the upper l e v e l , t h i s i s equivalent 
to nearly 1% leaf nitrogen concentration, since n i c o t i n e i s 
over 17% nitrogen by weight. The t o t a l nitrogen concentration 
i n leaves r a r e l y exceeds 5%, so n i c o t i n e may comprise up to 20% 
of the nitrogen In the l e a f . Not s u p r i s i n g l y , n i c o t i n e 
production i s correlated with f e r t i l i z e r a p p l i c a t i o n (9). 

In another example, the cyanogenic glucoside content i n the 
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Figure 1. Flow scheme for a resource within a plant. 
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leaves of the evergreen chaparral shrub Heteromeles a r b u t i f o l i a 
a t t a i n s 7% of t o t a l dry weight (10). Assuming, as the authors 
did, that a l l of the glucoside was prunasin, t h i s i s equivalent 
to 0.33% nitrogen by dry weight, or about one-third of the 
average t o t a l nitrogen i n the leaf (11). 

On the other hand, most a l k a l o i d s contain much les s 
nitrogen as a f r a c t i o n of the t o t a l weight than nicot i n e (Table 
I ) , and tox i c compounds such as a l k a l o i d s are usual l y found at 
very low concentrations i n the plant (12). Thus, the 
a l l o c a t i o n of nitrogen to nitrogenous secondary compounds can 
range from s u b s t a n t i a l to n e g l i g i b l e , even with comparable 
a l l o c a t i o n s of carbon. 

Another factor which i s important i n considering the 
commitment of nitrogen to chemical defense i s the high m o b i l i t y 
of t h i s element w i t h i n
of the nitrogen i n senescin
i s r e a d i l y moved from senescing leaves to developing f r u i t s 
(14), and i n deciduous trees a su b s t a n t i a l part of spring 
growth i s made using nitrogen stored i n the roots and stem wood 
and bark (15, 16). 

The nitrogen i n secondary compounds also appears to be 
r e a d i l y mobile and metabolizable. When doubly-labeled n i c o t i n e 
( C - N) was fed to tobacco (]¥. r u s t i c a ) , carbon was 
recovered i n a l k a l o i d s , free amino acids, pigments, free 
organic acids and free sugars; and nitrogen was recovered i n 
proteins, a l k a l o i d s , free amino acids and pigments (17). 
Certain nitrogen-containing t o x i c compounds found i n seeds are 
completely degraded during germination (18). Other examples of 
a l k a l o i d turnover are given i n Robinson (19) and Digenis (20). 

Examples of tra n s l o c a t i o n of nitrogen-containing secondary 
compounds include the cyanogenic glucoside, linamarin, i n the 
wild lima bean (Phaseolus lunatus), which i s translocated from 
seeds to developing seedlings (21). R i c i n i n e i n castor beans 
i s translocated from senescent leaves to young, developing 
t i s s u e and to seeds. Caffeine i s also translocated among 
leaves and i n t o f r u i t s (22). In the case of Heteromeles 
a r b u t i f o l i a , c i t e d e a r l i e r , cyanogenic glucosides appear to 
move from leaves i n t o developing seeds'. McKey (23) gives other 
examples of translocation of t o x i c compounds w i t h i n the 
plant. Thus nitrogen invested i n chemical defenses can be 
moved throughout the plant to protect vulnerable organs such as 
young leaves or f r u i t s , and can l a t e r be reused for growth and 
development. 

Because nitrogenous compounds are r e a d i l y metabolized or 
transported w i t h i n the plant, i t would seem that the major 
constraint on use of nitrogen i n chemical defense i s i t s 
effectiveness and the pattern of i t s a v a i l a b i l i t y i n the 
habitat. If nitrogen i s the major factor l i m i t i n g to growth, 
i t i s u n l i k e l y that large amounts w i l l be diverted to secondary 
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Table 1. Approximate percentages of nitrogen i n some common 
plant a l k a l o i d s 

A l k a l o i d s 
caffeine 28.9 
nic o t i n e 17.3 
r i c i n i n e 17.0 
gramine 16.1 
lupinin
quinin
mescaline 6.6 
c o l c h i c i n e 3.5 
tomatine 1 4 

Toxic amino acids 

3amlno p r o p i o n i t r i l e 40.0 
canavanine 31.8 
mimosine 14.1 

Transport amides 

Amino acids 

asparagine 21.2 
glutamine 19.2 

glycine 18.7 
alanine 15.7 
serine 13.3 
proli n e 12.2 
tyrosine 7.7 

Cyanogenic glucosides 

linamarin 
prunasin 
amygdalin 

5.7 
4.7 
3.1 
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compounds, es p e c i a l l y since there are many non-nitrogenous 
plant products, such as cardiac glycosides, saponins, 
flavonoids, quinones, e t c , which are also t o x i c . 

Although nitrogen i s probably l i m i t i n g to some extent i n 
most natural systems, i t i s not the major l i m i t i n g nutrient i n 
a l l of them, and i s not l i m i t i n g to the same extent at a l l 
times of the year. In large areas of A u s t r a l i a for example, 
phosphorus i s the p r i n c i p l e l i m i t i n g element (24). 

Some plants experience a s h o r t - l i v e d abundance of 
nitrogen. Most annuals occupy disturbed or semi-disturbed 
habitats which are characterized by a sudden release of 
nutrients (25). Even many herbaceous perennials occur under 
semi-disturbed conditions (eg. old f i e l d s ) , or grow during a 
short i n t e r v a l between c l i m a t i c l i m i t a t i o n s and b i o t i c 
competition when resources are r e l a t i v e l y abundant, as i s the 
case of the forest understor

Plant toxins are widel
as opposed to protein-complexing polyphenols which are more 
l i m i t e d to leaves of woody perennials (12, 23). This pattern 
has been suggested to r e l a t e to the low p r e d i c t a b i l i t y i n space 
and time of herbaceous f o l i a g e i n contrast to the fo l i a g e of 
woody plants (2_, 12). However, i t should be noted that, at 
leas t i n the case of some annuals (9_, 28), a l l of the nitrogen 
i s taken up during the period of vegetative growth and simply 
r e d i s t r i b u t e d during reproduction (Figure 2). Although data 
are scarce, t h i s pattern may be widespread among herbaceous 
species since, as already stated, they often grow during a 
short period of resource a v a i l a b i l i t y . 

Given a pattern of i n i t i a l rapid nutrient uptake and 
temporal storage i n some cases to high concentrations, i t i s 
c l e a r l y advantageous to maintain any nitrogen not being used 
for photosynthesis or growth i n a form that i s t o x i c to 
herbivores. Thus, the common occurrence of toxic nitrogenous 
compounds i n herbaceous plants may simply r e f l e c t resource 
a v a i l a b i l i t y patterns and consequent a l l o c a t i o n pathways. This 
pattern may also apply to some woody perennials. For example, 
chaparral shrubs have periods of active nitrogen uptake i n the 
f a l l when growth i s not occurring (29). This stored nitrogen 
i s moved to new growth i n the spring and a portion i s allocated 
to nitrogenous defensive compounds (10). 

Carbon 

Like nitrogen a c q u i s i t i o n , the carbon-gaining capacity of a 
plant i s environmentally l i m i t e d . As described e a r l i e r , t h i s 
l i m i t a t i o n r e s u l t s i n apparent " p r i o r i t i e s " for a l l o c a t i o n to 
storage, growth of d i f f e r e n t organs, and elaboration of various 
classes of metabolites. These a l l o c a t i o n patterns change 
during the seasonal growth of an i n d i v i d u a l . In trees, for 
example, root growth generally takes place at times d i f f e r e n t 
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from stem elongation which i n turn i s displaced from stem 
diameter growth (30, 31) (Figure 3). 

Carbon metabolism d i f f e r s fundamentally from nitrogen 
metabolism i n that v i r t u a l l y a l l nitrogenous compounds can be 
recycled w i t h i n the plant, whereas most of the s t r u c t u r a l 
components of the plant, p r i n c i p a l l y c e l l u l o s e and l i g n i n , are 
not reusable. There are also putative defensive compounds i n 
t h i s category such as le a f - e x t e r n a l resins (32) and possibly 
some condensed tannins. Thus the constraints on a l l o c a t i o n 
have both an immediate and future time frame. 

The i n t e r a c t i o n s between a v a i l a b i l i t y of resources, carbon 
gaining capacity, and the a l l o c a t i o n of carbon to plant 
functions, including chemical defense, w i l l obviously d i f f e r 
among environments. We examine a p a r t i c u l a r system, the 
temperate deciduous forest  t  i l l u s t r a t  th  natur f th
constraints on chemica
carbon gain. 

The Deciduous Forest 

In spring, 80% of the deciduous forest canopy i s produced 
over a short span of time (31, 33, 34) (Figure 3). I n i t i a l 
l e a f expansion, flowering and shoot extension are heavily 
subsidized from carbohydrate reserves because there i s 
i n s u f f i c i e n t photosynthetic area to support these processes 
(35, 36) ( F i g . 4). Despite the demand on carbohydrate stores, 
reserves are not completely depleted and appear to be renewed 
r a p i d l y following the growth flushes (16). I t has been 
suggested that maintenance of some storage i s important i n the 
event the f i r s t l e a f crop i s destroyed due to intense herbivory 
(37) or a l a t e k i l l i n g f r o s t (31), and a second crop must be 
produced. 

Deciduous trees vary i n the duration of leaf i n i t i a t i o n and 
expansion and new shoot extension (38-41). This v a r i a t i o n i s 
t y p i f i e d by two type examples (Figure 5): Quercus species 
complete a l l leaf and shoot growth during a short period, 
usually l a t e A p r i l to early June; Betula, by contrast, grows 
throughout most of the summer. Fagus, Carya, and Fraxinus have 
growth cycles of the Quercus type, and Llrlodendron, Populus, 
and Llquldamber have extended growth cycles l i k e Betula. Acer 
species are intermediate. The re l a t i o n s h i p between duration of 
stem elongation and dependence on carbohydrate reserves needs 
to be established for these trees, obviously though oak species 
which form canopies e n t i r e l y from pre-formed leaf buds have a 
heavy drain on carbon reserves for a period. 

The young leaves constitute an abundant food resource for 
phytophagous insects and they are e s p e c i a l l y vulnerable to 
herbivores due to a high nitrogen content and lack of 
scl e r o p h y l l y . These c h a r a c t e r i s t i c s appear to be universal i n 
new leaves of deciduous forest species, and t h i s period of 
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Figure 3. Seasonal growth activity of a white oak in Missouri. Development of 
canopy photosynthetic capacity is shown in A. Relative seasonal growth activity of 
various tree components are given in B. Key: F, flower; S, shoot; L, leaf; SC, stem 
circumference; RG, root growth; and A, acorn. (Reproduced with permission from 

Ref.31.) 
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Figure 4. Seasonal changes in available carbohydrates in a Californian evergreen 
oak (A), a Vermont sugar maple (B), and a Calif ornian buckeye (C). Maple data for 
sapwood are from Ref. 15. Oak and buckeye data are from Ref. 49, for total branch 
minus fruits. The evergreen oak has a stable supply of carbon through continuous 
photosynthesis. The maple draws upon reserves in the spring to build a new canopy. 
The buckeye draws upon reserves to build fruits in the fall as well as new canopy in 

late January. 
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Figure 5. Seasonal height growth of three deciduous species (39). Key: O, white 
ash; - • red maple; and gray birch. 
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v u l n e r a b i l i t y t y p i c a l l y l a s t s about one month (42, 43, 44) 
(Figure 6). 

Apparently, the p o t e n t i a l for reducing t h i s window of 
v u l n e r a b i l i t y i s f a i r l y l i m i t e d . The protein content of 
developing leaves could conceivably be reduced but t h i s would 
slow the metabolic processes of growth and reduce the gross 
photosynthetic rate- Both would r e s u l t i n longer development 
times, prolonging v u l n e r a b i l i t y , and be a heavier drain on 
reserves, consequences which would reduce a tree's competitive 
advantage. 

A somewhat s i m i l a r constraint applies to the early 
development of sc l e r o p h y l l y , a p o t e n t i a l herbivore deterring 
feature. Construction of r i g i d c e l l walls and the production 
of l i g n i n and other compounds would c e r t a i n l y slow the o v e r a l l 
rate of leaf expansion and prolong the period during which the 
leaf i s a net importe

We have already mentione
an important competitive advantage and minimizes the time 
during which young leaves are vulnerable to herbivores. 
Climate can sometimes be an ad d i t i o n a l constraint. For 
example, i n the white oak forest i n Missouri, leaf development 
occurs during an i n t e r v a l of optimal growing conditions between 
the l a t e s t k i l l i n g f r o s t and the midsummer drought (31). 

Deployment of defensive chemicals during l e a f expansion. 

Toxins appear to be e f f e c t i v e i n small quantities (12), 
making them an i d e a l low cost defense against generalist 
herbivores even though s p e c i a l i s t s are able to evolve e f f e c t i v e 
d e t o x i f i c a t i o n mechanisms. Studies have shown that t o x i n 
concentrations are generally higher i n new growth (23, 45), but 
there have been few studies of temperate deciduous trees. I t 
has been shown that generalist herbivores are more common on 
mature f o l i a g e whereas s p e c i a l i s t herbivores prefer new fo l i a g e 
(46), but again, there are few studies i n the temperate 
deciduous f o r e s t . 

Protein-complexing polyphenols are broadly e f f e c t i v e 
against herbivores, e s p e c i a l l y those not s p e c i f i c a l l y adapted 
to eat plants containing polyphenols (47). They may constitute 
10% or more of the l e a f dry weight (12, 37, 44), and t h i s 
requires a l l o c a t i o n of s i g n i f i c a n t amounts of carbon and energy 
to t h e i r construction. The use of l i m i t e d reserves for such 
quantitative defenses must be balanced against the requirements 
of rapid canopy development and new shoot extension. 

Patterns of polyphenol accumulation i n leaves vary among 
the few temperate forest species which have been studied. 
Feeny 1s (42) c l a s s i c study on oak leaves (Quercus robur) shows 
leaf tannin l e v e l s r i s i n g slowly u n t i l August, and then 
increasing sharply. In the cases of sugar maple (Acer 
saccharum) and yellow b i r c h (Betula lutea) (44), r e s p e c t i v e l y , 
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of deciduous tree species. (Reproduced with permission from Ref. 43.) 
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polyphenol concentrations peak i n l a t e June and mid May. In 
Betula pubescens (48) the concentration of tannins i s stable 
u n t i l l a t e summer and then Increases. 

Feeny (2) has coined the term "apparency" to express the 
idea that some plants or plant components are more predictable 
resources i n space and time to p o t e n t i a l herbivores. He 
suggests that such predictable plants are more a t t r a c t i v e to 
s p e c i a l i s t herbivores ( i n evolutionary time) because of t h e i r 
p r e d i c t a b i l i t y , and thus should employ quantitative defensive 
compounds which are less susceptible to the evolution of 
d e t o x i f i c a t i o n mechanisms. 

We propose that the patterns of polyphenol production i n 
leaves are rela t e d to the duration of new leaf production. 
Species which accomplish l e a f expansion and shoot extension 
within a short time period  e s p e c i a l l y i n cold climates  should 
generally have low polypheno
compared to species wit

There are two reasons for the above. F i r s t , the new leaves 
of species with short growth periods are less "apparent" i n the 
sense Feeny (2) has described. They appear early, when 
predator populations may be i n h i b i t e d by cold temperatures, and 
are not present long enough to allow build-up of predator 
populations. By contrast, new leaves of species with long 
growth periods are present over an extended period of time, 
generally much of the summer, and thus constitute a predictable 
resource for s p e c i a l i z e d herbivores. Second, new leaf and 
shoot growth are a greater drain on plant reserves when the 
en t i r e canopy i s produced over a short time period (35). In 
such species, a l l o c a t i o n of 10-25% of new leaf dry weight to 
polyphenol production would further deplete reserves, slow 
canopy development, or both. This would decrease the advantage 
that such species have i n terms of escaping herbivory i n time, 
and would also reduce the period of carbon gain which 
determines reserves and p o t e n t i a l growth for the following 
season. The patterns of polyphenol accumulation i n Quercus 
(42) and Acer and Betula (44) are consistent with t h i s 
hypothesis, but examination of polyphenol concentrations 
through time i n many more species i s necessary. Schultz et a l . 
(44) suggest that the low polyphenol contents of young leaves 
may be due to the fact that protein synthesis suppresses 
phenolic synthesis. 

To summarize, s p e c i f i c toxins are e f f e c t i v e deterrents to 
generalist herbivores, but polyphenols produced i n r e l a t i v e l y 
large quantities are the only e f f e c t i v e deterrent to 
s p e c i a l i s t s . Since leaf toughness and lower nitrogen content 
also deter many herbivores, deciduous forest trees are 
es p e c i a l l y vulnerable to attack during the period of canopy 
development, which occurs yearly at a predictable time. Canopy 
development i s heavily dependent on avai l a b l e reserves of 
carbohydrate and nitrogen, and the production of quantitative 
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defensive compounds i s expensive i n terms of carbon and 
energy. I t therefore appears that the patterns of production 
of polyphenols during canopy development are related to the 
duration of new growth. Species which produce the e n t i r e 
canopy during the shortest period of time, thus i n c u r r i n g the 
greatest drain on reserves, may defer maximum polyphenol 
production u n t i l a f t e r the canopy i s mature. More information 
i s needed to examine these ideas. 

Summary 

In order to gain an understanding of the options which 
plants can u t i l i z e to defend themselves against herbivores we 
need a more comprehensiv  vie f th  carbo d nitroge
a c q u i s i t i o n and a l l o c a t i o
habitats. For example,
a l l o c a t i o n patterns between annual versus perennial plants 
which r e l a t e to the resources a v a i l a b l e to them through time. 
Further, there are differences i n the r e u t i l i z a t i o n 
p o s s i b i l i t i e s of e i t h e r carbon or nitrogen compounds wi t h i n a 
plant as i t develops. These diverse a c q u i s i t i o n and a l l o c a t i o n 
patterns place constraints on the possible defensive strategies 
of plants and hence on the opportunities for herbivore attack. 
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3 
Impact of Variable Plant Defensive Chemistry 
on Susceptibility of Insects to Natural Enemies 

J A C K C. S C H U L T Z 

Dartmouth College, Department of Biological Sciences, Hanover, NH 03755 

The major role of chemical defenses in plants i s 
hypothesized to be increasing the impact of 
insect diseases
of these factor
why evolutionarily lab i le insects rarely 
defoliate their long-lived hosts. However, 
interactions among all of them could increase the 
useful evolutionary lifetime of each and the 
effectiveness of all. In part icular , chemical 
va r i ab i l i t y i s observed to place insects in 
compromise situations which increase their 
exposure and susceptibi l i ty to natural enemies. 
Forest trees are shown to be highly variable in 
space and time, and the impact of this 
variability on caterpi l lars i s explored in 
several examples. 

Despite the impression made by occasional widespread pest 
outbreaks such as those of the gypsy moth, severe d e f o l i a t i o n of 
forested ecosystems i s quite unusual. Fewer than 10% of the 
species l i s t e d i n the Canadian Forest Survey of Lepidoptera (1, 
2) e x h i b i t p e r i o d i c or occasional outbreaks. Generally, d e f o l i 
a tion i n forests i s less than 7% of primary production per year 
(_3, but see 4) . The vast majority of forest Lepidoptera are 
quite rare almost a l l of the time, and t h e i r numbers do not 
fluctuate to a noticeable degree. These observations suggest 
that some factor or factors normally regulate fo r e s t insect 
populations and keep d e f o l i a t i o n at low l e v e l s . 

A number of regulatory factors have been proposed, and 
various p o t e n t i a l regulators have been shown to operate i n 
ce r t a i n systems (S,6). However, none of these factors can be 
shown to be. generally e f f e c t i v e i n most or a l l f o r e s t s . For 
example, a given p a r a s i t o i d species may be the most important 
influence on i t s host at one s i t e but not at another (7). I t i s 
d i f f i c u l t to i d e n t i f y emergent generalizations about the 
r e l a t i v e importance of various p o t e n t i a l controls. 

0097-6156/83/0208-0037$06.00/0 
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Indeed, empirical observation, evolutionary theory, and 
common sense a l l suggest that s i n g l e - f a c t o r approaches are not 
l i k e l y to i d e n t i f y underlying causal r e l a t i o n s h i p s . Consider the 
impact of plant defensive chemistry. In recent years i t has 
become c l e a r that secondary compounds and the r e l a t i v e concentra
tions of primary nutrients i n plant t i s s u e s may r e s t r i c t feeding 
and growth of herbivorous insects (see 8). C l e a r l y the a v a i l 
a b i l i t y of plant tis s u e s i s a function of t i s s u e q u a l i t y as w e l l 
as quantity, helping to explain why herbivorous insects may 
appear food-limited before t h e i r host tis s u e s are exhausted (9). 
However, to maintain forest insect populations at the stable, 
extremely low l e v e l s we normally observe, plant chemistry would 
have to deter feeding, poison i n s e c t s , or reduce digestion so 
strongly that population dynamics of the insects are profoundly 
depressed. This necessitates d r a s t i c a l l y reducing the f i t n e s s of 
organisms having enormou
growth rates, and very
Lepidoptera have p o t e n t i a l fecundities of from 200-1000 eggs/ 
female, yet year-to-year population l e v e l s indicate s survivor
ship of only 1 or 2 per female (10). 

Such a strong impact on survivorship or fecundity, and on the 
f i t n e s s of i n d i v i d u a l s , means exerting strong natural s e l e c t i o n on 
herbivorous insects. This should favor the rapid evolution of 
insect adaptations which overcome i t . This i s , of course, a 
common occurrence i n the a p p l i c a t i o n of p e s t i c i d e s or the develop
ment of r e s i s t a n t crop plant c u l t i v a r s (11). The supposition that 
plant defenses s e l e c t for detoxication adaptations i n insects i s 
the foundation of the concept of coevolution (12). 

Forest trees represent a p a r t i c u l a r l y vulnerable paradox. An 
i n d i v i d u a l tree may l i v e f or 300 or more years. During t h i s time 
i t does not move, and presumably cannot adapt to environmental 
change. I f tree defenses were responsible for the strong regula
t i o n of insects and herbivory, the l i f e t i m e of a single tree 
ought to provide enough time f o r the evolution of highly v i r u l e n t 
insects which could d e f o l i a t e t h e i r host trees repeatedly. This 
does not appear to happen. 

Feeny (13) attempted to resolve t h i s dilemma by proposing 
that forest trees may have developed a p a r t i c u l a r l y r e c a l c i t r a n t 
defense, one which even insects could not overcome i n hundreds of 
generations. His suggestion was that protein-complexing poly
phenols, or tannins, could provide such protection. However, 
there are many insects which feed p r e f e r e n t i a l l y on high-tannin 
content tis s u e s (14,L5) , and s p e c i f i c adaptations e x i s t which can 
n u l l i f y or reduce the digestion i n h i b i t i o n e f f e c t s of tannins 
(16) • 

One must conclude that no uniform physical or chemical 
defense should be regarded as insurmountable by evolving in s e c t s . 
Any uniform chemical plant defense should select f o r pests 
capable of defeating i t . Obviously, however, there i s a so l u t i o n 
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to t h i s dilemma, since, as I have pointed out, forests are not 
stripped year a f t e r year. 

The Evolutionary Importance of Chemical V a r i a b i l i t y 

In f a c t , there are at l e a s t 3 possible solutions. A l l three 
have one thing i n common: they focus on the rapidly-growing body 
of evidence that trees are not uniform i n defensive chemistry. 
Instead, most plants are highly complex, dynamic mosaics of 
varia b l e chemistry and nutrient value. This observation suggests 
ways i n which defensive chemistry may remain e f f e c t i v e over many 
insect generations: 

Complex resistance. Q u a l i t a t i v e and/or qu a n t i t a t i v e 
chemical v a r i a t i o n i n plant  insect  t  tha
deterrent (or poison) concurrently
posed (12^,18,1^) and Pimente  (20)
laboratory, that insects may be slower to adapt to such complex 
chemical mixtures. As a r e s u l t , even sublethal doses of toxins 
may remain e f f e c t i v e over long periods of time. 

Resource r e s t r i c t i o n . I f chemical defenses vary quantita
t i v e l y w i t h i n or between i n d i v i d u a l p l a n t s , then some tissue s may 
be defended while others are not. As a r e s u l t , insects have 
av a i l a b l e to them the evolutionary option of avoidance; they may 
develop the a b i l i t y to recognize poor q u a l i t y food and avoid i t , 
rather than evolving detoxication mechanisms (12,18). This should 
r e s u l t i n feeding a c t i v i t y concentrated on a r e s t r i c t e d set of 
tissu e s or plant i n d i v i d u a l s . There are two important conse
quences of t h i s . F i r s t , contact rates with defenses can be 
lowered by avoiding them. Hence, the evolution of detoxication i s 
le s s l i k e l y or le s s rapid (18). Second, and perhaps more 
important, the effectiveness of natural enemies may be enhanced 
(below). 

M u l t i p l e - f a c t o r i n t e r a c t i o n s . Each p o t e n t i a l regulatory 
factor may i n t e r a c t s y n e r g i s t i c a l l y with the others and enhance 
t h e i r effectiveness. For example, plant chemistry can influence 
the effectiveness of predators, p a r a s i t o i d s and diseases i n a 
va r i e t y of ways (_21,J22,23) . However, the s e l e c t i v e pressure 
exerted by uniform chemical defenses should be strengthened by 
intera c t i o n s with natural enemies, and t h e i r useful l i f e w i l l be 
shortened. 

Consequently, although the ways i n which plant chemistry can 
influence the effectiveness of natural enemies are dizerse, they 
can remain e f f e c t i v e through evolutionary time only i f v a r i a b i l i t y 
i s part of the p i c t u r e as w e l l . In f a c t , although reviews have 
tended to focus on chemical enhancement of natural enemy regula
t i o n (23), there are probably as many ways i n which uniform plant 
chemistry can i n t e r f e r e with the actions of these enemies as there 
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are p o s i t i v e e f f e c t s (24,25,26). I t i s not even c l e a r that the 
impact of uniform plant defenses w i l l always be p o s i t i v e from the 
plant's point of view. 

I suggest that variable plant chemistry, by r e s t r i c t i n g 
resource a v a i l a b i l i t y and focusing the a c t i v i t i e s of herbivores 
on a few t i s s u e s , promotes compromises between food-finding and 
r i s k s from natural enemies which are not r e a d i l y countered by 
most ins e c t s . The s p a t i a l and temporal heterogeneity which 
appears to be common i n fo r e s t trees i s the most important part 
of the tree's defensive system, and i s the only way a plant's 
chemical defenses can remain e f f e c t i v e over evolutionary time. 
This v a r i a b l e impact on natural enemies may be more important i n 
regulating consumption than any single factor can be. 

V a r i a b i l i t y i n Tree Defenses 

There are many possibl
v a r i a b i l i t y i n tree tissues (27,28) which r e s u l t i n a wide range 
of s p a t i a l arrays of su i t a b l e and unsuitable food for insects 
(29). Although large-scale s p a t i a l v a r i a t i o n may influence 
insect host race formation and have i n t e r e s t i n g consequences fo r 
insect biogeography and host race formation (30), the scale of 
v a r i a t i o n with which the i n d i v i d u a l insect deals most often i s 
more l o c a l , on the i n d i v i d u a l tree or tis s u e b a s i s . 

Most antiherbivore t r a i t s have been found to be highly 
v a r i a b l e on t h i s smaller scale; s i g n i f i c a n t v a r i a t i o n i n n u t r i e n t 
content and secondary chemistry i s commonly observed within tree 
canopies, on a branch-to-branch basis (28,29). 

On an even f i n e r scale, we have found that adjacent leaves on 
single sugar maple (Acer saccharum Marsh) and yellow b i r c h 
(Betula allegheniensis B r i t t . ) may d i f f e r greatly i n several 
t r a i t s important to herbivorous insects (31; Figure 1). Some of 
these differences, e.g., i n tanning c o e f f i c i e n t (32), vary by 
factors of 2 or more from l e a f to l e a f (Figure 1). The pattern of 
such v a r i a t i o n appears random i n sugar maple, but may be age-
rel a t e d and hence s p a t i a l l y predictable (young leaves occur only 
at c e r t a i n growing points) i n yellow b i r c h (31). Insects such as 
c a t e r p i l l a r s foraging along sugar maple branches may have l i t t l e 
information a v a i l a b l e to them about the s p a t i a l d i s t r i b u t i o n of 
lea f q u a l i t y , while those foraging i n yellow b i r c h may be able to 
locate leaves with p a r t i c u l a r t r a i t s by searching i n c e r t a i n 
places -{e.g., ends of branches). 

The s i g n i f i c a n c e of such s p a t i a l arrays l i e s i n the 
behavioral responses of insects foraging i n these trees. I f 
cer t a i n l e af types are unavailable while others are preferred, 
then such s p a t i a l arrays force insects to move about i n search of 
good feeding s i t e s (29). For insects which spend much time (or 
a l l of t h e i r l i v e s ) feeding i n one place ( s e s s i l e species, such as 
aphids), t h i s search i s performed once; a f t e r a suitable s i t e i s 
located, these insects are r e s t r i c t e d to one portion of t h e i r 
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Figure 1. Leaf-to-leaf variation in four traits along a single branch of sugar maple 
(left) and yellow birch (right) on 6/23/81. Horizontal axis is mean of each measure 
for that branch; hatched area is one standard deviation. Each black bar represents 
the actual value for one leaf, plotted as deviation from the mean. Branch terminus 
is to right; yellow birch leaves D and E are at least 10 days younger than the others. 
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hosts. More mobile species which require more food to complete 
development (e.g., c a t e r p i l l a r s ) must repeatedly search f o r new 
feeding s i t e s throughout t h e i r l i v e s . 

Many insects do indeed recognize and respond to tiss u e 
q u a l i t y v a r i a t i o n . There are numerous examples of leaf-age-
s p e c i f i c preferences among fo l i v o r o u s insects, including some 
which make r i g i d feeding decisions based on ti s s u e ages which 
d i f f e r by les s than a few weeks (29). The apparent resistance of 
in d i v i d u a l trees i n otherwise susceptible stands has been recog
nized f o r some time (e.g., 33). The few species of Lepidoptera 
larvae whose foraging behavior has been studied t r a v e l consider
able distances (sometimes several meters) and spend large 
proportions of t h e i r time sampling, r e j e c t i n g and judging the 
a c c e p t i b i l i t y of leaves on i n d i v i d u a l host trees (29). G a l l 
forming aphids select leaves of a c e r t a i n size and may engage i n 
t e r r i t o r i a l disputes t
cl e a r that i n d i v i d u a l insect
forest tree leaves. 

Temporal v a r i a b i l i t y i n tree t i s s u e q u a l i t y i s w e l l known 
(see _29r.35 for review) . Year-to-year, seasonal, day-to-day, and 
diurna l s h i f t s i n nutrient contents and secondary chemistry have 
a l l been observed. P a r t i c u l a r l y i n t r i g u i n g i s the increasing 
body of evidence that damage by insects and pathogens may r e s u l t 
i n short-term or year-to-year changes i n secondary chemistry (36, 
32). We have found that ongoing d e f o l i a t i o n by gypsy moth 
(Lymantria dispar L.) larvae i s associated with profound changes 
i n phenolic chemistry of red oak (Quercus rubrum) leaves (38). 
Over a period of a month, tanning c o e f f i c i e n t s increased 
dramatically, and seasonal (2 month) increases i n hydrolyzable 
tannins were observed i n trees undergoing d e f o l i a t i o n . Prelim
inary studies of yellow b i r c h and sugar maple suggest that day-
to-day responses i n phenolic production may be generated by 
damage to leaves (39)• 

The importance of seasonal changes i n secondary chemistry 
and nutrients to the feeding success and l i f e h i s t o r y patterns of 
some for e s t Lepidoptera i s w e l l established (40,41). Year to 
year changes i n chemical phenology may influence tree suscepti
b i l i t y and insect population dynamics (42,43). Hence, a given 
tree may not present the same d i s t r i b u t i o n of l e a f q u a l i t y i n 
every year. Insects attempting to assess host q u a l i t y f o r o f f 
spring which w i l l feed during the next year or even l a t e r i n the 
same season may not have very complete information a v a i l a b l e f o r 
s e l e c t i n g o v i p o s i t i o n s i t e s . 

Shorter-term temporal v a r i a t i o n i n l e a f q u a l i t y should act to 
complicate the s p a t i a l arrays described above. Thus, not only may 
a foraging insect have d i f f i c u l t y l o c a t i n g suitable feeding s i t e s 
i n space, but t h e i r l ocations may s h i f t from time to time or 
continuously, as seasonal changes, induction e f f e c t s , or even 
plant pathogen attack (44) a l t e r t i s s u e q u a l i t y . A suitable 
t i s s u e at one time may not be suitable l a t e r i n the day, or l a t e r 
i n the insect's l i f e . 
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The p i c t u r e of a fore s t tree that I wish to portray, then, i s 
one of great s p a t i a l heterogeneity, complicated by ongoing change. 
For an insect capable of dealing with some subset of the great 
number of ti s s u e q u a l i t y f a c tors which could influence feeding, 
there may be only a l i m i t e d array of suit a b l e t i s s u e s i n a canopy. 
These sui t a b l e s i t e s may be widely scattered, f o r c i n g long 
searches and much t r a v e l i n g . The pattern i s complicated further 
by constantly changing t i s s u e q u a l i t i e s . The s i t u a t i o n can be 
said to resemble a " s h e l l game", i n which a valuable resource 
(suitable leaves) i s "hidden" among many other similar-appearing 
but unsuitable resources. The insect must sample many tis s u e s to 
i d e n t i f y a good one. The lo c a t i o n of good ti s s u e s may be 
s p a t i a l l y unpredictable, and may even change with time. For a 
"choosy" or di s c r i m i n a t i n g i n s e c t , f i n d i n g s u i t a b l e food i n an 
apparently uniform canopy could be highly complex. 

Impact on Natural Enemie

Although chemical v a r i a b i l i t y may not a l t e r a l l of the 
p o t e n t i a l e f f e c t s of plant chemistry on the effectiveness of 
natural enemies, there are a number of important q u a l i t a t i v e 
differences i n the kinds of int e r a c t i o n s possible. In some cases 
the impact v a r i a b l e chemistry may have on an insect's suscepti
b i l i t y to r i s k s i s simply greater than i t would be were plant 
chemistry uniform. In other cases wholly d i f f e r e n t r e l a t i o n s h i p s 
are possible. 

Toxic substances acquired from the host plant may provide 
resistance to p a r a s i t o i d s (24), pathogens (25), and predators 
(45). By avoiding some toxins i n plant material and se l e c t i n g 
superior food t i s s u e s , insects feeding on va r i a b l e hosts may 
become more susceptible to some enemies. Of course, other 
substances i n preferred t i s s u e s may s t i l l be t o x i c to c e r t a i n of 
these enemies, but t h i s i s less l i k e l y than i t would be were 
plant compounds uniformly encountered by the host insect. 

An insect host's exposure to parasites and predators may be 
increased by var i a b l e plant defenses i n three ways. F i r s t , by 
r e s t r i c t i n g feeding a c t i v i t y to c e r t a i n t i s s u e types or portions 
of the host p l a n t , the p o s i t i o n of insect hosts becomes more 
predictable. Parasites (24,46,42) or predators (48) able to 
recognize p h y s i c a l plant t r a i t s such as ti s s u e color or form, or 
those capable of employing the unique chemistry of the preferred 
ti s s u e s as cues (47,49) would be able to locate t h e i r hosts more 
r e a d i l y by focusing t h e i r search on these t r a i t s . 

Second, the increased movement necessary f o r l o c a t i n g widely 
dispersed feeding s i t e s should increase contact rates with 
enemies. Movement makes insects more conspicuous to p a r a s i t o i d s 
or predators s e n s i t i v e to i t (50,51). Random encounters with 
arthropod predators or parasites should increase with searching 
a c t i v i t y , as would r i s k of dislodgement and f a l l o u t . 
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Moving long distances and t a s t i n g many surfaces (29) may also 
greatly increase contact rates with pathogens. Pathogens are 
often d i s t r i b u t e d on plant t i s s u e surfaces by other host insects 
(52), and are transmitted by subsequent contact with the same 
surfaces. Increased movement should disperse pathogens more 
widely and increase the p r o b a b i l i t y of encountering them. More
over, the chemistry of plant t i s s u e s may influence the composition 
of t h e i r surface faunas/floras (53). Hence, by focusing feeding 
a c t i v i t i e s on t i s s u e s with c e r t a i n chemical t r a i t s , insects may 
simultaneously f i n d themselves feeding on t i s s u e s which promote 
the growth of pathogens. This may be p a r t i c u l a r l y important when 
leaf age i s a c r i t e r i o n f or choice. We have observed consistently 
elevated v i r a l m o r t a l i t y (70% vs 30%, N = 80) among i n d i v i d u a l s of 
the noctuid, Orthosia h i b i s c i Guenee, when fed older (45 days) 
yellow b i r c h leaves as compared with those fed young (less than 10 
days) leaves from the sam
due to d i f f e r e n t i a l chemistr
more parsimonious hypothesis i s that older leaves have had more 
time to c o l l e c t more pathogens. Hence, t r a v e l l i n g on older 
leaves may be quite r i s k y . 

Some insect species may avoid the r i s k s of cuing v i s u a l 
predators (e.g., birds) while moving by being a c t i v e only at 
night (29,54). In many habitats t h i s would mean reducing the 
time a v a i l a b l e f o r feeding by one-half or two-thirds, r e s u l t i n g 
i n a decrease i n growth rate of as much as 40 or 50% (_55,56) . 
Slowing the growth rate by t h i s much adds to the length of time 
an insect i s a v a i l a b l e to a l l r i s k s (57,58); there i s a tradeoff 
between r e s t r i c t e d feeding and r i s k s over the l i f e t i m e of the 
insect as w e l l as during each feeding bout. This i s the t h i r d 
means by which the insect's exposure to r i s k s i s increased by 
v a r i a b l e host q u a l i t y . 

These tradeoffs can be depicted g r a p h i c a l l y (Figure 2). I 
have suggested (29) that the form of expected food y i e l d during 
an insect's foraging among var i a b l e resources should be repre
sented by a r i s i n g , asymptotic curve i f the insect selects some 
subset of t i s s u e s from those i t encounters. We can p l o t the 
survivorship p r o b a b i l i t y of an i n d i v i d u a l as a negative expo
n e n t i a l function of the capture rate; such a function f o r a 
constant capture rate of 30% i s shown i n Figure 2. A capture 
rate of 30% represents the median rate of removal of c a t e r p i l l a r s 
by b i r d s i n a north temperate fo r e s t as determined by Holmes et 
a l (59), and i s a conservative estimate f o r parasitism rates at 
moderate host d e n s i t i e s (e.g. 60). The more va r i a b l e the leaves 
from which an insect must s e l e c t a meal, the lower i t s expected 
y i e l d over a given time i n t e r v a l (the lower y i e l d curve i n 
Figure 2 represents 1/2 the a v a i l a b l e leaves of the upper curve, 
or twice the v a r i a b i l i t y ) . As a r e s u l t of the increased time 
spent searching, the contact rate with and p r o b a b i l i t y of capture 
by a predator or parasite increases greatly f o r a given food 
y i e l d as tissues become more v a r i a b l e . There i s a d i r e c t 
influence of v a r i a b i l i t y on r i s k . 

In Plant Resistance to Insects; Hedin, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



\ 
3

0
% 

M
or

ta
li

ty
 

\ 
N 

Le
ss

 
Va

ri
ab

le
 

TI
M

E 
O

R 
D

IS
TA

N
C

E 

Fi
gu

re
 2

. 
G

ra
ph

ic
al

 m
od

el
 o

f 
yi

el
d 

an
d 

ri
sk

 a
cc

ru
in

g 
du

ri
ng

 f
or

ag
in

g 
by

 a
 d

ef
ol

ia
tin

g 
in

se
ct

. M
or


ta

lit
y 

fr
om

 n
at

ur
al

 e
ne

m
ie

s i
s 

as
su

m
ed

 to
 b

e 
co

ns
ta

nt
 a

t 
30

%
, 

re
su

lti
ng

 i
n 

ex
po

ne
nt

ia
lly

 
de

cr
ea

si
ng

 
su

rv
iv

or
sh

ip
 c

ur
ve

 (
da

sh
ed

).
 Y

ie
ld

 (
so

lid
 l

in
es

) 
ac

cu
m

ul
at

es
 c

ur
vi

lin
ea

rl
y 

(s
ee

 2
9)

 a
nd

 m
or

e 
ra

pi
dl

y 
w

he
n 

le
av

es
 a

re
 l

es
s 

va
ri

ab
le

 (
be

ca
us

e 
m

os
t 

le
av

es
 c

an
 b

e 
co

ns
um

ed
) 

th
an

 w
he

n 
th

ey
 a

re
 h

ig
hl

y 
va

ri
ab

le
 (

m
an

y 
do

 n
ot

 c
on

tr
ib

ut
e 

to
 t

he
 d

ie
t)

. F
or

 a
n 

ex
pe

ct
ed

 y
ie

ld
 o

f 
1 

hy
po

th
et

ic
al

 u
ni

t, 
fo

ra
gi

ng
 

lo
ng

er
 (

be
ca

us
e 

le
av

es
 a

re
 v

ar
ia

bl
e)

 r
ed

uc
es

 t
he

 p
ro

ba
bi

lit
y 

of
 s

ur
vi

vi
ng

 
by

 a
n 

am
ou

nt
 l

ab
el

ed
 

E(
Y)

=
1 

on
 r

ig
ht

 a
xi

s.
 T

he
 r

ed
uc

tio
n 

in
 s

ur
vi

vo
rs

hi
p 

is
 m

uc
h 

gr
ea

te
r 

by
 t

he
 t

im
e 

E(
Y)

—
2.

 
Le

af
 

va
ri

ab
ili

ty
 d

ec
re

as
es

 th
e 

pr
ob

ab
ili

ty
 o

f 
su

rv
iv

in
g.

 

In Plant Resistance to Insects; Hedin, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



46 PLANT RESISTANCE TO INSECTS 

An example employing data f o r gypsy moth larvae and t h e i r 
t a c h i n i d f l y p a r a s i t e , Blepharina pratensis Meigen, i s depicted i n 
Figure 3. The p a r a s i t o i d i n f e c t i o n rate i s derived from studies 
done i n Centre County, PA, under moderate gypsy moth d e n s i t i e s 
(60). The f l i e s begin to o v i p o s i t on f o l i a g e when gypsy moth 
larvae are i n the 3d i n s t a r , and the microtype eggs are consumed 
by larvae. There i s d i f f e r e n t i a l p a r a s i t o i d survivorship i n 
c a t e r p i l l a r s of d i f f e r e n t i n s t a r s , and the " s u r v i v a l " curve i n 
Figure 3 represents successful c a t e r p i l l a r k i l l s corrected for 
p a r a s i t o i d m o r t a l i t y i n the host. C a t e r p i l l a r dry weights are 
taken from a study (61) of the e f f e c t s of gypsy moth d e f o l i a t i o n 
on host plant food q u a l i t y and l a r v a l growth. The "normal 
f o l i a g e " growth curve approximates the growth rate of gypsy moth 
larvae on normal oak f o l i a g e through the l a s t 4 i n s t a r s . The 
"induced f o l i a g e " curve approximates the growth of larvae on 
f o l i a g e from d e f o l i a t e
larvae i s about 4 days
f o l i a g e " larvae (61). Most of the retardation occurs i n the 
f i r s t 3 i n s t a r s ; by" the 5th and 6th i n s t a r s reduced food q u a l i t y 
no longer depresses growth rates below c o n t r o l larvae (M. 
Montgomery, pers. comm.). 

As a consequence of an apparently induced change i n food 
q u a l i t y (probably due to increased tannin contents; _38), develop
ment time i s lengthened. This i n turn r e s u l t s i n an increase i n 
parasitism rates. The depiction i n Figure 3, although somewhat 
schematic, shows a decrease i n survivorship of almost 20% r e s u l t 
ing from a growth rate reduction of 3%. I n t e r e s t i n g l y , were 
growth rates slowed enough, the c a t e r p i l l a r s could escape 
parasitism by t h i s f l y . B. pratensis eggs l a s t about 2 weeks on 
f o l i a g e . Were development of some c a t e r p i l l a r s delayed enough, 
they might enter the 3d i n s t a r l a t e enough to avoid v i a b l e 
p a r a s i t o i d eggs. On the other hand, the adult f l i e s apparently 
track c a t e r p i l l a r population development and time o v i p o s i t i o n to 
coincide with entry i n t o the 3d c a t e r p i l l a r i n s t a r (60). 

Thus a constant m o r t a l i t y or s u s c e p t i b i l i t y , from a complex 
of enemies or from generalized predators or p a r a s i t e s , r e s u l t s i n 
a steep increase i n r i s k with time vFigure 2). The time 
necessary to accumulate materials f o r growth and the l e v e l of r i s k 
while doing so may be increased greatly when food plant q u a l i t y i s 
v a r i a b l e . Both s p a t i a l v a r i a b i l i t y and temporal v a r i a b i l i t y (e.g. 
induction) can have t h i s e f f e c t . Even when the r i s k accumulation 
i s slower and growth i s slowed a very small amount (as i n the 
fly-gypsy moth case), host plant v a r i a t i o n can have a major impact 
on exposure to enemies (Figure 3). 

F i n a l l y , density-dependent m o r t a l i t y from various enemies may 
be enhanced by host plant v a r i a t i o n . Again, focusing feeding 
a c t i v i t i e s on a r e s t r i c t e d set of s u i t a b l e t i s s u e s should also 
focus the a c t i v i t i e s and abundance of pathogens, p a r a s i t o i d s , and 
predators. S e s s i l e i n s e c t s , such as gall-forming aphids (55,62), 
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experience increased contagion i n terms of m o r t a l i t y from enemies. 
By occurring predictably on p a r t i c u l a r plant surfaces or i n 
p a r t i c u l a r l o c a t i o n s , insects may focus the searching a c t i v i t i e s 
of predators and parasites i n a density-dependent fashion (e.g., 
55,62,63). 

More complex, second order i n t e r a c t i o n s may be imagined, 
i n v o l v i n g more than one natural enemy. For example, consider 
insects to which tannins are important deterrents and digestion 
i n h i b i t o r s . As mentioned above, elevated gut pH appears to be a 
way of dealing with tannins, since tannin-protein complexes are 
dissociated or i n h i b i t e d at a l k a l i n e pH (16,32). Indeed, using a 
model i n v i t r o system i n which hemoglobin i s employed as a protein 
substrate, we found that several natural tannins and phenolic 
extracts do not p r e c i p i t a t e t h i s p r o t e i n when the pH exceeds about 
8.5 (Figure 3; 32); binding i s quite complete from pH 4 through 8. 
Although hemoglobin i s
plant proteins i n molecula
f o r example) and i s a useful comparison (32). 

I t i s i n t e r e s t i n g to note that the s o l u b i l i t y of the 
c r y s t a l l i n e t o x i n of a common, important c a t e r p i l l a r pathogen, 
B a c i l l u s t h u r i n g i e n s i s (Bt), runs from j u s t over pH 8 to about 
pH 9.5 (64,65,66). Above pH 9.5, there i s some doubt that the 
p r o t e i n t o x i n remains e f f e c t i v e (66). Hence, a c a t e r p i l l a r 
adapted for feeding on high-tannin foods i s i n a precarious 
s i t u a t i o n , caught between increasing the d i g e s t i b i l i t y of i t s food 
and the r i s k of pathogen " s u s c e p t i b i l i t y . The s o l u b i l i t y of the 
protein coats of several nuclear polyhedrosis viruses (NPV)- and 
hence t h e i r virulence i n the insect gut- ranges from pH 4.5 to pH 
8.5 (67,68). Hence tannin-tolerant insects with elevated gut pH's 
may be r e l a t i v e l y r e s i s t a n t to these pathogens. According to 
theory (6£,70), early successional plants should have low tannin 
contents and t h e i r herbivores should have lower gut pH values 
(16). An emerging hypothesis would be that c a t e r p i l l a r species 
feeding on l a t e successional trees would be more susceptible to Bt 
and l e s s susceptible to NPV than are t h e i r r e l a t i v e s on e a r l i e r -
successional plants. This hypothesis i s as yet untested. I t 
could have great p r a c t i c a l importance, since these pathogens are 
currently being developed and promoted as b i o l o g i c a l c o n t r o l 
agents f o r f o r e s t pests on both high-tannin and low-tannin tree 
species. 

M i c r o b i a l c h i t i n a s e has been proposed as a syngergist f o r Bt 
(71). I t s r o l e would be to digest holes i n the insect gut w a l l 
and f a c i l i t a t e penetration of Bt t o x i n . However, unless the 
c a t e r p i l l a r ' s gut pH can be manipulated (71), t h i s i s u n l i k e l y to 
be e f f e c t i v e with Bt, but might be f e a s i b l e with NPV (Figure 4). 

How does chemical v a r i a b i l i t y enter i n t o t h i s pH scenario? 
F i r s t , by concentrating on low-tannin t i s s u e s , an insect may be 
able to feed on a tree species with high average tannin values 
while maintaining a lower gut pH. However, t h i s could increase 
pathogen r i s k (Figure 4). Second, gut pH may f l u c t u a t e with the 
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Figure 4. Binding of a protein (hemoglobin) to several tannin extracts (tannic 
acid, sugar maple tannins, yellow birch tannins, quebracho tannins; see 29) at vari
ous pH values. Ranges of microbial chitinase activity, NPV activity, and Bt toxicity 

are given. See text for discussion and references. 
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food a c t u a l l y ingested, and may decrease i n animals starved f o r 12 
hours (72). Thus any insect experiencing long periods between 
meals may experience lowered gut pH and possible d i g e s t i b i l i t y 
problems when feeding begins. More i n t e r e s t i n g , a high gut pH may 
decline into a region of maximum pathogenicity f o r organisms l i k e 
Bt. 

But why would a c a t e r p i l l a r not feed f o r up to 12 hours? I f 
su i t a b l e food i s widely scattered and r i s k s of movement among 
feeding s i t e s are high (above), many insects may be forced to feed 
only at night (29,54). In north temperate f o r e s t s , such an insect 
w i l l "starve" for from 8 to 14 hours. One consequence of t h i s 
t a c t i c may be that the f i r s t meal of the evening may be very 
r i s k y . 

Some aspects of plant v a r i a t i o n could i n t e r f e r e with the 
impact of natural enemies. Some enemies may be unable to a s s o c i 
ate microhabitat cues (e.g.
with prey or host l o c a t i o n
feeding on r e s t r i c t e d t i s s u e s w i l l tend to appear widely spaced 
and they may not be r e a d i l y encountered. I t appears to me that 
many, i f not most, p a r a s i t o i d s and predators can be found to use 
one or more cues. This negative e f f e c t could be counteracted by 
increased encounter rates during herbivore searching movements. 

The metabolic costs of t r a v e l l i n g among feeding s i t e s and 
r e s t i n g long periods without feeding could be translated d i r e c t l y 
i n t o reduced insect fecundity (29). Were t h i s e f f e c t strong 
enough, i t i s conceivable that insect d e n s i t i e s might be reduced 
d i r e c t l y . A possible consequence of t h i s would be reduced 
density-dependent m o r t a l i t y . There are no data a v a i l a b l e f o r the 
metabolic costs of 'walking f o r insects such as c a t e r p i l l a r s . 

Conclusions and Management Prospects 

I have argued that uniform chemical defenses cannot be 
e v o l u t i o n a r i l y stable. For trees, t h i s means they should not 
remain e f f e c t i v e even f o r a single tree generation. But trees are 
not uniform; they are dynamic, highly diverse habitats and food 
sources for in s e c t s . Although plant chemistry can influence 
natural enemies d i r e c t l y , i t may do so i n e i t h e r p o s i t i v e or 
negative fashion, and t h i s influence should not remain e f f e c t i v e 
over evolutionary time, e i t h e r . However, chemical v a r i a b i l i t y 
influences s u s c e p t i b i l i t y of herbivores to natural enemies by 
fo r c i n g c o s t l y tradeoffs upon insects which involve unavoidable 
r i s k s and metabolic costs. These d i f f i c u l t i e s are less e a s i l y 
overcome by adaptation. In addition to these s y n e r g i s t i c e f f e c t s , 
chemical v a r i a b i l i t y could maintain the effectiveness of plant 
defenses through a general slowing of adaptation due to lowered 
contact rates with s p e c i f i c defenses or the d i f f i c u l t y of dealing 
with m u l t i p l e fact o r s . 

These observations are of p r a c t i c a l importance. The kinds of 
v a r i a b i l i t y I have described appear to exert c o n t r o l on insect 
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populations and consumption i n nature. For example, induction 
responses may be c r i t i c a l to l i m i t i n g occasional pest outbreaks 
(35,36,38). The timing and type of human intervention i n such 
events could disrupt such d e l i c a t e controls. Early reduction i n 
insect d e n s i t i e s during an outbreak through the use of pe s t i c i d e s 
or a b i o l o g i c a l c o n t r o l agent acting early i n the l i f e h i s t o r y of 
a pest l i k e the gypsy moth could reduce the impact of c a t e r p i l l a r 
feeding on host trees and slow or h a l t tree induction responses. 
Just such a s i t u a t i o n , although with l i t t l e consideration of the 
biology of the p a r t i c i p a n t s , has been modelled by several authors 
(73,74). As a r e s u l t of untimely intervention, i n t e r a c t i o n s 
which may n a t u r a l l y l i m i t outbreaks could be fru s t r a t e d and 
a r t i f i c i a l controls may become necessary over extended periods. 

Some b i o l o g i c a l c o n trol e f f o r t s may be f a u l t y or may be 
improved when plant chemistry and v a r i a b i l i t y are taken i n t o 
account. For example,
may work w e l l on high-tanni
such as those feeding on l a t e successional or slow-growing tree 
species, but i t may be l e s s e f f e c t i v e on early successional 
species or early i n the growth season on high-tannin trees. NPV 
may be more e f f e c t i v e i n early successional s i t u a t i o n s or any 
s i t u a t i o n where tannins are not important plant defenses. In 
addi t i o n , some plant chemicals may make c e r t a i n b i o l o g i c a l c o n t r o l 
agents less e f f e c t i v e . Examples include plant chemicals which are 
t o x i c to p a r a s i t o i d s (24) and those which are a n t i b a c t e r i a l (e.g., 
monoterpenes i n confers; 26). Knowledge of natural v a r i a t i o n i n 
plant chemistry could g r e a t l y a i d i n improving such c o n t r o l 
methods. 

F i n a l l y , I would suggest that plant v a r i a b i l i t y , genotypic 
and/or phenotypic, i s as important to trees as i t i s to 
herbaceous species such as crop plants. I t should thus be as 
important i n tree plantations and for e s t management as i t has 
become i n a g r i c u l t u r e . As forest management takes on more 
c h a r a c t e r i s t i c s of large scale a g r i c u l t u r e , perhaps we should take 
a lesson from the mad scramble f o r old "new" genes i n corn and 
other crops and avoid the mistakes inherent i n large, uniform 
plantations (11,75,76). Tree defense v a r i a b i l i t y may be as 
important or more important than uniform resistance per se. I t 
seems reasonable to suggest maintaining i t or mimicking i t under 
intense management conditions. C e r t a i n l y , there are su b s t a n t i a l 
grounds for concentrating research e f f o r t s on studies of variance 
as w e l l as means. 
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4 
Responses of Alder and Willow to Attack 
by Tent Caterpillars and Webworms: 
Evidence for Pheromonal Sensitivity of Willows 
D A V I D F . R H O A D E S 

University of Washington, Department of Zoology, Seattle, WA 98195 

Red alder (Alnus rubra) and Sitka willow (Salix sit-
chensis) trees subjecte
(Malacosoma californicu
tria cunea), respectively, exhibited a change in foliage 
quality such that bioassay insects fed leaves from the 
attacked trees grew more slowly than those fed leaves 
from unattacked control trees. In contrast, bioassay 
of leaf quality of S. sitchensis, subjected to attack 
by tent caterpil lars, indicated that altered leaf quality 
had been induced not only in the attacked trees but also 
in nearby unattacked control trees. This suggests that 
S. sitchensis i s sensitive to and can respond to s ig
nals generated by attacked trees or the caterpi l lars . 
Since no evidence was found for root connections bet
ween attacked and control willows, the message may be 
transferred through airborne pheromonal substances. 

During the l a s t several years there has been an increasing 
i n t e r e s t i n , and demonstration of, the f a c t that plants subjected 
to attack by insects or other herbivores can decrease the q u a l i t y 
of t h e i r tissues as food by increasing t h e i r content of defensive 
substances, decreasing t h e i r content of nut r i e n t s , or both (1-5). 
There i s evidence for both short and long term plant responses to 
attack. Short term responses occurring during the period of 
attack can be expected to influence the f i t n e s s of the attacking 
herbivores, whereas long term responses may influence the f i t n e s s 
of subsequent herbivores. These induced plant responses could 
have profound e f f e c t s on the population dynamics of herbivores. 
The experiments described here were designed to detect short term 
changes i n l e a f q u a l i t y of red alder (Alnus rubra Bong; Betula-
ceae) and S i t k a willow ( S a l i x s i t c h e n s i s Sanson; Salicaceae) i n 
response to attack by two species of polyphagous, u n i v o l t i n e , 
c o l o n i a l , d e f o l i a t i n g Lepidoptera, western tent c a t e r p i l l a r s 
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(Malacosoma californicum p l u v i a l e Dyar; Lasiocampidae) and f a l l 
webworms (Hyphantria ctmea Drury; A r c t i i d a e ) . 

If herbivore attack can lead to reduced food q u a l i t y of 
plants, then i t seems reasonable that n a t u r a l l y attacked plants 
should e x h i b i t decreased food q u a l i t y compared to n a t u r a l l y 
unattacked ones. On the other hand, there i s considerable e v i 
dence that herbivores p r e f e r e n t i a l l y attack plants or tissues of 
high food q u a l i t y (3). In other words, plant food q u a l i t y can 
probably act both as a dependent and an independent v a r i a b l e as 
f a r as degree of herbivory i s concerned. Therefore, conclusions 
drawn from comparisons of f o l i a g e properties of n a t u r a l l y 
attacked versus n a t u r a l l y unattacked plants are l i k e l y to be 
confounded by the i n t e r a c t i o n of these two e f f e c t s . To avoid 
t h i s problem the following experiments were conducted by 
subjecting plants to attack by insects placed on them by the 
in v e s t i g a t o r s . 

Red Alder Attacked by Tent C a t e r p i l l a r s 

In western Washington State tent c a t e r p i l l a r s were abundant 
during the springs of 1975, 1976, and 1977, attacking alders, 
willows, and other species of broad-leafed trees. Alders and 
willows at our study s i t e near Kent, King Co., Washington, were 
heavily attacked i n 1977, some trees s u f f e r i n g almost complete 
d e f o l i a t i o n . In 1978 the l o c a l populations crashed, producing 
few v i a b l e egg masses. Since the spring of 1979, no natural 
colonies have been observed w i t h i n a radius of 10 km of the 
Kent s i t e . 

In spring of 1979 seven p a i r s of 3-year-old alder trees of 
average height 3.1 ± 0.1 (S.E.) m and volume 3.5 ± 0.5 m 3 were 
selected. P a i r s were chosen on the basis of proximity and s i m i 
l a r i t y i n s i z e and exposure to the sun. For each p a i r one member 
was randomly assigned as test tree, the other as c o n t r o l . Dis
tance between each control tree and the nearest t e s t tree averaged 
6.1 ± 1.1 m. Two tent c a t e r p i l l a r egg masses, c o l l e c t e d the 
previous winter from alder trees, were attached to each of the t e s t 
trees. A sample of the egg masses (n = 55) contained 214 eggs 
per egg mass of which 3.2% were p a r a s i t i z e d and 6.6% did not hatch 
due to unknown causes. The egg masses had a l l hatched by A p r i l 
26. Migration of larvae from the test trees and onto control 
trees was prevented by tanglefoot bands over aluminum f o i l on the 
trunks of a l l trees. Netting bags were placed over assay branches 
on both test and control trees to provide equivalent leaves, 
protected from the tent c a t e r p i l l a r s , f o r l a t e r bioassay and 
chemical a n a l y s i s . This ensured that any differences found bet
ween leaves from test and c o n t r o l trees were due to changes i n 
leaf q u a l i t y rather than within-plant heterogeneity combined with 
p r e f e r e n t i a l consumption of high q u a l i t y leaves by the insects. 
I t also ensured that any plant responses observed were systemic 
rather than l o c a l i z e d wound responses. In mid-May the colonies 
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were observed to be growing more slowly than expected, constructing 
very small tents and causing l i t t l e l e a f damage to the trees, so 
on May 20 an average of 3.4 t 0.4 (S.E.) a d d i t i o n a l colonies 
c o l l e c t e d from alder were placed on each of the test trees. 
Commencing May 23, t h i r d and fourth i n s t a r tent c a t e r p i l l a r s 
c o l l e c t e d from alder were raised i n the laboratory (one r e p l i c a t e 
per tree, 25 larvae per r e p l i c a t e ) on the assay branches detached 
from the test and control trees. The assay larvae were weighed, 
survivors counted, and dead larvae removed p e r i o d i c a l l y (Figure 
1A). Assay branches were replaced each time that the larvae were 
weighed and censused. Larvae feeding on leaves from the t e s t 
trees grew more slowly and had lower survivorship than those fed 
leaves from the control trees (Figure LA). Biomass per r e p l i c a t e 
of larvae, u n t i l the i n i t i a t i o n of pupation, was s i g n i f i c a n t l y 
higher f o r larvae fed c o n t r o l leaves than for those fed leaves 
from attacked trees on
t a i l e d paired t t e s t ) . Survivorshi
s i g n i f i c a n t l y higher for the controls. For pupae survivorship 
averaged 16.0 ± 6.3% (S.E.) f o r controls versus 6.9 ± 3.5% for 
those produced from larvae feeding on leaves from attacked plants 
Cp < 0.05, one-tailed paired t t e s t ) . Death of larvae i n both 
laboratory groups and the insects i n the f i e l d was associated with 
a condition i n which, s h o r t l y before death, the larvae produced 
l i q u i d feces instead of the normal f e c a l p e l l e t . Pupal weights 
were not s i g n i f i c a n t l y d i f f e r e n t between test and cont r o l groups 
for either male or female pupae, but adults from pooled t e s t and 
pooled control groups produced only one egg mass i n the former 
case and eight egg masses i n the l a t t e r (x^ = 5.59, p < 0.025). 
By June 11 a l l of the f i e l d load insects had died or l e f t the 
trees. Leaf damage to the tes t trees when measured on June 3 was 
r e l a t i v e l y l i g h t . Leaves e x h i b i t i n g noticeable damage averaged 
27.6 ± 2.1% (S.E.) fo r the control trees and 49.0 ± 4.7% fo r t e s t 
trees (p < 0.01, one-tailed paired t t e s t ) . Estimated l e a f area 
lo s s averaged 2.5 ± 0.2% f o r controls and 11.3 ± 2.1% for test 
trees (p < 0.005, one-tailed paired t t e s t ) . Damage to control 
trees was due to u n i d e n t i f i e d insects other than tent c a t e r p i l l a r s . 

Samples of fresh leaves from the assay branches of a l l trees 
were extracted with 85% aqueous methanol on June 3. These 
extracts were assayed for t o t a l phenolic content by the F o l i n -
Denis Method (6) and proanthocyanidins (7). On a dry weight basis, 
the proanthocyanidin s p e c i f i c e x t i n c t i o n c o e f f i c i e n t s I E r Cm( 550nm)] 
indicated 24% higher l e v e l s , on average, i n leaves from attacked 
versus control trees (p < 0.05, one-tailed paired t t e s t ) . F o l i n -
Denis s p e c i f i c e x t i n c t i o n c o e f f i c i e n t s [E}j? m(725 nm)] averaged 12% 
higher, on a dry weight basis, f o r leaves from attacked trees, but 
t h i s difference was not s i g n i f i c a n t (p < 0.1, one-tailed paired t 
t e s t ) . The chemical nature of alder proanthocyanidins has not 
been investigated, but proanthocyanidin values have been 
commonly used to indicate l e v e l s of condensed tannins i n plants 
(8, 9, 10). 
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Figure 1. A: Average biomass and survivorship of groups of western tent caterpil
lar larvae fed leaves in the laboratory from red alder trees under attack by tent 
caterpillars in the field ( ) compared to those fed leaves from unattacked con
trol alders (—). B: Average biomass and survivorship of groups of tent caterpillar 
larvae fed leaves in the laboratory from Sitka willow trees under attack by tent cater
pillars in the field (—) compared to those fed leaves from unattacked control willows 
( ). The test trees were reloaded with additional colonies of tent caterpillars 

on the indicated date. 
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Since test and cont r o l alders had been randomly assigned, no 
s i g n i f i c a n t pre-treatment differences i n f o l i a g e q u a l i t y were to 
be expected. Thus attack of alder by tent c a t e r p i l l a r s produced a 
change i n f o l i a g e q u a l i t y which caused decreased growth, s u r v i v a l , 
and egg mass production i n tent c a t e r p i l l a r s raised i n the labora
tory on detached branches. Furthermore, t h i s change was induced 
by r e l a t i v e l y l i g h t grazing l e v e l s and occurred w i t h i n a time 
period of 27 days, or shorter, of the i n i t i a t i o n of attack. The 
change i n f o l i a g e q u a l i t y was systemic since i t occurred i n leaves 
on branches protected from attack, and i t was associated with an 
increase i n proanthocyanidin content of the f o l i a g e . Even though 
s i g n i f i c a n t differences i n biomass accumulation and survivorship 
were observed between test and control assay insec t s , the s u r v i 
vorships of both groups were low, and t h i s was r e f l e c t e d i n the 
poor performance of the attacking insects i n the f i e l d . This may 
have been due to low f o l i a g
repeated attack from ten
outbreak (3). 

S i t k a Willow Attacked by Tent C a t e r p i l l a r s 

During the same spring (1979) that the above experiment was 
performed, a s i m i l a r experiment i n which S i t k a willow was sub
jected to attack by tent c a t e r p i l l a r s was car r i e d out. Seven 
pairs of four-year-old willow trees of average height 4.5 ± 0.2 
(S.E.) m and volume of 6.1 ± 0.7 m3 were selected at the Kent s i t e . 
Test and control trees were randomly assigned for each p a i r . 
Distance between each control and the nearest test tree averaged 
3,5 i 0,4 m, An average of 7.4 i 0.3 egg masses c o l l e c t e d from 
alder and from the same bulk c o l l e c t i o n used i n the previous 
experiment were placed on each of the test trees, a l l hatching by 
A p r i l 24. Migration of larvae from the t e s t trees, onto control 
trees and onto assay branches, was prevented by tanglefoot bands 
over aluminum f o i l . A l l test and control trees were treated 
s i m i l a r l y . On May 11 the laboratory feeding experiment was 
i n i t i a t e d . Second and t h i r d i n s t a r tent c a t e r p i l l a r larvae, 
raised on willow i n the f i e l d from egg masses c o l l e c t e d from 
alder, were fed detached leaves i n the laboratory (25 larvae per 
r e p l i c a t e , one r e p l i c a t e per t r e e ) . Feed leaves, detached from 
the assay branches, were replaced every second day. In contrast 
to the experiment with alder, no difference i n growth rates or 
survivorship between insects raised on leaves from attacked or 
control trees was observed (Figure IB). 

Due to the very poor performance of the insects i n the f i e l d , 
as had been noted i n the alder experiment above, the test trees 
were reloaded with an average of 8.0 ± 1.0 (S.E.) a d d i t i o n a l 
colonies of tent c a t e r p i l l a r s , obtained from alder, since none 
were a v a i l a b l e from willow, on May 22, These a d d i t i o n a l colonies 
were mainly i n the 4th and early 5th i n s t a r , whereas the o r i g i n a l 
larvae hatched on the trees were s t i l l mainly i n the t h i r d i n s t a r . 
Thus, at the time of reload, the trees experienced a large 
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increase i n biomass of attacking insects. Coincident with the 
reload operation, a large drop i n average biomass was observed f o r 
both test and c o n t r o l groups of assay insects. This was due mainly 
to an increased rate of m o r t a l i t y from May 25 onward (Figure IB). 
It should be noted that biomass and survivorship data (Figure IB) 
represent performance of assay insects fed leaves obtained two 
days previously so the f i r s t post-load survivorship i s that 
obtained on May 25. 

Death of the assay insects was associated with the production 
of l i q u i d feces. Very l i t t l e feeding by the reload insects was 
observed. They spent most of t h e i r time r e s t i n g on the tents or 
wandering i n apparent attempts to leave the trees. By the end of 
May a l l insects had e i t h e r died or dropped from the trees. This 
behavior strongly contrasts with that observed when tent cater
p i l l a r s are transferred to willow  previously unattacked by tent 
c a t e r p i l l a r s during tha
host range. Under thes
survive, grow and remain on the trees f o r extended periods (for 
example see following experiment). So, i n s p i t e of the large 
numbers of egg masses and mature colonies placed on the test trees, 
leaf damage was low when measured on June 1. An average of 
37.7 t 5.4% (S.E.) of leaves on the test trees were attacked. 
Estimated l e a f area l o s t from the t e s t trees averaged 6.2 ± 2.4%. 
The corresponding figures f o r the controls were 11.5 t 1.4% 
(p < 0.0025, one-tailed paired t t e s t ) leaves attacked and 
1.7 ± 0.5% (p < 0.0025) l e a f area l o s t , due to u n i d e n t i f i e d 
insects other than tent c a t e r p i l l a r s . 

Thus, i n contrast to the r e s u l t s obtained the same season 
with alder, no differences were found i n tent c a t e r p i l l a r growth 
or s u r v i v a l when fed leaves from attacked versus control willows. 
I t i s possible that the rapid drop i n biomass of the assay insects 
feeding on leaves from attacked and control trees coincided with 
reload of the t e s t trees by chance, possibly due to the rapid 
spread of a pathogen through the laboratory insect population (11). 
On the other hand, the p o s s i b i l i t y that reload of the t e s t trees 
caused the biomass drop i n both test and control assay insects 
cannot be discounted. Both attacked and nearby unattacked c o n t r o l 
willows may have r a p i d l y decreased the food q u a l i t y of t h e i r 
leaves i n response to a sudden increase i n biomass of insects on 
the attacked trees. I f so, t h i s suggests that unattacked willows 
are s e n s i t i v e to signals from the insects or nearby attacked 
willows. This p o s s i b i l i t y was investigated i n the following 
experiment. 

In the spring of 1981, 20 six-year-old willows of average 
height 5.6 ± 0.1 (S.E.)m and volume 7.5 t 1.0 m3 were selected 
from the same stand used i n the preliminary experiment i n 1979. 
None of these trees had been used i n the previous experiment. 
Stems and assay branches were banded with tanglefoot as before, 
and 10 test and 10 nearby c o n t r o l trees were randomly assigned 
i n pairwise fashion. Distance between each control and the 
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nearest t e s t tree averaged 3.3 i 0,6 (S,E.) m. A f a r control 
group of 20 six-year-old willows 1,6 km from the test s i t e was 
also selected and banded with tanglefoot. These trees averaged 
4.8 ± 0.2 m i n height and 8.9 ± 1.7 m3 i n volume. 

In the preliminary experiment of 1979, egg masses had been 
placed on the test willows. Approximately one month a f t e r the 
eggs had hatched the numbers of larvae attacking the trees had 
been reinforced with a d d i t i o n a l colonies (reload). In 1981, 
i n s u f f i c i e n t egg masses were a v a i l a b l e to repeat t h i s procedure, 
but as the season progressed we were able to locate tent cater
p i l l a r colonies i n the f i e l d . These colonies, containing larvae 
from t h i r d to early f i f t h i n s t a r , were c o l l e c t e d from w i l d rose 
(Rosa nutkana), b i t t e r cherry (Prunus emarginata), domestic apple 
(Pyrus malus), hawthorn (Crataegus monogyna), and Scouler willow 
( S a l i x scouleriana). On May 28 the colonies were attached to the 
test trees, unattacked
3.9 ± 0.4 (S.E.) colonie  pe  correspond  approxi
mately 600 larvae per tree. The larvae were censused on the trees 
p e r i o d i c a l l y u n t i l the end of June (Figure 2). Leaf q u a l i t y 
before and a f t e r adding insects (load) was bioassayed i n the 
laboratory using tent c a t e r p i l l a r larvae raised from the egg stage 
on willow. In contrast to the bioassay used i n previous experi
ments, i n which larvae had been grown continuously on p e r i o d i c a l l y 
replaced leaves over the e n t i r e course of the experiment, a d i f 
ferent assay method was used. In t h i s procedure batches of larvae 
(4-14 larvae per batch, depending on a v a i l a b i l i t y at the time of 
assay, one r e p l i c a t e per tree) were raised on leaves from assay 
branches of test and con t r o l trees f o r an average time period of 
22.1 hours (range 21.1 to 23.0) a f t e r which time the larvae were 
weighed and discarded. Fresh larvae were then used i n subsequent 
assays. An advantage of t h i s method i s that i t greatly f a c i l i 
tates the detection of rapid changes i n f o l i a g e q u a l i t y . On the 
other hand, i t produces no information concerning the cumulative 
e f f e c t s of f o l i a g e q u a l i t y , and changes thereof, on s u r v i v a l or 
e8g production. Since the amounts of f o l i a g e consumed or frass 
produced by the insects were not measured, i t i s not known whether 
differences i n growth rates were due to differences i n amounts 
eaten or to differences i n amounts assimilated or both. Whatever 
the mechanism may be, differences i n l a r v a l growth imply d i f f e r 
ences i n l e a f q u a l i t y . 

Relative growth rates of larvae fed leaves from t e s t , near 
co n t r o l , and f a r control groups were calculated as % increase i n 
fresh weight mass per unit time, over and above that of starved i n 
sects, normalized with respect to the f a r control group (Figure 2). 
On May 11, p r i o r to load, there were no s i g n i f i c a n t differences i n 
growth rates between the test and control groups, nor were there 
any s i g n i f i c a n t differences i n growth f o r the f i r s t three assays 
subsequent to load (0.1 < p < 0.25, ANOVA, for the most s i g n i f i c a n t 
case). However, on June 9, 11.5 days a f t e r load, larvae fed leaves 
from the test trees grew s i g n i f i c a n t l y more slowly than those fed 
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Figure 2. Top: normalized average relative growth rates of groups of western tent 
caterpillar larvae raised in the laboratory of leaves from test, nearby control, and 
far control Sitka willow trees. The test trees were loaded with tent caterpillar colon
ies on the indicated date. Bottom: density of tent caterpillar larvae attacking the 

trees on various dates. 
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leaves from the near or f a r controls (Figure 2, p < 0.05, Newman-
Keuls multiple range t e s t ) . In the subsequent assay on June 12th, 
14.5 days a f t e r load, larvae fed leaves from both test and nearby 
controls grew more slowly than those fed leaves from the f a r con
t r o l s (Figure 2, p < 0.01, Newman-Keuls multi p l e range t e s t ) . 

Leaves damaged averaged 44.8 +1.2% (S.E.) for the test trees, 
6.4 ± 0.6% for the near controls, and 10.4 ± 0.8% for the far 
controls, when measured at the beginning of July. A l l these 
differences were s i g n i f i c a n t (p < 0.01 for the l e a s t s i g n i f i c a n t 
case, Newman-Keuls multiple range t e s t ) . Estimated l e a f area 
losses were 15.8 t 1.0% for the test trees, 1.1 ± 0.1% for the 
near con t r o l s , and 1.6 * 0.2% f o r the f a r controls Leaf area 
l o s t by the test trees was s i g n i f i c a n t l y greater than that l o s t 
by each of the control groups (p < 0.001), but leaf areas l o s t by 
each of the two control groups were not s i g n i f i c a n t l y d i f f e r e n t 
(p < 0.5). Damage to leave
other than tent c a t e r p i l l a r s
were estimated at 2.6 ± 0.4 (S.E.)% f o r the t e s t trees versus 
3.3 ± 0.5% f o r the near controls and 2.4 t 0.3% f o r the f a r 
controls. The differences i n sampling pressure were not s i g n i 
f i c a n t (p > 0.5, ANOVA). 

These r e s u l t s supported the hypothesis that a l t e r e d l e a f food 
q u a l i t y can be induced i n both willows attacked by tent cater
p i l l a r s and nearby unattacked willows. The chemical basis of the 
changes i n leaf food q u a l i t y are unknown. Leaf Folin-Denis t o t a l 
phenolic and proanthocyanidin s p e c i f i c e x t i n c t i o n c o e f f i c i e n t s 
showed l i t t l e difference between te s t and control trees throughout 
the experiment. Willows commonly form c l o n a l stands and, con
ceivably, subterranean root connections could l i n k each nearby 
control tree to a test tree. I f so, a l t e r e d leaf q u a l i t y of the 
nearby controls could be due to a long-range systemic response. 
However, S a l i x s i t c h e n s i s i s not known to form c l o n a l stands (12), 
and excavation of 20 j>. sit c h e n s i s trees (1-3 m i n height) at the 
same s i t e and of the same age as the study trees gave no evidence 
of cloning or root g r a f t i n g . Therefore, airborne pheromonal sub
stances emitted by the tent c a t e r p i l l a r s or the attacked trees 
may be involved.-

S i t k a Willows Attacked by F a l l Webworm 

F a l l webworms, l i k e tent c a t e r p i l l a r s , are polyphagous, 
c o l o n i a l Lepidoptera that attack a wide v a r i e t y of broad-leafed 
trees and shrubs. Unlike tent c a t e r p i l l a r s , of which the l a r v a l 
stage occurs i n the spring, webworm larvae occur from mid-summer 
to early f a l l i n western Washington. In July 1980 an experiment 
to i n v e s t i g a t e possible changes i n willow leaf q u a l i t y induced by 
f a l l webworm attack was i n i t i a t e d The experiment was designed 
to take account of possible changes i n leaf q u a l i t y of unattacked 
willows near attacked ones. Two groups of willows, 10 willows per 
group and approximately 60 m between groups, were selected at the 
Kent s i t e , a test group A to be loaded with webworms and a control 
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group B (Figure 3). These trees were members of fi v e - y e a r - o l d 
even-aged stands, and t h e i r average heights and volumes were 
5.4 ± 0.2 m (S.E.), 7.5 + 1.9 m3 for group A and 4.7 + 0.2 m, 
4.1 t 0.5 m3 f o r group B. Two a d d i t i o n a l groups of willows (C and 
D), 10 willows per group and approximately 69 m between groups, 
were selected at a s i t e near Seattle-Tacoma International A i r p o r t , 
approximately 8 km from the Kent s i t e . Groups C and D were 
members of a f i v e - and four-year-old stand and measured 4.6 t 0.3 
m, 12.0 ± 2.1 m3, and 4.3 ± 0.3 m, 11.5 ± 1.8 m3 r e s p e c t i v e l y . 
These trees served as f a r control groups. 

Trunks and assay branches of a l l trees were banded with 
tanglefoot as previously described. On August 13 an average of 
1.9 t 0.2 (S.E.) colonies of webworms, obtained from alder, were 
loaded onto each of the test trees (Group A, Figure 3), Webworms 
transferred from alder to willow r e a d i l y feed, and a sample of 
the larvae were raised
willow. D i f f i c u l t i e s wer
the trees because they remain concealed w i t h i n t h e i r tent when 
not feeding, so on September 1 a l l colonies were removed and 
the larvae counted. At t h i s time leaves attacked (%) f o r the te s t 
group A and groups B, C, and D averaged: A, 56.6 ±2.7 (S.E.); 
B, 8.6 + 0.7; C, 10.4 ± 1.8; D, 14.4 ± 1.6. Estimated l e a f area 
loss (%) averaged: A, 20.7 ± 2.8; B, 1.1 ± 0.4; C, 1.6 ± 0.3; 
D, 2.6 t 0.4. For both l e a f damage measures Newman-Keuls mu l t i p l e 
range t e s t s showed that the test group had suffered greater leaf 
area damage than the other three groups (p < .001) among which 
damage was not s i g n i f i c a n t l y d i f f e r e n t . 

On September 9 fresh colonies obtained from alder were r e 
loaded onto the test trees at approximately the same density as 
i n the o r i g i n a l load (Figure 3). A census was obtained on Septem
ber 15, and the remaining larvae were removed and counted on Sep
tember 21. At t h i s time leaves attacked (%) averaged: A (test 
group), 61.4 ± 3.1; B, 8.5 ± 1.1; C, 9.4 ± 1.7; D, 14.7 ± 2.1. 
Estimated leaf area l o s s (%) averaged: A, 30.6 ± 2.7; B, 
1.3 ± 0.2; C, 1.7 ± 0.4; D, 2.9 ± 0.3. Again, both measures 
showed s i g n i f i c a n t l y greater l e a f damage (p < .001) f o r the test 
group A than the other three groups which were not s i g n i f i c a n t l y 
d i f f e r e n t from each other. Leaves removed i n sampling (%) 
averaged : A, 8.9 ± 1.0; B, 11.2 ± 1.3; C, 7.9 ± 1.5; D, 
9.7 t 1.4. Sampling pressure was not s i g n i f i c a n t l y d i f f e r e n t 
among the four groups (p > 0.5, Newman-Keuls m u l t i p l e range t e s t ) . 
Damage to leaves of control trees was due to u n i d e n t i f i e d insects 
other than webworms. 

Leaf q u a l i t y of the four groups of trees before and a f t e r 
load was compared by measuring the r e l a t i v e growth rates of web
worm larvae (14-20 larvae per r e p l i c a t e , one r e p l i c a t e per tree) 
fed leaves from the assay branches over a one to three day period 
i n the laboratory (Figure 3). These assay larvae were c o l l e c t e d 
from alder and fed willow for two days p r i o r to the feeding exper
iments. Since mass changes of starved insects were not measured, 
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Figure 3. Top: normalized average relative growth rate of fall webworm larvae 
raised on leaves from test (A), nearby control (B), and far control (C and D) groups 
of Sitka willow trees. The test trees were loaded with webworms and unloaded on 
the indicated dates. Connected points represent growth rates of larvae fed detached 
leaves in the laboratory. Unconnected points at the right represent growth rates in 
the field of larvae on the various groups of willow trees. Bottom: density of web

worm larvae attacking the test trees on various dates. 
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the r e s u l t s are expressed as averages of the % increases i n mass 
per unit time over the i n i t i a l values, normalized with respect to 
the B group (Figure 3). The webworms grew f a s t e r on the distant 
controls at the a i r p o r t s i t e (groups C and D) than on leaves from 
the t e s t and nearby controls at the Kent s i t e (groups A and B) i n 
a l l four laboratory assays. There were no s i g n i f i c a n t differences 
i n growth on leaves from groups C and D throughout the experiment. 
Growth rates of the laboratory assay insects on leaves from the 
test group A and nearby control group B were not s i g n i f i c a n t l y 
d i f f e r e n t from each other before load and during the f i r s t two 
assays subsequent to load. However, following the reload opera
t i o n , 35 days a f t e r the o r i g i n a l load, growth rates of the labora
tory insects were lower on leaves from the t e s t trees (A) than on 
those of the f a r and nearby controls (Figure 3). This was con
firmed by measuring the growth rates i n the f i e l d of groups of 
larvae (14 larvae per group
netti n g bags on the assa
period on September 17-20 (Figure 3). Relative growth rates i n 
the f i e l d feeding experiment showed a pattern very s i m i l a r to that 
of the f i n a l laboratory experiment (Figure 3). Absolute growth 
rates i n the laboratory were much higher than i n the f i e l d assays, 
however. They ranged between 5.5 times higher (group A) and 4.1 
times higher (group C). 

P r o b a b i l i t i e s that the observed differences i n l a r v a l growth 
between groups C and D, D and B, and B and A i n the f i n a l labora
tory feed are merely by chance are > 0.5, < 0.05, and < 0.1 
respectively (Newman-Keuls mul t i p l e range t e s t ) . Corresponding 
p r o b a b i l i t i e s f o r the f i e l d feeding experiment are > 0.5, < 0.1, 
and < 0.1, respectively. Since these two feeding assays c o n s t i 
tute independent t e s t s , we can conclude that during the period of 
f i n a l laboratory and f i e l d growth assays the t e s t trees exhibited 
an altered l e a f q u a l i t y such that the assay larvae grew more 
slowly on these leaves than on leaves from the nearby control 
trees (p = 0.1 x 0.1 = 0.01). The plant response occurred w i t h i n 
a period of 35 days from the time of i n i t i a l load, and i t was 
systemic. 

Higher growth rates of the larvae fed leaves from willows at 
the a i r p o r t s i t e than those fed leaves from willows at the Kent 
s i t e , throughout the experiment, show that s i g n i f i c a n t and f a i r l y 
constant differences i n leaf q u a l i t y can e x i s t between trees at 
d i f f e r e n t s i t e s . Normalized r e l a t i v e growth rates of webworms fed 
detached leaves i n the laboratory were s i m i l a r to those obtained 
by growing webworms on the trees. 

The chemical basis f o r the observed differences i n leaf food 
q u a l i t y i s unknown. L i t t l e differences were found i n Folin-Denis 
t o t a l phenolic or proanthocyanidin e x t i n c t i o n c o e f f i c i e n t s of 85% 
aqueous methanol leaf extracts from the various plant groups 
throughout the experiment. There were no i n d i c a t i o n s of changes 
i n l e a f q u a l i t y of control willows 60 m d i s t a n t from willows 
attacked by f a l l webworm. 
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Summary and Discussion 

These r e s u l t s lend support to previous suggestions (1, 2, 13, 
14) that plants may commonly decrease the q u a l i t y of t h e i r tissues 
as food i n response to herbivore attack. Red alder trees sub
jected to attack by western tent c a t e r p i l l a r s e x h i b i t a change i n 
f o l i a g e q u a l i t y such that tent c a t e r p i l l a r s fed unattacked leaves 
from attacked trees grew more slowly, died at a faster rate, and 
produced fewer egg masses than those fed leaves from unattacked 
trees (Figure 1A). This change i n f o l i a g e q u a l i t y was associated 
with an increase i n proanthocyanidin e x t i n c t i o n c o e f f i c i e n t s of 
leaf extracts. S i m i l a r l y , f a l l webworms fed unattacked leaves 
from Sit k a willows subjected to attack by f a l l webworms grew more 
slowly than those fed leaves from unattacked willows (Figure 3). 

On the other hand, no differences were found i n growth or 
morta l i t y of tent c a t e r p i l l a r
compared to those fed leave
p i l l a r s (Figure IB). Reload of the attacked trees with a d d i t i o n a l 
tent c a t e r p i l l a r s coincided with a rapid decrease i n biomass and 
an increased m o r t a l i t y of insects fed leaves from both attacked 
and unattacked control trees. This could have been by chance, but 
i t suggested the p o s s i b i l i t y that both attacked and control trees 
exhibited a rapid decrease i n food q u a l i t y i n response to the 
addition of more insects to the attacked trees. I f so, t h i s 
suggested that unattacked willows were s e n s i t i v e to signals from 
nearby attacked willows or the attacking insects. An experiment 
to test t h i s hypothesis produced p o s i t i v e r e s u l t s (Figure 2). 
Tent c a t e r p i l l a r s fed leaves from willows attacked by tent cater
p i l l a r s grew more slowly than larvae fed leaves from nearby and 
far controls 11.5 days a f t e r the i n i t i a t i o n of attack. Three 
days l a t e r , larvae fed leaves from both attacked willows and 
nearby controls grew more slowly than larvae fed leaves from the 
f a r controls. No evidence was found f o r root connections between 
willows of the same age as the study trees at the same s i t e . 
This suggests that the r e s u l t s may be due to airborne pheromonal 
substances! 

The burden of proof f o r such an unprecedented ef f e c t should 
be high, and the foregoing experiments with willows and tent 
c a t e r p i l l a r s cannot be considered to constitute such proof. 
However, at the very l e a s t , they show that the r e s u l t s of experi
ments designed to test for changes i n leaf q u a l i t y of attacked 
plants should be interpreted with caution, p a r t i c u l a r l y i f control 
plants are near attacked ones. 
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5 
Function and Chemistry of Plant Trichomes 
and Glands in Insect Resistance 
Protective Chemicals in Plant Epidermal 
Glands and Appendages 

ROBERT D. STIPANOVIC 
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Pathology Research Laboratory, P.O. Drawer JF, College Station, TX 77841 

Plants hav
of defense agains
defensive morphological features are trichomes and 
glands. Trichomes may be ha i r - l ike or glandular. 
Plant hairs act as physical barriers keeping smaller 
insects away from the leaf surface. Glandular trichomes 
and plant glands may exude a sticky substance that entraps 
and immobilizes small insects, or they may contain toxic 
constitutents which spill into the surrounding tissue when 
the gland is ruptured, making it unpalatable or toxic . 
These toxins are generally weak and do not kill the insect 
d i rec t ly , rather they retard insect growth and delay 
pupation. As a result , the insects are more vulnerable to 
disease, predation, and the environment. The balance 
which has evolved between plants and insects could be 
seriously disrupted if secondary plant toxin analogs are 
synthesized and used as insecticides. Insects developing 
resistance to the analogs might develop resistance to the 
natural toxin. 

Plants have served as a food source for f i s h , i n s e c t s , and 
mammals since early b i o t i c times. In response plants have 
developed i n t r i c a t e physical as w e l l as chemical protective 
mechanisms. The two defensive structures that are the primary 
subject of t h i s chapter are trichomes and glands. Trichomes are 
epidermal appendages of diverse form and structure, such as 
protective and glandular hairs and scales or peltate h a i r . 
Hairs, whether they are u n i c e l l u l a r , m u l t i c e l l u l a r , or p e l t a t e , 
may be glandular. Glandular trichomes elaborate various 
substances, such as v o l a t i l e o i l s , r e s i n s , mucilages, and gums. 
Rupture of the c u t i c l e allows the glandular contents to escape. 
Other types of glands are also found on the surface of the plant. 
These include: 1) the glandular epidermis covering the leaf 
teeth as found i n Primus; 2) nectary glands which produce a 
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sugary secretion associated with flowers and other plant parts; 
3) glandular excretory structures which discharge a v a r i e t y of 
o i l s and r e s i n s ; 4) o i l glands which contain various terpenoid 
o i l s . 

The u t i l i t y of secondary plant chemicals as defensive agents 
against pest attack has only recently been widely accepted. 
However, t h i s view i s s t i l l not u n i v e r s a l l y accepted as 
i l l u s t r a t e d by Luckner's (1) recent comment: 

"....secondary metabolism i s characterized by a high degree 
of order, i . e . by the precise regulation of enzyme l e v e l and 
a c t i v i t y i n metabolic pathways, the compartmentation and 
channeling of enzymes, precursors, intermediates, and 
products as w e l l as the i n t e g r a t i o n of secondary metabolism 
i n the programs of c e l l s p e c i a l i z a t i o n of the producer 
organism. However, c h a r a c t e r i s t i c s of secondary metabolism 
are also the bizarr
products, the r e s t r i c t e
secondary compounds w i t h i n groups of l i v i n g beings and t h e i r 
usefulness which usually i s small or absent, i . e . , 
properties which give secondary metabolism i t s e r r a t i c 
features." 

However, I believe t h i s and other chapters w i l l more than 
adequately show that secondary plant chemicals were and s t i l l are 
important weapons i n the plants arsenal of defense. 

The following pages review the function and chemistry of 
trichomes and glands. The concluding sections address the 
insect's response to the plant's defensive chemicals, and end 
with an appeal to the chemical p e s t i c i d e industry. 

E x t r a f l o r a l Nectaries 

I t i s generally conceded that f l o r a l nectaries evolved as an 
attractant to p o l l i n a t i n g i n s e c t s . The function of e x t r a f l o r a l 
nectaries i s not so obvious. Some suggest that the secretion of 
sugars i s associated with a s h i f t from a "sink" to a "source" of 
carbohydrates during development (2^, 3) • Others propose that 
sugars are excreted i n c i d e n t a l to the excretion of water and 
s a l t s (4, _5, 6). However, B. L. Bentley convincingly argues i n 
her review that e x t r a f l o r a l nectaries are attractants for ants 
which act as "pugnacious body guards" i n defense of the plant 
(7_). She bases t h i s contention on four observations. 1) E x t r a 
f l o r a l nectaries follow no recognizable d i u r n a l pattern and 
produce nectar throughout the day and night. 2) Active nectaries 
are found on younger portions of the plant and are often 
associated with developing reproductive organs. The nectaries 
are f u l l y developed before the reproductive organ, and secretion 
ceases soon a f t e r the organ matures. 3) Secretory a c t i v i t y i s 
usually greatest at the height of the growing season and may 
continue throughout the year i n moist t r o p i c a l regions. 4) 

In Plant Resistance to Insects; Hedin, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



5. STIPANOVIC Plant Trichomes and Glands 71 

Attack by sucking insects often increases the rate of secretion 
i n a p o s i t i v e l y correlated manner with increased i n f e s t a t i o n 
l e v e l s . Bentley argues that nectaries frequently remain a carbo
hydrate source u n t i l maturity, while developing buds, flowers, 
and f r u i t never become a carbohydrate source; sucking insects 
reduce the carbohydrate source pressure of an organ and yet 
nectar secretions increase with increasing i n f e s t a t i o n s . Thus, 
the source/sink hypothesis does not seem to apply. 

In Catalpa, E l i a s and Newcombe report that glandular 
trichomes on leaves are not only very s i m i l a r to nectaries but 
are t h e i r precursors (8). These authors propose these multiple 
nectaries i n the lower l e a f surface vein axies act as attractants 
f o r b e n e f i c i a l insects to control or minimize the e f f e c t s of 
herbivorous i n s e c t s . Predatory ants are generally considered to 
be b e n e f i c i a l i n s e c t s  Their presence on plants containing 
e x t r a f l o r a l nectaries
these mercenaries are
Lersten report that one of the most devastating insects observed 
to be feeding on cottonwood (Populus deltoides) was an Aphis 
species herded by an u n i d e n t i f i e d species of large black ant (9). 
Thus, t h i s "body guard" may "pugnaciously" defend the plant from 
some pests only to usher i n a plant pest of i t s choosing. 

Trichomes as a Form of Physical Resistance 

In medieval times, c i t i e s commonly erected walls as a 
protective b a r r i e r to invasion. Plants have evolved s i m i l a r 
protective mechanisms. Thorns and n e t t l e s which repel most 
herbivores are two examples of protective b a r r i e r s . To ward o f f 
insect attack, plants have evolved non-glandular trichomes which 
act i n a s i m i l a r fashion. Thus, i n some plants, the density, 
length, or branching of trichomes have been negatively correlated 
with insect s u r v i v a l (10). 

The degree of lea f pubescence greatly a f f e c t s the behavior 
of cereal l e a f beetle gravid females, Oulema melanopus (11). 
Densely pubsecent wheat had only one-third as many eggs as the 
glabrous c o n t r o l . On pubescent leaves i t was often found that 
eggs were l a i d i n areas where adults had disrupted the trichome 
cover by feeding. F i e l d cage tests showed that the v i a b i l i t y of 
eggs decreased with increasing pubescence. Eggs l a i d or 
mechanically placed on pubescent wheats were more susceptible to 
desiccation. L a r v a l s u r v i v a l and weight gain were also minimized 
on densely pubescent leaves (12). This was e s p e c i a l l y true i n 
f i r s t - i n s t a r larvae, while t h i r d - i n s t a r and fourth- i n s t a r larvae 
were l i t t l e affected by pubescence. However, long or dense 
trichomes did not correlate i n a greenhouse test with resistance 
of wheat to greenbug, Schizaphis graminum (13). 

A hairy cotton v a r i e t y that had the most trichomes, the 
longest trichomes, and the most branched trichomes was the most 
re s i s t a n t to spider mites and leafhoppers (14). In a no-choice 
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cage test with three cotton i s o l i n e s , Lygus herperus o v i p o s i t i o n 
response was highest, but growth rate slowest on densely 
pubescent cotton as compared to normal and smooth cottons ( 1 5 ) • 
Nymphal s u r v i v a l was e s s e n t i a l l y equal on a l l l i n e s , but the 
ef f e c t of predators was not a factor i n these cage t e s t s . 
However, pubescence i s not always an advantage to plants, as 
i l l u s t r a t e d by the greater resistance of smooth l e a f cotton to 
fleahoppers ( 1 6 ) • 

Hooked trichomes on the French bean, Phaseolus v u l g a r i s have 
been reported to capture a diverse group of insect species 
inc l u d i n g the potato leafhopper, Empoasca fabae ( 1 7 ), and the 
aphids, Myzus persicae ( 1 8 ), Aphis fabae ( 1 9 ) , and Aphis 
craccivora (20). A recent study has shown that the major factor 
a f f e c t i n g potato leafhopper damage on the French bean was the 
density of hooked trichomes ( 2 1 ) . Leafhopper nymphs were impaled 
by the trichomes, leadin
same po s i t i v e c o r r e l a t i o
density also has been reported f o r adult leafhoppers on f i e l d 
bean c u l t i v a r s , J?, v u l g a r i s and P. lunatus (22 ). Hooked 
trichomes growing at angles l e s s than 3 0 ° are reportedly 
i n e f f e c t i v e i n capturing leafhoppers. 

The inheritance of pubescence type (23) and the morphology 
of pubescence i n soybean, Glycine max, have been studied, and 
densely pubescent plants were found to be the most vigorous ( 2 4 ) . 
Growth differences were associated with IS. fabae i n f e s t a t i o n s . 
Glabrous soybeans supported a higher population of IS. fabae and 
had a higher incidence of o v i p o s i t i o n than pubescent v a r i e t i e s 
( 2 5 , 2 6 ) . This same observation has been made on other pubescent 
host plants (17 ). The differences i n populations of E. fabae 
were rela t e d to o r i e n t a t i o n , length, and the erectness of the 
le a f trichomes ( 27 , 28). When populations of E. fabae, which i s 
1.0 - 4 . 0 mm i n length, were compared to that of a s p r i n g t a i l , 
Deuterosmiathurus yumanensis, which i s 0 . 2 - 0 .4 mm i n length, on 
near isogenic l i n e s of soybean, i t was found that both species 
had the highest populations on the glabrous genotype. On a 
deciduous v a r i e t y , with only misshapen and severely appressed 
trichomes, the population of the small phytophagus species was 
depressed, while that of the larger species was not affected. 
Populations of E>. fabae decreased with increasing trichome 
length ( 0 . 9 - 1 . 6 mm) regardless of trichome density, whereas the 
s p r i n g t a i l f s population decreased with increasing trichome 
density. The populations of t h r i p s , Sericothrips v a r i a b i l i s , and 
bandedwing w h i t e f l y , Trialeurodes abutilonea, showed no 
consistent response to trichome v a r i a t i o n s ( 2 9 ) . 

Trichomes and Glands as a Form of Chemical Resistance 

In a d d i t i o n to physical forms of resistance, plants also 
r e l y on chemicals to immobilize, repel and poison phytophagus 
i n s e c t s . These chemicals may be located i n various types of o i l 
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or secretory glands or i n glandular trichomes. Glandular hairs 
or trichomes are widely d i s t r i b u t e d i n vascular plants. A 
car e f u l histochemical study showed that 39 of 43 plant species 
from 26 d i f f e r e n t plants f a m i l i e s had stem hairs (30). Some of 
these plants, such as tomato, had several morphologically 
d i s t i n c t h a i r s . Plant h a i r s are also chemically d i s t i n c t as 
evidenced by t h e i r reaction with various histochemical reagents. 

Reviews on the i n t r a c e l l u l a r compartmentation of flavonoids 
and other secondary metabolites have been published (31, 32). A 
review on the chemical constituents of these glands i s 
complicated by a number of fa c t o r s . The d i v e r s i t y and the 
complexity of chemicals produced i n a gland or trichome are two 
such fact o r s . However, one of the most formidable obstacles to a 
review .on glandular constituents i s the d e t a i l s reported on the 
extraction procedure. I t i s common for investigators to simply 
divide the plant i n t o i t
parts, flowers and buds
leaves, for example, there i s often no attempt to d i f f e r e n t i a t e 
between various morphological e n t i t i e s . The lea f i s ground or 
extracted whole. A l l evidence i n d i c a t i n g the occurrence of a 
pa r t i c u l a r chemical i n a trichome or gland i s o b l i t e r a t e d . 

In the study of resistance mechanisms, i t i s recognized that 
the l o c a t i o n of a p a r t i c u l a r t o x i c chemical may be as important 
as the presence or absence of that chemical. For example, a high 
concentration of a t o x i c chemical i n a plant part that the insect 
does not eat or eats only i n the l a t e r stages of l a r v a l growth, 
w i l l probably have minimal a f f e c t on the resistance of that plant 
to i t s host. Conversely, a low concentration of a t o x i c chemical 
i n a s p e c i f i c s i t e at which the insect feeds i n an early l a r v a l 
stage may s i g n i f i c a n t l y a f f e c t the plant's resistance. 

In host-plant resistance studies, i t i s therefore imperative 
for i n v e s t i g a t o r s to report not only what chemicals are present, 
but also to report as accurately as possible the p r i n c i p a l 
s i t e ( s ) at which the chemical i s concentrated. This information 
i s generally not reported, therefore t h i s review w i l l undoubtedly 
omit reported chemicals that are located i n glands and glandular 
trichomes and improperly indicate glandular components that are 
ac t u a l l y located elsewhere i n the plant. However, information on 
the l o c a t i o n of chemicals w i l l be given wherever possible. This 
section w i l l review the major types of chemicals that are present 
i n glands and glandular trichomes. 

Immobilizing Chemicals. Some plants produce a s t i c k y , gummy 
exudate from glandular trichomes. These exudates e f f e c t i v e l y 
immobilize small i n s e c t s . 

A number of plants of the Solanum and Nicotiana genera are 
p a r t i c u l a r l y adept at producing s t i c k y leaf exudates. In some 
w i l d potato species, an exudate i s discharged from glandular 
hairs when aphids mechanically rupture the c e l l w a lls (33). The 
cl e a r , water soluble exudate i s stable i n the absence of 0 9, 
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but rapidly darkens and forms a p r e c i p i t a t e on the aphids limbs 
when exposed to a i r . Eventually the aphid becomes immobilized 
and dies. Investigators found several morphologically d i f f e r e n t 
types of glands; however, only one was an apparent source of the 
exudate. Once t h i s gland was ruptured, the material was not 
replaced. The c l e a r material gave a p o s i t i v e test with the 
Folin-Denis phenol reagent. The formation of the dark 
p r e c i p i t a t e was i n h i b i t e d by the copper chelating agent, sodium 
diethyldithiocarbamate. Polyphenol oxidase enzymes may be 
involved i n t h i s reaction since copper i s e s s e n t i a l for t h e i r 
r e a c t i v i t y . In other research on Empoasca fabae, the percentage 
mortality of nymphs, females, and males confined to the glanded 
species, polyadenium, was 78, 64, and 94 r e s p e c t i v e l y , 
compared to less than 20% on 2 nonglandular species (34). 
Trichome exudates were found on the mouthparts of IS  fabae i n 75
67, and 29% of dead nymphs
Scanning electron microscop
was t o t a l l y occluded by the trichome exudate. The surviving 
leafhoppers had no observable exudate on t h e i r bodies. The 
viscous exudate, which r a p i d l y darkens and hardens, could be 
dissolved i n 95% ethanol. 

Aphids, attempting to feed on the tomato, Solanum p e n n e l l i i , 
are entangled i n a s t i c k y l e a f exudate and soon die (35). This 
exudate could be removed by washing with cotton saturated with 
95% ethanol, but the washed leaves r a p i d l y secreted a new exudate 
that also was f a t a l . Trichomes were a deterrent to o v i p o s i t i o n 
by the tobacco w h i t e f l y , Bemisia t a b a c i , on both tomato and 
tobacco leaves (36). The s t i c k y exudate may p a r t i a l l y account 
for t h i s since w h i t e f l i e s were found glued to the glandular 
h a i r s . 

Glandular h a i r s also have been implicated i n the resistance 
of c e r t a i n annual Medicago species to the a l f a l f a weevil, Hypera 
postica (37). The annual species, M. d i s c i f o r m i s , and M. 
s c u t e l l a t a , possess erect glandular h a i r s , and the exudate from 
these glands acts as a glue to immobilize larvae. The perennial 
species, M. s a t i v a , which i s susceptible to the a l f a l f a weevil, 
possesses only procumbert glands. The exudate from these glands 
does not prevent l a r v a l movement (38). 

Stylosanthes hamata and Ŝ. scabra, which are highly 
productive and n u t r i t i o u s species of t r o p i c a l pasture legumes, 
are covered with glandular trichomes. The trichomes secrete a 
viscous secretion that immediately immobilize larvae of the 
c a t t l e t i c k , Boophilus microplus (39). Ticks have a natural 
tendency to climb plants, and wait f o r a host animal. The 
secretion has no repellant properties, so that t i c k s do not 
attempt to seek a l t e r n a t i v e plants. In addition to immobilizing 
the larvae, the plants produce an u n i d e n t i f i e d v o l a t i l e 
compound(s) that poison the larvae, w i t h i n 24 hours. 

As with many plant defensive systems, glandular trichomes 
may also be detrimental to the plant. I t has been proposed that 
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the tobacco introduction 1112 (T.I. 1112) may be re s i s t a n t to 
some insects because i t s leaves, although h a i r y , lack glandular 
trichomes (40). The glandular trichomes that cover the a e r i a l 
portions of most tobacco plants are a conspicuous source of 
odors, as w e l l as a source of the s t i c k y exudate. I t has been 
proposed that the trichome exudate serves as an attractant or 
ov i p o s i t i o n stimulant f o r tobacco budworm moths and as an 
arrestant f o r alate green peach aphids. The absence of glandular 
trichomes on the leaves of T.I. 1112 may account f o r i t s p a r t i a l 
resistance to these i n s e c t s . However, T.I. 1112 has glandular 
trichomes on the calyces which may explain the readiness of 
tobacco budworm moths to o v i p o s i t i o n on i t s flowers and flower 
buds. The absence of glandular trichomes also increased 
Trichogramma parasitism on H e l i o t h i s eggs on T.I. 1112. 
He l i o t h i s egg morta l i t y from t h i s parasite on other tobacco i s 
n e g l i g i b l e because th
exudate (41). 

Toxic and Repellent Allelochemics 

Levin has proposed to c l a s s i f y t o x i c plant chemicals 
involved i n resistance i n t o two broad categories, those that 
confer s p e c i f i c resistance and those that confer general 
resistance (42). Compounds e x h i b i t i n g s p e c i f i c resistance are 
characterized as extremely t o x i c to a small group of s p e c i a l i z e d 
pathogens or herbivores. Each compound i s present only i n a few 
species, and i s often t i s s u e s p e c i f i c . They tend to reach t h e i r 
highest concentration i n young leaves and f r u i t s and decrease as 
they mature. Examples would be s i n i g r i n , tomatine, solanine, and 
gossypol. Compounds c l a s s i f i e d as showing general resistance 
deter, r e p e l , or are weakly t o x i c to most microorganisms and/or 
herbivores. These compounds are present i n several plant species 
and sometimes i n f a m i l i e s of d i f f e r e n t orders. They are 
generally not tissue s p e c i f i c , and t h e i r concentration increases 
as the tissue matures. Examples include chlorogenic a c i d , 
quercetin, and tannins. 

Although a t o x i c plant chemical may not f i t e i t h e r category 
p e r f e c t l y , those chemicals discussed below that are tissue 
s p e c i f i c would generally be considered to show s p e c i f i c 
resistance. I t i s i n t e r e s t i n g to note that those phytochemicals 
that are e s p e c i a l l y t o x i c to one group of insects are quite often 
e s s e n t i a l dietary ingredients or feeding stimulants to other 
insects that feed p r i m a r i l y on that plant. 

The phytochemicals that are discussed below may be divided 
i n t o three c l a s s i c a l categories: a l k a l o i d s , flavonoids, and 
terpenes. Straight chain carbon compounds, such as hydrocarbons, 
waxes, f a t t y a c id and alcohols also occur i n glands. The 
al k a l o i d s tend to react as feeding deterents and as poisons 
(43). They are probably the major class found i n any l i s t s of 
plant toxins (44, 45). Flavonoids are w e l l known a n t i b a c t e r i a l , 
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ant i m i c r o b i a l and a n t i v i r a l agents (46-49). Flavonoids also 
i n h i b i t the growth of H e l i o t h i s zea larvae (50). They may also 
act as eit h e r feeding deterrents or stimulants for d i f f e r e n t 
insects (22, 43, 51.* 52, 53). I t was found that v i c i n a l 
hydroxylation was necessary, but not s u f f i c i e n t f o r growth 
i n h i b i t i o n (50). Flavanones, flavones, and flavonoid glycosides 
i n h i b i t Na-independent passive transport of sugars by i n t e s t i n a l 
e p i t h e l i a l c e l l s (54). The i n h i b i t o r y action i s influenced by 
the extent and p o s i t i o n of hydroxylation of the flavonoid 
nucleus, the degree of p l a n a r i t y of the molecules, the presence 
of a carbonyl group, and g l y c o s y l a t i o n . The occurrance of 
flavonoid aglycones throughout the plant kingdom has been 
c a r e f u l l y cataloged (55). 

Terpenoids are a diverse group of compounds showing a wide 
spectrum of b i o l o g i c a l a c t i v i t i e s  Among the most b i o l o g i c a l l y 
active terpenoids ar
b i o l o g i c a l a c t i v i t y ha
Sesquiterpene lactones show c y t o t o x i c i t y , mammalian t o x i c i t y , 
a l l e r g i c contact dermatitis, a l l e l o p a t h y , a n t i b i o t i c a c t i v i t y to 
bacteria and fungi, schistosomicidal a c t i v i t y , antifeedant 
a c t i v i t y toward mammals and i n s e c t s , insect l a r v a l growth 
i n h i b i t i o n , and deter insect o v i p o s i t i o n . Their a c t i v i t y can be 
explained i n many cases by Michael addition reactions between a 
nucleophile and the exocyclic a , 6-unsaturated y-lactone function. 
Other types of terpenoids are antifeedants to the African 
armyworm (59), and the obscure root weevil (60). General 
terpenoid antifeedants from east African t r o p i c a l plants have 
been reviewed (61, 62). Terpenes may act as feeding stimulants 
or i n h i b i t o r s depending on concentration (63)• Terpenoids also 
e x h i b i t insect growth regulation (64), antiecdysone a c t i v i t y 
(65), and are acti v e against a wide range of bacteria and fungi 
(66-71). 

Alkaloids and Phenols from Tobacco, Tomato, and Potato. 
Tobacco, tomato, and potato plants contain a number of t o x i c 
a l k a l o i d s . Probably the most widely studied i s n i c o t i n e . The 
i n s e c t i c i d a l properties of t h i s and other tobacco a l k a l o i d s have 
been reviewed (72). A study of Nicotiana showed that a l k a l o i d s 
are secreted by trichomes i n the seven species tested (73). 
Nicotine was the major a l k a l o i d i d e n t i f i e d i n the trichome 
secretion (74). Anabasine and nornicotine were also i d e n t i f i e d 
i n two species (75). Other ether soluable constitutents have 
also been i d e n t i f i e d (76). Aphids were k i l l e d by contact with 
these secretions. Trichome secretions from Nicotiana also were 
t o x i c to the tobacco hornworm and the two spotted spider mite 
(77, 78). In a ph y s i o l o g i c a l study of insect's response to 
ni c o t i n e , i t was found that the penetration rate of nic o t i n e i n t o 
the i s o l a t e d nerve cord was pH dependent (79)• At the pH of 
insect haemolymph the penetration of ni c o t i n e i n t o the nerve cord 
was higher on a unit weight basis i n the nicotine-susceptible 
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silkworm (Bombyx mori) than i n the n i c o t i n e - r e s i s t a n t hornworm, 
Manduca sexta. This was interpreted as i n d i c a t i n g a less 
e f f i c i e n t ion-impermeable b a r r i e r of the silkworm nervous 
system. 

The e f f e c t s of the Solanum a l k a l o i d s on the Colorado potato 
beetle, Leptinotarsa decemlineata, have been c a r e f u l l y studied. 
Solanine, chaconine, l e p t i n e I , l e p t i n i n e I , l e p t i n i n e I I , 
demissine, and tomatine were a l l found to be feeding deterrents 
(74, 80). Nicotine, even i n quite small concentrations, was very 
t o x i c (74). The Colorado potato beetle was found to feed more on 
young tomato plants which had a low concentration of tomatine 
than on mature or flowering plants that had a higher 
concentration of tomatine (81). Feeding was also i n h i b i t e d 
(20-80%) when tomatine was i n f i l t r a t e d i n t o tomato leaf disks at 
concentrations between 65 and 165 mg/100 g fresh weight
Nornicotine, solanine
the two-striped grasshopper
general feeder (82). Trichome secretions of tomato are also 
t o x i c to the green peach aphid (83). An extensive l i s t of plant 
a l k a l o i d s and other phytochemicals that act as insect feeding 
deterrents and repellents as w e l l as feeding stimulants and 
attractants has been published (45). In the case of the tobacco 
hornworm, M. sexta, norvalatine and nonpolar or weakly polar 
f r a c t i o n s of tomato leaves stimulate feeding, while feeding 
deterrents were present i n water extracts of tomato leaves (84). 
Tomato trichome exudates are t o p i c a l l y t o x i c to the spider mite, 
Tetranychus u r t i c a e (85). The fl a v o n a l glycoside, r u t i n , has 
been i s o l a t e d from the t e t r a c e l l u l a r glandular trichomes of the 
tomato plant, Lycopersicon esculentum (86). This and other 
trichome exudates reduce l a r v a l growth of H e l i o t h i s zea. A 
morphologically d i f f e r e n t type of glandular trichome on the w i l d 
tomato, L. hirsutum, contains 2-tridecanone, which i s t o x i c to 11. 
zea and M. sexta when applied t o p i c a l l y (87)• Total 
glycoalkaloids i n f o l i a g e of w i l d potatoes were s i g n i f i c a n t l y 
correlated with resistance to the potato leafhopper (88). 

Flavonoids and Terpenoids i n Bud Exudate. The occurrence of 
flavonoid aglycones i n buds has been reviewed by Wollenweber and 
Dietz (55). They note that the flavonoid aglycones with a low 
number of hydroxyl groups and/or a high number of methoxyl 
groups, because of t h e i r l i p o p h i l i c nature, do not accumulate i n 
the c e l l sap. Thus, these types of compounds are found i n plants 
with glandular trichomes, excretion c e l l s , or c a v i t i e s . A 
var i e t y of plant f a m i l i e s produce bud exudates containing widely 
varying flavonoids. I t was previously mentioned that flavonoids 
have a wide range of b i o l o g i c a l a c t i v i t i e s . However, the 
b i o l o g i c a l a c t i v i t y of only a small f r a c t i o n of the flavonoids 
has been investigated against an Qven smaller f r a c t i o n of plant 
pests. For t h i s reason, s p e c i f i c compounds w i l l not be l i s t e d , 
but i t i s clear that many, i f not most, of the flavonoids confer 
some protection on t h e i r parent plants. 
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Table I. Flavonoid Aglycones i n Bud Exudates 

Family 

CO 
CD 
c o 

O 
a o > 
cd 

CO 
CD a o a 
cd 

o a o 

o u 

•H 
O 

CO 
Q) a o 
CJ 

i H 
cd 3̂ U 

CO 

cu 
o 
CJ 

t H 
cd 
CJ 

o 

Salicaeae Populus a > b 4 12 5 1 2 1 
Betulaceae Alnus c> d> e 6 14 1 1 

Betula
O s t r y a  # 

E l a e g i a * Rubiaceae 
O s t r y a  # 

E l a e g i a * 1 
Asteraceae Acanthospermum ̂  

Aes cuius 
1 

Hippo cas t umaceae 
Acanthospermum ̂  
Aes cuius 11 

Rosaceae Prunus a' m 9 1 
Rhamnaceae Rhamnus k ' m 4 
Didieraceae Decry a 1 1 1 

fRef. (55) 
bRef. (110) 
-*Ref. ( I l l ) 
dRef. (112) 
*Ref. (113) 
fRef. (114) 
*Ref. (115) 

nRef. (91) 
^ e f . (94) 
^Ref. (116) 
*Ref. (92j 
•"•Ref. (117) 
"Ref. (118) 
nRef. (119) 

The flavonoid aglycones reported i n buds of Alnus, Betula, 
Ostrya, Elaegia, Acanthospermum, Aescuius, Primus, Rhamnus, and 
Decrya are l i s t e d i n Table 1. The biosynthesis of flavonoids i n 
sub c e l l u l a r glands has been investigated i n Populus nigra (89), 
and the flavonoids i n the l i p o p h i l i c coating i n Populus buds have 
been thoroughly analyzed (90). In addition to t h i s wide v a r i e t y 
of flavonoids, mixtures of terpenoids have also been reported i n 
bud exudates. In Betula n i g r a the bud exudate i s reported to be 
mainly u n i d e n t i f i e d terpenoids (91). Unidentified terpenoids are 
found i n bud exudates from Aescuius sp. (92), Alnus sp., Betula 
sp., and Ostrya sp. (93). Some s p e c i f i c terpenoids have been 
i d e n t i f i e d . The triterpenes i s o f o u q u i e r o l , dammarenediol-11, and 
(20S)-dammar-24-ene-3 , 20, 2 6 - t r i o l have been i s o l a t e d from the 
bud exudate of Elaegia u t i l i s (94), and 6-amyrenone i s reported 
to be a major constituent of the bud exudate from alder trees 
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(95). Several raelampolide type sesquiterpene lactones have been 
i s o l a t e d from the Tanzanian plant Acanthospermum glabratum (96, 
97); however, t h e i r occurence i n the bud exudate i s uncertain. 

Although the constituents of bud exudates are usually 
ascribed to flavonoids and terpenes, other constituents may also 
be present. The flower buds of Alnus pendula produce a viscous 
material which includes a wide v a r i e t y of compounds including 
acids (cinnamic, 3-phenylpropionic, and benzoic), an ester ( 3 -
phenylethyl cinnamate), ketones (trans, trans-1,7-diphenyl-l,3-
heptadiene-5-one and benzylacetone), an alcohol ( 3-phenylethyl 
a l c o h o l ) , an aldehyde (cinnamaldehyde), stilbenes ( p i n o s y l v i n and 
pino s y l v i n raonomethyl ether), and phenols (eugenol and c h a v i c o l ) , 
as w e l l as p a r a f f i n s , flavonoids (pinocembrin, pinostrobin, 
a l p i n e t i n , and galangin), and triterpenes (6 -amyrenone and 
taraxerone) (98). In A  sieboldiana two ketones were also 
i s o l a t e d (yashabushiketo

Farinose Exudates of the Polypodiaceae and Primulaceae. 
Members of the Polypodiaceae produce a yellow or white powdery 
deposit on the lower surface of t h e i r fronds. These deposits are 
usually referred to as farinose exudates. Farina from species of 
Pityrogramma, Cheilanthes, Adiantum, and Notholaena have been 
c a r e f u l l y studied. The farinose coating of these plants i s 
formed by the terminal c e l l of small hairs usually found on the 
lower surface of the frond. 

Wollenweber (99) has reviewed the morphology and chemistry 
of these ferns which are prodigious producers of f a r i n a , 
representing 0.9%-5.0% of the dry weight of the fronds. 
Wollenweber reports that flavonoids are the major constituents of 
the f a r i n a . Chalcones (100-106) dihydrochalcones (102, 103, 107, 
108, 109), flavonols (102, 106, 108, 120-128), flavones TT02, 
108, 121, 123, 125, 128, 12977 flavanonesTT30), and the 
chalcone-like compound, ceroptene (124, 131), have been reported 
i n the f a r i n a from ferns. The flavonoid pattern i n the f a r i n a of 
220 samples from 14 species of the goldenback and silverback 
ferns has been reviewed (132). Flavanones with methyl 
substituents (133) and flavonols e s t e r i f i e d at the 8 p o s i t i o n 
with butyric and a c e t i c acid (134) have also been i d e n t i f i e d i n 
f a r i n a . The triterpenes d i p l o p t e r o l , fernene, adiantone, 
isoadiantone (135, 136), and 6 3 , 22-dihydroxyhopane (136) and 
various phytosterols (137-140) have been i s o l a t e d from f e r n . 
However, the morphological source of these compounds i s not 
c l e a r . This i s also true f o r the sesquiterpenes (141, 142, 143), 
the lactone, calomenanolactone (144), the ecdysone analogues 
(145, 146), and p-hydroxystyryl - 3-D-glucoside (147). However, 
the novel dihydrostilbene, 5-hydroxy-3,4 f-dimethoxy-6-carbbxylic 
acid bibenzyl, i s a farinose constitutent of Notholaena dealbata 
and N_. limitanea (148)• Glycosides of flavonols have also been 
i s o l a t e d from f a r i n a (121). A group of hydrocarbons, terpenoids, 
and f a t t y acids have been detected i n the glandular l i p i d s of 
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Dryopteris a s s i m i l i s ferns by gas chromatography (149). The 
dihydrochalcone, 2 f^'-dihydroxy- 4,4'-dimethoxydihydrochalcone, 
from Pityrogramma calomelanos has shown marked antifungal 
properties (150)Tbther flavonoids from Pityrogramma are reported 
to be a l l e l o p a t h i c agents. 2 f,6 f-Dihydroxy-4 f-methoxydihydro
chalcone i n h i b i t e d spore germination and gametophyte development 
by calmelanos at a l l concentrations tested, but 2,6-dihydroxy-
4 f-methoxychalcone i n h i b i t e d germination at 5 X 10 M and 
stimulated germination at 5 X 10 M. I z a l p i n i n showed 
s i m i l a r e f f e c t s , i n h i b i t i n g germination at 5 X 10 M and 
stimulating germination at 5 X 10 M. These flavonoids 
appear to act as germination i n h i b i t o r s around the parent plant 
(151) . 

Many primroses (Primula) also produce a farinose exudate on 
t h e i r stems and leaves  Eighteen species have been investigated 
(152) . The major component
5-hydroxy-and 5,8-dihydroxyflavon
d e r i v a t i v e s . 

Sesquiterpene Lactones and Other Glandular Trichome 
Components from Veronia, Parthenium, Helianthus, and Artemesia. 
Sesquiterpene lactones are major constituents of Veronia, 
Parthenium, Helianthus and Artemesia. As indicated previously, 
the sesquiterpene lactones as a group are active i n a wide range 
of b i o l o g i c a l systems. Mabry, et a l . found that the 
sesquiterpene lactone, glaucolide A, found i n the glandular 
trichomes of some species of Veronia, protects these plants 
against some insects (153). Leaf d i e t s were prepared with and 
without glaucolide A f o r s i x insect larvae: 1) the yellow 
woolybear, D i a c r i s i a v i r g i n i c a ; 2) cabbage looper, Trichoplusia 
n i ; 3) yellowstriped armyworm, Spodoptera o r n i t h o g a l l i ; 4) 
saddleback c a t e r p i l l a r , Sibine stimulea; 5) f a l l armyworm, 
Spodoptera frugiperda; 6) southern armyworm, Ŝ. e r i d a n i a (57). 
In a free choice s i t u a t i o n , a l l insects preferred the d i e t 
without the lactone, and the Veronia species that d i d not contain 
glaucolide A. Larvae of 3,5, and 6 were s i g n i f i c a n t l y smaller 
when fed d i e t s containing glaucolide A compared with a c o n t r o l 
d i e t , while larvae of 1 and 2 were unaffected. Furthermore, the 
days to pupation increased f o r a l l larvae except 1. Other work 
has shown that plants containing glaucolide A deterred ovipostion 
i n some insects (154). Other sesquiterpene lactones have been 
i s o l a t e d from Veronia species (155, 156, 157) as w e l l as 
triterpenes (158, 159), long chain alkanes (159), and an i r i d o i d 
glucoside (160). The morphological o r i g i n of these l a t t e r 
compounds i s uncertain. 

Parthenin i s a major component found i n the trichomes of 
Parthenium hysterophorus, making up about 8% of the dry weight of 
the plant (161). I t causes dermatitis i n humans and c a t t l e (162, 
163) and acts as an allelochemic (164). Parthenin acted as an 
antifeedant and was t o x i c o r a l l y at 0.01% to Dysdereus koenigi, 
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Aedes aegypti, Tribolium castaneum, Periplaneta americana, and 
Phthormea o p e r c u l e l l a (165)• Two other sesquiterpene lactones, 
coronopilin and tetraneurin-A (166), and 34 flavones (19 
glycosides and 15 aglycones) have been i s o l a t e d from Parthenium 
species (167). 

Sesquiterpene lactones may o f f e r some insect resistance i n 
sunflower. Glandular trichomes occurring on the leaves, 
phyllandries, and anthers of Helianthus maximiliani contain a 
sesquiterpene lactone, maximilin-C. The f i r s t i n s t a r larvae of 
the sunflower moth, Homeosoma electellum, suffered a high 
m o r t a l i t y rate when fed on a wheat germ di e t containing 
concentrations of 1.0 and 10.0% of maximilin-C (168, 169). A 
number of other sequiterpene lactones have also been i s o l a t e d 
from Helianthus species (170-175). The diterpenoid acids, 
trachyloban-19-oic acid d (-)-kaur-16-en-19-oi  a c i d  hav  als
been implicated i n resistanc
However, as with maximilin-C, y larg  dosage  (0.5-1.0%) 
were required to reduce growth on synthetic diets by one-half, as 
compared to a c o n t r o l . Other diterpenoids (177, 178, 179), 
triterpenoids (180, 181, 182), two a c e t y l i n i c compounds (172, 
183), a flavone (175), and v o l a t i l e constituents (184) have also 
been reported from Helianthus species. A preliminary report 
indicates that b r i t t l e brush contains a glandular trichome 
sesquiterpene that i s a feeding deterrent to moth larvae (185). 

The sesquiterpene lactones i n Artemesia species have been 
reviewed (186). Histochemical tests have shown that A. nova has, 
i n a ddition to nonglandular trichomes, glandular trichomes 
covering 21-35% of i t s leaf surface (187). These glands hold a 
clear f l u i d which contains some of the monoterpenes and a l l of 
the sesquiterpene lactones present i n the leaves. 

Components of Glandular Trichomes i n Populus, Prunus, 
Newcastelia, and S a l v i a . In Populus deltoides, the marginal 
teeth of the f i r s t leaves to emerge are covered with 
non-glandular trichomes. In successive leaves, the teeth have 
glands that secrete a r e s i n as the lamina u n r o l l s . E x t r a f l o r a l 
nectaries occur proximal to each glandular t i p . F i e l d 
observations and a laboratory feeding experiment ind i c a t e that 
the r e s i n acts as an insect repellant (9). In V. deltoides, 
insect feeding was greater on newly expanded leaves i n which the 
r e s i n had dried than on buds covered with fresh l i q u i d r e s i n 
(188). Larvae of the cottonwood leaf beetle, when given leaves 
of deltoides i n which only the margin was resinous, fed 
normally, pupated, and emerged as normal adults. Larvae given 
resin-covered leaves did not eat them. The few larvae that 
pupated f a i l e d to complete t h e i r l i f e c ycle. Crude extracts of 
poplar (Populus) tree leaves exhibited a n t i b a c t e r i a l and 
antifungal a c t i v i t y (189); responsible agents have not been 
i d e n t i f i e d . 

The leaf teeth i n Prunus are covered by glandular trichomes. 
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A coumarin glucoside, tomenin, has been i s o l a t e d from Prunus 
tomentosa, but i t s morphological o r i g i n i s not indicated (190). 

Five d i f f e r e n t types of terpenoid secreting trichomes have 
been described i n the Western A u s t r a l i a n shrub Newcastelia 
v i s c i d a (191)• A r e s i n i s released beneath the c u t i c l e of the 
glandular h a i r , which expands and eventually breaks, releasing 
the r e s i n . Once terpenoid production has ceased, the gland i s 
closed o f f by l e a f c u t i n i z a t i o n of the w a l l s . As the gland 
matures, a drop of r e s i n forms and runs down onto the adaxial 
leaf surface. After rupture, the glands apparently become 
functionless but new glands are formed during leaf expansion, and 
r e s i n i s continuously produced u n t i l the l e a f i s f u l l y expanded. 
Terpenes i d e n t i f i e d i n N. v i s c i d a include the t r i t e r p e n o i c acids, 
o l e a n o l i c and b e t u l i c acids (192), and the t r i c y c l i c diterpene, 
isoprimara-9(11),15-diene-3,19-diol (193)

A quick dip of th
extract the glandular trichom
(194). The main component was the t r i t e r p e n o l , a-amyrin. Small 
amounts of flavones and flavonols were also i s o l a t e d . 

Leaf Exudates from Didymocarpus, Larrea, Hymenaea, and 
Beyeria. Didymocarpus p e d i c e l l a t a i s a small herbaceous plant 
found i n the western Himalayas. I t produces a reddish, dusty 
le a f exudate from which 7-hydroxy-5,6,8-trimethoxyflavone (195), 
two chalcones, pedicin, and p e d i c e l l i n , and flavanone, and 
i s o p e d i c i n , (196) have been i s o l a t e d . Two other chalcones, 
pashonone and methylpedicin, have been i s o l a t e d from the leaves 
of I), p e d i c e l l a t a , and the l a t t e r i s reported to be one of the 
major components (197). Leaf components are reported to be t o x i c 
to f i s h (198, 199). Diterpenoid acids have been i s o l a t e d from 
the leaves of D. oblonga (200, 201). 

Larrea t r i d e n t a t a and L. d i v a r i c a t a are a r i d and semiarid 
plants found i n North and South America. Larrea produces a l e a f 
r e s i n that accounts for 10-15% of the dry weight of the leaves. 
The r e s i n i s composed of about half nordihydroquaiaretic a c i d , 
which i s one of the most powerful antioxidants known (202). The 
other h a l f i s p r i m a r i l y composed of flavonoids (202, 203). 
V o l a t i l e constituents of Larrea have been reported (204) and 
t h e i r antiherbivore chemistry reviewed (205). 

The t r o p i c a l legume, Hymenaea c o u r b a r i l , produces a l e a f 
r e s i n that was tested as a defense against the generalist 
herbivore, beet armyworm (Spodoptera exigua) (206). Larvae 
showed a dose-response i n the decrease of pupal weight and delay 
i n pupation. In a p a l a t a b i l i t y t e s t , Ŝ. exigua strongly 
preferred untreated to treated bean le a f d i s k s . The primary 
components i n l e a f r e s i n were found to be the sesquiterpene 
hydrocarbons, caryophyllene, a- and $-selinene, and 3-copaene 
(207). 

The leaves of Beyeria b r e v i f o l i a , from western A u s t r a l i a , 
have a hard r e s i n coating. Diterpenols and diterpenoic acids 

In Plant Resistance to Insects; Hedin, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



5. STIPANOVIC Plant Trichomes and Glands 83 

have been i d e n t i f i e d i n t h i s r e s i n (208). Other diterpenoids 
have been i s o l a t e d from IS. calycina (209, 210). 

Cotton Pigment Glands. Plants belonging to the genera 
Gossypium (cotton), Cienfuegosia, Thespesia, and Kokia contain 
subepidermal pigment glands from which the phenol, gossypol, has 
been i s o l a t e d (211). Structure e l u c i d a t i o n studies, chemical 
r e a c t i v i t y (212, 213, 214), and biosynthesis (215) of gossypol 
have been reviewed. Because gossypol i s present i n raw 
cottonseed meal, i t s t o x i c i t y , e s p e c i a l l y to monogastric animals, 
has been c a r e f u l l y studied. The toxicology, p h y s i o l o g i c a l 
e f f e c t s and metabolism have recently been reviewed (216, 217). 
The Chinese reports that gossypol may act as an a n t i f e r t i l i t y 
agent i n men (218) have renewed i n t e r e s t i n t h i s and relat e d 
compounds. 

Gossypol has been
Thespesia populnea ([a
and (±) form from cottonseed (219, 220, 221). Glands i n the 
f o l i a r parts of £. hirsutum produce, i n addition to gossypol, the 
terpenoids, j>-hemigossypolone (222), heliocides H^, (223), H 2 

(224), H 3 (225), and H 4 (223). In addition to these 
compounds, barbadense also produces the methyl ether 
d e r i v a t i v e s , jp- hemigossypolone methyl ether and the heliocides 
B p B 2 (226), B 3, and B^ (227). G. raimondii produces 
raimondal (228). The Sc h i f f base, gossyrubilone, has been 
detected i n the glands of £. hirsutum (226). Anthocyanins (229, 
230) and flavone (230) have been reported i n glands (229) and 
cyanidin-3-glucoside has been i s o l a t e d from £. barbadense glands 
(231). Hemigossypol, hemigossypol-6-methyl ether, 
6-deoxyhemigossypol (232), gossypol-6-methyl and 6,6 1-dimethyl 
ether (233), desoxyhemigossypol and desoxyhemigossypol-6-methyl 
ether (234) have been i s o l a t e d from glands i n roots, stems, or 
seed. 

Several of these compounds have exhibited a n t i b i o t i c 
a c t i v i t y . Zaki, et a l . found that hemigossypol and 
desoxyhemigossypol were more active than gossypol against the 
fungus, V e r t i c i l l i u m dahliae, (235). Hemigossypolone was also 
active against V. dahliae (236). Terpenoids were found to be 
exuded i n t o the rhizosphere by cotton roots (237) and may be 
responsible f o r resistance to root rot (238). Gossypol has been 
shown to have a n t i b a c t e r i a l (239), a n t i v i r a l (240, 241, 242) and 
antitumor (243) a c t i v i t i e s . Apogossypol, which has a lower 
mammalian t o x i c i t y , retains t h i s a n t i v i r a l a c t i v i t y (244). 

The chemical constituents i n the cotton plant have been 
extensively studied. V o l a t i l e or steam d i s t i l l a b l e compounds 
present i n cotton buds (245-253) and leaves (254, 255, 256) have 
been extensively cataloged. A number of the surface l i p i d s have 
been i d e n t i f i e d (257). Two anthocyanins, cyanidin-3-3-glucoside 
(231, 258) and pelargonidin (259), and the flavonols and fla v o n o l 
glycosides, quercetin, kaempferol, i s o q u e r c i t r i n , quercetin-7-
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glycoside, and quercetin-3 f-glycoside (260) have also been 
i s o l a t e d . I s o q u e r c i t r i n , q u e r c i t r i n , and quercetin are t o x i c and 
i n h i b i t growth of the bollworm, H. zea, tobacco budworm, H. 
virescens, and the pink bollworm, Pectinophora g o s s y p i e l l a , i n 
laboratory tests on a r t i f i c i a l d iets (261). These compounds were 
found to be more t o x i c to the tobacco budworm than to the 
bollworm. Some of these compounds, such as cyanidin-3-3-
glucoside and the terpene e s s e n t i a l o i l s , are undoubtedly i n , but 
not necessarily confined to, the pigment glands. Others may be 
located i n glandular trichomes. 

Variations i n the concentration of gossypol and other 
constituents, such as tannins and flavonoids, have been measured 
with respect to such variables as c u l t i v a r (244, 262, 263), plant 
age (264), and plant part (265). In each study, insect growth 
was negatively correlated with gossypol or terpenoid aldehyde 
content. Hanny, et a l
damage correlations of
terminal l e a f , and l e a f terpenoids, respectively (262). Yellow 
cotton anthers were found to have a higher gossypol content than 
cream-colored anthers. This i s believed to be responsible for 
suppressing H e l i o t h i s virescens larvae growth (265). 

Cook was among the f i r s t to propose that the pigment glands 
of cotton might act as a repellant to the bollwoim (266). 
Lukefahr and Houghtaling found that c u l t i v a r s of cotton with a 
flowerbud gossypol content of 1.7% s i g n i f i c a n t l y reduced the 
populations of tobacco budworm i n large, r e p l i c a t e d f i e l d t e s t s 
(267). I t also was found that t h i s experimental Upland cotton 
was u t i l i z e d l e s s e f f i c i e n t l y by the bollworm than a standard 
l i n e containing 0.5% gossypol (268). Food consumption by the 
tobacco budworm larvae decreased with increasing gossypol 
content. Seaman, et a l . observed a strong c o r r e l a t i v e 
c o e f f i c i e n t between a plant's resistance l e v e l and the 
concentration of gossypol and the heliocides (269). This same 
study reports that i n l i n e s d i f f e r i n g greatly i n resistance, 
hemigossypolone and the four heliocides occur i n roughly the same 
proportion i n buds, with gossypol and the heliocides each 
comprising about 44% of the terpenoids. This i s i n contrast to a 
subsequent study which reported gossypol as the primary terpenoid 
(270) i n buds. These differences may be accounted for by the age 
of the tissue examined. Seaman also reported that the 
concentration of each terpenoid aldehyde i n r e s i s t a n t i n d i v i d u a l 
plants i s approximately twice the amount found i n susceptible 
plants (269). 

The t o x i c i t y of the cotton terpenoid aldehydes to d i f f e r e n t 
larvae has been reported by several groups (227, 259, 270-275). 
These r e s u l t s are summarized i n Table 2. Although there i s 
v a r i a t i o n i n the test r e s u l t s among the d i f f e r e n t l a b o r a t o r i e s , 
i t i s obvious that gossypol and probably the other terpenoid 
aldehydes have a wide range of t o x i c i t y to many moth larvae. 

Waiss, et a l . report that the f i r s t i n s t a r larvae of 

In Plant Resistance to Insects; Hedin, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



STIPANOVIC Plant Trichomes and Glands 

CO R 
u 
CU c c o 
CO 

• H • o 

$ CO 

o o 

cd 
C 
O 

o C O 

• I I 
o 

I I I 

c o c
ON O

o o

O N O N 

o o o 

o 

I I I 

C O 

PQ 

C 
cd 

S3 

CO co 

4̂  O 

-0 

o o 

o 

V 

I I I I I I I 

C M C O o o 
t H «—1 o 

• • • 1 • 1 1 1 o o o o 

o vO ON o • • 
O I—1 i—I C M C M 

• • • • • o o o o o o S B 

C M 
PQ 

CO 

cu 
T> 
• H 
O 
O 

• H 
i—I 

CU 
43 

0) 

u X 
1 

43 
Cd 

H § 
o £ o 

C J 

. 0 

O «H 
C X O 
>> O 
CO «H 
CO i H 
O CU 

O 5 3 

c o 
PQ 

CD 0) 

o o cu 
I C M C O H t— i C M i H 43 
P C 53 O PQ PQ O 

P u 

cu cu cu 
T J T 3 CO * 0 
• H TH CO « H 
CJ CJ O CJ 
O O b O O 

CU 
4 3 

0 i - l 
a) cu 

P 3 5 3 

a cu 
>% 
CO i H 
CO >% 
O 43 
b O - P 

• H CU 
B B 
cu 

53 

/ - N / ~ S ^ / - N . 
I O N C M C O . 

C M o o m O 

C M C M I C M C M C M U J 

cu 

4J • cd 

• • • • • c u c u c J 
IM m *u M-l M-l ^ 
C U C U C U C U C U T J O C O 

cd 4 3 O T ) CU M-l 0 0 4 3 

In Plant Resistance to Insects; Hedin, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



86 PLANT RESISTANCE TO INSECTS 

H e l i o t h i s zea generally avoided consuming the pigment glands 
(276) i n d i c a t i n g that gossypol may act as a feeding deterrent. 
Gossypol apparently acts as a feeding deterrent to Spodoptera 
l i t t o r a l i s , Egyptian cotton leafworm. When polystyrene lamellae 
were painted on one side with sucrose and on the other side with 
gossypol, the 1% gossypol lamellae strongly suppressed feeding 
over that of a control (277). The feeding rate was negatively 
correlated with the gossypol concentration. Larvae fed about 
half as much on lamellae painted with a leaf extract of a high-
gossypol cotton as oh lamellae painted with an extract of a 
glandless cotton. 

Larvae (90-110 and 170-190 mg) of £. l i t t o r a l i s , raised on 
cotton plants with a mean content of 1.23% gossypol i n dry leaf 
powder, weighed l e s s , had delayed pupation, and a lower pupal 
weight compared to larvae raised on a cotton having an 
intermediate gossypol conten
even more pronounced.
die t s containing 0.5% gossypol acetate throughout t h e i r l i f e 
span, l a r v a l m o r t a l i t y was nearly 70% a f t e r the f i r s t 10 days and 
only 0.3% of the larvae pupated. At a concentration of 0.25% 
gossypol acetate, 44% of the larvae died w i t h i n 10 days and 26% 
of the larvae pupated (279). 

Studies on the spiny bollworm, Earias insulana, have given 
s i m i l a r r e s u l t s (273). Survival and average weights of larvae 
raised on diets containing gossypol were lower than the c o n t r o l . 
The same was true with regard to percent pupation and adult 
emergence. Seventy percent of larvae raised on a cotton c u l t i v a r 
with a gossypol content of 0.10% i n the b o l l s pupated, while only 
9% of those raised on a c u l t i v a r with 2.34% gossypol i n the b o l l s 
pupated. 

The e f f e c t of gossypol on three consecutive generations of 
l i t t o r a l i s has been studied by El-Sebae, et a l . (280). 

Larvae of S_* l i t t o r a l i s were treated t o p i c a l l y with d i f f e r e n t 
concentrations of gossypol. After emergence, the moths were 
treated t o p i c a l l y at the same concentrations of gossypol and 
paired. The number of eggs and percent h a t c h a b i l i t y were 
calculated. F i r s t i n s t a r larvae were reared on an a r t i f i c i a l 
d i e t containing d i f f e r e n t gossypol concentrations. The 
treatments were repeated i n the next generation. At the lowest 
concentration of gossypol i n the d i e t (0.25%), the number of eggs 
l a i d decreased to about 52% of the control i n the f i r s t 
generation. In the second and t h i r d generations, the number of 
eggs l a i d decreased to about 10% and 2%, respectively, of the 
c o n t r o l . H a t c h a b i l i t y dropped i n the f i r s t , second, and t h i r d 
generations to 50%, 43%, and 19%, r e s p e c t i v e l y , of the c o n t r o l . 
At a concentration of 0.50% gossypol i n the d i e t , the e f f e c t was 
even more dramatic, with the h a t c h a b i l i t y dropping below 1% i n 
the t h i r d generation. 

Meisner, et a l . reported i n h i b i t i o n of growth and protease 
and amylase a c t i v i t y i n S. l i t t o r a l i s larvae a f t e r feeding on 
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high gossypol c u l t i v a r s of cotton (281). El-Sebae, et a l . also 
studied the midguts of £. l i t t o r a l i s (280). They found that 
gossypol: 1) i n h i b i t e d protease a c t i v i t y and l i p i d peroxidation, 
2) increased microsomal N-demethylation a c t i v i t y , 3) stimulated 
mitochondrial ATPase a c t i v i t y at low concentrations ( 10 PM), and 
4) i n h i b i t e d ATPase a c t i v i t y at higher concentrations. The 
i n h i b i t i o n of protease and amylase a c t i v i t y and l i p i d 
peroxidation agree with gossypol fs a b i l i t y to retard growth by 
reducing protein biosynthesis. The i n h i b i t i o n of ATPase, which 
provides energy f o r biosynthesis, i s also compatible with the 
observed r e s u l t s . The implications of increased microsomal 
N-demethylation a c t i v i t y i s discussed below. 

Larvae of £. l i t t o r a l i s treated t o p i c a l l y with gossypol (100 
u g/g body weight) 24 hours before being treated with various 
i n s e c t i c i d e s had a highe  LDCQ tha  control insect  (272)
The increase i n L D ^Q wa
i n s e c t i c i d e , endrin (200%), y  organophosphat
i n s e c t i c i d e , Cyolane (154%), the phosphorothioate i n s e c t i c i d e 
leptophos (123%), and the carbamate i n s e c t i c i d e , Zectran (87%). 

IS. l i t t o r a l i s larvae had a lower m o r t a l i t y rate when allowed 
to feed on leaves treated with the i n s e c t i c i d e , phosfolan, from a 
cotton c u l t i v a r with a high gossypol content as compared to a 
c u l t i v a r with l i t t l e or no gossypol (282). The a b i l i t y of S». 
l i t t o r a l i s larvae to rap i d l y detoxify i n s e c t i c i d e s a f t e r 
treatment with gossypol, agrees with the r e s u l t s of El-Sebae 
(280) that microsomal N-demethylation reaches i t s maximum 
a c t i v i t y a f t e r 24 hours. An increase i n microsomal oxidases has 
also been observed i n the l i v e r of rats which were fed gossypol 
(283). 

As opposed to the r e s u l t s indicated above, the ef f e c t of 
gossypol on the b o l l weevil i s quite d i f f e r e n t . Gossypol i s a 
feeding stimulant to the b o l l weevil (260). B o l l weevils feeding 
on an a r t i f i c i a l d i e t were h e a l t h i e r and had improved egg hatch 
when the gossypol f r a c t i o n from cotton seed was used as the 
p r i n c i p l e p r otein source. 

Insect Resistance to Secondary Plant Allelochemics 

The introduction of synthetic pesticides heralded a new era 
i n which a g r i c u l t u r a l production f l o u r i s h e d . However, the use of 
pesticides introduced unexpected problems. In the case of 
i n s e c t i c i d e s , b e n e f i c i a l as w e l l as harmful insects were k i l l e d . 
Insects r a p i d l y developed resistance to the i n s e c t i c i d e s , 
r e q u i r i n g the introduction of new and more potent chemicals. 
This same scenario has not been observed with plant 
allelochemics. Phytophagous insects and plants have coexisted 
f o r eons. In general, p l a n t s , through t h e i r allelochemics have 
exacted t h e i r t o l l on i n s e c t s , while f a l l i n g prey to these same 
in s e c t s . The reasons f o r these differences deserve comment. 

Companies manufacturing p e s t i c i d e s , i n addition to 
considerations such as cost and safety, select only those 
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chemicals that k i l l the majority of the target organisms with 
which they come i n contact. Indeed, the a g r i c u l t u r a l producer 
demands such products. Even federal l i c e n s i n g agencies might 
balk at permitting the sale of a p e s t i c i d e that was only 
marginally e f f e c t i v e . Yet t h i s i s the path plants commonly 
follow. Experience has shown that given adequate pressure, 
nearly every species of insect i s capable of developing some 
tolerance to a p a r t i c u l a r i n s e c t i c i d e (285). The development of 
resistance depends on the presence of resistance genes and 
adequate s e l e c t i o n pressure by which these genes are concentrated 
and integrated i n t o the genome of the population. If the genetic 
p o t e n t i a l f o r resistance i s present, the rate of t h i s development 
w i l l depend on factors such as the frequency of the resistance 
genes, t h e i r dominance, the s e l e c t i o n pressure and previous 
exposure to the i n s e c t i c i d e . Assuming a s u f f i c i e n t s u r v i v a l 
r a t e , resistance w i l l develo
s e l e c t i o n pressure (285)

With plant allelochemics, the s e l e c t i o n pressure i s 
generally not high enough to concentrate the resistance genes 
i n the genome of the population. The plant allelochemics slow 
insect growth and extend the time of pupation. The larvae thus 
become more susceptible to disease, predators and environmental 
s t r e s s . However, some insects with susceptible genes do survive 
and t h e i r genes are continually included i n the pool. 

Plants that produce " s p e c i f i c " toxins may be plagued by 
insects that develop a tolerance to these toxins i n much the same 
way as insects develop tolerance to synthetic i n s e c t i c i d e s . Two 
examples from t h i s chapter are the tobacco hornworm and the b o l l 
weevil which have developed a high tolerance to n i c o t i n e and 
gossypol, respectively. Some occurrence i n the distant past may 
have placed s u f f i c i e n t l y high s e l e c t i o n pressure on these 
insects that they developed tolerance to these compounds. 
A l t e r n a t i v e l y , the same e f f e c t could have occurred by a low 
s e l e c t i o n pressure applied over a very long period time. Other 
plants protect themselves by employing "general" toxins. 
Selection pressure from t h i s type of t o x i n would be even l e s s . 

Thus plants have evolved which produce chemicals which are 
only marginally t o x i c to i n s e c t s . Production of chemicals that 
are extremely t o x i c to insects would give a plant only a 
temporary adaptive advantage. 

Host-Plant Resistance and the P e s t i c i d e Industry 

The recent advances i n i d e n t i f y i n g and u t i l i z i n g 
allelochemics involved i n host-plant resistance has drawn the 
a t t e n t i o n of the pesticide industry. A p o t e n t i a l problem that 
may not be recognized, i s the e f f e c t on insects i f analogs of 
plant protective chemicals are sprayed on a g r i c u l t u r a l crops. 
Insects treated with such analogs, could r a p i d l y become tolerant 
not only to the analog, but also to the natural allelochemic. 
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Insects treated with such analogs, could r a p i d l y become tolerant 
not only to the analog, but also to the natural allelochemic. 
There are examples of cross-resistance i n which an insect treated 
with one chemical was found to have resistance to a chemical with 
which i t had never been treated. A s t r a i n of house-fly which had 
developed resistance to the synthetic i n s e c t i c i d e , DDT, was found 
to be re s i s t a n t to the natural pyrethrin i n s e c t i c i d e s (286)• 
These two i n s e c t i c i d e s are chemically very d i f f e r e n t , and yet 
they may react at the same s i t e inducing cross-resistance. 

In cotton, f o r example, i t has been observed that some 
insects that are not normally cotton pests, become a pest on 
glandless cottons which do not contain gossypol. Such i n s e c t s , 
which are minor pests because of t h e i r avoidance of gossypol, i f 
sprayed continuously with the proper i n s e c t i c i d e , could develop, 
through cross-resistance  a tolerance f o r gossypol and appear as 
a new major pest on t h i
developing such resistanc
i n s e c t i c i d e s that are quite d i s t i n c t from the plant's a l l e l o 
chemic. The po t e n t i a l becomes i n f i n i t e l y greater i f the a l l e l o 
chemic and synthetic i n s e c t i c i d e are chemically s i m i l a r . Some 
may believe that an insect cannot develop a tolerance fo natural 
i n s e c t i c i d e s . On the contrary, the Mexican bean beetle has 
developed resistance to the natural rotenoid i n s e c t i c i d e s (287)• 
There are already scattered reports of H e l i o t h i s developing 
resistance to the pyrethroids a f t e r use of only a few years. 

With the one exception of s e l e c t i o n pressure, a l l other 
prerequisites f or the development of resistance are present i n 
the plant-insect r e l a t i o n s h i p . Therefore, c a r e f u l studies are 
needed before such chemicals are introduced as a control 
measure. 
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6 
Regulation of Synthesis and Accumulation of 
Proteinase Inhibitors in Leaves of Wounded 
Tomato Plants 
C. E. NELSON, M. WALKER-SIMMONS, D. MAKUS, G. ZUROSKE, 
J. GRAHAM, and C. A. RYAN 
Washington State University, Institute of Biological Chemistry and Biochemistry 
and Biochemistry/Biophysics Program, Pullman, WA 99164 

Two proteinase inhibi tors  Inhibitor  I d II, 
accumulate in leave
by chewing insect y
accumulation of these two antinutrient proteins is 
apparently a defense response and is in i t i a ted by 
the release of a putative wound hormone called the 
proteinase inhibi tor inducing factor (PIIF). The 
direction of flow of PIIF out of wounded leaves i s 
primarily towards the apex and transport occurs 
maximally about 120 min following wounding. After 
a single severe wound, the in v i t ro translatable 
tomato leaf mRNA specific for Inhibitors I and II 
increases to a maximum within four hours and 
remains constant for about five hours when i t 
decreases rapidly to about 50% of the maximum. 
The rate of in vivo accumulation of both inhibi tor 
proteins steadily increases, reaching a steady 
state after nine hours. However, a second wound 
at nine hours results in a tripling of the steady 
state rate of inhibi tor accumulation over the next 
several hours. The data indicates that the second 
wound causes no change in the apparent transla-
t ional efficiencies of the mRNA for Inhibitors I 
and II but causes increased rates of inhibi tor 
accumulation by providing more translatable 
inhibi tor messages when the plant 's translation 
system is operating at high efficiency. 

A severe mechanical wound on a sin g l e leaf of tomato plants 
i n i t i a t e s a complex series of e x t r a c e l l u l a r and i n t r a c e l l u l a r 
reactions which r e s u l t i n the synthesis and accumulation of two 
proteinase i n h i b i t o r s , I n h i b i t o r s I and I I , i n leaf c e l l s (1_, 
2). A second wounding, wi t h i n a few hours, r e s u l t s i n a 2-3 
fo l d increase i n the rates of accumulation i n i t i a t e d by the 
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f i r s t wound. A putative wound hormone, c a l l e d the proteinase 
i n h i b i t o r inducing f a c t o r , PIIF, i s released at the wound s i t e 
and t r a v e l s throughout the plant to i n i t i a t e synthesis and 
accumulation of the two proteinase i n h i b i t o r s , even i n unwounded 
leaves several cm from the wound s i t e . We view t h i s process as 
a p r i m i t i v e immune-like response i n which the plant i s respond
ing to pest damage by producing powerful a n t i n u t r i e n t proteins, 
the proteinase i n h i b i t o r s , to help the plant discourage p e r s i s 
tent or future attacks by pests. 

This wound response has provided a novel system for studying 
the regulation of the expression of the two proteinase i n h i b i t o r s 
by the factor PIIF, triggered by severe environmental s t r e s s . 
In t h i s chapter we report our recent data concerning the d i r e c 
t i o n and time course of PIIF transport through the plant f o l l o w 
ing wounding, and our progress i n i n i t i a t i n g a program to study 
the molecular biology o

D i r e c t i o n and Rate of Flow of the Wound Signal, PIIF 

PIIF a c t i v i t y has been i s o l a t e d by various techniques from 
tomato leaves to y i e l d a s i n g l e broad peak from Sephadex G-50 
that e x h i b i t s a Mw range of about 5000 to 10,000 daltons and i s 
p r i m a r i l y carbohydrate i n composition (3). Properties of highly 
p u r i f i e d PIIF preparations, such as loss of a c t i v i t y upon e i t h e r 
prolonged acid hydrolysis or periodate oxidation, and i t s 
monosaccharide composition suggested that i t was s i m i l a r to the 
pectic polysaccharides found associated with the plant c e l l 
w a l l . In c o l l a b o r a t i o n with Dr. Peter Albersheim, of the 
University of Colorado, we found that a sycamore c e l l w a l l -
derived polysaccharide, c a l l e d rhamnogalacturonan I , was as 
active as tomato PIIF i n inducing proteinase i n h i b i t o r accumula
t i o n i n young tomato plants (4). This work substantiated that 
tomato PIIF was a fragment of the plant c e l l w a l l . In subsequent 
experiments we were able to enzymically degrade PIIF in t o 
oligosaccharides with molecular weights of about 400 to 2000 
that retained the capacity to induce proteinase i n h i b i t o r s i n 
detached tomato leaves (3). 

A hypothesis was presented (3) i n which PIIF i s released as 
a mixture of poly- and oligosaccharides fragmented from the c e l l 
w a l l by h y d r o l y t i c enzymes that e i t h e r are activated during 
wounding or are introduced by invading pests. PIIF, or a 
product induced by i t s presence, could then be transported 
r a p i d l y through the plant vascular system to target c e l l s where 
i t induces the synthesis and accumulation of proteinase i n h i b i t o r 
proteins. 

D i r e c t i o n of flow of PIIF. The time-course of I n h i b i t o r I 
accumulation i n leaves of young tomato plants at the four l e a f 
stage, wounded at 0 time and at 72 hr, i s shown i n F i g . 1. 
Wounding of an upper l e a f l e t ( l e f t ) did not cause accumulation 
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of I n h i b i t o r I i n lower leaves, but a second wound (at 72 hr) on 
the same leaf was weakly registered by the lower leaves and 
resulted i n some accumulation of the i n h i b i t o r . Wounding of the 
lowest leaf ( r i g h t ) did cause upper leaves to accumulate Inhib
i t o r I and a second wound at 72 hr s i g n i f i c a n t l y reinforced the 
response, p a r t i c u l a r l y i n the two uppermost leaves. In Table I 
the average l e v e l s of I n h i b i t o r I i n a l l four terminal l e a f l e t s 
of tomato plants, s i n g l y wounded at the various l e a f l e t p o s i 
t i o n s , i s shown. I t i s clear that i n h i b i t o r s p r e f e r e n t i a l l y 
accumulated i n leaves near the apex of the plant and that the 
transport of PIIF was p r i m a r i l y acropetally. The lower leaves 
were not disposed to accumulate much I n h i b i t o r I , even when the 
lowest l e a f l e t s were wounded. These experiments suggest that 
not only are lower older leaves much less responsive to PIIF, 
but are apparently r e c i p i e n t s of only a small amount of the 
hormone that i s release
demonstrated that a l
PIIF when wounded, although the lowest wounded leaves do not 
appear to be releasing as much PIIF as upper leaves. 

Rate of flow of PIIF. A single s l i c e of a sharp razor 
blade through the leaf p e t i o l e apparently does not release 
appreciable PIIF into the plant as evidenced by the lack of 
accumulation of i n h i b i t o r i n tissues of the excised leaf (5). 
Thus, a s i n g l e wound can be i n f l i c t e d i n a terminal l e a f l e t and 
then the e n t i r e leaf can be severed at a measured distance from 
the wound s i t e near the base of the p e t i o l e at various times to 
determine how long i t takes f o r PIIF to t r a v e l past the p o s i t i o n 
of the cut and out of the l e a f , as judged by accumulation of 
I n h i b i t o r I i n an adjacent upper l e a f l e t 24 hr l a t e r . Our 
previous experiments (6) suggested that about 2 hr was required 
to maximally transport PIIF out of leaves (a distance of about 6 
cm). We repeated these experiments herein with the purpose of 
comparing the rate of PIIF transport with that of [^C]glucose 
that was applied to the wound immediately following the i n j u r y . 

The time f o r transport of [ l t fC]glucose from i t s a p p l i c a t i o n 
at the wound s i t e to the base of the p e t i o l e ( F i g . 2, r i g h t ) was 
nearly i d e n t i c a l to that of PIIF that was released upon wounding. 
The amount of glucose that was transported up to the next l e a f , 
however, was small compared to what passed through the p e t i o l e 
of the wounded l e a f . Very l i t t l e r a d i o a c t i v i t y was detected i n 
the adjacent lower l e a f . The maximum r a d i o a c t i v i t y was reached 
at about 120 min following wounding, the same time that PIIF 
transport through t h i s region was maximal (Fig. 2, l e f t ) . Thus, 
both PIIF and [ 1 1 +C]glucose were transported out of the wound 
s i t e s at approximately the same times and were both preferen
t i a l l y transported acropetally. 

Mode of transport. A j e t of hot a i r (80°C) focused on a 
segment of the p e t i o l e near the main stem completely destroyed 
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TABLE I 

INHIBITOR I ACCUMULATION IN LEAVES OF YOUNG TOMATO PLANTS 
120 HOURS FOLLOWING WOUNDING OF INDIVIDUAL LEAVES AT 

DIFFERENT LOCATIONS ON THE PLANTS 

Young tomato plants having four leaves were wounded at the leaf 
p o s i t i o n shown below with a hemostat at 0 and 72 hr. A f t e r 120 
hr following the i n i t i a l wounding the terminal l e a f l e t of each 
leaf was assayed f o r I n h i b i t o r I concentration. 

P o s i t i o n o
Wounded Leaf 1 2 3 4 

In h i b i t o r I Accumulation 

(pg/g tissue) 
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the phloem but not the xylem, as evidenced by the drying of the 
treated area w i t h i n an hour to form a f i n e strand of xylem with 
the leaf s t i l l i n t a c t with good turgor. This treatment caused 
the leaf i t s e l f to accumulate I n h i b i t o r I over the next 24 hr, 
but i t minimally affected the leaves of the rest of the plant, 
i n d i c a t i n g that the destruction of the phloem did not i n i t i a t e 
PIIF transport out of the leaf but only into the leaf i t s e l f . 
We subjected a segment of the p e t i o l e of the lowest leaf of 
several 3 le a f stage tomato plants, to a hot a i r j e t to destroy 
the phloem. Within an hour the injured p e t i o l e segments had 
dried to form the t h i n strands of xylem. As before, t h i s 
treatment did not release PIIF i n t o the plant (Table I I , t r e a t 
ment 3) while the leaf i t s e l f (leaf #1) accumulated considerable 
I n h i b i t o r I. Subsequent wounding of leaves whose phloem had 
been destroyed (Table I I , treatment 4) did not r e s u l t i n Inhib
i t o r I accumulation i
phloem destruction ha
l e a f . 

While the evidence presented herein cumulatively supports 
the involvement of the phloem i n tran s l o c a t i n g PIIF out of 
wounded tomato plants, the v e l o c i t y of transport appeared to be 
much slower than expected f o r phloem transport. When c a r e f u l l y 
measured from point to point i n p e t i o l e tissue the v e l o c i t y of 
assimilate out of leaves, i n general, i s i n the order of 1-5 
cm/min (_7, 8). Our techniques do not allow d i r e c t measurements 
with PIIF i t s e l f , but from our i n d i r e c t measurements we calculate 
a gross movement of PIIF from the time of wounding to time of 
maximum transport of PIIF (as with glucose) to the base of 
the p e t i o l e , 6 cm from the wound s i t e , of about 0.05 cm/min. 
This i s over twenty times too slow f o r a process involv i n g j u s t 
phloem transport. Thus, i f phloem transport i s occurring, then 
a time of nearly 2 hr must be required to d e l i v e r a maximum 
quantity of PIIF into the phloem at or near the wound s i t e . 
This rate i s much slower than normal phloem loading, for example 
i n healthy soybeans (9). 

The data seems to indicate that the o r i g i n s of PIIF and i t s 
introduction into the transport system of the plant i s a complex 
system. We can however speculate about the nature of the 
process from a v a i l a b l e information. The 2 hr period required to 
reach maximum PIIF l e v e l s i n the phloem could be a consequence 
of enzymic degradation of the c e l l w a l l following wounding, 
and/or the production and association of some type of chemical 
to the c e l l w a l l fragments, eventually entering the transport 
system. Thus, the phloem, which i s involved i n translocating 
carbohydrates, would be a l o g i c a l candidate to transport small 
p e c t i c fragments, p r e f e r e n t i a l l y to the upper leaves. This type 
of mechanism of PIIF production and release would require some 
type of loading mechanism that would allow the fragments to 
enter the phloem as, or a f t e r , they were produced. As a monitor
ing system f o r insect or pathogen damage, t h i s process would be 
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TABLE I I 

EFFECT OF THE HOT AIR-DESTRUCTION OF PETIOLE PHLOEM ON THE 
MOVEMENT OF PIIF OUT OF MECHANICALLY WOUNDED LEAVES 

A l l treatments of young tomato plants (having three leaves) were 
at the lowest leaf (#1) shown below. Hot a i r (80°C) was applied 
to the base of the p e t i o l e through a window i n a t e f l o n s h i e l d 
to destroy a segment o
d i c u l a r to the midrib
n a l l e a f l e t of le a f #1 three days a f t e r hot a i r treatment and 
I n h i b i t o r I l e v e l s were assayed i n the leaves 24 hr l a t e r . 

3. 
Treatment ^ • W ^ t Leaf # If 2 

I n h i b i t o r I Accumulation 
(yg/g tissue) 

1. No treatment 0 0 10 

2. No phloem destruction 133 126 86 
leaf / / l mechanically 
wounded 

3. Leaf #1 phloem destroyed, 173 35 32 
lea f #1 tissue unwounded 

4. Leaf #1 phloem destroyed, 165 14 27 
leaf #1 tissue wounded 
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w e l l s u i t e d , d i r e c t i n g messages from wounded or damaged tissues 
to the younger healthy tissues to i n i t i a t e i n h i b i t o r accumula
t i o n . 

In V i t r o Synthesis of Pre-Proteinase I n h i b i t o r s with mRNA from 
Wounded Tomato Plants 

The two proteinase i n h i b i t o r s that accumulate i n leaves of 
wounded tomato leaves have been i s o l a t e d and characterized. 
I n h i b i t o r I has a molecular weight of 41,000 and i s composed of 
subunits with molecular weights of about 8100 (10). I t i s , 
therefore, a pentamer i n i t s native state. Each subunit 
possesses an active s i t e s p e c i f i c f o r chymotrypsin, and the 
apparent fo r the i n h i b i t i o n of chymotrypsin i s about 10""9M 
(10). I n h i b i t o r I I has a molecular weight of about 23,000, i s 
composed of two subunits
chymotrypsin with K. value
(10) . 

Messenger RNA has been prepared from leaves of wounded and 
unwounded tomato plants and only leaves of wounded plants 
contain translatable mRNAs s p e c i f i c for I n h i b i t o r s I and I I 
(11) . Both proteins have been shown to be translated i n v i t r o 
i n a r e t i c u l o c y t e lysate system as p r e i n h i b i t o r s , 2000-3000 
daltons larger than those synthesized and accumulated i n vivo 
(11). The p r e i n h i b i t o r s may be important i n the compartmentali-
zation of the i n h i b i t o r s as they are stored i n the ce n t r a l 
vacuole, or plant lysosome, of the plant c e l l s (12). We have 
now studied the time course of the increase i n t r a n s l a t a b l e mRNA 
i n leaves of wounded plants u t i l i z i n g poly(A) mRNA i s o l a t e d at 
various times following wounding. 

When young tomato plants are wounded, by chewing insects or 
by a severe crushing of any type, the l e v e l s of t o t a l poly(A) 
tran s l a t a b l e mRNA for both proteinase I n h i b i t o r I and I n h i b i t o r 
I I r i s e r a p i d l y during the f i r s t 4 hr a f t e r wounding (13). This 
r i s e was measured by quantifying the immunoprecipitates that can 
be recovered s p e c i f i c a l l y from electrophoretic gels a f t e r 
t r a n s l a t i o n i n a c e l l free rabbit r e t i c u l o c y t e lysate system 
(11, 13). An example of such gels i s shown i n F i g . 3. In t h i s 
example the newly translated I n h i b i t o r s I and I I were i s o l a t e d 
as immunoprecipitates with I n h i b i t o r I IgG plus I n h i b i t o r I I 
IgG and electrophoresed i n 15% acrylamide gels i n the presence 
of SDS and mercaptoethanol. The analysis of r a d i o a c t i v i t y 
([ 3 5S]methionine) incorporated in t o each i n h i b i t o r i n the gels 
was taken as a measure of the concentration of i n h i b i t o r mRNAs. 
Translatable mRNAs for I n h i b i t o r s I and I I are present at near 
maximum l e v e l s w i t h i n 4 hr following wounding ( F i g . 4A). The 
le v e l s remain high u n t i l 9 hr. A f t e r 9 hr the l e v e l s decrease 
to less than ha l f t h e i r o r i g i n a l l e v e l ( F i g . 4A). In the same 
leaves, during the same time, the rates of i n vivo accumulation 
of I n h i b i t o r s I and I I (Fig. 4B) st e a d i l y increase during the 
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Figure 3. SDS-urea electrophoresis of proteinase Inhibitors I and IL Key: Lane 1, 
proteinase Inhibitor II; Lane 2, proteinase Inhibitor I (both lanes stained with 
Coomassie blue); and Lane 3, [35S]preproteinase Inhibitors I and II synthesized in 
an in vitro rabbit reticulocyte system immunoprecipitated for Inhibitors I and II. 
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T 1 r 

TIME (hours) 

Figure 4. Time course analysis of the accumulation of Inhibitors I and II protein, 
translatable mRNAs and apparent translational efficiencies in leaves of singly and 
doubly wounded tomato plants. Key: —•—, Inhibitor I, single wound; — O — , 
Inhibitor II, single wound; — • —, Inhibitor I, double wound; and — O — , 

Inhibitor II, double wound. 

A: In vitro translation of 4-fig quantities of tomato leaf mRNA and subsequent 
isolation of specific preinhibitors through the preformed antibody technique (\\). 

B: In vivo accumulation of Inhibitors I and II proteins in wounded tomato leaves. 

C: Apparent translational efficiencies. 
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f i r s t 9 hr a f t e r wounding. By 14 hr the rates of accumulation 
have reached a steady state rate that remains constant f o r 
several hours. This suggests that some s h i f t i n the c e l l i s 
occurring at about 9 hr that i s r e f l e c t e d i n both the i n v i t r o 
t r a n s l a t i o n of mRNA and i n the i n vivo accumulation of i n h i b 
i t o r s . The cause of the s h i f t i n l e v e l s of tra n s l a t a b l e mRNA i s 
unknown and could reside i n ei t h e r some s t r u c t u r a l feature of 
the mRNAs themselves that change t h e i r t r a n s l a t i o n a l rates, or 
the differences could r e s u l t i n changes i n t h e i r rates of 
synthesis or degradation. Nevertheless, the s h i f t r e s u l t s i n 
species of mRNA that are responsible f or the more e f f i c i e n t 
steady state rate of synthesis of the two i n h i b i t o r s a f t e r 9 hr. 

A second wounding of the leaves 9 hr a f t e r the i n i t i a l 
wounding, t r i p l e d the rate of accumulation of both I n h i b i t o r s I 
and I I (F i g . 4B) over those of once wounded plants  This second 
wound also resulted i
present at 9 hr so tha
wounded plants did not occur. The tran s l a t a b l e mRNA l e v e l s 
remained high through the 18th hr (Fi g . 4A). Thus, high mRNA 
le v e l s at 18 hr i n doubly wounded plants i s r e f l e c t e d i n over a 
doubling of I n h i b i t o r s I and I I synthesis and accumulation. As 
shown i n F i g . 4C, a second wounding a f t e r 9 hr did not further 
increase the t r a n s l a t i o n a l e f f i c i e n c y of I n h i b i t o r s I and I I 
mRNA although i t s i g n i f i c a n t l y increases the rates of i n h i b i t o r 
synthesis and accumulation. The second wound apparently provides 
more mRNA when the plant's t r a n s l a t i o n a l system i s already 
operating at high e f f i c i e n c y . The apparent increase i n t r a n s l a 
t i o n a l e f f i c i e n c y of mRNA a f t e r 9 hr i s not the r e s u l t of an 
increase i n t o t a l poly(A) mRNA. Two separate extractions of 
t o t a l mRNA from leaves of wounded tomato plants showed the 
opposite; that s u b s t a n t i a l l y l e s s poly(A) RNA was present at 14 
hr (40 ± 10.6 ug/g of l e a f ) and 18 hr (55 ± 3.5 ug/g of leaf ) 
a f t e r a sing l e wound than at 9 hr (96 ± 4.2 ug/g of leaf t i s s u e ) . 

A s i m i l a r time course f or tr a n s l a t a b l e mRNA has been 
reported (14) i n barley aleurone l a y e r s , i n response to gi b b e r e l -
l i c a c i d . Total p o l y ( A ) + RNA was found to increase dramatically 
i n the f i r s t 12 hr a f t e r hormone a p p l i c a t i o n , followed by a 
rapid decline to 25% of the maximum at 18 hr. On the other 
hand, the accumulation of ovalbumin mRNA i n response to proges
terone i n chick oviducts (15) i s an example that does not appear 
to behave i n t h i s manner. 

The p o s s i b i l i t y that the difference i n apparent t r a n s l a t i o n 
e f f i c i e n c i e s described here might be due to the presence of a 
d i f f e r e n t , perhaps larger species of mRNA being present at 9 or 
18 hr, was investigated by analysis of the sizes of mRNAs f o r 
I n h i b i t o r s I and I I on l i n e a r sucrose gradients. U l t r a c e n t r i f u -
gation of 200 ug aliq u o t s of mRNA from leaves of 9- and 18-hr 
single wounded plants and 18-hr double wounded plants demon
strated that a l l three mRNAS migrated i d e n t i c a l l y ( F i g . 5). To 
locate the p o s i t i o n of p o l y ( A ) + RNAs s p e c i f i c f o r I n h i b i t o r s I 
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i r 

f r a c t i o n number 

Figure 5. Size analysis of Inhibitors I and II specific mRNA from levels of 9- and 
18-h singly wounded tomato plants and 18-h doubly wounded plants. PolyfA )* RNA 
was applied to 15-30% linear sucrose gradients and was spun at 25,000 rpm. 
Twenty-five fractions were collected, the absorbency was measured, and the mRNA 
was precipitated by cold ethanol. In vitro translations were performed with each 
fraction in a rabbit reticulocyte system, and isolation of the preinhibitors with 
preformed antibody precipitates located the position of the two inhibitors. The 
gradients were calibrated by centrifugation of tomato leaf poly(A)~ RNA on an 
identical gradient. The locations of translatable mRNAs for Inhibitors I and II were 
identical with RNA obtained from 9- and 18-h singly wounded or 18-h doubly 

wounded plants. 
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and I I the eluted gradient material was p r e c i p i t a t e d with ethanol 
and i n v i t r o t r a n s l a t i o n performed. Fractions containing pre
i n h i b i t o r s I and I I were i d e n t i f i e d by s p e c i f i c immunoprecipita-
t i o n of the t r a n s l a t i o n products (data not shown). Analysis of 
the gradient (16) with known standards of tomato l e a f RNA that 
do not bind to ol i g o ( d T ) - c e l l u l o s e columns (poly(A)~ material) 
showed that I n h i b i t o r s I and I I mRNAs always migrated with 
sedimentation c o e f f i c i e n t s of 13S and 15S, respectively. 

In order to further p u r i f y the s p e c i f i c messengers fo r the 
i n h i b i t o r s , a d d i t i o n a l 15-30% gradients were run on mRNA samples 
that had been p a r t i a l l y p u r i f i e d by ol i g o ( d T ) - c e l l u l o s e . Frac
tions corresponding to the known p o s i t i o n of I n h i b i t o r s I and I I 
mRNA were combined and recentrifuged i n 10-25% l i n e a r sucrose 
gradients ( F i g . 6). By comparing the amount of ra d i o l a b e l 
s p e c i f i c a l l y immunoprecipitated to the t o t a l number of counts 
incorporated i n the t o t a
r e l a t i v e p u r i t y of the
techniques have thus provided a 15-fold p u r i f i c a t i o n of the 
s p e c i f i c mRNA fo r I n h i b i t o r I and a 5-fold p u r i f i c a t i o n of 
In h i b i t o r I I mRNA. 

The mRNA for both I n h i b i t o r s I and I I appeared to be 
t y p i c a l of eukaryotic messengers that code for small proteins of 
8-12,000 daltons having a p o l y ( A ) + t a i l since both messengers 
bind s p e c i f i c a l l y to ol i g o ( d T ) - c e l l u l o s e . There i s no evidence 
of t r a n s l a t a b l e messengers for the two i n h i b i t o r s i n the RNA 
f r a c t i o n that did not bind to the oligo(dT) a f f i n i t y r e s i n (data 
not shown). 

The length of poly(A) segments present i n poly(A) RNA from 
pooled sucrose density gradient f r a c t i o n s r i c h i n I n h i b i t o r s I 
and I I mRNA was determined by subjecting the RNA to pancreatic 
and Tj RNase di g e s t i o n , and l a b e l i n g the 5' terminal ends with 
[y- 3 2P]ATP and polynucleotide kinase. Results of the length 
determination i n polyacrylamide gels indicate that poly(A) 
fragments are about 100 nucleotides long. The d i s t r i b u t i o n of 
lengths i n the experiment represent a v a r i e t y of mRNAs and the 
t a i l lengths of the two I n h i b i t o r s are not known but are assumed 
to be wi t h i n t h i s d i s t r i b u t i o n . 

In a further experiment we assayed f o r the presence of a 
cap structure on the mRNAs for both I n h i b i t o r s I and I I by 
competitive i n h i b i t i o n by 7-methyl-guanosine 5'-monophosphate 
(m 7G 5 fp) of the i n v i t r o t r a n s l a t i o n of these messengers. 
Concentrations of 40 uM m 7G 5 ?p i n h i b i t e d by 50% the i n v i t r o 
t r a n s l a t i o n of t o t a l tomato leaf p o l y ( A ) + mRNA (F i g . 7A). This 
l e v e l i s 40-fold lower than that required to s i m i l a r l y i n h i b i t 
rabbit globin mRNA translated i n a rabbit r e t i c u l o c y t e lysate 
(17) and 4-fold lower than that required to i n h i b i t the same 
mRNA i n a wheat germ system (18). I t was of i n t e r e s t that the 
tr a n s l a t i o n of I n h i b i t o r I i s i n h i b i t e d to 50% by 20 uM m7G5'p 
while 50% i n h i b i t i o n of I n h i b i t o r I I requires less than 10 uM 
(Fig. 7B). The basis of t h i s difference i s not understood but 
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Figure 6. Partial purification of Inhibitors I and II mRNA. Fractions containing 
Inhibitors I and II mRNA determined by in vitro translation analyses were recov
ered from an initial 15-30% linear sucrose gradient, precipitated by cold ethanol, 
and applied to a 10-25% linear sucrose gradient. The sample was centrifuged for 
36 h at 25,000 rpm. Fractions of the gradient were collected and subjected to in 
vitro translation analyses. The upper graph represents total [35S]methionine incorpo
ration assayed with 1 fxL of the translation mixture as described (11). The bottom 
figure quantitates the radiolabel incorporated specifically into Inhibitor I (solid bars) 

and Inhibitor II (open bars). 
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PARTIAL PURIFICATION OF INHIBITORS I AND I I mRNAs 

% Counts 

P u r i f i c a t i o n Total Translatable I n h i b i t o r s 
Total Translatable Protein 

Oligo(dT) Chromatography 

F i r s t Sucrose Gradient 

Second Sucrose Gradient 

I n h i b i t o r I I n h i b i t o r I I 

0.27% 0.22% 

0.42% 0.35% 

4.1% 1.2% 
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7-METHYL GUANOSINE 5'-MONOPHOSPHATE (mM) 

Figure 7. Inhibition of in vitro translation of tomato leaf mRNA by m7G5'p. 
Quantities of 4 fig mRNA from wounded tomato leaves were translated and 

analyzed. 

A: Total incorporation of [35S]methionine into trichloroacetic acid insoluble pro
tein. Assays were done with 1-fiL fractions of the translation reaction as described 

B: Incorporation of [35S]methionine into pre-Inhibitors I (O) and II (Q) as 
isolated by preformed antibody precipitates. 
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could be explained i f there i s a difference between the a f f i n 
i t i e s of the two proteinase I n h i b i t o r mRNAs for the mRNA binding 
s i t e on the 40S i n i t i a t i o n complex or between the In vivo cap 
structures. I n h i b i t i o n of t r a n s l a t i o n by derivatives of m7G5'p 
has been used as evidence that a s p e c i f i c mRNA contains a 5 1 

terminal cap structure (19), but t h i s i n t e r p r e t a t i o n must be 
treated with caution (20). However, the fact that the t r a n s l a 
t i o n of I n h i b i t o r s I and I I mRNA i s several f o l d more strongly 
i n h i b i t e d by m 7G 5 ,p than globin mRNA lends support to the 
presence of capped structures at the 5 1 terminus of the i n h i b i t o r 
mRNAs. The unequivocal i d e n t i f i c a t i o n of the cap structures 
w i l l require p u r i f i c a t i o n of the mRNAs for each i n h i b i t o r . 

Thus, studies of the properties of the mRNAs i s o l a t e d at 
di f f e r e n t times a f t e r wounding do not reveal any differences 
that might r e f l e c t the large changes i n t r a n s l a t i o n a l e f f i c i e n 
cies observed i n tomat
t h i s time there may b
and i n t e r n a l methylation. I t i s also possible that some c e l l u l a r 
component involved with synthesis and transport of i n h i b i t o r s 
into the c e n t r a l vacuole may be involved. The vacuole or l y s o -
some i s considered to orig i n a t e with the Golgi apparatus. 
C e l l u l a r events during the f i r s t hours following wounding may be 
involved with the production of a component(s) to f a c i l i t a t e 
ribosome-mRNA binding or some other process i n the Golgi appara
tus to s p e c i f i c a l l y accommodate transport of I n h i b i t o r s I and I I 
into the vacuole. 

A l t e r n a t i v e l y , poor e f f i c i e n c i e s of i n h i b i t o r mRNAs may be 
due to t h e i r incorporation i n t o ribonucleoprotein p a r t i c l e s 
(RNPs) such as found i n sea urchin embryos (21). Newly made 
mRNA i n the embryos i s found i n RNPs and they apparently have 
"weak" template a c t i v i t i e s while i n these p a r t i c l e s . The 
presence of newly synthesized tomato mRNA i n s i m i l a r p a r t i c l e s 
might explain the apparently low t r a n s l a t i o n a l e f f i c i e n c i e s 
noted herein. The use of chaotropic buffers i n the preparation 
of tomato l e a f mRNA (11) would not d i f f e r e n t i a t e between free or 
polysome-bound mRNAs and those complexed i n RNPs. I f an RNP or 
s i m i l a r p a r t i c l e i s involved, then i t s r o l e must be a temporal 
one since a second wound does not repeat the phenomenon ( F i g . 4). 

Cloning of the mRNAs enriched i n I n h i b i t o r s I and I I 
messages i s underway to provide cDNA probes to more f u l l y 
explore the regulation of the tomato genes coding f o r I n h i b i t o r s 
I and I I i n response to wounding. With such clones not only can 
di r e c t h y b r i d i z a t i o n techniques be employed to probe the l e v e l s 
of PIIF-induced mRNA, but more importantly, the genes for the 
i n h i b i t o r s can hopefully be i s o l a t e d , the s t r u c t u r a l features of 
the genes be studied and the molecular basis for the regulation 
of gene expression i n response to stress can be explored. 
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Summary 

The wound-induced synthesis and accumulation of proteinase 
I n h i b i t o r s I and I I i n tomato leaves has provided a model system 
to study the regulation of proteinase i n h i b i t o r genes i n plants. 
The s i m p l i c i t y of the phenomenon has made i t possible to i s o l a t e 
the wound-factor, or hormone, and to study i t s release, d i r e c t i o n 
and rate of transport i n tomato plants. Messenger RNA has been 
i s o l a t e d from leaves of wounded plants and contains translatable 
mRNAs for the two proteinase i n h i b i t o r s . Studies with these 
mRNAs have provided a basis f o r the i n i t i a t i o n of a program to 
clone i n h i b i t o r cDNAs for studies of the molecular basis of the 
wound-induced process of i n h i b i t o r synthesis. 
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Plant Polyphenols and Their Association 
with Proteins 
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University of Sheffield, Department of Chemistry, Sheffield S3 7HF, United Kingdom 

Plant polyphenols (syn. vegetable tannins) which complex 
strongly with protein
types. The first group
an oligomeric flavan-3-ol structure and the second class 
is composed of esters of gallic acid, (R) and (S)-hexa-
hydroxydiphenic acid, and their derivatives usually with 
D-glucose. Polyphenols associate with proteins princip
ally by intermolecular hydrogen bonding. A hypothesis 
is advanced to explain the propensity of polyphenols, 
as their molecular size increases, to precipitate 
proteins from solution. An important corollorary of 
this theory is that simple phenols (M.Wt. < 200) should 
display similar behaviour if they can be maintained in 
solution at sufficiently high concentrations. 

For a c e n t u r y and more the e l u c i d a t i o n o f the c h e m i s t r y o f a 
n a t u r a l product (J_, secondary m e t a b o l i t e ) has been a dominant theme 
of o r g a n i c c h e m i s t r y . Today the emphasis has changed. The 
q u e s t i o n - "what i s the r o l e o f secondary metabolism i n the l i f e 
o f p l a n t s and micro-organisms?" - i s one to which i n v e s t i g a t o r s 
i n c r e a s i n g l y address themselves. The problem remains e s s e n t i a l l y 
u n resolved a l t h o u g h numerous ideas have been put for w a r d . S e v e r a l 
p r o p o s i t i o n s c e n t r e on the su g g e s t i o n t h a t i t i s the process of 
secondary metabolism and not, i n the general c a s e , the secondary 
m e t a b o l i t e s themselves which a r e o f importance to the organism 
( 2 ) . These s u g g e s t i o n s do not exc l u d e the p o s s i b i l i t y , indeed 
p r o b a b i l i t y , t h a t the d i s t i n c t i v e p r o p e r t i e s o f i n d i v i d u a l second
a r y m e t a b o l i t e s have, over the course o f e v o l u t i o n , secured a 
p a r t i c u l a r n i c h e f o r an organism i n the l i v i n g w o r l d . C o n t r a s t i n g 
w i t h t h i s v i e w p o i n t are those which suggest t h a t an organism's 
c a p a c i t y to defend i t s e l f a g a i n s t p r e d a t i o n by some organisms and 
t o a t t r a c t o t h e r s i n c l u d e d the e v o l u t i o n o f an a b i l i t y t o s y n -
t h e s i s e an a r r a y o f secondary m e t a b o l i t e s which i n a p p r o p r i a t e 
c i r c u m s t a n c e s might re p e l or a t t r a c t o t h e r organisms (3 > ^ 0 • 
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P l a n t P o l y p h e n o l s 

P o l y p h e n o l s are a d i s t i n c t i v e group o f h i g h e r p l a n t secondary 
m e t a b o l i t e s ( 5 ) . Two important c l a s s e s - the p r o a n t h o c y a n i d i n s 
(1, F i g u r e 1) and e s t e r s o f g a l l i c a c i d and (R) and (S)-hexadydro-
x y d i p h e n i c a c i d ( F i g u r e 5) are unique and t h e i r mode o f b i o s y n 
t h e s i s i n the p l a n t e nables molecules o f m o l e c u l a r weight > 500 
and i n many cases o f at l e a s t 2-3,000 to be formed. These molec
u l e s , i n r e l a t i v e l y low c o n c e n t r a t i o n s , moreover possess the imp
o r t a n t p r o p e r t y o f p r e c i p i t a t i n g p r o t e i n s , p o l y s a c c h a r i d e s and 
some a l k a l o i d s from s o l u t i o n . T h i s a s s o c i a t i o n w i t h p r o t e i n s i s 
the b a s i s o f the use o f p o l y p h e n o l s (syn. t a n n i n s ) as agents f o r 
the c o n v e r s i o n o f raw animal s k i n s t o d u r a b l e , impermeable l e a t h e r 
( 6 ) . I t has a l s o been r e c o g n i s e d as u n d e r l y i n g many o t h e r phe
nomena a s s o c i a t e d w i t h p l a n t t i s s u e s . Thus i t i s h e l d to be r e s 
p o n s i b l e f o r the a s t r i n g e n c
tea and wine, f o r the impaire
some foods and f o r the i n a c t i v a t i o n o f m i c r o b i a l enzymes and p l a n t 
v i r u s e s . The c a p a c i t y o f p l a n t s t o m e t a b o l i s e these two c l a s s e s 
o f polyphenol i s a p r i m i t i v e c h a r a c t e r i s t i c t h a t has tended t o 
become l o s t w i t h i n c r e a s i n g p h y l o g e n e t i c s p e c i a l i s a t i o n . A c c o r d 
ing t o Bate-Smith (7) t h e i r importance t o the p l a n t l i e s in t h e i r 
e f f e c t i v e n e s s as r e p e l 1 an t s t o p r e d a t o r s brought about by t h e i r 
a b i l i t y t o p r e c i p i t a t e p r o t e i n s whether t h i s be an e x t r a c e l l u l a r 
m i c r o b i a l enzyme o r the s a l i v a r y p r o t e i n o f a browsing a n i m a l . 

P r o a n t h o c y a n i d i n s and P r o c y a n i d i n s - In a c l a s s i c a l study Bate-
Smith (8) used the p a t t e r n s o f d i s t r i b u t i o n o f the t h r e e p r i n c i 
p a l c l a s s e s o f p h e n o l i c m e t a b o l i t e s , which are found i n the 
leaves o f p l a n t s , as a b a s i s f o r c l a s s i f i c a t i o n . The b i o s y n t h e 
s i s o f these phenols - ( i ) p r o a n t h o c y a n i d i n s ; ( i i ) g l y c o s y l a t e d 
f l a v o n o l s and ( i i i ) hydroxycinnamoyl e s t e r s - i s b e l i e v e d t o be 
a s s o c i a t e d w i t h the development i n p l a n t s o f the c a p a c i t y t o 
s y n t h e s f s e the s t r u c t u r a l polymer l i g n i n by the d i v e r s i o n from 
p r o t e i n s y n t h e s i s o f the amino-acids L - p h e n y l a l a n i n e and L - t y r o -
s i n e . V a s c u l a r p l a n t s thus employ one o r more o f the p-hydroxy-
cinnamyl a l c o h o l s (2,3, and 4 ) , which are d e r i v e d by enzymic 
r e d u c t i o n (NADH) o f the coenzyme A e s t e r s o f the c o r r e s p o n d i n g 
hydroxycinnamic a c i d s , as p r e c u r s o r s t o l i g n i n . The same coenzyme 
A e s t e r s a l s o form the p o i n t s o f b i o s y n t h e t i c d e p a r t u r e f o r the 
three groups o f p h e n o l i c m e t a b o l i t e s ( ? , i i , i i i ) , F i g u r e 1. 

The two p r i n c i p a l c l a s s e s o f p r o a n t h o c y a n i d i n s found (10) i n 
p l a n t t i s s u e s are the p r o c y a n i d i n s ( 1 , R = H) and the p r o d e l p h i n -
i d i n s ( 1 , R = OH). P r o a n t h o c y a n i d i n s o f mixed a n t h o c y a n i d i n 
c h a r a c t e r ( 1 , R = H o r OH) have been noted. In any t i s s u e where 
p r o a n t h o c y a n i d i n s y n t h e s i s o c c u r s there i s i n v a r i a b l y found a 
range o f m o l e c u l a r s p e c i e s - from the monomeric f l a v a n - 3 - o l s 
( c a t e c h i n s , g a l l o c a t e c h i n s ) t o the p o l y m e r i c forms (1) and b i o 
s y n t h e t i c work (11) suggests a v e r y c l o s e r e l a t i o n s h i p between 
the metabolism o f the p a r e n t f l a v a n - 3 " o l and the s y n t h e s i s o f 
p r o a n t h o c y a n i d i n s , F i g u r e 4. 
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The m a j o r i t y o f the s t r u c t u r a l and b i o s y n t h e t i c work i n t h i s 
f i e l d has been d i r e c t e d towards an underst a n d i n g o f the p r o c y a n i d 
i n s ( 1 , R = H) - the major group of n a t u r a l p r o a n t h o c y a n i d i n s , 
( 1 1 ) F r u i t b e a r i n g p l a n t s have proved t o be p a r t i c u l a r l y r i c h 
sources o f o l i g o m e r i c condensed p r o c y a n i d i n s (11, 12, 13) and 
s t u d i e s have c o n c e n t r a t e d upon the f o u r major n a t u r a l l y o c c u r r i n g 
d i m e r i c p r o c y a n i d i n s (B-1, B-2, B-3 and B-4, F i g u r e 2) which have 
been i s o l a t e d from f r u i t , f r u i t pods, seeds and seed s h e l l s , 
leaves and o t h e r t i s s u e s o f a wide range of p l a n t s . The procyan
i d i n s occur f r e e and u n g l y c o s y l a t e d and almost i n v a r i a b l y they a r e 
found w i t h one or both of the parent f 1 a v a n - 3 - o l s , ( + ) - c a t e c h i n or 
( - ) - e p i c a t e c h i n , F i g u r e 2. The p a t t e r n s o f oc c u r r e n c e o f the pro
c y a n i d i n s a r e most e f f e c t i v e l y r e v e a l e d by h p l c or by two dimen
s i o n a l paper chromatography and they may be used as a taxonomic 
guide (11). The a b s o l u t e s t e r e o c h e m i s t r y i n p r o c y a n i d i n s B-1 and 
B-2 was determined as kR
o c c u p i e s a q u a s i - a x i a l
h e t e r o c y c l i c r i n g (]k). Conv e r s e l y the a b s o l u t e s t e r e o c h e m i s t r y 
i n p r o c y a n i d i n s B-3 and B-4 was shown t o be and here the i n t e r 
f l a v a n bond i s thus i n a q u a s i - e q u a t o r i a l p o s i t i o n on the h e t e r o 
c y c l i c r i n g (14). Thus the p r i n c i p a l p r o c y a n i d i n dimers ( F i g u r e 
2) a l l possess a t r a n s o r i e n t a t i o n of the C~3 hydroxyl group and 
the f l a v a n s u b s t i t u e n t at C-4. 

Despi t e the s u c c e s s f u l a p p l i c a t i o n o f s p e c t r o s c o p i c methods to 
the s t r u c t u r e d e t e r m i n a t i o n o f the d i m e r i c p r o c y a n i d i n s anomalous 
f e a t u r e s o f the s p e c t r a led t o s p e c u l a t i o n (_V2, J 5 , J 6 ) t h a t 
r e s t r i c t e d r o t a t i o n e x i s t e d about the i n t e r f l a v a n bond. A 
d e t a i l e d study (14) confirmed t h i s h y p o t h e s i s and d e f i n e d two 
d i f f e r e n t forms of hindered r o t a t i o n a s s o c i a t e d w i t h the two 
groups of p r o c y a n i d i n dimers (B-1 and B-2, kR - a b s o l u t e c o n f i g 
u r a t i o n ) and (B-3 and B-4, 4S-absolute c o n f i g u r a t i o n ) . Examin
a t i o n o f m o l e c u l a r models shows t h a t , a l t h o u g h s e v e r a l conformat
ions a r e a c c e s s i b l e by i n t e r f l a v a n bond r o t a t i o n , t h e r e e x i s t s one 
p r e f e r r e d c o n f o r m a t i o n f o r each o f the p a i r s o f n a t u r a l p r o c y a n i d 
i n s . I f these a r e viewed from d i f f e r e n t a n g l e s they bear an 
almost o b j e c t t o m i r r o r image r e l a t i o n s h i p ; the s t r u c t u r e s are 
q u a s i - e n a n t i o m e r i c ( F i g u r e 3). E l a b o r a t i o n of the o l i g o m e r i c 
p r o c y a n i d i n s (J^, R = H) by the a d d i t i o n o f f u r t h e r i d e n t i c a l 
f l a v a n - 3 - o l u n i t s , b e a r i n g i n mind the c o n f o r m a t i o n a l r e s t r a i n t s 
about the i n t e r f l a v a n bond, leads t o two general s t r u c t u r e s which 
may adopt h e l i c a l c o n f o r m a t i o n s w i t h o p p o s i t e h e l i c i t i e s (11). 
The c e n t r a l core o f these polymers i s compcse d o f r i n g s A and C o f 
the f l a v a n repeat u n i t and r i n g B - the o r t h o - dihydroxyphenyl 
r i n g - p r o j e c t s l a t e r a l l y from t h i s c o r e . 

E a r l i e r p r o p o s a l s (_12̂  J_3, 17) and the r e s u l t s of b i o s y n t h e t i c 
experiments (18) have been adumbrated i n t o a scheme o f b i o s y n t h e s i s 
f o r the p r o c y a n i d i n s ( F i g u r e k) i n which i t i s suggested t h a t they 
a r e formed as byproducts d u r i n g the f i n a l stage o f the s y n t h e s i s 
o f the parent f1avan - 3~ol s t r u c t u r e s , ( + ) - c a t e c h i n and (-)-
e p i c a t e c h i n (_[_[, _18) . A two step r e d u c t i o n o f the f 1 av-3~en-3-ol 
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lignin 

(1 R = H o r OH ) 

Figure 1. Phenol biosynthesis in higher plants. 
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B-4 5 6 5 

Figure 4. Biosynthesis of procyanidins. 
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Is p o s t u l a t e d . I f the supply o f NADPH (say) i s r a t e l i m i t i n g the 
i n t e r m e d i a t e C-4 c a r b o c a t i o n s (3S o r 3R s t e r e o c h e m i s t r y ) might 
escape from the enzyme a c t i v e s i t e and r e a c t w i t h the r e d u c t i o n 
p r o d u c t , the f l a v a n - 3 - o l , t o produce dimers, t r i m e r s ... and 
e v e n t u a l l y polymers. The h y p o t h e s i s has been e l a b o r a t e d t o 
account f o r the v a r i o u s s t e r e o c h e m i c a l f e a t u r e s (11) and has been 
supported by i n v i t r o b i o m i m e t i c e x p e r i m e n t s . The balance between 
the m e t a b o l i c f l u x t o the f l a v - 3 - e n - 3 - o l and the r a t e o f su p p l y 
of the b i o l o g i c a l r e d u c t a n t (NADPH) p r o b a b l y determines the 
balance between the lower and h i g h e r o l i g o m e r i c forms o f the p r o 
c y a n i d i n s i n each p l a n t t i s s u e . Thus t i s s u e s w i t h a high f l u x 
and poor supply o f NADPH w i l l c o n t a i n p r e d o m i n a n t l y the h i g h e r 
o l i g o m e r s - f o r example the seed coat o f sorghum (19). 

T h i s f a c e t o f p r o a n t h o c y a n i d i n metabolism was noted by e a r l y 
workers (20) who re c o g n i s e d the presence i n p l a n t s o f leucoantho-
c y a n i n s ( p r o a n t h o c y a n i d i n s
i n c r e a s i n g degrees o f
more d i f f i c u l t t o s o l u b i l i s e i n aqueous and a l c o h o l i c media and 
those which may be coaxed i n t o s o l u t i o n may have m o l e c u l a r weights 
up t o 7,000 - c o r r e s p o n d i n g t o s t r u c t u r e s such as (1) where 
n s 18. Recent work has c o n c e n t r a t e d upon the s t r u c t u r a l examin
a t i o n o f these polymers. Although Bate-Smith (8) g e n e r a l l y 
d i s c o u n t e d a c o n n e c t i o n w i t h l i g n i n , an examination o f the proan
t h o c y a n i d i n polymers, t o a s c e r t a i n i f they do p l a y a s t r u c t u r a l 
r o l e would be v e r y v a l u a b l e . 

E s t e r s o f G a l l i c and Hexahydroxydiphenic A c i d s - An acute 
o b s e r v a t i o n made by Bate-Smith ( 8 ) i n h i s taxonomic work was the 
complete absence from p l a n t t i s s u e s o f 3 , ^ , 5 " t r i h y d r o x y c i n n a m i c 
a c i d . In s i t u a t i o n s where i t s occurrence might w e l l have been 
p r e d i c t e d , he found hexahydorxydiphenic a c i d and i t s d e r i v a t i v e s 
( F i g u r e 5 ) . Recent work has demonstrated the u b i q u i t y i n p l a n t s 
of e s t e r s o f R and S hexahydroxydiphenic a c i d w i t h D-glucose and 
of t h e i r presumed b i o g e n e t i c p r e c u r s o r s the g a l l o y l - D - g l u c o s e s 
(22, 2 3 ) . G a l l i c a c i d ( F i g u r e 5) thus o c c u p i e s a d i s t i n c t i v e 
p o s i t i o n i n p h e n o l i c metabolism i n p l a n t s . Almost always i t 
occurs i n e s t e r form but i n c o n t r a s t t o o t h e r n a t u r a l p h e n o l i c 
a c i d s , which are i n v a r i a b l y found as mono- and o c c a s i o n a l l y b i s -
e s t e r s w i t h p o l y o l s , g a l l i c a c i d i s encountered i n a range o f 
e s t e r i f i e d forms from the simple monoesters t o the complex p o l y 
e s t e r s w i t h D-glucose whose m o l e c u l a r werghts extend to a t l e a s t 
2,000. The s t r u c t u r a l p a t t e r n s d i s c e r n e d amongst g a l l i c a c i d 
m e t a b o l i t e s are n e v e r t h e l e s s h i g h l y r e m i n i s c e n t o f those found i n 
ot h e r v a r i a n t s o f secondary metabolism i n o t h e r organisms - e.g. 
p o l y k e t i d e s i n moulds and f u n g i . 

G a l l i c a c i d i s most commonly a s s o c i a t e d w i t h D-glucose. Many 
p l a n t s m e t a b o l i s e simple e s t e r s and th e r e appears t o be a p r e d i s 
p o s i t i o n f o r c e r t a i n p o s i t i o n s o f e s t e r i f i c a t i o n on the D-glucose 
pyranose core (1 > 6 > 2 > 3 , * 0 . The metabolism o f 3 - p e n t a k i s -
g a l l o y l - D - g l u c o s e ( F i g u r e 5 ) r e p r e s e n t s something o f a m e t a b o l i c 
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watershed and from t h i s p o i n t a t l e a s t t h r e e d i f f e r e n t b i o s y n t h 
e t i c pathways d i v e r g e . From a taxonomic p o i n t o f view these 
pathways a r e q u i t e d i s t i n c t (2k). One pathway proceeds t o form 
d e p s i d e m e t a b o l i t e s ( 1 g a l l o t a n n i n s 1 , group MA). Here f u r t h e r 
g a l l i c a c i d molecules a r e e s t e r i f i e d as m-depsides t o 3 - p e n t a k i s -
g a l l o y l - D - g l u c o s e , p r e f e r e n t i a l l y at p o s i t i o n s 3 , and 6 . T h i s 
supports the view o r i g i n a l l y expressed by Emil F i s c h e r (25) t h a t 
these e s t e r s a r e not o n l y m i x t u r e s of isomers but a l s o o f 
substances of d i f f e r i n g e m p i r i c a l formulae. 

A second and w i d e l y observed p a t t e r n o f metabolism of $-
p e n t a k i s - g a l l o y l - D - g l ucose i s t h a t ( M B , F i g u r e 5) i n which the 
s u b s t r a t e i s f u r t h e r transformed by o x i d a t i v e c o u p l i n g o f p a i r s 
of a d j a c e n t g a l l o y l e s t e r groups ( 2 , 3 and 4 , 6) on the D-gluco-
pyranose r i n g t o g i v e hexahydroxydiphenoyl e s t e r s . F u r t h e r 
metabolism o f these i n t e r m e d i a t e s then a l s o o c c u r s by i n t e r m o l e c -
u l a r C-0 o x i d a t i v e c o u p l i n
i s o l a t e d from Rubus s p e c i e
c o u p l i n g of g a l l o y l e s t e r groups takes p l a c e w i t h the p r e c u r s o r 
a d o p t i n g the e n e r g e t i c a l l y p r e f e r r e d ( 4 C i ) c o n f o r m a t i o n o f the 
sugar r i n g . Coupled w i t h the o b s e r v a t i o n t h a t t h i s i s the 
predominant mode of f u r t h e r o x i d a t i v e metabolism of g a l l o y l e s t e r s 
i n p l a n t s , i t a l s o seems reasonable to conclude t h a t i t i s the 
e n e r g e t i c a l l y p r e f e r r e d pathway. 

A t h i r d and r e l a t i v e l y minor pathway o f metabolism of 3 -
p e n t a k i s - g a l l o y l - D - g l u c o s e ( I I C , F i g u r e 5) o c c u r s i n some p l a n t s . 
Here o x i d a t i v e metabolism tak e s p l a c e v i a the e n e r g e t i c a l l y 
u n f a v o u r a b l e lCi+ c o n f o r m a t i o n o f the s u b s t r a t e and c o u p l i n g o f the 
g a l l o y l e s t e r groups occurs 1, 6 o r 3 , 6 t o g i v e hexahydroxy-
diphenoyl e s t e r s or 2 , k t o g i v e the dehydrohexahydroxydiphenoyl 
e s t e r . The compound g e r a n i i n i s a key f i g u r e i n t h i s pathway of 
metaboli sm ( 2 6 ) . 

Comparative Aspects o f Polyphenol Metabolism - P r o a n t h o c y a n i d i n s 
and the complex e s t e r s o f g a l l i c and hexahydroxydiphenic a c i d 
show many s t r u c t u r a l s i m i l a r i t i e s as p l a n t m e t a b o l i t e s . The shape 
and s i z e o f the e s t e r (5) i s thus very s i m i l a r t o t h a t o f a 
p r o a n t h o c y a n i d i n hexamer ( 1 , n = 4 ) . The most s t r i k i n g f e a t u r e 
of both s t r u c t u r e s however^is the manner i n which f r e e p h e n o l i c 
groups a r e d i s t r i b u t e d over the s u r f a c e o f the molecule p r o v i d i n g 
a s t r u c t u r e w i t h the i n b u i l t c a p a c i t y f o r m u l t i d e n t a t e attachment 
to o t h e r s p e c i e s by hydrogen bonding. 

A c u r i o u s but perhaps s i g n i f i c a n t o b s e r v a t i o n i s t h a t , a l t h o u g h 
s e v e r a l p l a n t f a m i l i e s r e t a i n the a b i l i t y to b i o s y n t h e s i s e 
d i f f e r e n t types of complex p o l y p h e n o l , r a r e l y a r e both b i o s y n t h e t i c 
c a p a b i l i t i e s d i s p l a y e d maximally. More o f t e n one p a r t i c u l a r 
s p e c i e s s p e c i a l i s e s i n one p a r t i c u l a r mode. Thus i n the E r i c a c e a e 
many p l a n t s a r e r i c h s ources of p r o a n t h o c y a n i d i n s but A r c t o -
s t a p h y l o s u v a - u r s i has o n l y a minimal p r o a n t h o c y a n i d i n b i o 
s y n t h e t i c c a p a c i t y but combines w i t h t h i s a very high l e v e l o f 
g a l l i c a c i d metabolism. 
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Polyphenol I n t e r a c t i o n s w i t h P r o t e i n s 

S t u d i e s o f the a s s o c i a t i o n o f polyph e n o l s w i t h p r o t e i n s have a 
long h i s t o r y ( 2 7). Loomis (28) has s u c c i n c t l y summarised the 
c o n c l u s i o n s of t h i s e a r l i e r work. The p r i n c i p a l means whereby 
p r o t e i n s and polyphenols a r e thought to r e v e r s i b l y complex w i t h 
one another a r e ( i ) hydrogen bonding, ( i i ) i o n i c i n t e r a c t i o n s and 
( i i i ) hydrophobic i n t e r a c t i o n s . W h i l s t the major t h r u s t i n e a r l i e r 
work was t o emphasize the par t played by i n t e r m o l e c u l a r hydrogen 
bonding i n the c o m p l e x a t i o n , Hoff (29) has drawn a t t e n t i o n t o the 
p o s s i b i l i t y t h a t hydrophobic e f f e c t s may dominate the a s s o c i a t i o n 
between the two s p e c i e s . 

Recent o b s e r v a t i o n s however now permit a h y p o t h e s i s t o be 
advanced t o e x p l a i n the p r o p e n s i t y o f complex po l y p h e n o l s t o 
p r e c i p i t a t e p r o t e i n s from aqueous s o l u t i o n ( 30)  Two s i t u a t i o n s 
may be env i s a g e d . At lo
a s s o c i a t e s - p r i n c i p a l l
d ihydroxyphenyl groups - at one or more s i t e s on the p r o t e i n 
molecule forming a r e l a t i v e l y hydrophobic s u r f a c e l a y e r ( F i g u r e 
6 a ) . A g g r e g a t i o n and p r e c i p i t a t i o n then ensue. Where the i n i t i a l 
p r o t e i n c o n c e n t r a t i o n i s high the hydrophobic s u r f a c e l a y e r i s 
formed by c r o s s - l i n k i n g of d i f f e r e n t p r o t e i n molecules by the 
m u l t i d e n t a t e p o l y p h e n o l s ( F i g u r e 6 b ) . P r e c i p i t a t i o n then f o l l o w s 
as o u t l i n e d , v i d e supra. T h i s tendency t o c r o s s - l i n k p r o t e i n 
molecules e x p l a i n s the changing s t o i c h i o m e t r y o f the aggregates i n 
r e l a t i o n t o the i n i t i a l p r o t e i n c o n c e n t r a t i o n . An i n t e r e s t i n g 
c o r o l l o r a r y o f t h i s h y p o t h e s i s i s t h a t simple phenols such as 
p y r o g a l l o l and r e s o r c i n o l s hould a l s o be capable o f p r e c i p i t a t i n g 
p r o t e i n s from s o l u t i o n i f they can be maintained i n s o l u t i o n 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 push the e q u i l i b r i u m i n favour o f the 
pr o t e i n - p h e n o l complex and thus e s t a b l i s h a hydrophobic l a y e r o f 
simpl e phenol molecules on the p r o t e i n s u r f a c e ( F i g u r e 6 c ) . For 
many simp l e phenols the l i m i t i s determined by t h e i r own _ 5 

s o l u b i l i t y but i t can be ac h i e v e d i n water w i t h BSA (3 x 10 
molal) and p y r o g a l l o l (1 molal) and r e s o r c i n o l (2 m o l a l ) . 

P o s t s c r i pt 

Complex p l a n t p o l y p h e n o l s r e a d i l y and r e v e r s i b l y a s s o c i a t e 
w i t h p r o t e i n s and they can p r e c i p i t a t e them from d i l u t e s o l u t i o n . 
T h i s p r o p e r t y i s however a d i r e c t e x t r a p o l a t i o n o f the c h a r a c t e r 
i s t i c s o f si m p l e phenols themselves. The s t r u c t u r a l d e v i c e 
represented by the p l a n t p o l y p h e n o l s t o a great e x t e n t o b v i a t e s 
the need f o r a high molal c o n c e n t r a t i o n o f phenol and i t embodies 
the added f e a t u r e t h a t c r o s s - l i n k i n g between d i f f e r e n t m o l e c u l a r 
aggregates may be r e a d i l y a c h i e v e d . 

The q u e s t i o n s posed i n i t i a l l y remain. What purpose do these 
molecules serve i n p l a n t metabolism? Does t h e i r presence p o i n t 
f o r example to the need by p l a n t s e i t h e r now or d u r i n g the cours e 
of e v o l u t i o n f o r such t a i l o r e d molecules to r e v e r s i b l y coat the 
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s u r f a c e o f p r o t e i n s and hence modify t h e i r a c t i v i t y a t p a r t i c u l a r 
phases o f development? Answers t o these problems w i l l o n l y emerge 
as and when a g r e a t deal more i s known c o n c e r n i n g the enzymology 
of p r o c e s s e s governing the for m a t i o n o f these m e t a b o l i t e s , how 
these p r o c e s s e s are r e g u l a t e d and c o n t r o l l e d , and t h e i r r e l a t i o n 
s h i p t o the network o f primary metabolism from which they d e v o l v e . 
A t r u l y f o r m i d a b l e t a s k but as Robert L o u i s Stevenson once wrote: 

"To t r a v e l h o p e f u l l y i s a b e t t e r t h i n g than t o a r r i v e , 
and the t r u e success i s t o l a b o u r " . 

E l Dorado. 
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The Role of Natural Photosensitizers in Plant 
Resistance to Insects 
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Recent work has suggested that certain secondary meta
bolites from plants are capable of photosensitizing 
insects. With the recognition of increasing numbers 
of natural photosensitizers including polyacetylenes, 
furanocoumarins, β-carbolines and extended quinones, 
this unusual mechanism of plant defense now appears 
to be present in a wide variety of plant families. 
Polyacetylenes, a group, of over 500 diverse compounds 
which are especially widespread in the Asteraceae are 
powerful photosensitizers. At least one sulphur 
derivative, α-terthienyl i s more toxic to mosquito 
larvae than DDT. The toxic i ty of some of these 
compounds is mediated by the production of singlet 
oxygen although free radicals may also be involved. 
Furanocoumarins, furanoquinolines and β-carbolines on 
the other hand interact with DNA and cause gross 
chromosomal abnormalities i n v ivo . The furanocoumarin, 
8-methoxypsoralen has been shown to be highly photo-
toxic to herbivorous Spodoptera larvae. I t has also 
been suggested that the leaf r o l l i n g habit of certain 
microlepidopteran larvae on leaves containing photo
sensit izing furanocoumarins i s related to l ight 
avoidance. Although only l imited information is a v a i l 
able about the effects of naturally occurring compounds 
on insects, work with synthetic dye photosensitizers 
provides a broader basis for understanding the photo-
sensitization of insects. 
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Light i s often a forgotten or underestimated factor i n the 
study of insects (1) and u n t i l recently l i t t l e a t t e n t ion has been 
paid to i t s r o l e i n plant insect r e l a t i o n s . In p a r t i c u l a r we 
wish to address the question of a c t i v a t i o n of plant secondary 
substances by l i g h t and t h e i r subsequent photosensitizing e f f e c t s 
on i n s e c t s . At le a s t two examples of insect photosensitizing 
secondary metabolites, furanocoumarins and polyacetylenes have 
now been reported. These studies suggest that t h i s mode of plant 
defense has p a r t i c u l a r adaptive advantages and may be more 
widespread than previously imagined. Fortunately the mode of 
action of photosensitizers from plants i s understood from work 
with target organisms other than i n s e c t s . In addi t i o n some 
detail e d information on the e f f e c t s of photosensitizers on 
insects i s suggested from work with synthetic dye s e n s i t i z e r s . 
These l a t t e r aspects are c r u c i a l to the understanding of the 
ef f e c t s of natural photosensitizer
review. 

Photosensitization 

For photosensitization to occur l i g h t must be absorbed by 
the photosensitizer and cause a reaction to take place i n the 
b i o l o g i c a l system (2). Two main types of photosensitization are 
known to occur. Those in v o l v i n g O2 are c a l l e d photodynamic 
s e n s i t i z a t i o n s and are mediated by the bulk of the 4 0 0 synthetic 
and natural photosensitizers known ( 3 ) . The second type of 
photosensitization does not involve O2 and i s associated with the 
furanocoumarins. 

Photodynamic s e n s i t i z a t i o n s are photo-oxidations which 
proceed by one of two pathways (3,4_) . Type I photosensitizations 
(less common) y i e l d superoxide r a d i c a l s ( 0 j ) through a series of 
electron transfer processes following l i g h t absorption. Anthra-
quinone dyes and f l a v i n s operate through t h i s mechanism. In 
type I I s e n s i t i z a t i o n s , the s e n s i t i z e r i s excited from the ground 
st a t e , SQ, to the f i r s t excited s t a t e , * S by absorption of a 
photon. Crossing over leads to the formation of the excited 
t t i p l e t s t a t e , which i n t e r a c t s with ground state oxygen, ̂ 02-
The transfer of e x c i t a t i o n energy leads to the production of 
s i n g l e t oxygen (^02) and the s e n s i t i z e r returns to i t s ground 
state: 

(1) sQ 
hv 

(2) 3 3 

S + o 2 
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Because the ground state of the s e n s i t i z e r i s regenerated the 
reaction i s c a t a l y t i c . Once formed the activated species of 
oxygen, from type I I reactions Oj from type I mechanisms 
cause b i o l o g i c a l damage by oxidation of b i o l o g i c a l molecules. 
They are also p o t e n t i a l l y i n t e r c o n v e r t i b l e (5). Recent advances 
have allowed the i d e n t i f i c a t i o n of ̂ 2 i n photochemical damage 
of b i o l o g i c a l systems by the use of quenchers (6) or D2O which 
enhances the l i f e t i m e of ̂ 2 (7) Superoxide i s detected i n photo-
oxidations by the use of the scavenging enzyme superoxide 
dismutase (8). Important target molecules are proteins, l i p i d s 
( e s p e c i a l l y cholesterol) and nucleic acids (_3, 4_, 9) but the 
ef f e c t s i n vivo are l a r g e l y dependant on the s i t e to which the 
photosensitizer binds. Thus rose bengal (compound I) binds to 
and lyses membranes while a c r i d i n e orange penetrates to the 
nucleus and causes damage to DNA (6, 10)

The second group o
chemical damage at th y  requiremen
for a c t i v i t y . These include the w e l l studied furanocoumarins 
(11) and more recently the furoquinoline a l k a l o i d s (12). Work 
with the furanocoumarins suggests that the f i r s t step i s 
i n t e r c a l a t i o n of the photosensitizer i n t o DNA i n such a way that 
one or two of the double bonds of the r i n g structure a l i g n with 
the pyrimidine double bonds. The excited state of the photosen
s i t i z e r undergoes cycloaddition to the pyrimidine (usually 
thymine) forming a photoadduct ( I I ) . Compounds such as the 
furoquinoline, dictamnine (X) and hindered furanocoumarins form 
only monofunctional adducts (11, 12) while the l i n e a r furanocou
marins such as 8-methoxypsoralen (8-MOP) (IV) form d i f u n c t i o n a l 
adducts ( I I I ) leading to interstrand cross-linkage of DNA. Both 
types of damage but e s p e c i a l l y the l a t t e r have serious conse
quences for DNA t r a n s c r i p t i o n or d u p l i c a t i o n and can lead to c e l l 
death or mutagenesis ( n ) . 

Eff e c t of Photosensitizers on Insects 

Because of the a v a i l a b i l i t y of synthetic dye s e n s i t i z e r s , 
t h e i r e f f e c t on insects i s somewhat better understood than photo
s e n s i t i z i n g plant secondary substances. The f i r s t report of the 
e f f e c t of photosensitizers on insects was made by B a r b i e r i i n 
1928 (13), 28 years a f t e r the discovery of photosensitization by 
Raab. A 1972 review by Graham (14) reported only f i v e i n v e s t i 
gations i n t o the photosensitization of in s e c t s , but the number 
has more than doubled since that time, p r i n c i p a l l y due to the 
work at M i s s i s s i p p i State. Some of these reports are summarized 
i n TABLE I . Studies have concentrated mainly on the thi a z i n e 
dye methylene blue (II) and a range of xanthene dyes of which 
rose bengal (I) was the most prominant. Four orders of insects 
are represented including eggs, larvae, pupae and adults. No 
unusually r e s i s t a n t species have been found and the r e s u l t s with 
the b o l l weevil and f i r e ant are p a r t i c u l a r l y s i g n i f i c a n t since 
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they i n d i c a t e that even hard bodied insects are susceptible to 
photodynamic a c t i o n . M o r t a l i t y i n most cases was found to be 
d i r e c t l y proportional to the photon fluence and dye concentra
t i o n . Except f o r the more recent work, t o x i c i t i e s are d i f f i c u l t 
to compare from one study to the next because of the range of 
conditions possible and the d i f f i c u l t y i n estimating the fluence 
of l i g h t absorbed with lamps of d i f f e r e n t s p e c t r a l q u a l i t y and 
dyes with d i f f e r e n t absorption maxima. An attempt at quantita
t i o n of the r e s u l t s has been made by d e r i v a t i o n of second (22) 
and t h i r d order (24) rate constants f o r photo-oxidation. Using 
the second order rate constant insects can be ranked i n order of 
t h e i r s u s c e p t i b i l i t y : Aedes t r i s e r a t u s (larvae) > Anthonomus 
grandis (adult) > Musca autumnalis (adult) > Solenopsis r i c h t e r i 
( a d u l t ) . With mosquito larvae s u s c e p t i b i l i t y f a l l s with the 
number of i n s t a r s . The rate constant can also be used to rank 
dye t o x i c i t y (18). Bot
y i e l d for dye phosphorescenc
eosin yellow, phloxin B, erythrosin B and rose bengal. This 
r e s u l t i s explained by the current view that phosphorescence and 
the production of I-O2 i n the photosensitization reaction are 
dependant on the proportion of dye molecules i n t h e i r t r i p l e t 
excited state (3). 

At the p h y s i o l o g i c a l l e v e l i t i s w e l l established that 
v i t a l dyes such as n i l e blue, neutral red and methylene blue 
retard l a r v a l development under normal l i g h t i n g conditions 
(12L/12D with source unspecified) (25~27). Female but not male 
pupal weights are also reduced. Unfortunately experiments were 
conducted without dark controls so that i t i s d i f f i c u l t to 
evaluate the r o l e of photosensitization i n these e f f e c t s . As 
house f l i e s and f i r e ants succumb to p h o t o s e n s i t i z a t i o n , they 
lose motor c o n t r o l and become more excita b l e (28). This 
suggested a neurotoxic e f f e c t and i n v e s t i g a t i o n of f i r e ant 
acetylcholinesterase i n v i t r o revealed that t h i s enzyme was 
s e n s i t i v e to photo-oxidation. In vivo r e s u l t s , however, 
revealed no e f f e c t on the enzyme which suggests another mode of 
action. Epoxidation of c h o l e s t e r o l and membrane l y s i s may be 
a l t e r n a t i v e primary s i t e s . I f t h i s were the case ecdysone 
metabolism of insects would probably also be effected. 

Furanocoumarins 

Although furanocoumarins are w e l l studies for t h e i r e f f e c t s 
on human s k i n , recent work has suggested t h e i r JuLc&on d1 H&id i n 
plants may be l i n k e d to t h e i r r o l e as protective agents that 
are e f f e c t i v e against insects or pathogenic fungi (29, 30). This 
group of compounds i s reported i n 8 f a m i l i e s but f i n d t h e i r 
greatest d i v e r s i t y i n the Apiaceae and Rutaceae. Berenbaum has 
demonstrated t h e i r a c t i v i t y against insect herbivores i n feeding 
t r i a l s with a polyphagous herbivore , the f a l l armyworm 
Spodoptera e r i a n i a which w i l l feed on carrot which does not 
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contain furanocoumarins but not on parsnip that does contain 
these compounds. Larvae were administered 0,1% 8-methoxypsoralen 
(IV), a furanocoumarin compound which occurs widely i n the 
Aplaceae by treatment of a r t i f i c i a l d i e t . These l e v e l s are compa
rable to those i n plants and caused 100% m o r t a l i t y i n larvae that 
were also treated with near UV, the a c t i v a t i n g wavelength range 
for these s e n s i t i z e r s . Dark controls and insects fed untreated 
d i e t s but i r r a d i a t e d with near UV showed a s l i g h t reduction i n 
survivorship. The e f f e c t of near-UV and 8-M0P together was highly 
s i g n i f i c a n t and i s presumably due to the e f f e c t of the compound 
on l a r v a l DNA. Thus to feeding generalists 8-M0P represents a 
formidable b a r r i e r to grazing on the plants that contain i t . 
Since the precursor to psoralens, umbelliferone, i s not t o x i c to 
armyworms, Berenbaum hypothesizes that these plants have escaped 
t h e i r enemies by the a l t e r a t i o n of t h e i r chemical phenotype. 
Insects have i n some case
For example aphids tha
and bind 8-M0P but are unaffected by i t , perhaps due to some 
d e t o x i f i c a t i o n mechanism (29). Yu, S.J., Berry, R.E., and Te r r i e r e , 
L.C.,(1979) showed that phytophagous insects possess enzymes that 
are induced by plant secondary substances and that these enzymes 
are involved i n resistance to otherwise t o x i c compounds (31). 
Microlepidoptera appear to have adapted to l i f e on phototoxic 
Apiaceae by a l e a f r o l l i n g habit that screens out near UV. (30). 
Cluster analysis of the fauna of the Apiaceae indicates that the 
insect assemblages of plants containing phototoxic furanocoumarins 
are s i m i l a r and d i f f e r e n t from plants i n the family that do not 
contain phototoxic furanocoumarins (32). This lends support to the 
hypothesis that a s p e c i a l i s t group of insects e x i s t s that i s 
adapted to phototoxic Apiaceae. 

Polyacetylenes 

Polyacetylenes are a very large group of secondary compounds 
whose photosensitizing properties have recently been established 
by our research team at U.B.C. (33). These compounds have conju
gated double and t r i p l e bond systems (e.g. compound VII and VIII) 
or may be b i o s y n t h e t i c a l l y c y c l i z e d i n t o thiophene compounds such 
as alpha t e r t h i e n y l (a-T) (compound V I ) . Polyacetylenes and t h e i r 
thiophene d e r i v a t i v e s occur i n several f a m i l i e s but f i n d t h e i r 
greatest d i v e r s i t y i n the Asteraceae, the largest plant family 
C34). As i n the case of the furanocoumarins, photosensitization 
i s mediated by the near-UV region of the spectrum but the mecha
nism of action does not involve c r o s s - l i n k i n g of DNA (35). Some 
compounds such as a-T are c l e a r l y photodynamic i n t h e i r mode of 
action (36) but the s i t u a t i o n i s l e s s clear for compounds contain
ing t r i p l e bond systems such as phenylheptatriyne (PHT) ( V I I I ) . 
Photo-oxidation of ch o l e s t e r o l and acetylcholinesterase has been 
observed (37) with t h i s and other polyacetylenes but l y s i s of red 
blood c e l l s and photosensitization _E. c o l i were not 0 ? dependant 
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C38). These r e s u l t s suggest a novel mechanism of action and are 
an a c t i v e area of research. 

Polyacetylenes are t o x i c to a broad range of organisms (39) 
but are e s p e c i a l l y t o x i c to i n s e c t s . At 0.5 ppm, 9 of 14 com
pounds tested were t o x i c to f i r s t i n s t a r mosquito larvae (Aedes 
aegypti) i n 30 min treatments with sources of near UV (15 W/m̂ ) 
(40). The compounds were more acti v e i n sunlight. For example 
a-T k i l l e d second i n s t a r larvae instantaneously at 4 ppm. 
Compounds V I I , a-T and PHT were e s p e c i a l l y a c t i v e and were 
selected for further t e s t i n g i n dose response experiments (41). 
For s i m i l a r near UV treatments, the LC50 for a-T was 19 ppb, 
79 ppb f o r compound VII and 1.0 for PHT. Alpha T had some a c t i 
v i t y i n the dark (LC50 =0.74 ppm) i n d i c a t i n g that i t may bind to 
a s e n s i t i v e c e l l s i t e and d i r e c t photosensitization to t h i s s i t e . 
This compound was so ac t i v e i n the presence of near UV that i t s 
p o t e n t i a l as a commercia
pond t r i a l s . For 500 larva
sunlight, 100% m o r t a l i t y was observed i n 15 min at 200 ppb and 
120 min at 20 ppb, A d e t a i l e d action spectrum for p h o t o s e n s i t i 
zation undertaken with narrowband interference f i l t e r s indicated 
that there was close agreement between ac t i o n and absorption. 
This suggested that the polyacetylene was the absorbing species 
and was not i n t e r f e r i n g with metabolism i n such a way as to cause 
a photosensitizing product to be formed. Such mechanisms do 
occur with icterogens produced by the genus Tribolus which are 
ingested by range animals (42). The r e s u l t with polyacetylenes 
also d i f f e r s from that with psoralens where a DNA-psoralen 
complex i s thought to r e s u l t i n the deviation of the action 
spectrum from the absorption spectrum (43). 

We are curr e n t l y i n v e s t i g a t i n g the e f f e c t of polyacetylenes 
and near-UV i n sublethal doses during feeding t r i a l s with Euxoa 
messoria (Lepidoptera, noctuidae). P o t e n t i a l f o r further work 
also e x i s t s with the adapted i n s e c t , the s o l d i e r beetle 
(Coleoptera, Cantheridae), which apparently uses a polyacetylene 
as a defense compound (44), 

Other compounds 

Despite the hypothesis that the evolutionary s i g n i f i c a n c e of 
phototoxic secondary substances may be l i n k e d to t h e i r a b i l i t y 
to discourage insect herbivores, most research has been directed 
toward t h e i r e f f e c t s on human sk i n and range animals (42). In 
an attempt to extend our knowledge of insect photosensitizers we 
have screened a number of plant secondary substances (TABLE I I ) 
for t h e i r photosensitizing a c t i v i t y to 4th i n s t a r mosquito larvae 
Aedes atropalpus under solar simulating lamps. 

Hypericin (IX) i s an extended quinone from St. John's wort 
(Hypericum spp), a common pasture weed throughout the world. 
This photodynamic compound causes a photosensitive disease c a l l e d 
'bighead 1 i n sheep that consume i t (42). Related compounds, the 
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TABLE I I 

Phototoxicity of Plant Secondary Metabolites 
to Mosquito Larvae 

Compound Type Phototoxic 

Hypericin Extended quinone + + 

Dictamnine Furo quinoline a l k a l o i d + + 

Harmaline 3-Carboline a l k a l o i d + + 

Methoxyharmaline g-Carboline a l k a l o i d + + 

Harman (3-Carboline a l k a l o i d 

Norharman $-Carboline a l k a l o i d + 

Harmalol $-Carboline a l k a l o i d + 

Berberine Isoquinoline a l k a l o i d + 

Note; Compounds were screened at several concentrations 
i n 24-hr acute t o x i c i t y t e s t with fourth i n s t a r 
Aedes atropalpus larvae. Tests were run with 
p a r a l l e l t r i a l s i n the dark and under solar 
simulating " v i t a l i t e s R " with an i n t e n s i t y of 
400 w/m̂ . A c t i v i t i e s were rated as follows 
(-) no difference between l i g h t and dark t r i a l , 
(+) enhancement of l i g h t t o x i c i t y over dark, (+ +) 
larger enhancement of l i g h t t o x i c i t y over dark. 
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fagopyrins occur i n buckwheat (fagopyrum sp). In addition we 
have included two groups of a l k a l o i d s , the g-carbolines (of which 
hannaline (X) i s an example) and the furoquinoline a l k a l o i d 
dictamnine (V) which were recently discovered by one of us 
(Towers) to be phototoxic to yeast (45, 46). The a c t i v i t y of 
berberine was suggested by i t s fluorescence. Obviously many 
compounds are phototoxic or have enhanced t o x i c i t y i n l i g h t as 
compared to dark. We believe t h i s demonstrates the p o t e n t i a l for 
further work i n t h i s f i e l d and suggests that t h i s i s an area that 
has been overlooked. 

One of the reasons that many photosensitizing compounds have 
been overlooked i s because of t h e i r apparent lack of co l o r . For 
example the polyacetylene PHT i s a potent insect photosensitizer 
i n n a t u ral sunlight i s completely c o l o r l e s s i n s o l u t i o n . I t s 
spectrum reveals (Figur  1) stron  absorptio  band  i  th
UV which are w e l l beyon
w i t h i n the range of wavelength y  atmospher
(generally > 300 nm) (47). In addition i t should be noted that 
the energy absorbed at these wavelengths i s considerably higher 
than i n the v i s i b l e range and may be a factor i n the high 
t o x i c i t y of compounds l i k e alpha T. 

In conclusion i t i s evident that many research opportunities 
e x i s t i n the i d e n t i f i c a t i o n and char a c t e r i z a t i o n of new 
substances and evaluation of t h e i r e c o l o g i c a l evolutionary and 
phy s i o l o g i c a l s i g n i f i c a n c e . In a p r a c t i c a l sense i t can be 
hoped that some of these new compounds because of t h e i r novel 
mode of action may be use f u l f o r the control of phytophagous 
insects as part of integrated pest management programs. 

2.0-
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Figure 1. Absorption spectrum of 1 ppm of phenylheptatriyne in ethanol. 
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Natural Inducers of Plant Resistance to Insects 
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Many environmental factors may affect herbivore/ 
plant interaction
tance or susceptibi l i ty of the plant to the herbivore. 
Among the factors with a demonstrated capabil ity to 
induce changes in levels of resistance are tempera
ture, solar radiation, water stress, s o i l fertility, 
insecticides, herbicides, fungicides, growth regula
tors, pathogen infection, weed competition, and pre
vious or concurrent herbivore attack. Most chemical 
factors, responsible for the resistance of plants to 
arthropods studied to date, have involved the geneti
c a l l y controlled, injury-independent accumulation of 
metabolites with allomonal act iv i ty . A completely 
different plant defense strategy has been demonstrated 
for many pathogens for which phytoalexin accumulation 
i s the result of a post-challenge response. The 
aforementioned environmental factors, including pest-
related injury, can induce de novo synthesis and ac
cumulation of compounds with allomonal properties 
(phytoalexins) or change the relative concentration of 
both nutrient and non-nutrient compounds. The focus 
in this paper is on the post-infestation induction of 
resistance by arthropods, in a manner up u n t i l 
recently known to result only from pathogen infection. 
The i n s e c t - r e s i s t a n c e r o l e of phytoalexins i s 
discussed and reference is made to other possible 
natural sources of inducers of resistance. 

Antiherbivory in plants has been ascribed mainly to the 
presence of physical defenses or to the injury-independent 
accumulation of secondary metabolites that have allomonal 
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properties. These metabolites are compounds that act as 
repellents, feeding deterrents, or toxins and are already present 
in the plant before herbivore attack. Another defense mechanism, 
probably equally important but more d i f f i c u l t to demonstrate, 
results from the absence of some required nutrients or compounds 
with kairomonal action, such as attractants and feeding excitants 
(1). 

Antimicrobial defenses in most plants, on the other hand, 
have been shown to result from a post-challenge response of the 
plant e l i c i t e d by the pathogen through products associated with 
the invading organism. Such products are extra-cel lular polysac
charides of bacteria, or the 3-glucans of Phytophthora mycellial 
walls (2). 

Up unti l recently, i t has been generally assumed that the two 
defense mechanisms have evolved under the specif ic selection 
pressure of animal herbivor
Such mechanisms were studied independently by entomologists and 
plant pathologists with l i t t l e or no effort invested to determine 
the commonalities that one might have expected to exist between 
the two systems. In theory, however, there would be great 
advantage for a plant to mobilize i t s defenses against herbivores 
only under the reasonable r ise in r isk of injury, such as at the 
i n i t i a l stages of an insect infestation. The injury independent 
concentration of allomonal compounds may require a considerable 
amount of metabolic energy that needs to be diverted from other 
v i t a l functions (3) (see also Mooney in this volume). If the 
herbivore attack does not occur at a l l , that energy is obviously 
wasted. 

The post-challenge or injury-dependent response of plants is 
a manifestation of induced resistance. For the lack of previous 
definitions the following is proposed: 

Induced resistance is the qualitative or quantitative 
enhancement of a plant's defense mechanisms against pests 
in response to extrinsic physical or chemical s t i m u l i . 
These extrinsic stimuli are known as inducers or e l i c i t o r s . 

Inducers of Plant Resistance or Susceptibi l ity Against Insects 

Both physical and biological environmental factors have been 
shown to influence resistance or susceptibi l i ty of a plant to 
insects. Among these factors are: temperature, l i g h t , relative 
humidity, s o i l f e r t i l i t y and s o i l moisture, air pollutants (such 
as ozone, sulfur dioxide and others) ( 4 ) . These are components of 
the plant's physical environment that occur independently of a 
man's intrusions. In addition, products made and intentionally 
applied by man may influence the quality of plants to insects; 
foremost among these are insecticides and fungicides, growth 
regulators and herbicides. F i n a l l y , plant pathogens and previous 
herbivory also influence the quality of the plant to insects. 
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Growth regulators, insofar as they are related to plant 
hormones, and plant pathogens and herbivores may be perceived as 
natural inducing factors. We considered herbicides together with 
growth regulators, because of the s i m i l a r i t i e s in their chemistry 
and modes of action. We w i l l concentrate our discussion on these 
types of inducers of plant defenses against insects. 

Induction of Resistance by Growth Regulators and Herbicides 

There have been many studies testing the effect of growth 
regulators on plants, and attempts have been made to measure this 
e f f e c t on i n s e c t s . Table I provides a summary of some 
representative studies. 

Table I. Examples of Insect Responses to Applied Growth 
Regulators. 

Inducer Plant Insect Effect Source 
Maleic 

Hydrazide 
Broad Bean Pea Aphid >Mortality 

<Fecundity 
(5) 

Chlormequat 
Chloride 
(=CCC, 
=Cycocel) 

Broad Bean 

Brussels 
Sprout 

Bean Aphid 
Cabbage 

Aphid 

Pea Aphid 
Green Peach 

Aphid 

>Mortality 

<Fecundity 

(6) 

(8) 

Black 
Currant 

Hyperomyzus <Fecundity (7) 

Oleander Oleander 
Aphid 

>Mortality (9) 

Daminozide Pear Pear Psyl la Population (10) 

SADH Petunia Whiteflies >Mortality (11) 

Gibberi11 in Common 
Bean 

Apple 
Broad Bean 

Mites 

Mites 
Pea Aphid 
Bean Aphid 

<Fecundity 

<Fecundity 
No-effect 

<Fecundity 

(12) 

(13) 
(5) 
(6) 
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Application of maleic hydrazide to broadbean plants increases 
mortality and reduces the fecundity of bean aphids (5). The 
growth retardant CCC (chlormequat) has been tested on several 
plant/insect systems, a l l with appreciable increases in resistance 
either due to reduced fecundity of females, or increased mortality 
of o f f s p r i n g ; both r e s u l t i n g in an o v e r a l l reduction in 
populations (6, 7, 8, 9). Occasionally, as i s the case with many 
secondary metabolites, certain insect species are affected 
detrimentally by the application of a compound, but others are 
not. Gibberellin applied to broadbean reduces fecundity in the 
bean aphid (6), but has no effect on the pea aphid (5). 

Herbicides also have been tested in their effect on insects 
(Table I I) . Results are even more ambiguous than those with 
growth regulators. For instance, 2-4D on barley reduced fecundity 
in two species of grain aphids, Rhopalosiphum padi and Macrosiphum 
avenae (14), but applie
aphids, Rhopalosiphum maydis (15), suggesting an improvement in 
the quality of food for the insect. Other herbicides have been 
tested with fewer insects, and results vary. Amitrol and Zitron 
applied to broadbean reduced fecundity and increased mortality in 
the pea aphid Acyrthosiphon pi si (16), but Banvel D, Barban or MCP 
applied to barley increased fecundity of the grain aphids M. 
avenae, R. padi, and Schizaphis graminum (17). 

Table II. Insect Responses to Herbicides Applied to the Food 
Plant. (In the "Effect" column, R refers to resistance and _S to 
s u s c e p t i b i l i t y . ) 

Inducer Plant Insect Effect Source 
(18) 

2,4-D Wheat Stem Sawfly R>Mortality (14) 
Barley Grain Aphids R<Fecundity (15) 
Corn Corn Leaf 

Aphid 
S>Fecundity 

(19) 
Broad Pea Aphid S>Fecundity 

Bean 
Rice Rice Stem 

Borer 
S>Growth 

>Survival 
(20) 

Amitrole Broad Pea Aphid R<Fecundity (16) 
Bean 

Pea Aphid 
>Mortality 

Zytron 
Banvel D Barley Grain Aphids S>Fecundity (17) 
Barban 

Grain Aphids 

MCPA 
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Induction of Resistance by Previous Pathogen Attack 

Maclntyre, Dodds and Hare (21), and Hare (22) reported that 
some tobacco varieties hypersensitive to tobacco mosaic virus 
(TMV) can be protected against attack by other organisms. Local 
virus infections induced a systemic protection against the fungi 
Phytophthora parasit ica var. nicotiana and Peronospora tabacina as 
well as the bacterium Pseudomonas tabaci (21). In addition, the 
reproductive rate of the green peach aphid, Myzus persicae, was 
reduced about 11% when females were allowed to feed and reproduce 
parthenogenetically on leaves at plant apices at least 6 nodes 
above the s i te of virus infection (21). Furthermore, i t was found 
by Hare and coworkers (22) that growth rates of fourth instar 
tobacco hornworms, Manduca sexta, were reduced 27% when reared on 
tobacco leaves with local TMV lesions and 16% when reared on 
neighboring leaves withou
leaves were on plants tha
The whole plant was systemically induced to higher levels of 
resistance. 

Induction of Resistance by Previous Herbivory 

Feeding a c t i v i t i e s of herbivorous insects often result in 
physiological and morphological changes in the host plant. If 
these changes are in the direction of the accumulation of 
compounds with resistance properties, the herbivores themselves 
act as inducers. In Table III examples were drawn from several 
insect/ plant systems representing a whole spectrum of annual and 
perennial crops as well as vegetable crops, evergreen and 
deciduous leaf trees. In a l l these examples the induced 
resistance affects the inducing species i t s e l f . Thus, for 
instance, feeding by the pea aphid on a l f a l f a induces an increase 
in coumestrol that may affect additional feeding by other pea 
aphids (23). Changes may also occur in the levels of primary 
metabolites thus affecting the nutrit ional value of the leaves. 
For example, feeding by gypsy moth, Lymantria dispar, larvae on 
gray birch or black oak leaves produces physiological changes in 
the plants that may reduce the survival and growth rates of other 
larvae feeding on leaves several days after the i n i t i a l attack 
(26). It is noteworthy that many changes that occur following 
herbivory on trees r e s u l t from accumulations of phenolic 
compounds. 
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Table III. Induction of Resistance by Previous Herbivory. 

Inducing 
Herbivore Plant 

Induced 
Reaction Source 

>Coumestrol (23) 

Polyphenol Synt. (24) 

Ipomeamarone (25) 
(Furanoterpenoid 

Phytoalexin) 

<Nutritional (26) 
Value 

>Phenolics (27) 

>Quinones (28) 
>Phenolics (29) 

>Phenolics (30) 

>Cucurbitacins (31) 

Pea Aphid 

European Pine 
Sawfly 

Sweet Potato 
Weevi1 

Gypsy Moth 

Lep. Larvae 

Lygus disponsi 

Cotton Bollworm 

Striped Cucumber 
Beetle 

A l f a l f a 

Pine 

Sweet Potato 

Gray Birch 
Black Oak 

Birch 

Sugar Beet 
Chinese 

Cabbage 

Cotton 

Squash 

A different type of induction occurs with the striped 
cucumber beetle, Acalymma v i t t a t a , feeding on squash (31). 
Feeding by this beetle results in an accumulation of cucurbitacins 
which are strong feeding excitants for the cucumber beetle i t s e l f . 
However, cucurbitacins are deterrent at high concentrations to the 
squash beetle, Epilachna tredecimnotata. In f a c t , the squash 
beetle seems to have evolved a behavioral adaptation to prevent 
accumulation of cucurbitacins in their feeding s i t e s . Before 
starting the feeding process, they cut a c i rcular trench 
encircling the leaf section upon which they w i l l later feed. The 
trench prevents circulation of sap into the enclosed area that 
remains free of the allomonal effect of the cucurbitacins, and 
suitable to feeding by the beetles (31). 

From the above examples i t is thus apparent that a plant 
challenged by herbivores, by plant pathogens, or otherwise 
stressed by specif ic chemicals does not remain biochemically 
indifferent. The plant responds with more or less drastic 
metabolic changes, some of which have a profound effect on 
additional herbivores or other plant pathogens. The chemical 
nature of these changes is now beginning to be elucidated. 
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Mechanisms of Induced Resistance 

159 

There seems to be a variety of mechanisms involved in 
resistance induced by the chemical and biological factors 
mentioned above. The mechanisms that we w i l l discuss are the 
following: 1) changes in phenological synchronization between 
the plant and i t s complement of herbivores; 2) changes in the 
physiological state of the plant; 3) changes in nutrient con
centration; 4) stimulation of compensatory mechanisms; 5) changes 
in concentrations of allelochemics—either increases in the 
concentration of allomones or reduction in the concentration of 
required kairomones; and 6) de novo synthesis of phytoalexins. 
This latter is perhaps the most exciting aspect of induced 
resistance and one upon which we w i l l dwell in greater length. 

Phenological Synchronization
balsam f i r reduce feedin
and desquaring in cotton depress overwintering success of several 
major cotton pests. Table IV presents a summary of the work on 
these two systems. 

TABLE IV. Growth Regulators Used in Induced Phenological 
Asynchronization. 

Plant Inducer Insect Effect Source 
Balsam Abscisic Acid Spruce De1ayed (32) 

F i r Budworm budbreak 
Maleic 

Hydrazide 
Chlorflurenol 

Cotton 2,4-D (Amine) Pink Bollworm Defoliation (33,34) 

Chlorflurenol Heliothis spp. New square (35,36) 
shedding 

Chlorquemat Boll Weevil Elimination (37) 
(CCC) of diapausing 

sites 

When abscisic acid is applied to balsam f i r , the break of 
buds in the spring is delayed and the emerging spruce budworm, 
Choristoneura fumiferana, larvae are forced to feed on old 
needles, which are a less desirable food. Attempts have been 
made, rather unsuccessfully, under natural forest situations, to 
manipulate budbreak with growth retardants for the control of the 
spruce budworm. However, this system seems to operate under 
controlled greenhouse conditions, and with some adjustments, i t 
may have potential for practical applications in the f i e l d (32). 
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Practical results have been obtained in the control of 
several cotton pests by the timely application of defoliators or 
certain herbicides, such as 2-4D (amine), Chlorflurenol or 
Chlorquemat (CCC) (33, 34, 35, 37). Figure 1 shows the phenology 
of the cotton plant and the annual cycle of two major cotton 
pests: the boll weevil, Anthonomus grandis, and the boll worm, 
Heliothis zea. The majority of the bolls are formed and opened by 
the middle of September. Those that remain on the plant after 
that date do not contribute much to the f i n a l y i e l d , but they do 
serve as food and reservoir for diapausing boll weevils, 
bollworms, and pink bollworms, Pectinophora gossypiella. It i s 
therefore recommended that applications of defoliants be made 
starting in the middle of September to eliminate the overwintering 
sites or diapausing shelter for these pests. If this i s done on a 
wide area, results are indeed outstanding. Even better results 
have been obtained fo
interruption of i r r igat io
of defoliants. 

Changes in Physiological State of the Plants. Resistance to 
f r u i t f l i e s has been obtained with the proper application of 
growth retardants. Greany and coworkers in Florida reported that 
immature citrus f r u i t s are resistant to f r u i t f l y larvae (39). 
Resistance is apparently due to citrus peel o i l s which are mostly 
composed of monoterpenes and other terpenoids. Resistance is lost 
as the f r u i t s senesce and change color. With timely applications 
of g i b b e r l l i c acid, senescence of the peel is retarded, but the 
internal maturation processes are not affected. Thus the f r u i t 
concentrate sugars while the peel i s s t i l l green and resistant to 
the f r u i t f l i e s . Application of these growth regulators 
influences a whole range of post harvest pests, not only the f r u i t 
f l i e s (39). 

Changes in Nutrient Concentration. It has been reported 
since the 1960's that g ibberel l in, CCC and other growth regulators 
induce changes in total nitrogen and sugar levels in several 
plants. Rodriguez and Campbell (13), working with mites on 
apples, and Honeyborne (6), working with aphids on broadbeans and 
Brussels sprouts, recorded changes in pest populations following 
fluctuations in the concentrations of those nutrients. 

Figure 2 (adapted after 13) shows that the increased 
concentration of gibberell in solutions applied at weekly intervals 
to apples produced a reduction in the concentration of total 
nitrogen and sugars with a consequent decl ine in mite 
populations. 

Stimulation (or Inhibition) of Compensatory Mechanisms. An 
interesting effect of herbivore feeding on plants has been 
observed by several authors comparing hand defoliation with 
herbivory in grasses. One such report shows that the regrowth of 
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ACTIVITY D e f o l i a t i o n 
Rep.-Diapause 

Squares / \ B o l l s 

/ \ Open 
J ^ ^ " ^ B o l l s 

PESTS 
No./Unit area 

Bol l Weevil 

/ • \ 
/ \ . " ">/-./ Bol 1 worm 
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Figure 1. Phenological synchronization of cotton boll opening and diapause of boll 
weevils and bollworms (38). 
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PPM GIBBERELLIN IN SOLUTION 

Figure 2. Effect of weekly sprays of gibberellin solutions on nitrogen (%) and total 
sugar (Q) concentration in apple leaves and consequent effect on mite progeny pro

duction (M) (13). 
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grasses is stimulated by growth-regulator-type compounds in the 
saliva of ruminants (40). However, regrowth seems to be inhibited 
in grasses by grasshopper salivary gland and gut extracts at high 
defoliation levels, but i t was apparently stimulated at low levels 
as is shown in Figure 3 (41). When 1/3 defoliation was 
implemented by actual feeding by grasshoppers, there was a sub
stantial increase in the number of t i l l e r s . T i l l e r i n g was much 
less in hand defoliated plants. However, when 100% defoliation 
was implemented, hand defoliation produced a greater number of 
t i l l e r s than grasshopper induced defol iation. The authors argued 
that wheat has evolved a mechanism whereby, at high defoliation 
levels induced by grasshoppers, t i l l e r i n g was inhibited. Such 
d i f f e r e n t i a l , density-dependent response by the grasses may be 
related to a feedback regulatory mechanism of both grass and 
grasshopper populations. Such mechanisms are, however, specula
t i v e , and there is s t i l

Changes in Allelochemic Concentration. Many allelochemic 
effects are related to concentrations of diphenolics and the 
a c t i v i t y of enzymes involved in their oxidation to qui nones. Hori 
and Atalay (29) have shown that the small bug, Lygus disponsi, 
feeding on sugar beet leaves induced i n c r e a s e s i n the 
concentration of phenolics, and peroxidase and polyphenol oxidase 
a c t i v i t i e s . Similar increases were also observed immediately 
after feeding by Lygus disponsi on Chinese cabbage, but levels 
returned to near normal after three days. Leaf phenolics that 
remain at high concentrations after the i n i t i a l feeding may 
influence the amount of herbivory and also pathogen attacks, 
although evidence to this effect was not available. Figure 4 
(adapted after 29) shows the changes in polyphenol oxidase 
a c t i v i t y and in concentration in phenolic compounds following 
injury by Lygus disponsi on Chinese cabbage leaves. The a c t i v i t y 
and concentration are highest one day after injury, but f a l l and 
level off subsequently unti l 21 days. 

De Novo Synthesis of Phytoalexins. Phytoalexins have been 
studied in great depth by plant pathologists. Excellent review 
papers are available in Hedin's ACS symposium volume, Host Plant 
Resistance to Plants (42), and more recently in the book edited by 
Horsfall and Cowling, Plant Disease (43). The antiherbivory 
effect of phytoalexins, however, is only now beginning to be f u l l y 
appreciated. It i s apparent that pathogen induced phytoalexins do 
have a definite effect on insect herbivores. There is mounting 
evidence that herbivore-infl icted injury may also result in the 
induction of phytoalexin production and accumulation. 

The antiherbivory effects of phytoalexins have been studied 
in our laboratory using the Mexican bean beetle and the soybean 
looper (44). The Mexican bean beetle, Epilachna var ivest is, i s an 
oligophagous species that feeds preferential ly "on legume hosts. 
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Figure 3. Tiller production by wheat plants following defoliation by hand (M) or 
by grasshopper grazing (%) (41). 
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Figure 4. Changes in polyphenol oxidase activity (- • -) and phenolic compounds 

(%) in Chinese cabbage tissue after injury by Luygus disponsi (29). 
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We tested the effect of phytoalexins on the feeding preferences of 
both adults and larvae. Soybean seedlings were germinated in the 
greenhouse and, when cotyledons were f u l l y opened, small discs 
were cut and irradiated with UV-light to e l i c i t phytoalexin 
production. Another batch of discs obtained from the second 
cotyledonary pair of each plant was not irradiated and was used as 
a control. Discs were allowed to incubate for 48 hours, and then 
they were exposed in pairs of treated and untreated discs to both 
adults and larvae of the Mexican bean beetle. Results of the test 
were analyzed using a preference index that gives a value of one 
i f there is no preference for either disc in the pair , and a 
result smaller than one i f the untreated or control disc i s 
preferred. Feeding preferences were measured by counting the 
number of scars clearly v i s i b l e on the cotyledon discs. It was 
observed that the phytoalexin r ich discs were probed, as shown by 
fine mandibular markings
was done on the control discs. Feeding preferences on cotyledons 
were tested also with the soybean looper, Pseudoplusia includens. 
Results showed no feeding deterrency by the phytoalexins. The 
effect of pure phytoalexins was tested also using the soybean 
looper larvae feeding on a r t i f i c a l media. Due to the small amount 
of pure phytoalexins available for the studies, we developed a 
miniature system to test the effect of the diet on the growth 
rates of newly born larvae up to about the 8th day of l i f e . In 
this case, results were not conclusive. When coumestrol was 
tested at . 1 , . 5 , and 1% concentration in the d i e t , the percent 
survival decreased but the weight gain at the 1% concentration did 
not d i f f e r from the control and was twice as high as the weight 
gain on the .1% diet (Table V). This is d i f f i c u l t to explain on 
toxicological grounds. The survival of larvae on the 1% 
glyceol l in diet was drast ical ly reduced (Table VI), but those 
larvae that did survive gained on the average more weight than 
those feeding on the control diet. 

Table V. Soybean Looper Survival and Weight Gain to 
8 Days on A r t i f i c i a l Media + Coumestrol (44). 

Coumestrol % Survival % Wgt. Gain 
Cone. 

0 
0.1% 
0.5% 
1.0% 

96.0 
64.0 
68.0 
68.0 

100.0 
44.1 
54.1 
96.5 
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Table VI. Soybean Looper Survival and Weight Gain to 
8 days on A r t i f i c i a l Medium + Glyceoll in (44). 

Glyceoll in 
cone. 

% Survival % Wgt. Gain 

0 83.2 100.0 
0.1% 74.0 76.4 
0.5% 75.5 139.2 
1.0% 58.0 127.7 

To test the v a l i d i t y of the bioassay i t s e l f we prepared a diet 
containing increasing amounts of rotenone, a compound derived from 
isoflavones and thus chemically not far removed from the soybean 
phytoalexins. Results
dose response curve (Table VII). Both survival and weight gain of 
larvae were d r a s t i c a l l y affected by increasing concentrations of 
rotenone. This experiment showed that the bioassay would be 
capable of detecting toxic effects of the phytoalexins on the 
soybean looper larvae, i f such effects were acute. It showed also 
that the detoxification mechanisms in the soybean looper, a rather 
polyphagous insect, may permit i t to adequately overcome the 
antibiot ic effect of the isoflavonoid phytoalexins, but not that 
of the isoflavone rotenone. 

Antiherbivory a c t i v i t y of phytoalexins has been demonstrated 
also in the f i e l d in studies by Sutherland and his coworkers (45, 
46) with scarabaeid grubs feeding on the roots of several forage 
legumes. The phytoalexin vest itol was extracted from the roots of 
the forage legume Lotus pedunculatus, and i t was shown to have a 
strong feeding deterrent effect on the grubs of Costelytra 
zealandica (46). Feeding deterrency was also demonstrated in our 
studies with the Mexican bean beetle and phytoalexin r ich soybean 
cotyledons (44). 

Table VII. Soybean Looper Survival and Weight Gain to 
8 Days on A r t i f i c i a l Medium + Rotenone (Our 
Unpublished Data). 

Rotenone % Survival % Wgt. Gain 
cone. 

0 100.0 100.0 
0.005% 87.5 46.1 
0.05 79.2 16.0 
0.5 70.8 9.0 
5.0 29.2 3.9 
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Xn v i t ro studies of the effect of pure phytoalexins on the 
feeding of several phytophagous insects, on the other hand, have 
provided a diverse picture (Table VIII). For instance, vest i tol 
and phaseollin have antifungal a c t i v i t y and also reduce feeding by 
Costelytra zealandica and Heperonychus arator. However, various 
other phytoalexins such as p i s a t i n , genistein, and coumestrol may 
affect one species but not the other. Neither coumestrol nor 
genistein seem to inhibit soybean looper feeding or growth. 

Table VIII. Effect of Legume Isoflavonoid Phytoalexins 
on Feeding by Insects. 

Compound Antifungal C. H. P. 
A c t i v i t y zealandica arator includens 

in feeding) growth rate) 

( -) -Vestitol + + + 
(-)-Phaseolin + + + 
(+)-Pisatin + + 
Genistein - + 
Coumestrol - + 
Glyceoll in + + 

One may conclude from these studies that phytoalexins have a 
selective effect on herbivores. They inhibit feeding and growth 
on some, but seem to be innocuous to others. Given the 
revolutionary origin of plant defenses, i t is conceivable that 
some phytoalexins may even be kairomones for some insects. There 
i s ample precedence to this dual role of several allelochemics 
(1). The example of cucurbitacins mentioned above is one of 
them. 

Potential Uses of Induced Resistance in IPM 

A better understanding of the role of phytoalexins in plant 
defenses and of the mechanisms of induced resistance may 
potentially open a powerful new approach to the control of insect 
pests of cultivated plants. If indeed, in l ight of the hypothesis 
of optimal defense strategies (3), a post-attack response is a 
more e f f i c i e n t l ine of defense than the attack-independent 
accumulation of allelochemics, the exploitation of phytoalexin-
producing mechanisms may represent a f e r t i l e f i e l d for future 
investigations. Several uses of induced resistance may be 
conceived. Four of these approaches are b r i e f l y discussed. 
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Enhanced Response of Plants to Previous Herbivory by Means of 
Classical Breeding Methods. Since plants within the same species 
may d i f f e r in t h e i r a b i l i t y to produce and concentrate 
phytoalexins in response to s t i m u l i , the idea is to identify such 
plants and use their regulating genes in c l a s s i c a l breeding 
programs. 

Immunization of Plants by Attenuated Forms of Pathogens. As 
has been argued by Kuc and Caruso (47), plants can be immunized to 
achieve higher levels of resistance to pathogens. Similar 
mechanisms may conceivably provide a l ine of defense against 
phytophagous insects without the challenge-independent 
accumulation of defensive compounds. 

Specific Control of Phytoalexin Accumulation by "Metabolite 
Shunting" of Biosyntheti
(personal communication), at the Monsanto Laboratories, St. Louis, 
have developed techniques to s e l e c t i v e l y shunt defensive 
metabolites, part icular ly of the shikimic acid cycle. Through 
various techniques, certain compounds are applied to plant aerial 
or root parts, and these compounds have the property of inducing 
specific accumulations of secondary metabolites. The directions 
of these accumulations are under known enzymic control (48), and 
the regulation of these enzymes is achieved by selecting 
appropriate inducers. Such inducers seem to provide a novel 
approach to the control of insects by magnifying the a b i l i t y of 
plants to produce and concentrate antiherbivory compounds. 

Improved Economic I n j u r y L e v e l s Through a B e t t e r 
Understanding of the Effects of Low Levels of Herbivory and 
Subeconomic Pathogen Infections. One of the c r i t i c a l factors in 
IPM is a r e a l i s t i c definit ion of economic injury levels for single 
pests and pest complexes. The understanding of the effect of low 
levels of herbivory and subeconomic infections by pathogens may 
help reassess the definit ion of economic injury levels, due to the 
evidence that these attacks may actually contribute to an increase 
in the a b i l i t y of the plant to withstand future attacks. 

Induced Resistance and IPM-Concluding Remarks 

Seen from the perspective of a global pest control strategy, 
induced r e s i s t a n c e represents a new dimension in control 
methodology. As one aspect of the overall f i e l d of plant 
resistance, induced resistance is paral lel to genetic resistance 
and i t may operate through the various modalities that are 
c l a s s i c a l l y identif ied in genetic resistance. Thus, the escape 
mechanisms that were discussed as phenological asynchronies may be 
obtained or induced by cultural methods or by the timely 
application of growth regulators. Antibiosis, either through 
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Figure 5. Operation of induced resistance through classical modalities of resistance. 
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nutrient d e f i c i t s or the accumulation of toxic metabolites, may be 
achieved by the application of herbicides, growth regulators or 
specif ic inducers, such as those mentioned under the concept of 
metabolite shunting. Antixenosis, or effects on the behavioral 
responses of insects, may be the result of accumulation of 
allomones, elimination of kairomones or promotion of physical 
changes in the plants, a l l of which can be effected by growth 
regulators or by specific inducers. F i n a l l y , tolerance may be 
obtained through the induction of regrowth or recovery of injured 
tissue or the t i l l e r i n g of grasses by growth regulators or by 
herbivory i t s e l f . 

The increased evidence of the antiherbivory role of 
phytoalexins, and improvements in our a b i l i t y to manipulate 
phytoalexin and other antiherbivory metabolite accumulations in 
plants by the use of growth regulators, specif ic inducers, or 
attenuated forms of pathogen
exciting developments in the f ight against insects since the 
advent of the modern organo-synthetic i n s e c t i c i d e s . The 
difference is that we are enhancing the a b i l i t y of the plants to 
produce their own defenses; therefore, we are not tampering with 
potentially hazardous chemicals, and we are not grossly impinging 
on the integrity of the environment. We are, however, bypassing 
the inherently contradictory objective of producing both high 
yielding plants and highly resistant plants. From the standpoint 
of optimal defense strategies, these two goals are often 
impossible to reconcile. Induced resistance represents an 
alternative. We may indeed be witnessing the birth of a fourth 
generation of insecticides. 
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10 
Cytochrome P-450 Involvement in the Interactions 
Between Plant Terpenes and Insect Herbivores 

LENA B. B R A T T S T E N 

University of Tennessee, Department of Biochemistry and Graduate Program 
in Ecology, Knoxville, TN 37996 

The cytochrom
-oxygenase system is important i n several ways in 
insect herbivores that feed on terpene-containing 
plants. Cytochrome P-450 metabolises many terpenes 
to polar products that can be excreted, often after 
further conjugation reactions, or that may be more 
toxic to the insect. Many terpenes induce insect 
cytochrome P-450 to higher ac t i v i t y . Changes in 
cytochrome P-450 ac t iv i ty may influence hormone 
balance or pheromone production in the insect, 
implicating the plant allelochemicals as factors in 
the regulation of reproductive success of insect 
populations. Cytochrome P-450 is therefore an impor
tant factor i n insect host-plant specialisations. 
Efforts at improving plant resistance to insect 
herbivory must take this enzyme system into considera
t ion. 

One or more of the large v a r i e t y of terpenes, biosynthetic-
a l l y r e lated to each other as outlined i n Figure 1, are present i n 
almost a l l higher plants. The terpenes are a l l f a i r l y to highly 
l i p o p h i l i c compounds depending upon t h e i r state of oxidation and 
gly c o s y l a t i o n . They therefore have a high p o t e n t i a l f o r t o x i c 
interference with the basic biochemical and p h y s i o l o g i c a l func
tions of insect herbivores. 

Although the r o l e of the terpenes i n the plants that produce 
them i s s t i l l a matter of debate, evidence of an anti-herbivore 
function f or many of them i s accumulating. Modern DNA technology, 
gene s p l i c i n g , and cloning techniques w i l l undoubtedly make i t 
possible to incorporate s u i t a b l e defensive allelochemicals into 
selected crop plants i n order to minimise crop devastation by i n 
sect herbivores. However, i t i s necessary to understand the fund-
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Pheromones 

Geranyl-PP (CIO) > Monoterpenes •> Pyrethrum 

Gossypol 

Farnesyl-PP (CIS) > Sesquiterpenes > Pheromones 

Steroids (C27) Triterpenes A * o d « r o c n t ' n 

Cucurbitacins 

Geranylgeranyl-PP (C20) > Oiterpenes (C20) 

Graya no toxin 

y 
Carotenoids (C40) 

Figure 1. Outline of the biosynthetic relationships of plant terpenes. 
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amental mechanisms by which plant populations and insect popula
tions coexist i n p r i s t i n e ecosystems i n order to take f u l l advan
tage of t h i s p o t e n t i a l . I t i s clear that the insect herbivores 
have developed many e f f e c t i v e and highly s p e c i a l i s e d adaptations 
f o r dealing with the unavoidable presence of these p o t e n t i a l l y 
t o x i c chemicals i n t h e i r food supply. Due to the great d i v e r s i t y 
of s p e c i f i c solutions f o r s u r v i v a l that e x i s t i n nature, meaning
f u l e f f o r t s at mathematical modeling to e s t a b l i s h p r e d i c t i v e 
models cannot be based simply on the gross behavior of experiment
a l l y manipulated microcosms. Such models w i l l at best be v a l i d 
only f o r the p a r t i c u l a r s i t u a t i o n on which they are based. Model
ing techniques are presently f a r ahead of the a v a i l a b l e basic 
b i o l o g i c a l and ec o l o g i c a l information upon which t r u l y p r e d i c t i v e 
models should be based, i n p a r t i c u l a r when toxicants of any kind 
are involved. 

In undisturbed ecosystems
ulations coexist i n a
b i o l o g i c a l and physical factors (parasites, predators, p r e c i p i t a 
t i o n , temperature, s o i l q u a l i t y , e t c . ) . But t h i s balance i s also 
regulated by myriads of very fundamental i n t e r a c t i o n s , many or 
even most of which are yet unknown, between the plant allelochemi
cals and the biochemical, p h y s i o l o g i c a l , and behavioral functions 
of the insect herbivores (1). 

The complex i n t e r a c t i o n s of terpenes with insect growth and 
reproduction and with the insects' a b i l i t y to metabolise p o t e n t i 
a l l y t o x i c , l i p o p h i l i c foreign compounds w i l l be discussed b r i e f l y 
i n the foll o w i n g . 

T o x i c i t y of terpenes 

As i s the case with plant allelochemicals i n general, the 
terpenes are not usually acutely t o x i c . Table I provides a few 
examples of terpene t o x i c i t i e s to mammals and shows that some are, 
indeed, highly t o x i c , e.g. grayanotoxin and ergosterol. However, 
the vast majority of the terpenes show acute mammalian t o x i c i t i e s 
only i n the order of several g/kg, i . e . they are not acutely t o x i c 
More data are av a i l a b l e on phytotoxin t o x i c i t i e s to mammals than 
to i n s e c t s . I t i s not necessarily true that a compound which i s 
toxic to a mammal has a s i m i l a r t o x i c e f f e c t i n an in s e c t . I t i s , 
f o r instance, w e l l known that the pyrethrins are highly t o x i c to 
insects and are used with safety as s e l e c t i v e i n s e c t i c i d e s . 
Limonene, although not t o x i c to mammals, i s acutely t o x i c to 
Dendroctonus pine beetles (2, 3). On the other hand, chemicals 
that are highly t o x i c to mammals may not be t o x i c to in s e c t s . An 
example i s ergosterol which i s highly t o x i c to several mammals i n 
addition to the dog, but which lacks acute t o x i c i t y to larvae of 
the southern armyworm, Spodoptera eridania (Brattsten, unpub
lished) . This compound i s probably used as a precursor i n the 
synthesis of cho l e s t e r o l by at le a s t some insects (4). 
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Table I 
Mammalian acute t o x i c i t i e s of plant terpenes 

Compound ^ 5 0 Animal, route 

Grayanotoxin 1.2 mg/kg mouse, i p 
Ergosterol 4 mg/kg dog, o r a l 
Gossypol 550 mg/kg p i g , o r a l 
Pyrethrum 200 mg/kg r a t , o r a l 
Pulegone 120 mg/kg r a t , i p 
Hymenovin 150 mg/kg mouse, o r a l 
a-pinene several g/kg r a t , o r a l 
Limonene several g/kg r a t , o r a l 
Carvone several g/kg r a t , o r a l 
Borneol 
Cineole 
C i t r a l several g/kg r a t , o r a l 
Eugenol several g/kg mouse, o r a l 
Geraniol several g/kg r a t , o r a l 
Menthol several g/kg r a t , o r a l 
Terpineol several g/kg r a t , o r a l 
Caryophyllene several g/kg r a t , o r a l 
Nepetalactone several g/kg r a t , o r a l 

A l l information from (46) except f or hymenovin (47). 

Terpenes as insect attractants and deterrents 

Numerous terpenes are attractants f o r i n s e c t s . Table I I 
shows some examples. The compounds are very often feeding 
a t t r a c t a n t s . They can also be o v i p o s i t i o n s t i m u l i as, f o r 
instance, a-pinene for the eastern spruce budworm or methyl i s o -
eugenol f o r the carrot rust f l y . The evolutionary d e t a i l s of 
some of these r e l a t i o n s , often reveal f a s c i n a t i n g cases of insect 
host-plant s p e c i a l i s a t i o n s . A chemical that i s a deterrent to 
most insects can become an obligatory feeding cue f o r a s p e c i a l i s t ^ 
e.g. the spotted cucumber beetle's dependency on cucurbitacins f o r 
food recognition. Even more i n t r i c a t e r e l a t i o n s h i p s e x i s t as with 
Ips and Dendroctonus bark beetles using the host tree (+)'-a-pinene 
as precursor f or t h e i r own aggregation pheromone component, c i s -
verbenol (_5, _6) . 

A study with houseflies (7) shows c l e a r l y that very small 
differences i n the molecular structure can r e s u l t i n d r a s t i c a l l y 
d i f f e r e n t b i o l o g i c a l e f f e c t s as exemplified i n Table I I I by the 
o p t i c a l isomers (-)-limonene, a f l y a t t r a c t a n t , and (+)-limonene, 
a f l y deterrent. A difference i n oxidation state i n the func
t i o n a l group as i n c i t r o n e l l o l , a f l y a t t r a c t a n t , and c i t r o n e l l a l , 
a f l y deterrent, also causes d i f f e r e n t responses. A difference i n 
the length of the carbon chain as i n farnesol (C15), a f l y a t t r a c 
tant, and geraniol (C10), a f l y deterrent, also confers d i f f e r e n t 
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Table I I 
Plant terpenes as attractants f or insects 

Insect species Compound Referer 

Eastern spruce budworm a-pinene 48 
Ips bark beetles 
S c o l y t i d bark beetles 

g-pinene 
limonene 
camphene 
geraniol 
a-terpineol 

Honeybee geraniol 51 
Japanese beetle geraniol 52 

c i t r o n e l l a l 
Pine beetle a-terpineol 53 
Pales weevil eugenol 54 

a-pinene 
anethole 
c i t r o n e l l a l 

O r i e n t a l f r u i t f l y methyleugenol 55 
Carrot r u s t f l y mehyl isoeugenol 56 
B o l l weevil a-pinene 57 

(3-pinene 
limonene 
caryophyllene 

Lace wing i r i d o d i o l 58 
Spotted cucumber beetle cucurbitacins 59 
Willow beetle s a l i c i n 60 
S i l k worm t e r p i n y l acetate 61 

l i n a l o o l 
hexenol 
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b i o l o g i c a l properties. Table I I I also shows an example of the 
concentration e f f e c t . In t h i s case a low concentration of carvone 
i s an a t t r a c t a n t , whereas a high concentration i s a deterrent. 
This i s a very widely occuring phenomenon, and w e l l known also i n 
human soc i e t y , e.g. i n the contexts of spices and perfumes. 

Table IV gives a few examples of terpenes shown to be insect 
deterrents. As with the previous examples of insect attractants 
i n Tables I I and I I I , the s t r u c t u r a l d i v e r s i t y of the deterrent 
compounds i s remarkable. There are no clear and l o g i c a l 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 among the compounds with these behav
i o r a l e f f e c t s . Specialised and unique e f f e c t s and behavioral 
adaptations are thus the r u l e i n i n t e r a c t i o n s between species 
rather than the exception. 

The Vernonia sesquiterpene lactone* glaucolide A, i s a feed
ing deterrent for the southern armyworm, a broadly generalist 
feeder. This compound
worm larvae r e j e c t . Thi
armyworm, J3. fruglperda, are capable of feeding on a large v a r i e t y 
of plants (8). Both can also metabolize l i p o p h i l i c foreign com
pounds, including plant allelochemicals and synthetic p e s t i c i d e s , 
to excretable, polar metabolites by cytochrome P-450-dependent 
oxidations. 

Southern and f a l l armyworm growth on pulegone-laced d i e t s 

The mint monoterpene pulegone i s not only a feeding deterrent 
fo r the f a l l armyworm but i s also t o x i c to t h i s species (9). I t 
i s , however, neither a feeding deterrent nor acutely t o x i c to the 
southern armyworm at s i m i l a r concentrations. Figure 2a shows that 
a concentration of 0.1% pulegone i n the d i e t (10) i s t o x i c and 
k i l l s the f a l l armyworm larvae (11). In contrast, the southern 
armyworm larvae feed f r e e l y on d i e t s (12) containing e i t h e r 0.01% 
or 0.1% pulegone. Their weight increases and there i s no delay 
i n t h e i r development (Figure 2b). However, further experiments 
with the southern armyworm showed that pulegone can be a very 
important factor i n the successful coexistence of plants and her
bivores (13). 

Pulegone e f f e c t s on the southern armyworm 

The data i n Table V (13) show that the southern armyworm 
larvae a t t a i n higher maximal fresh body weights when pulegone i s 
present i n t h e i r d i e t up to 0.1%. But the percentage of non-
water body constituents i s reduced as i s most obvious i n larvae 
feeding on a 0.2% pulegone d i e t . The l a t t e r d i e t also prolongs 
the time the larvae spend i n the s i x t h i n s t a r and they undergo the 
pupal molt 8-10 days l a t e r than larvae fed control d i e t s or d i e t s 
with lower pulegone concentrations. The 0.2% pulegone d i e t also 
reduces the pupation success to 57% as shown i n Table VI 
(13) , but adult emergence from these pupaeoccursat almost normal 
rate (85%). 
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Table I I I 
Terpenes as housefly attractants and repellents (7). 

Attractants Deterrents 

(-)-limonene 
C i t r o n e l l o l 
Eugenol 
Farnesol 
Carvone (low) 

(+)-limonene 
C i t r o n e l l a l 
C i t r a l 
Geraniol 
Carvone 

6 -phellaudrene 
Carvacrol 
L i n a l o o l 

(high) 

Table IV 
Plant terpenes as deterrents for insects 

Insect species Compound References 

Western pine beetle Myrcene 62 
Limonene 

Gypsymoth larvae Farnesol 63 
Geranial 
N e r o l i d o l 

Many species Nepetalactone 64 
Azadirachtin 65 
Gossypol 66 

Silkworm Terpineol 61 
Geranylacetate 
Geraniol 

A f r i c a n armyworm Warburganal 67 
Xylomollin 68 

Beet armyworm Caryophyllene 69 
F a l l armyworm Pulegone 9 

Glaucolide A 70 
Southern Armyworm Glaucolide A 70 

In Plant Resistance to Insects; Hedin, P.; 
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S. fruoiperdo 

V 
„4 

~« 1 1 1

5 1
Days since molting to 4th instar 

5 10 15 
Days since molting to 4th instar 

Figure 2. Growth from fourth instar to pupation on control or pulegone-containing 
diet of fall armyworm larvae (11) (top) and southern armyworm larvae (13) (bot-

torn). Key: control; A, 0.01% pulegone; and A, 0.1% pulegone. 
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Table V 
Ef f e c t of dietary pulegone on body weight and accumulation of non-
water body constituents i n southern armyworm larvae and pupae (13) 

Larvae Pupae 
Diet mg/fresh l a r v a l %dry mass mg/fresh pupa %dry mass 
Control 622.4 111 12 282.8 22 21 
0.01% 672.1 24* 10 278.1 20 20 
0.1 % 784.8 96* 8* 323.0 53* 20 
0.2 % 687.5 88 8* 296.2 36 15* 

* S i g n i f i c a n t l y d i f f e r e n t from c o n t r o l at P< 0.002 (T-test) 
Data are mean ± S.D. 
Larvae ate the 0.2% pulegone d i e t during the s i x t h i n s t a r only; 
they ate the other d i e t
pupation. 

However, a l l l e v e l s of dietary pulegone a f f e c t the egg 
production of the moths. The data i n Table VI indic a t e a reduced 
o v i p o s i t i o n rate even at the lowest (0.01%) pulegone concentration 
i n the l a r v a l d i e t . The highest concentration (0.2%) reduces the 
egg production to 10% of that i n the control moths and hatching i s 
also reduced to 10% (13). 

This case i l l u s t r a t e s a poss i b l e , n a t u r a l l y occuring 
mechanism whereby even a minute amount of a bi o a c t i v e plant a l l e -
lochemical may reduce the reproductive capacity of an insect her
bivore population not d r a s t i c a l l y , but conceivably enough so that 
continued co-existence i s possible. The insect population may be 
reduced only to the point where the plants can s t i l l grow and re
produce s u c c e s s f u l l y , thereby insuring a continued food supply for 
the insect herbivore. 

An e n t i r e l y d i f f e r e n t , i n fact opposite, e f f e c t on i n 
sect reproduction by terpenes occurs with the desert l o c u s t . In 
th i s case the monoterpenes a-pinene, $-pinene, limonene, and euge-
nol evaporating from desert shrubs about to bloom, p r e c i p i t a t e s 
synchronised sexual maturation and mating a c t i v i t y i n the locusts 
(14). The spruce budworm i s also stimulated to increased f e r t i l 
i t y l e v e l s by host tree monoterpenes (R.G. Cates, personal*commun
i c a t i o n ) . I t i s possible that even opposite ef f e c t s on reproduc
t i o n i n insects could occur depending on the s p e c i a l i s a t i o n of the 
insect species to i t s environment, the d i v e r s i t y of the b i o l o g i c a l 
a c t i v i t i e s of the compounds, and the high l e v e l of complexity of 
the reproductive processes. 
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Table VI 
Effects of l a r v a l dietary pulegone on development and o v i p o s i t i o n 

i n the southern armyworm 

Diet %Pupation Days to %Emergence Days to Eggs per 
emergence o v i p o s i t i o n female 

Control 96 12 3 96 3.5 1900-2000 
0.01% 92 12 3 93 3.5 1500-1800 
0.1 % 82 12 3 93 3.0 1000-1200 
0.2 % 57 15 3 85 2.5 100-200 

Larvae ate the 0.2% pulegone d i e t during the s i x t h i n s t a r only; 
they ate the other diets from fourth i n s t a r through to pupation. 
The "Days to emergence1' dat  indicat  that moth  durin
6-day period with a pea

Terpene involvement i n insect reproduction 

Several d i f f e r e n t molecular mechanisms could be involved i n 
the reproductive i n h i b i t i o n observed i n the southern armyworm. 
For instance, many terpene der i v a t i v e s mimic insect hormone action. 
Juvabione (15) i s the c l a s s i c a l example of a j u v e n i l e hormone (JH) 
mimic that prevents egg maturation i n Pyrrhocoris bugs. Aromatic 
terpene ethers (16), methylene dioxyphenyl terpene ethers (17), 
and other farnesyl derivatives also have JH a c t i v i t y and the 
l a t t e r ones (18) also cause s t e r i l i t y i n Pyrrhocoris. For the most 
part JH active terpenes are among the sesquiterpenes but several 
monoterpenes also have insect s t e r i l i z i n g e f f e c t s (19, 20). The 
a c y c l i c monoterpene c i t r a l reduces the f e r t i l i t y of rats by caus
ing f o l l i c u l a r degeneration (21). 

The precocenes, another class of terpene derivatives with JH 
antagonistic e f f e c t s , i n a c t i v a t e JH synthesis by s p e c i f i c i n h i b i 
t i o n of corpora a l l a t a (CA) microsomal cytochrome P-450-dependent 
mixed-function oxidases (22). These enzymes, of primary impor
tance i n l i p o p h i l i c foreign compound metabolism, are e s s e n t i a l i n 
the biosynthesis of JH as outlined i n Figure 3 (23). They may 
also contribute to the i n a c t i v a t i o n of JH as the metabolic scheme 
i n Figure 4 indicates (_24, ^5, 26) although epoxide hydrase and 
esterase a c t i v i t i e s dominate here (26, 27). The presence of JH i n 
the female adult i s necessary f o r v i t e l l o g e n i n synthesis (28, 29) 
i n many insects. Therefore, since the cytochrome P-450 oxidase 
system i s e s s e n t i a l for the maintenance of balanced JH t i t e r s , even 
s l i g h t changes i n the P-450 system i n response to external induc
ers and i n h i b i t o r s could have profound e f f e c t s on the dynamic 
c h a r a c t e r i s t i c s of insect populations. 

In Plant Resistance to Insects; Hedin, P.; 
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Farnesyl pyrophosphate 

oxidation(s) 

Farnesoic acid 

^ Methyltransferase, SAM 

OCH, 
Methylfarnesoate 

CA cytochrome P-450 
NADPH + H +, 0 2 

OCH. 

Figure 3. Outline of juvenile hormone biosynthesis based on Ref. 23. 
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Interaction of terpenes and cytochrome P-450. Metabolism 

The major metabolic fate of higher plant terpenes i n mammals 
i s oxidation followed by conjugation usually to glucuronic acid 
(30). However, s p e c i f i c data on even some of the most common com
pounds are not r e a d i l y a v a i l a b l e . Limonene metabolism seems to 
have been studied unusually i n t e n s i v e l y , maybe due to i t s thera
peutic use to dissolve post-operatively retained gallstones. 
Limonene i s t y p i c a l l y converted to transdiols v i a cytochrome 
P-450-mediated epoxidation of e i t h e r one of the two double bonds, 
followed by epoxide hydration (31). I t i s also converted to sev
e r a l alcohols (32, 33) which may undergo further oxidation by de
hydrogenases as indicated i n Figure 5. A l l these products are 
non-toxic and are excreted, i n some cases a f t e r glucuronidation. 

The cases where terpen  metabolis  ha  bee  studied i  i n
sects are very few indeed
beetles convert monoterpene  a-pinene, 8-pinen  myr
cene to oxidation products, some of which have pheromonal a c t i v i 
t i e s (_5, ^, J34, 35). A Dendroc tonus bark beetle's cytochrome 
P-450 converts a-pinene to several oxidized products a f t e r induc
t i o n by a-pinene, and to at least one oxidized product without 
p r i o r induction (36). Rat l i v e r cytochrome P-450 also converts 
a-pinene to oxidation products (36) and th i s a c t i v i t y i s induced 
by phenobarbitol and 3-naphthoflavone. There i s also the i n t e r 
esting p o s s i b i l i t y that the b a c t e r i a l f l o r a i n the bark beetles 
may contribute to the oxidation of a-pinene to trans- and c i s -
verbenol. A bacterium, B a c c i l l u s cereus, i s o l a t e d from the hind-
gut of Ips paraconfusus catalyses these oxidations (37). 

The microsomal cytochrome P-450 system i n the midguts of 
southern armyworm larvae oxidises pulegone in v i t r o . The two 
major products, 9-hydroxypulegone and 10-hydroxypulegone are form
ed by microsomes from larvae induced with e i t h e r pentamethylben-
zene or a-pinene. Microsomes from control (un-induced) larvae 
only oxidise trace amounts of the compound. The 9-hydroxypulegone 
rearranges spontaneously to menthofuran (38). 

In both these cases where an insect cytochrome P-450 system 
has been shown to be responsible for the oxidation of a-pinene and 
pulegone, the enzyme had to be induced to higher a c t i v i t y to ef
f e c t i v e l y catalyse the reaction. This leads to the question of 
whether insect P-450-dependent oxidations are s u f f i c i e n t l y active 
i n natural s i t u a t i o n s to produce a s i g n i f i c a n t amount of the 
metabolites. Due to the importance of cytochrome P-450 oxidations 
i n p e s t i c i d e metabolism, there are, fortunately, several studies 
which show that the insect oxidase system i s e a s i l y and rap i d l y 
induced i n response to a large v a r i e t y of non-nutrient chemicals 
i n the food. 
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Interactions of terpenes and cytochrome P-450. Induction 

The c l a s s i c a l examples of cytochrome P-450 inducers among the 
terpenes are the hormonal s t e r o i d s . Among the phytosterols, 
s i t o s t e r o l , stigmasterol (39), and ergosterol (Table VII) are i n 
ducers of the southern armyworm microsomal oxidases. The insect 
molting hormones a-ecdysone and ecdysterone, widely occuring i n 
plants, are very potent inducers of housefly microsomal a l d r i n 
epoxidase a c t i v i t y (40). Some of the most active inducers of i n 
sect cytochrome P-450 are among the monoterpenes, e.g. myrcene, 
camphene (39) and other shown i n Table VII. Menthol, menthone, 
a-pinene, and 8-pinene induce a l d r i n epoxidase a c t i v i t y i n micro
somes from the variegated cutworm larvae (41). However, i n t h i s 
case, limonene was i n h i b i t o r y (41) whereas both (+)- and (-)-
limonene are good inducers of the southern armyworm oxidase system 
(_39 and Table V I I ) . 

Table VII 
Terpene induction of midgut microsomal cytochrome P-450 and 
pyrethrum-dependent NADPH oxidation i n southern armyworm 

larvae (42) 

Cytochrome P-450 X-max NADPH oxidation 
Diet (nmole/mg protein) (nm) (nmole/min,mg protein) 

control 0.350 450.1 10.96 
stigmasterol 0.396 450.3 12.13 
ergosterol 0.371 449.8 16.57 
a-pinene 0.881* 449.9 33.27* 
8-pinene 0.741* 449.5 33.89* 
(+)-limonene 0.683 449.8 32.55* 
(-)-limonene 0.967* 449.8 31.20* 
a-terpinene 0.876* 450.0 38.12* 
Y-terpinene 1.028* 449.9 41.34* 

• S i g n i f i c a n t l y d i f f e r e n t from control at P < 0.001 (T-test). 
Sixth i n s t a r larvae were fed ad l i b i t u m for 3 days on die t s con
ta i n i n g 0.2% of the terpene. 

Table VII shows the increase i n cytochrome P-450 content i n 
microsomes from southern armyworm l a r v a l midguts r e s u l t i n g from 
dietary exposure to several c y c l i c monoterpenes (42). I t also 
shows a clo s e l y corresponding increase i n the rate of NADPH o x i 
dation when pyrethrum i s the substrate (R) being oxidised. The 
microsomal cytochrome P-450 system i s arranged as outlined i n 
Figure 6, consisting of a terminal heme-iron protein that i n the 
oxidised (Fe3+) state binds the substrate (R). The complex under
goes two reductions during which bound molecular oxygen i s con
verted to free r a d i c a l species, one of which i s inserted i n the 
substrate molecule, and the other one forms water. The reductions 
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Figure 6. Outline of the microsomal cytochrome P-450 system. 
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are s p e c i f i c a l l y dependent upon NADPH and a fla v o p r o t e i n which 
transports the reducing equivalents to the cytochrome. The ent i r e 
system i s deeply embedded i n the endoplasmic reticulum membranes 
and depends on the membrane phospholipid f r a c t i o n to a s s i s t i n the 
binding of the l i p o p h i l i c substrate molecule. The NADPH-depen-
dence of f e r s a convenient spectrophotometric method f o r measuring 
the rate of oxygenation of substrates i n cases where there i s no 
simple means of analysing the rate of product formation, or when 
several d i f f e r e n t metabolites are formed as i n the cases of 
pyrethrum and pulegone. 

The rates of pulegone-dependent NADPH oxidation i n southern 
armyworm microsomes are shown i n Table V I I I (38). In t h i s case 
microsomes from control d i e t - f e d larvae show only trace a c t i v i t y 
i n agreement with r e s u l t s of the gas chromatographic metabolite 
analyses. The southern armyworm cytochrome P-450 system apparent
l y more e a s i l y oxygenate
Table V I I I the more poten
i n accordance, the rate of pulegone metabolism i s twice as high 
with t h i s inducer as when a-pinene i s the inducer. A l l the plant 
monoterpenes appear to induce a molecular form of the cytochrome 
that i s i d e n t i c a l to the c o n s t i t u t i v e form as indicated by the 
p o s i t i o n of the absorption maximum of the cytochrome-CO difference 
spectrum. Pentamethylbenzene, on the other hand, appears to i n 
duce a molecular form with some minute s t r u c t u r a l difference(s) 
from the con t r o l form as indicated by a s h i f t i n the absorption 
maximum to 449.0 nm. In the case of pulegone oxidation, the 
Michaelis constants (Km) ind i c a t e that both the pentamethylbenzene 
and a-pinene-induced cytochrome have s i m i l a r a f f i n i t y f o r the com
pound. However, the pentamethylbenzene-induced form hydroxylates 
pulegone i n the CIO p o s i t i o n three times more often than the 
a-pinene-induced form (38). 

The inducing e f f e c t s on the southern armyworm cytochrome 
P-450-mediated metabolism shown i n Tables VII and VIII resulted 
from 3 days 1 feeding on diet s containing 0.2% of the terpene. 
This concentration may occur i n many plant species. However, a 
much smaller dose of the inducer also e f f e c t s a measureable 
difference i n the oxygenation rates as shown with a-pinene and 
s i n i g r i n induction of southern armyworm P-450 (39). The data i n 
Table IX show that a si n g l e dose of 100 yg/g of l a r v a l body weight 
r e s u l t s i n a c t i v i t i e s higher than those i n control larvae. Con
si d e r i n g the feeding behavior of the southern armyworm larvae, 
consisting of feeding bouts of 10-20 minutes followed by equally 
long r e s t i n g periods (43), i t seems reasonable to assume that the 
metabolism of some bi o a c t i v e l e a f component may be increased 
enough i n a natural s i t u a t i o n to contribute s i g n i f i c a n t l y to the 
r e v o l u t i o n a r y status of the insect with i t s host plant (39). 
This would be a v a l i d assumption whether a de t o x i f i e d or an 
activated polar product i s formed. 
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Conclusions 

I t would be charit a b l e to say that the cytochrome P-450 
system i n insect herbivores does not e n t i r e l y d i c t a t e t h e i r i n 
teractions with the host plants. There i s a very active cyto
chrome P-450 system i n the o l f a c t o r y receptor region of the dog 
(44), i n d i c a t i n g the t a n t a l i s i n g p o s s i b i l i t y that such an enzyme 
system, i f s u i t a b l y located i n the i n s e c t , i s also contributing 
to the e f f e c t s of plant allelochemicals on insect feeding be
havior. The cytochrome P-450 may also be involved i n pheromone 
biosynthesis i n more species of insects (45) than the bark 
beetles. Cytochrome P-450 i s d i r e c t l y involved i n insect JH 
biosynthesis, of e s s e n t i a l importance i n both development and 
reproduction. The microsomal cytochrome P-450 system i s of 
ce n t r a l and c r u c i a l importance i n the metabolsim of l i p o p h i l i c 
foreign compounds of a l
b i o l o g i c a l s i g n i f i c a n c
plant allelochemicals. I t i s beyond doubt that the cytochrome 
P-450 system strongly contributes to the great v a r i e t y of unique 
solutions f or s u r v i v a l that e x i s t between insect herbivores and 
plants. 
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11 
Nonpreference Mechanisms: 
Plant Characteristics Influencing Insect Behavior 

J. A . A. R E N W I C K 

Boyce Thompson Institute at Cornell University, Ithaca, NY 14853 

The selection or avoidance of potential host 
plants by phytophagou
complex combinatio
s t imul i . Color, shape and olfactory cues may 
play a role in the initial orientation, whereas 
acceptance or rejection of a plant depends on 
texture as wel l as chemical stimulants or deter
rents. In i t i a t ion of feeding is stimulated or 
deterred by the presence or absence of specific 
chemicals or groups of chemicals, many of which 
have been identif ied. The selection of a suitable 
plant for oviposition i s also crucia l for sur
v i v a l of the progeny of most herbivorous insects, 
but the chemical factors involved are known in 
rela t ively few cases. Oviposition stimulants and 
deterrents often appear to be quite different from 
the chemicals that elicit or inhibi t feeding 
responses of larvae. 

The importance of developing crop plants that are 
re s i s t a n t to major insect pests has created a need for 
det a i l e d examination of the mechanisms involved i n resistance. 
The widely recognized c l a s s i f i c a t i o n proposed by Painter (1) 
appears to provide an acceptable break-down of the possible 
bases of resistance f o r most purposes. However, some 
modification of the terminology may be desirable before 
beginning to analyze the i n d i v i d u a l mechanisms involved. The 
term "nonpreference" refers to a behavioral response of the 
insect to a plant, whereas " a n t i b i o s i s " and "tolerance" r e f e r 
to plant c h a r a c t e r i s t i c s . This anomaly has been addressed by 
Kogan and Ortman (2), who suggested the term "antixenosis" to 
describe the plant properties responsible f o r nonpreference. 

0097-6156/83/0208-0199$06.00/0 
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ANTIXENOSIS NONPREFERENCE 

Ch a r a c t e r i s t i c 
of plant 

(undesirable host) 

Behavioral response 
of insect 
(avoidance) 

A problem may also a r i s e i n the separation of the 
mechanisms since some overlap can occur between antixenosis 
and a n t i b i o s i s . These forms of resistance may be roughly 
compared i n the following manner: 

ANTIXENOSIS ANTIBIOSIS 

U n d e s i r a b i l i t y 
Avoidance by insect 

U n s u i t a b i l i t y 
Adverse e f f e c t s 

or Prevention of insect 
a c t i v i t y (e.g. feeding) 

I f a plant deters feeding by an i n s e c t , the mechanism of 
resistance may be c l a s s i f i e d as antixenosis or a n t i b i o s i s . 
The c r i t i c a l question i s whether the insect i s completely 
prevented from feeding, thus starving to death ( a n t i b i o s i s ) , 
or would eventually feed on that plant when given no choice 
(antixenosis). Since the answers to such questions are not 
always known, t h i s discussion w i l l deal with the factors 
a f f e c t i n g an insect's behavior i n the s e l e c t i o n of a host 
plant, with emphasis on behavior. 

The choice of host plants i s affected by a vast array 
of p o s i t i v e and negative factors. These opposing forces 
generally f a l l i n t o one of the categories l i s t e d below: 

P o s i t i v e factors 
Physical s t i m u l i 
a t tractants 
feeding stimulants 
o v i p o s i t i o n stimulants 

Negative factors 
P h y s i c a l b a r r i e r s 
repellents 
feeding deterrents 
o v i p o s i t i o n deterrents 

Whether a p o t e n t i a l host plant i s selected by an insect often 
depends on a d e l i c a t e balance which may be tipped i n either 
d i r e c t i o n by the presence or absence of one of these fact o r s . 

The subject of host s e l e c t i o n has been reviewed i n depth 
by several authors (3, 4̂ , 5) , and the chemical factors 
involved have been highlighted (6, 7). Reviews by Kogan (8) 
and Hedin et a l . (9) have provided comprehensive l i s t s of 
chemicals involved i n the i n t e r a c t i o n s between plants and 
insects. Despite the vast number of plant-insect systems that 
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have been studied, i t i s s u r p r i s i n g how few of the s p e c i f i c 
chemicals responsible f o r e l i c i t i n g p a r t i c u l a r behavioral 
responses have a c t u a l l y been i d e n t i f i e d . No attempt w i l l be 
made here to further review the subject. Instead, a few 
examples of the various types of inte r a c t i o n s that could 
contribute to plant resistance w i l l be presented. Special 
emphasis w i l l be given to aspects that may have been 
overlooked i n the past, and one plant-insect system w i l l be 
examined i n d e t a i l to demonstrate the interp l a y between the 
various s t i m u l i a f f e c t i n g insect behavior. 

P h y s i c a l Factors 

Although we are p r i m a r i l y concerned here with plant 
chemicals that influence insect behavior  i t i s important to 
recognize the c r i t i c a
host s e l e c t i o n process
v i s u a l and t a c t i l e s t i m u l i . Among the v i s u a l cues a f f e c t i n g 
o r i e n t a t i o n towards a host plant, color and shape appear to be 
most important. A good example i s provided by the apple 
maggot f l y , Rhagoletis pomonella, which i s attracted to the 
yellow hue of fo l i a g e f o r feeding and re s t i n g and to the form 
of the f r u i t f o r mating and o v i p o s i t i o n (10). The spruce 
budworm lays i t s eggs on the needles of various c o n i f e r s , and 
the maximum number of eggs i s found on twigs having a high 
density of needles (11). The primary stimulus for o v i p o s i t i o n 
appears to be shape. Female moths r e a d i l y lay eggs on paper 
models of conifer twigs (12). In choice bioassays, we have 
found no difference i n the number of eggs l a i d on white 
spruce, the preferred host, and English yew, a tree on which 
the larvae cannot survive (13). 

Morphological c h a r a c t e r i s t i c s of p o t e n t i a l host plants 
may present b a r r i e r s to insect feeding and o v i p o s i t i o n . 
Glandular h a i r s on plant leaves severely hamper the a c t i v i t i e s 
of leaf hoppers and aphids (14, 15). The potato leafhopper, 
for example, i s r e s t r i c t e d from feeding by glandular trichomes 
of Solanum b e r t h a u l t i i and Ŝ. polyadenium, and mobility of the 
insect i s impaired by a s t i c k y exudate (16). Some insects 
also e x h i b i t a preference f o r e i t h e r smooth or rough surfaces. 
The cowpea weevil, Callosobruchus maculatus, prefers smooth-
coated and w e l l - f i l l e d seeds to rough and wrinkled v a r i e t i e s 
f o r o v i p o s i t i o n (17). However, the tobacco budworm moth, 
H e l i o t h i s virescens prefers pubescent over smooth leaf cotton 
plants f o r o v i p o s i t i o n (18), and even i n a no choice 
s i t u a t i o n , more eggs are l a i d on the smooth leaf c u l t i v a r s 
(19). 
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Chemical Factors 

Orientation. Chemical cues are involved i n a l l three 
phases of host s e l e c t i o n behavior, i . e . o r i e n t a t i o n , 
o v i p o s i t i o n and feeding. Long range o r i e n t a t i o n of many 
insects to t h e i r host plants i s known to be guided by chemical 
a t t r a c t a n t s , and reviews of the subject have provided l i s t s of 
insects and the sources of chemicals involved (9). But the 
s p e c i f i c chemicals responsible f o r a t t r a c t i o n are known i n 
very few cases. However, some of the best studied systems 
appear to be found i n the Diptera. Early work on f r u i t f l i e s 
revealed the involvement of e s s e n t i a l o i l s i n the host f i n d i n g 
process (20), and methyl eugenol was i d e n t i f i e d as an 
attractant f o r the o r i e n t a l f r u i t f l y (21). Recently, the 
combined e f f e c t of o p t i c a l , chemical and t a c t i l e s t i m u l i has 
been demonstrated f o
r e s u l t s have been obtaine
antiqua. The a t t r a c t i v e properties of s p e c i f i c s u l f u r 
compounds present i n onions has long been recognized (23). 
n-Propyl mercaptan and dipropyl d i s u l f i d e are both att r a c t a n t s 
and o v i p o s i t i o n stimulants f o r the onion f l y (24). However, 
recent studies have pointed out the need f o r a d d i t i o n a l 
compounds f o r maximum response (25). In a d d i t i o n , synergism 
of v i s u a l and chemical cues occurs i n the s e l e c t i o n of 
o v i p o s i t i o n s i t e s . A v e r t i c a l image and yellow color 
resembling an onion stem greatly enhance the e f f e c t of 
v o l a t i l e s i n e l i c i t i n g o v i p o s i t i o n (26). 

The long range o r i e n t a t i o n of most other insects i n 
response to chemical attractants i s not nearly as c l e a r . The 
o l f a c t o r y o r i e n t a t i o n of the Colorado potato beetle has been 
studied i n considerable d e t a i l by Visser and coworkers. 
Beetles are attracted by v o l a t i l e s of several solanaceous 
plants (27). The c o l l e c t i o n and char a c t e r i z a t i o n of compounds 
emanating from potato plants resulted i n the i d e n t i f i c a t i o n of 
general green leaf v o l a t i l e s such as hexanol, hexenols and 
hexenal, which e l i c i t a p o s i t i v e response (28). But the 
s p e c i f i c compounds that enable the insects to recognize t h e i r 
solanaceous hosts s t i l l remain a mystery. 

Feeding. The feeding behavior of phytophagous insects 
has been studied much more widely than other aspects of the 
insect/plant r e l a t i o n s h i p . The reason f o r t h i s probably l i e s 
i n the r e l a t i v e ease with which bioassays can be performed and 
the r e s u l t s interpreted. Many insects can be reared on 
a r t i f i c i a l d i e t s , and the e f f e c t s of added plant constituents 
can r e a d i l y be determined. Some early studies by Dethier (29) 
demonstrated a c o r r e l a t i o n between l a r v a l food choice and the 
presence of s p e c i f i c chemicals i n the umbelliferous host 
plants of P a p i l i o polyxenes. However, many of the compounds 
t y p i c a l l y found i n the Umbelliferae are also present i n other 
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plant f a m i l i e s , and the P a p i l i o larvae did i n fact feed on 
some of these species. Since that time, compounds or groups 
of compounds that are t y p i c a l of other plant f a m i l i e s have 
been i d e n t i f i e d as feeding stimulants for insects s p e c i a l i z i n g 
i n these f a m i l i e s (9). Secondary plant substances are 
generally involved i n such cases of s p e c i a l i z a t i o n , even 
though the primary function of these compounds i n the 
evolution of the plant i s believed to be i n defense against 
herbivores (30). Many secondary plant substances are i n fact 
powerful feeding deterrents or a n t i b i o t i c agents, thus 
providing protection from generalist insects. The idea of 
u t i l i z i n g feeding deterrents as a means of protecting crops 
from insect damage has received a l o t of attention i n the l a s t 
few years (31), and large screening programs have uncovered 
several promising compounds (32)  However  a balance often 
e x i s t s between the repulsio
a t t r a c t i o n of s p e c i a l i s t s
substances of the cucurbits o f f e r protection from mites and 
other herbivores (33) , but these cucurbitacins act as 
kairomones f o r a group of d i a b r o t i c i t e beetles (34). Also, 
s i n i g r i n , a glycoside found i n most cruciferous p l a n t s , i s 
to x i c to P a p i l i o polyxenes larvae, which do not normally 
attack c r u c i f e r s . The southern armyworm, a g e n e r a l i s t , i s 
i n h i b i t e d by high concentrations of s i n i g r i n , but feeding by 
the imported cabbageworm i s a c t u a l l y stimulated by t h i s 
compound (35). 

The introduction of feeding deterrents i n t o crop plants 
through breeding programs would appear to be an i d e a l s o l u t i o n 
to many pest problems. Some progress has been made i n t h i s 
d i r e c t i o n through the analysis of re s i s t a n t and susceptible 
v a r i e t i e s . Feeding deterrents have been i s o l a t e d from sorghum 
l i n e s r e s i s t a n t to the greenbug, Schizaphis graminum, and 
i d e n t i f i e d as p-hydroxybenzaldehyde, dhurrin and procyanidin 
(36). Resistance to the European corn borer, O s t r i n i a 
n u b i l a l i s i n maize has been a t t r i b u t e d to 2,4-dihydroxy-
7-methoxy-benzoxazin-3-one (DIMBOA) (37). This compound 
i n h i b i t s normal development and increases m o r t a l i t y of the 
larvae. However, recent studies have shown that other plant 
factors are involved i n resistance, and feeding deterrency may 
play an important role (38). Breeding programs fo r incorpor
a t i o n of t h i s resistance i n t o commercially desirable v a r i e t i e s 
appear to o f f e r p a r t i c u l a r promise. 

Oviposition. Although most of the research on host 
s e l e c t i o n has focused on feeding s t i m u l i , most s c i e n t i s t s 
involved i n t h i s work acknowledge the fact that the choice of 
food i s l a r g e l y predetermined by the gravid female at the time 
of egg la y i n g . The t i n y hatchling larvae are usually 
incapable of moving any distance to sample p o t e n t i a l food 
plants. Thus t h e i r s u r v i v a l depends on the judicious 

In Plant Resistance to Insects; Hedin, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



204 PLANT RESISTANCE TO INSECTS 

se l e c t i o n of an o v i p o s i t i o n s i t e by the adult female. The 
paucity of research i n t h i s area i s probably due to the 
problems involved i n conducting behavioral experiments that 
provide the insects with natural conditions for f l i g h t , 
landing and sensory reception of the various s t i m u l i . 

I t would seem l o g i c a l to assume that s i m i l a r chemical 
s t i m u l i are involved i n l a r v a l feeding and adult o v i p o s i t i o n . 
This has i n fact been demonstrated f o r P i e r i s brassicae, which 
l a i d i t s eggs on green paper treated with s i n i g r i n , a feeding 
stimulant f o r the larvae (39). However, few other cases e x i s t 
where such a r e l a t i o n s h i p can be d e f i n i t e l y confirmed. A 
d i s t i n c t difference i n the factors a f f e c t i n g o v i p o s i t i o n by 
s p e c i a l i s t and generalist insects has been noted. The 
polyphagous species may be stimulated to lay eggs by non
s p e c i f i c cues such as moisture, sugars and amino acids. The 
s p e c i a l i s t s (oligophagou
usually respond to s p e c i f i
However, the generalists may d i f f e r markedly i n t h e i r 
preference f o r plants containing p a r t i c u l a r allelochemicals. 
In a comparison of cabbage looper and armyworm o v i p o s i t i o n on 
three species of Vernonia (Compositae) the cabbage looper 
showed a d i s t i n c t preference f o r V. gigantea and V. glauca, 
which contain the sesquiterpene lactone, glaucolide A. The 
armyworms l a i d more eggs on V. f l a c c i d i f o l i a , which lacks t h i s 
b i t t e r compound (40). 

The r o l e of i n h i b i t o r y s t i m u l i i n the choice of o v i 
p o s i t i o n s i t e by phytophagous insects has been emphasized by 
Jenny and Szentesi (41). The acceptance or r e j e c t i o n of a 
plant usually depends on contact with the plant surface or 
through probing a f t e r landing. S p e c i a l i s t s w i l l o v i p o s i t i f 
the r i g h t stimulant i s present, whereas acceptance by 
generalists i s governed to a large extent by the absence of 
deterrents. S p e c i a l i s t s may also be deterred by non-host 
components which can i n t e r f e r e with the response to p o s i t i v e 
s i g n a l s . Three species of cabbage b u t t e r f l y were deterred 
from o v i p o s i t i n g on cabbage that was treated with extracts of 
tomato and other non-host plants (42). On the other hand, 
P i e r i s brassicae has been stimulated to o v i p o s i t on bean 
plants (a non-host) by c u l t u r i n g these plants i n a s o l u t i o n of 
glucosinolates (43). So i t appears that the balance between 
i n h i b i t o r s and stimulants i s c r i t i c a l . 

The o v i p o s i t i o n behavior of P a p i l i o b u t t e r f l i e s has been 
studied i n some d e t a i l . Gravid females of the c i t r u s 
b u t t e r f l y , P a p i l i o demoleus, are attracted to host and 
non-host plants almost equally by color. But the s p e c i f i c 
attractant emitted from c i t r u s plants increases the chances of 
landing on these plants. Then contact chemical s t i m u l i e l i c i t 
the o v i p o s i t i o n a l response of the b u t t e r f l i e s (44). 
Examination of another species, P a p i l i o protenor demetrius, i n 
Japan has indicated that o v i p o s i t i o n occurs i n response to 
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contact s t i m u l i released by the drumming action of the 
forelegs on the leaf surface. V o l a t i l e components of the 
plant do not appear to be involved i n t h i s case (45). 
V a r i a t i o n i n the behavior of i n d i v i d u a l females of P a p i l i o 
machaon has been noted. D i f f e r e n t thresholds f o r acceptance 
of a l t e r n a t i v e plants appear to occur, so that females 
e x h i b i t i n g a generalist strategy may a c t u a l l y lay eggs on 
plants which are unsuitable as food f o r the larvae (46). 

B u t t e r f l i e s i n general seem to r e l y on a combination of 
v i s u a l and chemotactile s t i m u l i f o r o v i p o s i t i o n . F i e l d 
observations coupled with laboratory experiments on Colias 
b u t t e r f l i e s have shown that chemical preferences for various 
legume food plants are under genetic c o n t r o l . But i n some 
cases, chemical cues alone are not s u f f i c i e n t f o r females to 
discriminate between species  Lupinus  a legume which i s not 
usually u t i l i z e d by C o l i a s
laboratory, i n d i c a t i n
p h y s i c a l or environmental factors must play a r o l e i n nature. 
Wiklund (48) has also concluded that adult and l a r v a l 
preferences of P a p i l i o machaon are determined by separate gene 
complexes. Thus the p o s s i b i l i t y of o v i p o s i t i o n on unsuitable 
plants always e x i s t s . 

The involvement of v o l a t i l e s i n the s e l e c t i o n of o v i 
p o s i t i o n s i t e s appears to be p a r t i c u l a r l y important i n the 
Diptera. Orientation and o v i p o s i t i o n are c l o s e l y t i e d to 
attractant chemicals f o r the f r u i t f l i e s and the onion f l y , 
which were discussed e a r l i e r . Recent work on the carrot f l y , 
P s i l a rosae, has resulted i n the i d e n t i f i c a t i o n of both 
v o l a t i l e and non-v o l a t i l e components of the recognition s i g n a l 
(49, 50). The propenylbenzenes trans-methylisoeugenol and 
trans-asarone, along with hexanal are s u f f i c i e n t to e l i c i t 
o v i p o s i t i o n . In add i t i o n , a polyacetylene, f a l c a r i n d i o l , at 
the leaf surface i s highly stimulatory. 

The importance of understanding the factors a f f e c t i n g 
o v i p o s i t i o n by phytophagous insects cannot be overemphasized. 
This step i n the l i f e cycle i s a key to s u r v i v a l of most 
insect populations. Despite the problems associated with 
behavioral studies on adult i n s e c t s , considerable progress has 
been made, and the p o t e n t i a l for breeding plants that 
discourage o v i p o s i t i o n i s gaining widespread recognition. 

Environmental Factors 

Host plant preferences of insect pests are often 
influenced by environmental conditions. The ef f e c t s of plant 
stress on s u s c e p t i b i l i t y to insect attack have been observed 
i n many crop plants. Stress factors a f f e c t i n g the 
ph y s i o l o g i c a l state of the plant include drought, disease, 
chemical p o l l u t a n t s , and high s a l t concentrations. Profound 
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differences i n p h y s i o l o g i c a l conditions of the plant also 
occur with increasing age of the t i s s u e . 

The resistance of sorghum to grasshoppers has been 
relat e d to the content of phenolics i n the plant (51), and 
those c u l t i v a r s with a high phenolic content su f f e r less 
damage from leaf-chewing insects i n general (52). The l e v e l s 
of phenolics i n healthy sorghum plants decrease as the plant 
matures, and environmental factors such as l i g h t i n t e n s i t y 
influence the concentration of phenolics (53). Thus wide 
v a r i a t i o n s i n the feeding deterrent a c t i v i t y may be found 
w i t h i n a p a r t i c u l a r c u l t i v a r . S i m i l a r l y , host preferences of 
H e l i o t h i s zea have been found to change as the various host 
plants matured or entered a more a t t r a c t i v e stage of 
development (54). 

The stress produced by fungal pathogens on plants may 
have a d i s t i n c t e f f e c
Plant pathologists hav
white f l i e s on plants infected with V e r t i c i l l i u m before the 
disease symptoms are apparent (H. Mussell, personal 
communication). The host s e l e c t i o n behavior of grasshoppers 
feeding on w i l d sunflower i s also affected by the presence of 
a pathogen. Leaf t i s s u e infected with rust fungus, damaged by 
lepidopteran larvae or w i l t e d by g i r d l i n g beetles was pre
ferred over healthy, green leaves (55). 

The e f f e c t of plant age on the host s e l e c t i o n process has 
been observed by comparison of two aphid species on b r a s s i c a 
plants (56). A s p e c i a l i s t , Brevicoryne brassicae prefers 
young leaves, which are higher i n glucosinolates, whereas the 
g e n e r a l i s t , Myzus persicae prefers older leaves, where amino 
acids are more important i n the s e l e c t i o n process. 

Outbreaks of insect pests, p a r t i c u l a r l y i n forest eco
systems, have often been l i n k e d to a i r p o l l u t a n t s (57). 
Recent studies have shown that exposure of plants to s u l f u r 
dioxide can i n f a c t a f f e c t t h e i r s u s c e p t i b i l i t y to insect 
attack. Bean plants exposed to low l e v e l s of SO^ were 
preferred f o r feeding by the Mexican bean beetle (58). 
S i m i l a r preferences were found with soybeans (59) both i n the 
laboratory and i n the f i e l d (60). Growth, rate of development 
and fecundity of the beetles were also increased on the 
treated plants. 

The s u s c e p t i b i l i t y of a plant to insect damage may also 
be affected by associated vegetation. The p r a c t i c e of mixed 
cropping i s believed to minimize crop damage i n many of the 
developing countries, where i n s e c t i c i d e a p p l i c a t i o n i s 
i m p r a c t i c a l . E f f e c t s on the population dynamics of insect 
pests have been demonstrated i n mixed crops of Brassica/tomato 
and Phaseolus/weed grass (61). A recent study by Saxena and 
B a s i t (62) indicated that cotton can be protected from 
leafhoppers by planting non-hosts such as castor or sponge 
gourd. Oviposition on cotton was reduced i n both cases, but 
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the mechanisms appear to be d i f f e r e n t . V o l a t i l e s from the 
castor plants reduced the number of leafhoppers landing on 
host plants, whereas sponge gourd was a t t r a c t i v e to the 
insects. Oviposition occurred on the gourd, but emerging 
nymphs f a i l e d to develop on them and died. 

Aggregation and Dispersion 

Certain insects must aggregate on t h e i r host plants i n 
order to survive, and others depend on even d i s t r i b u t i o n of 
populations to prevent overcrowding of l i m i t e d resources (63). 
The mechanisms involved i n meeting these requirements often 
depend on physical and chemical c h a r a c t e r i s t i c s of the plant. 

The aggregation of bark beetles on pine trees i s mediated 
by pheromones produced by the invading beetles  Attack en 
masse i s necessary t
entrance holes. Man
gation are produced by oxidation of terpene hydrocarbons 
present i n the r e s i n (64, 65). Furthermore, the production of 
a p a r t i c u l a r pheromone may depend on the o p t i c a l r o t a t i o n (or 
absolute configuration) of a precursor. In the beetle Ips 
paraconfusus, (-)-a-pinene i s oxidized to cis-verbenol, a 
component of the pheromone complex for t h i s species (66), 
whereas (+)-a-pinene i s oxidized to trans-verbenol, which i s a 
pheromone for another species (67). Thus trees which lack the 
precursors or r i g h t configuration of precursor might escape 
invasion by these bark beetles. 

Dispersion of insect populations may also depend on plant 
constituents. Recent work i n our laboratory has shown that 
when cabbage looper larvae are feeding on a plant, the adult 
females w i l l avoid t h i s plant for o v i p o s i t i o n (68). The 
deterrent i s present i n l a r v a l f r a s s , but also i n disrupted 
plant tissue (69). Homogenized tissues from several host 
plants of the cabbage looper were e f f e c t i v e i n deterring 
o v i p o s i t i o n . Both v o l a t i l e and non-volatile components of the 
plant appear to be involved (70). In another study, female 
moths of the European corn borer were deterred from 
o v i p o s i t i n g by the v o l a t i l e emissions from injured plants 
(71). Also, the o l i v e f r u i t f l y i s deterred from further 
o v i p o s i t i o n on o l i v e s which are already attacked. In t h i s 
case, j u i c e from the o v i p o s i t i o n wound i s active i n s i g n a l l i n g 
occupancy to the gravid females (72). 

These examples serve to i l l u s t r a t e the i n d i r e c t r o l e 
that plant chemicals may play i n the population dynamics of 
insect pests. Work i n t h i s area has been very l i m i t e d , but 
the p o t e n t i a l u t i l i z a t i o n of an insect's own spacing mechanism 
may o f f e r a new approach to pest management, and a good 
understanding of the plant/insect r e l a t i o n s h i p w i l l be 
es s e n t i a l . 
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Insect Pests of Crucifers 

The insect community feeding on cruciferous crops has 
been widely studied over a long period of time. The reason 
for t h i s i n t e r e s t stems not only from the commercial 
importance of these crops, but also from the fact that much i s 
known about the chemistry of the insect-plant r e l a t i o n s h i p s . 
Furthermore, at least two of the major chemicals involved are 
commercially a v a i l a b l e . 

Many insects have become s p e c i a l i s t s on c r u c i f e r s and a 
few related plant f a m i l i e s . These include f l e a beetles, leaf 
beetles, cabbage root f l y , aphids, cabbage b u t t e r f l i e s and the 
diamondback moth. At the same time, several polyphagous 
insects such as the cabbage looper, armyworms and aphids are 
major pests of c r u c i f e r s . Comparative studies on these 
s p e c i a l i s t s and generalist
on host recognition an

The Cruciferae are characterized chemically by the 
presence of glucosinolates, a group of glycosides which give 
r i s e to v o l a t i l e hydrolysis products known as the mustard 
o i l s . The most common glucosinolate i s s i n i g r i n , or 
a l l y l g l u c o s i n o l a t e , which releases a l l y l i s o t h i o c y a n a t e upon 
hydrolysis. Both these compounds have been shown to be 
involved i n the host s e l e c t i o n behavior of several insects 
(73). S i n i g r i n stimulates feeding by the imported 
cabbageworm, P i e r i s rapae, the large white cabbage b u t t e r f l y , 

brassicae, the diamondback moth, P l u t e l l a maculipennis, the 
mustard beetle, Phaedon cochleariae, and f l e a beetles, 
P h y l l o t r e t a spp. 

When the ef f e c t of s i n i g r i n on s p e c i a l i s t s and 
generalists i s compared, varying responses are obtained (35). 
Feeding by P i e r i s rapae (a s p e c i a l i s t ) i s stimulated. Larvae 
of Spodoptera eridania (a generalist) are unaffected by low 
concentrations, but feeding i s i n h i b i t e d by high s i n i g r i n 
concentrations. P a p i l i o polyxenes does not feed on c r u c i f e r s , 
and a l l concentrations of s i n i g r i n are t o x i c to larvae of t h i s 
species. 

An i n t e r e s t i n g study on the host plant s e l e c t i o n of the 
horseradish f l e a beetle, P h y l l o t r e t a armoraciae, has shown 
that a flavonol glycoside stimulates feeding by t h i s 
monophagous species (74). The combination of s i n i g r i n and 
t h i s compound, kaempferol 3-0-xylosylgalactoside, was more 
stimulatory than either chemical alone. This appears to be 
the f i r s t report of a c r u c i f e r feeding insect being stimulated 
to feed by an allelochemic which i s not a glucosinolate. 
Feeding deterrents i n other plants may also explain i n part 
the s p e c i f i c i t y of the horseradish f l e a beetle. A comparison 
of monophagous and oligophagous f l e a beetles demonstrated 
s e l e c t i v e feeding deterrence with cucurbitacins, cardiac 
glycosides and cardenolides (75). Cardenolides and 
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cucurbitacins have been suggested as a second generation of 
protective compounds i n Cruciferae. 

Several insects appear to be attracted by mustard o i l or 
al l y l i s o t h i o c y a n a t e . These include the cabbage f l y , Phorbia 
f l o r a l i s , the vegetable weevil, Listroderes obliquus, the f l e a 
beetles, P h y l l o t r e t a cruciferae and P_. s t r i o l a t a , the 
diamondback moth, P l u t e l l a maculipennis, and larvae of the 
imported cabbageworm, P i e r i s rapae (73). However, o r i e n t a t i o n 
towards host plants f o r o v i p o s i t i o n by the P i e r i s b u t t e r f l i e s 
seems to be guided p r i m a r i l y by v i s u a l cues (76)• 

Despite the implications and speculation that glucos-
inolates and/or mustard o i l i s involved i n host s e l e c t i o n by 
P i e r i s rapae, the mechanism of o r i e n t a t i o n and host 
recognition by t h i s insect i s not yet c l e a r . The b u t t e r f l i e s 
are attracted to green c o l o r s  and often land on non-hosts as 
w e l l as hosts. Recognitio
seems to depend on contac
assay to study the chemistry of the o v i p o s i t i o n stimulant. 
B u t t e r f l i e s w i l l r e a d i l y land on green index cards, and i f 
these are painted with a water extract of cabbage, o v i p o s i t i o n 
w i l l occur. Good discriminatio n between d i f f e r e n t 
concentrations of extract were obtained, but when s i n i g r i n 
solutions were substituted for cabbage ex t r a c t s , the o v i p o s i -
t i o n a l response was marginal. S i n i g r i n alone i s therefore not 
s u f f i c i e n t to account for the stimulatory a c t i v i t y of cabbage. 
Preliminary f r a c t i o n a t i o n has indicated that at least four 
compounds are involved, but the most active material i s 
considerably less polar than s i n i g r i n . 

The e f f e c t of v o l a t i l e s on o v i p o s i t i o n by _P. rapae was 
tested by placing whole cabbage leaves or a container of 
macerated cabbage tissue under the bioassay cards. There was 
no evidence for any increase i n the number of landings on the 
cards with the v o l a t i l e s , and i t appears that o v i p o s i t i o n i s 
a c t u a l l y deterred to some extent by the presence of v o l a t i l e s . 
The p o s s i b i l i t y s t i l l e x i s t s that very low concentrations 
might be a t t r a c t i v e to the b u t t e r f l i e s , but random landing 
does occur i n the f i e l d , and so i t seems reasonable to 
conclude that the non-volatile stimulant i s the most important 
chemical cue for o v i p o s i t i o n . 

Conclusions 

The behavior of insects i n s e l e c t i n g a host plant for 
food and shelter i s affected by a wide array of physical and 
chemical s t i m u l i . Chemicals that play a ro l e i n resistance 
mechanisms may i n t e r f e r e with an insect's o r i e n t a t i o n , i n h i b i t 
feeding, or deter o v i p o s i t i o n . Most of the known mechanisms 
of resistance involve feeding deterrents, but the most 
vulnerable phase of the insect l i f e cycle may prove to be 
ov i p o s i t i o n . Environmental factors may influence the a b i l i t y 
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of a plant to combat insect attack, and chemical constituents 
of the plant may have i n d i r e c t e f f e c t s on the success or 
f a i l u r e of i t s attackers. The presence of s p e c i f i c chemicals 
may o f f e r protection from one insect pest, but may increase 
the r i s k of invasion by other i n s e c t s . Many assumptions have 
been made i n even the most thoroughly studied plant-insect 
systems. But many more physical and chemical c h a r a c t e r i s t i c s 
need to be i d e n t i f i e d to explain the complex behavioral events 
i n host s e l e c t i o n by i n d i v i d u a l insect species. 
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The insect 's perception of plant characters is 
directed toward
on which feeding
reproduction. By means of i t s gustatory receptors, 
an insect is informed about the nutr i t ional quality 
of a plant. Plant odours are the chemical messengers 
for the insect 's orientation. The olfactory 
orientation of the Colorado beetle in response to 
plant odours, and the specif ic i ty and sens i t iv i ty 
of i t s olfactory receptors are outlined. The 
different ia l perception of green odour , being 
composed of C6 alcohols, aldehydes and the derivative 
acetate, i s a common feature in phytophagous insects. 
The sensi t iv i ty of olfactory receptors for the 
individual components of this complex vary in and 
between phytophagous insect species. Although leaf 
odours are characterized by the particular composition 
of their green odour, other vo la t i l e compounds are 
involved as we l l . 

Most phytophagous insects e x h i b i t s p e c i a l i z e d feeding habits; 
they feed on a r e s t r i c t e d range of taxonomically re l a t e d plant 
species, and are even s p e c i a l i z e d to feed on p a r t i c u l a r parts of 
these plants l i k e leaves, stems, flowers, f r u i t s or roots (J_). 
The d i v e r s i t y i n insect-plant interactions i s overwhelming as 
each insect species shows a series of adaptations to i t s host 
plants. These adaptations involve morphological features l i k e the 
insect's mouthparts, as wel l as behavioural and metabolic changes 
i n order to cope with the physical and chemical c h a r a c t e r i s t i c s 
of the plants to which phytophagous insects became adapted i n 
evolutionary time. I t i s beyond the scope of the present paper to 
l i s t a l l the adaptations of insects to p l a n t s , or even a l l the 
counter-adaptations of plants to insects. At the r i s k to 
generalize to an extent which o v e r - s i m p l i f i e s the d i v e r s i t y i n 
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insect-plant i n t e r a c t i o n s , one might state that the chemical 
d i v e r s i t y among plants i s the p r i n c i p a l factor underlying host 
s p e c i f i c i t y of phytophagous insects (2,3). 

The n u t r i t i o n a l requirements of insect species e x h i b i t i n g 
d i f f e r e n t feeding habits l i k e scavengers, p a r a s i t e s , predators 
and phytophagous i n s e c t s , are s i m i l a r i n a q u a l i t a t i v e sense (4). 
Each insect species needs, however, a p a r t i c u l a r quantitative 
composition of nutrients i n i t s d i e t to complete development (5). 
The presence of t o x i c substances i n pla n t s , secondary plant 
substances as they were formerly c a l l e d by phytochemists, forms 
a b a r r i e r which phytophagous insects have overcome by 
s p e c i a l i z a t i o n . Thus, an insect can t o l e r a t e or detoxify the 
secondary plant substances present i n i t s host p l a n t s , while the 
majority of these substances being present i n other plants s t i l l 
acts as toxins ( 1 ) . In t h i s way phytophagous insects are adapted 
to the metabolic q u a l i t i e
p a r t i c u l a r chemical compositio
substances. 

At the same time insects are able to discriminate between 
host and non-host plant species as they select plants on which 
feeding u l t i m a t e l y r e s u l t s i n growth and reproduction, and on the 
other hand avoid poisoning or malnutrition on non-host plants. By 
means of chemosensory s e n s i l l a , insects are able to perform the 
d i f f i c u l t task, being w e l l equipped a n a l y t i c a l chemists, of 
i d e n t i f y i n g the chemical composition of plants that insects meet 
i n t h e i r environment (6). 

Gustation 

Lepidopterous larvae bear on t h e i r mouthparts two p a i r of 
styloconic s e n s i l l a (see Figure 1). The p a p i l l a of each sensillum 
possesses one terminal pore which gives entrance to the d e n d r i t i c 
regions of four gustatory receptor c e l l s . Besides, a f i f t h c e l l 
i n each sensillum acts as a mechanoreceptor i n detecting 
p o s i t i o n a l changes of the p a p i l l a (_7,80 . 

The response spectra of the i n d i v i d u a l gustatory receptor 
c e l l s can be recorded by making use of e l e c t r o p h y s i o l o g i c a l 
techniques ( 7 , 8 ) . A c a p i l l a r y containing the test compound 
dissolved i n a sa l i n e s o l u t i o n i s placed i n contact with the 
terminal opening of the sensillum and the responses of the 
gustatory receptor c e l l s to t h i s compound are recorded by %the 
same electrode being connected to an a m p l i f i e r , an oscilloscope 
and recorder. In case the test chemical evokes a response, a 
t r a i n of action p o t e n t i a l s i s recorded. The response spectra of 
the i n d i v i d u a l gustatory receptor c e l l s i n the s e n s i l l a 
styloconica of P i e r i s brassicae larvae are shown i n Table I . 
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Table I. Response spectra of gustatory receptor c e l l s 
i n P i e r i s brassicae larvae ( 7 , 8 ) . 

medial 
sensillum styloconicum 

l a t e r a l 
sensillum styloconicum 

i 
j c e l l 

c e l l 
2 
3 
4 

5 
6 
7 
8 

sugars 
glucosinolates 
amino acids 
anthocyanins 

sugars 
feeding i n h i b i t o r s 
glucosinolates 
s a l t s 

11 s a l t s 
epipharyngeal sensillu

This set of contact chemoreceptors enables the larvae to 
perceive nutrients l i k e sugars, s a l t s and amino a c i d s , as w e l l as 
secondary plant substances. The feeding i n h i b i t o r s e n s i t i v e c e l l 
i n the medial sensillum styloconicum responds to a v a r i e t y of 
al k a l o i d s and st e r o i d s , these are compounds which possess strong 
feeding i n h i b i t o r action l i k e strychnine, conessine and 
azadirachtin. On the other hand the gustatory s e n s i l l a react to 
glucosinolates, a class of secondary plant substances d i s t r i b u t e d 
i n the host plants of t h i s insect i . e . , Brassica species. Though 
the medial, as we l l as the l a t e r a l sensillum styloconicum contain 
a sugar s e n s i t i v e and a glucosinolate s e n s i t i v e c e l l , the s e n s i l l a 
show d i f f e r e n t s p e c i f i c i t i e s . The sugar s e n s i t i v e c e l l i n the 
medial sensillum responds to a number of carbohydrates, whereas the 
receptor c e l l i n the l a t e r a l sensillum responds r e s t r i c t i v e l y to 
sucrose and glucose. Aromatic glucosinolates are detected both 
i n the medial as w e l l i n the l a t e r a l sensillum; the responses to 
a l i p h a t i c glucosinolates are r e s t r i c t e d to the l a t e r a l sensillum. 
I t i s remarkable that plant pigments l i k e anthocyanins are 
perceived as a taste by brassicae larvae. 

In addition to the s e n s i l l a s t y l o c o n i c a , lepidopterous 
larvae possess gustatory s e n s i l l a on the maxillary palps. Eight 
basiconic s e n s i l l a are located on top of each palpus (see Figure 
1). Five of them possess a terminal pore, and f o r that reason 
these s e n s i l l a might be considered as contact chemoreceptors. The 
remaining three show numerous small perforations a l l over the 
c u t i c l e , which indicates an o l f a c t o r y function ( 8 ) . The response 
spectra of these s e n s i l l a are, however, s t i l l obscure. 

One p a i r of epipharyngeal s e n s i l l a located i n the buccal 
c a v i t y completes the set of contact chemoreceptors i n 
lepidopterous larvae. In jP. brassicae larvae, each of these 
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papilla-shaped s e n s i l l a contain three sensory c e l l s : a) one c e l l 
responds to sucrose and glucose, b) one feeding i n h i b i t o r 
s e n s i t i v e c e l l , and c) one s a l t s e n s i t i v e c e l l (see Table I ) . 

In b i t i n g t h e i r food and by means of a r e l a t i v e l y small 
number of gustatory receptor c e l l s , the larvae are informed about 
the composition of nutrients and secondary plant substances. Taste 
perception, the in t e g r a t i o n of sensory information i n the insect's 
central nervous system, i s not merely a process of summation. 
Synergistic as w e l l as antagonistic e f f e c t s between i n d i v i d u a l 
compounds can be observed i n the food uptake of larvae on 
a r t i f i c i a l d i e t s . 

Sucrose incorporated i n these d i e t s enhances the food uptake 
by I\ brassicae larvae already at 0.002 Molar (see Figure 2). In 
t h i s respect D-glucose i s less e f f e c t i v e than sucrose. 
Glucosinolates, amino acids and s a l t s do not induce food uptake 
by themselves. In the presenc
concentrations of sucrose
food uptake (Figure 2). The s y n e r g i s t i c e f f e c t of s i n a l b i n 
already occurs below 10"^ Molar. In t h i s way the i n t e r a c t i o n of 
i n d i v i d u a l taste substances as a r e s u l t of the c e n t r a l 
i n t e g r a t i o n of sensory information, defines the motor patterns 
leading to feeding behaviour. The i n d i v i d u a l taste substances 
can be described i n terms of t h e i r action on food uptake and 
t h e i r consecutive s i g n a l function. For JP. brassicae larvae, taste 
substances can be c a l l e d e i t h e r feeding stimulants (sucrose, D-
glucose), feeding i n c i t a n t s ( g l u c o s i n o l a t e s ) , feeding co-factors 
(amino ac i d s , s a l t s ) , or feeding i n h i b i t o r s (strychnine, 
conessine, az a d i r a c h t i n ) . 

D i f f e r e n t insect species posses d i f f e r e n t gustatory receptor 
c e l l s , t h e i r response spectra being adapted to the perception 
of chemical components d i s t r i b u t e d i n t h e i r host plant species 
(9). Taste perception i n P. brassicae larvae forms a 
representative example f o r phytophagous i n s e c t s , which are able 
to discriminate a number of compounds l i k e sugars, amino aci d s , 
s a l t s , and secondary plant substances acting as feeding 
i n h i b i t o r s or feeding i n c i t a n t s (3,6,8,10). 

O l f a c t i o n 

Green odour. Food chemists are w e l l aware of the complexity 
of food odour blends being composed of numerous v o l a t i l e s . The 
chemical complexity of food odour blends i s somewhat confusing 
since analyses are frequently c a r r i e d out on processed foods, 
which includes canning and cooking of the o r i g i n a l plant material 
(11). During the heating process, a v a r i e t y of v o l a t i l e 
substances i s formed from non - v o l a t i l e precursors. Therefore, one 
might state that the present knowledge concerning the chemical 
composition of odour blends which o r i g i n a t e from l i v i n g p l a n t s , 
i s but l i t t l e . In order to trap the v o l a t i l e s from the a i r over 
p l a n t s , analyses can be c a r r i e d out by making use of adsorbents 
l i k e carbon or Porapak Q (12). 
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Figure 1. The head of a Pieris brassicae larva. The chemosensory sensilla are 
shown in detail (7,8). 

Log Molar Concentration Log Molar Concentration 

Figure 2. Feces production by Pieris brassicae larvae on artificial diets containing 
different amounts of sucrose and different amounts of sinalbin in the presence of 

sucrose (7). 
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To study the odour over potato plant leaves, i n 20 minutes 
30 l i t r e s of a i r were drawn through a sample f l a s k (volume: 5 
l i t r e ) containing cut potato leaves (930 g), and the airborne 
components were trapped onto carbon (1-2 mg, see 13). The carbon 
trap was extracted with CS2, and the extract was subjected to 
gas chromatography (Figure 3). Components were i d e n t i f i e d by 
using the gas chromatograph-mass spectrometer-computer system 
of the Central I n s t i t u t e f o r N u t r i t i o n and Food Research TNO (14). 
In the a i r space above leaves of f u l l y grown potato p l a n t s , the 
following v o l a t i l e s were detected: trans-2-hexenal., cis-3-hexenyl 
acetate, cis-3-hexen-1-ol and trans-2-hexen-1-ol. Besides, 
sesquiterpenes were obviously present at retention times of 
23-29 minutes; t h e i r i d e n t i t i e s were not worked out i n d e t a i l . 

The class of s t r a i g h t chain C(>9 saturated and unsaturated 
alcoh o l s , aldehydes and the d e r i v a t i v e acetate  forms a 
s i g n i f i c a n t part of a l
components o r i g i n a t e fro
acids i n leaves i . e . , l i n o l e i c and l i n o l e n i c a c i d . D i f f e r e n t 
plant species may show d i f f e r e n t compositions of t h e i r l eaf odour 
blends i n the proportions of the i n d i v i d u a l components of t h i s 
green odour complex (15). In the a i r over c a u l i f l o w e r leaves, 
cis-3-hexenyl acetate i s the predominant component (16) , whereas 
i n the a i r over leaves of f u l l y grown potato plants cis-3-hexen-
1-ol i s the main component, followed by cis-3-hexenyl acetate, 
trans-2-hexenal and trans-2-hexen-1-ol (see Figure 3). 

D i f f e r e n t i a l sensory s e n s i t i v i t y . The insect's perception 
of plant odours d i f f e r s e s s e n t i a l l y from t h e i r d i s c r i m i n a t i o n 
of n o n - v o l a t i l e taste substances, as phytophagous insects may 
already perceive the odour at some distance from the plant. In 
adult phytophagous insects the antennae bear a large number of 
o l f a c t o r y s e n s i l l a i n order to detect the minute concentrations 
of the leaf odour components i n the a i r downwind from a plant. The 
o v e r a l l s e n s i t i v i t y of the antennal o l f a c t o r y receptor system can 
be measured by making use of the electroantennogram technique 
(17). An electroantennogram (EAG) i s the change i n p o t e n t i a l 
between the t i p of an antenna and i t s base, i n response to 
stimulation by an odour component. Such an EAG r e f l e c t s the 
receptor p o t e n t i a l s of the o l f a c t o r y receptor c e l l population i n 
the antenna. 

The antennal o l f a c t o r y receptor system i n several 
phytophagous insects i s very s e n s i t i v e i n the detection of the 
green odour components. In the Colorado beetle Leptinotarsa 
decemlineata, the threshold of response f o r trans-2-hexen-1-ol 
i s c i r c a 108 molecules per ml of a i r (17) . In comparison, at 760 
mm Hg and 20°C, 1 ml of a i r contains about 10^9 molecules. The 
insects tested i . e . , the migratory locust Locusta migratoria, the 
carrot f l y P s i l a rosae (18), the cereal aphid Sitobion avenae 
(19) , the Colorado beetle L. decemlineata (17) , Leptinotarsa 
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haldemani, the oak f l e a weevil Rhynchaenus quercus (20) , the 
summer f r u i t t o r t r i x moth Adoxophyes orana, and the large white 
b u t t e r f l y P. brassicae, show d i f f e r e n t i a l sensory s e n s i t i v i t i e s 
f o r the i n d i v i d u a l green odour components (see Figure 4). For 
example, the antennal receptor system of the Colorado beetle i s 
more s e n s i t i v e f o r the alcohols than the corresponding aldehydes. 
Whereas i n the carrot f l y and i n alate virginoparae of the cereal 
aphid the aldehydes cause higher responses than the corresponding 
alcohols. Each of the insect species shows c e r t a i n t r a i t s i n the 
character of t h e i r s e n s i t i v i t y spectra f o r the green odour 
components. This d i f f e r e n t i a l sensory s e n s i t i v i t y might represent 
a species s p e c i f i c adaptation of the set of o l f a c t o r y receptors 
to the p a r t i c u l a r green odour composition of the host plants. 

The s e n s i t i v i t y of the antennal o l f a c t o r y receptor system 
d i f f e r s even between Colorado beetle populations (see Figure 5)
The beetles of the f i e l
more s e n s i t i v e f o r cis-3-hexeny
of the laboratory stock c u l t u r e . Beetles of the Utah population 
are r e l a t i v e l y less s e n s i t i v e f o r trans-2-hexen-1-ol and 
trans-2-hexenal than the i n d i v i d u a l s of the f i e l d population i n 
Wageningen, and those insects obtained from the laboratory stock 
cul t u r e . The fun c t i o n a l s i g n i f i c a n c e of these differences f o r the 
geographic v a r i a t i o n i n host plant range of t h i s insect species 
needs further e l u c i d a t i o n (21,22). 

D i f f e r e n t i a l sensory perception. Phytophagous insects may 
use the p a r t i c u l a r green odour blend of t h e i r host plants to 
locate these s u i t a b l e feeding and/or o v i p o s i t i o n s i t e s . The 
p a r t i c u l a r composition of the green odour a f f e c t s the long-range 
o l f a c t o r y o r i e n t a t i o n of Colorado beetles. When starved, these 
insects respond to the odour of t h e i r hostplant potato by walking 
upwind (odour-conditioned p o s i t i v e anemotaxis), and by increasing 
t h e i r speed of locomotion ( d i r e c t chemo-orthokinesis), as shown 
i n Figure 6 (23,14). The odours of several other solanaceous plant 
species induce these behavioural responses i n Colorado beetles 
also (24). The group of solanaceous plant species tested, 
comprises host plants l i k e Solanum carolinense and Solanum 
dulcamara, as w e l l as non-host plants l i k e Nicotiana tabacum, 
Petunia "hybrida and Solanum nigrum. In general, the vapours of 
non-solanaceous plant species do not induce upwind locomotory 
responses i n Colorado beetles, and can be regarded as "non-
a t t r a c t i v e " or neutral i n t h i s respect. At some distance from 
p l a n t s , leaf odour blends are the chemical cues which enable the 
Colorado beetle to discriminate between solanaceous and non-
solanaceous plant species. In t h i s way through o l f a c t o r y 
o r i e n t a t i o n , the beetle's exploration i s to some extent confined 
to a relevant part of the vegetation i n which host plants occur. 

The proportions of the i n d i v i d u a l green odour components 
i n the leaf odour constitute a chemical message which, when 
perceived, d i r e c t s the motor patterns of t h i s i n s e c t . The 
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30 20 10 
Time in minutes 

Figure 3. Components trapped
were extracted with 60 fiL of CS»; IfiL was used for GC (detector FID). GC condi
tions: WCOT Carbowax 20M column, 50 m long; temperature programmed 70-
150 °C. Key: a, trans-2-hexenal; b, cis-3-hexenyl acetate; c, cis-3-hexen-l-ol; and 

d, trzns-2-hexen-l-ol (14). 

T T T 
Locusta migratoria 9 

a 
Psila rosae <$ 9 

b 
Sitobion avenae 

c 
Leptinotarsa decemlineata a V 
Leptinotarsa haldemani 6* ? 

d 

Rhynchaenus quercus 6* 9 

Adoxophyes orana 6* 9 

Pieris brassicae 9 
Figure 4. Sensitivity spectrum of the antennal olfactory receptor system in several 
phytophagous insect species to the green odor components. EAG amplitudes in re
sponse to the individual components are visualized in the areas of circles. Data were 

derived from Refs. 18 (a), 19 (b), 17 (c), and 20 (d). 
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chemical message i s d i s t o r t e d as the concentration r a t i o s of the 
green odour components i n the leaf odour blend are changed 
a r t i f i c i a l l y (25). On increasing the proportion of trans-2-hexen-
1-ol or trans-2-hexenal i n the potato leaf odour, the beetle's 
upwind locomotory response i s "turned o f f " . Thus, a change i n 
the composition of the green odour impairs the attractiveness of 
a p a r t i c u l a r leaf odour blend (25). 

The responses of single o l f a c t o r y receptor c e l l s i n the 
antenna of the Colorado beetle to the green odour components and 
t h e i r isomers have been analysed (26). For the present purpose, 
these data are reduced to the elements acting i n long-range 
o l f a c t o r y o r i e n t a t i o n of t h i s insect towards i t s host plant 
potato. The r e s u l t s from receptors responding with i n h i b i t i o n are 
discarded, as from t h e i r l e v e l s of spontaneous a c t i v i t y , these 
responses are suspected to represent a r t i f a c t s . Moreover, the 
response thresholds of thes
doubtful. The green odou
considered to be the adequate s t i m u l i f o r a number of o l f a c t o r y 
receptor c e l l s i n the Colorado beetle antenna. The r e l a t i v e 
i n t e n s i t i e s of response i n the receptor c e l l s , which increase 
t h e i r neural a c t i v i t y upon stimulation by the i n d i v i d u a l green 
odour components of potato l e a f , are shown i n Figure 7 (26,14). 
Since not a l l single c e l l s were tested f o r t h e i r responses to 
cis-3-hexenyl acetate, t h i s compound i s not discussed here. 

The array of o l f a c t o r y receptor c e l l s reacts d i f f e r e n t i a l l y 
to the green odour component s t i m u l i of potato l e a f , which i s 
manifest by the continuum of t h e i r response spectra (see Figure 
7). The observed interference with potato leaf odour caused by 
increasing the concentration of one green odour component occurs 
at concentrations near or even below the thresholds for an 
electroantennogram response (25). At these extremely low 
concentrations, the l e v e l of spontaneous a c t i v i t y i n one sing l e 
o l f a c t o r y receptor c e l l i s hardly changed. Therefore, i n long-
range o l f a c t o r y o r i e n t a t i o n , the perception of green odour 
involves a concerted change of neural a c t i v i t y i n numbers of 
ol f a c t o r y receptor c e l l s . An increase of the proportion of 
trans-2-hexen-1-ol or trans-2-hexenal heightens the neural 
a c t i v i t y i n l i n e s 1-11 more than i n l i n e s 12-23 (see Figure 7). 
This d i f f e r e n t i a l increment a l t e r s the contrast i n the across-
f i b r e pattern and, at the l e v e l of the c e n t r a l nervous system, 
modulates the beetle's o r i e n t a t i o n responses. Thus, green odour 
perception involves a d i f f e r e n t i a l response i n the array of 
ol f a c t o r y receptor c e l l s (14). 

Leaf odours. The t o t a l essence which emanates from growing 
leaves i s not s o l e l y constituted of s t r a i g h t chain alcohols and 
aldehydes. In the insect's s e l e c t i o n of a host p l a n t , species-
s p e c i f i c components might be involved. The leek mothAcrolepiopsis 
a s s e c t e l l a i s attracted by t h i o s u l f i n a t e s , compounds i s o l a t e d 
from leek. Cis-3-hexen-1-ol was also shown to be a t t r a c t i v e (27). 
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The catches of carrot f l i e s i n yellow s t i c k y traps are enhanced 
by the release of hexanal and compounds i s o l a t e d from the surface 
wax of carrot leaves i . e . , trans-methyliso-eugenol and trans-
asarone (28,29). The propenylbenzenes also stimulate o v i p o s i t i o n 
by t h i s insect (29). 

El e c t r o p h y s i o l o g i c a l r e s u l t s indicate that green odour 
components are not the sole .compounds involved i n the perception 
of leaf odour blends. EAGs of S. avenae to benzaldehyde (19), 
and EAGs of A. orana to benzaldehyde, l i n a l o o l , 1-octen-3-ol, 
a-phellandrene and a-terpineol show c i r c a the same size as EAGs 
i n response to green odour components. Whereas i n P. brassicae 
EAGs to a l l y l i s o t h i o c y a n a t e are small compared with the responses 
to trans-2-hexenal (30). In P. brassicae larvae, the majority of 
c e l l s i n the two large s e n s i l l a basiconica on the antenna (see 
Figure 1) responds d i f f e r e n t i a l l y to green odour components. Two 
c e l l types react to a l l y l i s o t h i o c y a n a t e
of neural discharges i
the second c e l l . 

Most of the present-day information concerning the r o l e of 
leaf odour blends i n host s e l e c t i o n by phytophagous insects does 
not proceed beyond the suggestion that some v o l a t i l e compounds 
might be c a l l e d " a t t r a c t a n t s " and other " r e p e l l e n t s " (31,32) . In 
case a v o l a t i l e compound was shown to stimulate o v i p o s i t i o n , i t i s 
suggestive to describe the component as an " a t t r a c t a n t " : "although 
a p o s i t i v e response i s judged by the number of eggs l a i d , the 
f l i e s must be attracted to the odor before o v i p o s i t i o n " (33) . In 
t h i s l i n e of thought, tests on long-range o l f a c t o r y o r i e n t a t i o n 
are not e s s e n t i a l for assessing a t t r a c t i v e features. J.S. Kennedy 
has summarized the disadvantages of making use of the concept of 
o l f a c t o r y " a t t r a c t i o n " , and stated " t h i s term (attractant) remains 
no more than a blanket t e l e o l o g i c a l term s i g n i f y i n g and end-result, 
conveying nothing about the component s t i m u l i or reactions" (34). 
In the same way, one might state that the term " r e p e l l e n t " i s 
misleading. 

Phytophagous insects might be "a t t r a c t e d " over a long-range 
i n response to leaf odours, the insects showing an odour-
conditioned p o s i t i v e anemotaxis. The p r i n c i p a l behavioural 
response i s directed to the wind, and i s induced by the insect's 
perception of the minute concentration of odour downwind from the 
source. In the s t r i c t sense of the d e f i n i t i o n s an insect should 
respond to an " a t t r a c t a n t " by moving towards the source, which 
coincides by moving upwind, and respond to a " r e p e l l e n t " by moving 
away from the source. Thus, the response to a " r e p e l l e n t " should 
r e s u l t i n the insect moving downwind, which makes no sense as 
the insect does not escape from the " r e p e l l e n t " odour plume. 
Moreover, i t i s hardly f e a s i b l e phytophagous insects are equipped 
with large numbers of o l f a c t o r y receptors tuned to " r e p e l l e n t s " 
i n order to detect the minute concentrations of these components 
at long distances from the plant. For these reasons the e f f e c t s 
of " r e p e l l e n t s " might expected to be r e s t r i c t e d to close range, 
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Figure 7. Intensity of neural activity in 23 olfactory receptor cells in the antenna 
of the Colorado beetle, in response to trans-2-hexen-1-ol (t-2-H-l-ol), cis-3-hexen-
l-ol (c-3-H-l-ol), and lrans-2-hexenal (t-2-H-al). The increase of neural activity in 
response to individual green odor components is visualized in the areas of circles 

(14, 26). 

Figure 8. Host selection by phytophagous insects illustrated in a model of marbles. 
Row 6 is the host plant; rows 1-5 and 7-10 are non-host plants. 
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and d i f f e r e n t from deterrents as f a r as the v o l a t i l e nature allows 
these compounds to be detected j u s t before an insect makes contact 
with the plant. 

Conclusions 

The chemical factors underlying host s e l e c t i o n by 
phytophagous insects are outlined i n Figure 8. Plants are 
protected against herbivores mainly through secondary plant 
substances. Phytophagous insects have to spend part of t h e i r 
metabolic energy on detoxicating these noxious plant components, 
and i n evolutionary time developed a degree of tolerance to the 
class of secondary compounds present i n t h e i r host plant range. 
Besides secondary plant substances, the proportions of i n d i v i d u a l 
nutrients define the metabolic q u a l i t y of a given plant which 
i s manifested i n insec

In the co-evolutio
chemosensory receptors i n phytophagous insects adapted as to 
perceive the metabolic q u a l i t i e s of plants. Thus, taste informs 
an insect of the presence and concentrations of n u t r i e n t s , 
feeding i n c i t a n t s and feeding i n h i b i t o r s . An insect depends 
completely on the perceived taste q u a l i t y i n deciding for "take 
i t or leave i t " . The perception of plant odour enables an insect 
to d i r e c t i t s motor patterns i n order to explore e f f i c i e n t l y the 
surrounding vegetation. In t h i s way host f i n d i n g i s not a matter 
of " t r i a l and e r r o r " . Host plants meet the p h y s i o l o g i c a l 
requirements of a given insect species, i n the sense that an 
appropriate sensory q u a l i t y coincides with an appropriate 
metabolic q u a l i t y . Non-host and r e s i s t a n t plants are d e f i c i e n t 
i n at least one of the q u a l i t y f a c t o r s . 

Host s e l e c t i o n behaviour of phytophagous insects i s a 
catenary process. In the succession of the elements i . e . , 
o l f a c t o r y o r i e n t a t i o n , followed by contact and b i t i n g responses, 
one observes an increment i n s p e c i f i c i t y of both the chemical 
plant signals as w e l l as the chemoreceptors involved: (a) insect 
o l f a c t o r y receptor c e l l s responding d i f f e r e n t i a l l y to general 
green odour components - the q u a l i t y of an odour blend i s coded 
i n an across-fibre pattern -, and (b) gustatory receptor c e l l s 
responding to plant s p e c i e s - s p e c i f i c feeding i n c i t a n t s and 
i n h i b i t o r s - the neural code i s processed i n labeled l i n e s -. 
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13 
Nutrient-Allelochemical Interactions in Host 
Plant Resistance 

JOHN C. REESE1 

University of Delaware, Department of Entomology and Applied Ecology, 
Newark, DE 19711 

Once an insect has located a plant, the plant must 
be capable of supportin
reproduction, if
The s u r v i v a l of plants, however, is due in part 
to t h e i r defensive s t r a t e g i e s . Evidence is pre
sented supporting the hypothesis that even sus
ceptible plants are well-defended. Black cut
worm larvae fed Pioneer 3368A corn seedlings 
grew to a weight of only 8.1% that of larvae 
fed an artificial d i e t . Some of the ability 
to inhibit growth can be extracted out of the 
plant and incorporated into the artificial d i e t 
demonstrating a chemical component, but physical 
and morphological factors appear to play an im
portant r o l e too. Data is presented indicating 
that neonate larvae are far more s e n s i t i v e to the 
deleterious e f f e c t s of the seedlings than larvae 
a few days o l d . Neonate larvae are also s e n s i t i v e 
to handling, and using eggs instead of larvae to 
in f e s t plants or inoculate diet seems advisable. 

"As greater understanding of insect and plant biology, 
chemistry, and ecology i s attained, we w i l l be able to approach 
the goal of developing economic plants that are d e l i b e r a t e l y and 
foresightedly designed to be insect r e s i s t a n t " (1). One of the 
more i n t e r e s t i n g , and perhaps more poorly understood, areas of 
" — insect and plant biology, chemistry, and ecology — , " i s 
the study of the i n t e r a c t i o n s between allelochemics and n u t r i e n t s . 
A s u i t a b l e host plant must be capable of supporting growth, 
development, and reproduction, i f the plant i s to serve as a host. 
The feeding insect must ingest food "...that not only meets i t s 
n u t r i t i o n a l requirements, but i s also capable of being assimilated 
and converted i n t o the energy and s t r u c t u r a l substances for normal 

1 Current address, Department of Entomology, Kansas State University, Manhattan, 
KS 66506 
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a c t i v i t y and development11 (2_ ,3) . Thus, the concept of insect 
d i e t e t i c s includes a good deal more than n u t r i t i o n i n the narrow 
sense; feeding behavior, n u t r i t i o n , and post-ingestive e f f e c t s 
are also part of insect d i e t e t i c s . The int e r a c t i o n s between 
nutrients and allelochemics at the behavioral, n u t r i t i o n a l , and 
post-ingestive l e v e l s may be very important parts of the mecha
nisms underlying the deleterious e f f e c t s of plants on insect 
growth and development. I propose that these deleterious e f f e c t s 
are probably not confined j u s t to non-hosts or to highly r e s i s t a n t 
crop v a r i e t i e s , but may be the r u l e ; i f a plant were t r u l y unde
fended against herbivore and pathogen attack, i t would i n a l l 
l i k e l i h o o d not survive long enough to reproduce or produce a crop. 

Defense of Susceptible Plants 

The very s u r v i v a l
"... due l a r g e l y to t h e i
Most researchers probably accept t h i s concept, and yet the pre
ferred host plant of an insect species, or a crop that i s decimat
ed by a pest, i s usually thought of as being quite susceptible 
and rather poorly defended against insect attack. 

I have started t e s t i n g the hypothesis that even the most 
susceptible plants are i n fact remarkably w e l l defended against 
insect attack when compared to an a r t i f i c i a l d i e t containing low 
concentrations of defensive compounds, and having no morphological 
means of defense. A few species of i n s e c t s , i n f a c t , have already 
been observed to have greater fecundity and growth on a r t i f i c i a l 
d i e t s , than on preferred host plants 05, 6̂, 7). 

While working at the USDA Western Regional Research Center 
i n C a l i f o r n i a with A. C. Waiss, J r . , I placed H e l i o t h i s zea larvae 
on a glanded cotton v a r i e t y , a glandless v a r i e t y (presumably sus
ceptible to bollworm l a r v a e ) , and on a r t i f i c i a l d i e t . Even the 
weight of the glandless cotton group of larvae was only 25.1% of 
the controls on a r t i f i c i a l d i e t , i n d i c a t i n g that even the suppos
edly susceptible plant was chemically and/or morphologically quite 
capable of reducing insect growth. 

Black cutworms (Agrotis i p s i l o n ) were fed Pioneer 3368A corn 
seedlings (not known to be re s i s t a n t ) and a r t i f i c i a l d i e t (8) 
(Table I ) . By the s i x t h day the weight gain of larvae fed seed
l i n g s was a small f r a c t i o n of that for larvae reared on d i e t . 
Even though black cutworms can be severe pests of corn seedlings, 
t h e i r growth i s dramatically reduced by them. The a r t i f i c i a l d i e t 
may have been a r i c h e r source of nutrients than corn seedlings. 
Therefore, I had samples of d i e t and seedlings analyzed for n i t r o 
gen content (as one o v e r a l l measure of n u t r i t i o n a l q u a l i t y ) at the 
University of Delaware S o i l Chemistry Laboratory. The a r t i f i c i a l 
d i e t was a c t u a l l y much lower i n nitrogen than the seedlings. 
Amino acid analysis showed no s i g n i f i c a n t differences between 
corn seedlings and the a r t i f i c i a l d i e t . 

In Plant Resistance to Insects; Hedin, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



13. REESE Nutrient-Allelochemical Interactions 233 

Table I. E f f e c t s of Pioneer 3368A corn seedlings and a r t i f i c i a l 
d iet (8) on mean weights of black cutworm larvae. 

Mean Larval Weights (mg) + SD 

Reared on Plants Reared on Diet % of Control Larval Age 
(Days) 
2 
3 
4 
5 
6 

0.3 + 0.1 
0.4 + 0.2 
0.6 + 0.2 
1.0 + 0.5 
1.7 + 1.2 

0.8 + 0.2 
2.4 + 1.2 
4.2 + 2.6 

11.7 + 5.3 
21.1 + 4.6 

(Diet) 
37.5% *** 
16.7% *** 
14.3% *** 
8.5% *** 
8.1% *** 

*** indicates s t a t i s t i c a
reared larvae at P<0.00

The reduced growth of black cutworm larvae fed corn seedlings 
may be due to chemical and/or physical factors. In terms of 
chemical f a c t o r s , the plant may be low i n some e s s e n t i a l nutrient 
and/or have growth i n h i b i t i n g compounds present. These compounds 
may i n t e r a c t with nutrients d i r e c t l y or influence the o v e r a l l 
n u t r i t i o n a l physiology of the insect i n some way. A bioassay 
searching for the absence of something i s empirical at best. 
Assessing the importance of physical differences between a plant 
and an a r t i f i c i a l d i e t i s no simple matter e i t h e r . Therefore, I 
have started to fractionate the plant i n search of the presence 
of growth-inhibiting factors to see how important chemical factors 
are before t r y i n g to assess physical f a c t o r s . Extracts were ad
sorbed on the alphacel portion of the d i e t i n a way s i m i l a r to the 
techniques of Chan et a l (9) and using a modification of the black 
cutworm diet (8). Freeze-dried, powdered, corn seedling tissue 
was extracted i n a soxhlet extractor with increasingly polar s o l 
vents. The residue was tested by s u b s t i t u t i n g i t for the alphacel 
portion of the d i e t . The greatest b i o l o g i c a l a c t i v i t y was found 
i n the acetone f r a c t i o n (Table I I ) . When the e f f e c t s of various 
concentrations (20 larvae per treatment) were bioassayed, there 
was a s i g n i f i c a n t c o r r e l a t i o n between concentration and weight 
gain of the larvae i n terms of percent of the controls (r = 0.85, 
6 d f ) . Methanol and benzene had s i m i l a r dosage response curves 
(r = 0.69, 15 df and 0.75, 7 df, r e s p e c t i v e l y ) . 

Using s i n g l e solvent extracts at 100% plant equivalency does 
not show enough a c t i v i t y to account e n t i r e l y for the growth-in
h i b i t i n g a b i l i t i e s of the i n t a c t seedlings. The recombining of 
di f f e r e n t f r a c t i o n s may show additive or s y n e r g i s t i c e f f e c t s ; i t 
may also be that the physical c h a r a c t e r i s t i c s of the i n t a c t and 
s t r u c t u r a l l y complex plant tissue form a major defense. 
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Table I I . E f f e c t s of extracts of Pioneer 3368A corn seedlings 
on 10 day weights of black cutworm larvae. For 
weights, each extract bioassayed at 100% plant equiv
alency (PE) (same concentration as i n i n t a c t p l a n t ) . 
Residue bioassay at 90% of PE due to d i f f i c u l t y of i n 
corporating i n t o d i e t . Correlation c o e f f i c i e n t i s 
given for experiments performed over a range of con
centrations (25 - 100% PE). 

Extract Weight (% of Controls )_ SD r (degrees of freedom) 
Benzene 77.7 + 21.0 0.75 (7)* 
Acetone 67.5+10.3 0.85 (6)** 
Methanol 75.2+20.5 0.69 (15)** 
Water 90.7
Residue 95.0 + 2.8 
* indicates s t a t i s t i c a l s i g n i f i c a n c e at P< 0.05 l e v e l . 
** indicates s t a t i s t i c a l s i g n i f i c a n c e at P < 0.01 l e v e l . 

Neonate S e n s i t i v i t y 

In developing s e n s i t i v e bioassays to investigate e f f e c t s 
of plants on insect growth and development, black cutworm larvae 
were placed on a r t i f i c i a l d i e t and on corn seedlings. Neonate 
larvae placed on corn seedlings weighed 1.7 mg 7 days l a t e r , 
while neonate larvae put on a r t i f i c i a l d i e t for 2 days and then 
fed corn seedlings for 5 days weighed 10.2 mg. Thus, even though 
the ones started on diet spent 71% of the experimental period on 
plants, they weighed 7 times as much as the ones on plants from 
the s t a r t . To see i f t h i s r e a l l y suggests neonate s e n s i t i v i t y , 
a 48 hour feeding period on a r t i f i c i a l d i e t was inserted at 
various points during the experiment. A l l of the treatments 
yielded mean l a r v a l weights that were highly s i g n i f i c a n t l y 
d i f f e r e n t from the controls (Table I I I ) , but what i s p a r t i c u l a r l y 
important i s that larvae given a boost on a r t i f i c i a l d i e t during 
the f i r s t 48 hrs. of the experiment were 3.3 times heavier at the 
end of 8 days than those given diet during the second 48 hrs. 
( s i g n i f i c a n t at P<.001 l e v e l ) . This c e r t a i n l y suggests that neo
nate larvae are far more s e n s i t i v e to plant allelochemics and/or 
morphological defenses than older larvae. Judging by the magni
tude of the differences i n s e n s i t i v i t y , I suspect that the ob
served growth i n h i b i t i o n i s due to a combination of both chemical 
and morphological factors. Changes i n s e n s i t i v i t y to a l l e l o 
chemics may revolve around the induction of d e t o x i f i c a t i o n sys
tems (10), while morphological aspects may involve such aspects 
as s c l e r o t i z a t i o n of mandibles and thus the greater a b i l i t y to 
deal with such factors as s i l i c a . The magnitude of the observed 
s e n s i t i v i t y may indicate that both chemical and morphological 
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factors contribute to growth reduction. Evidence suggesting 
neonate s e n s i t i v i t y has been found i n a few other species (11, 
12, 13), but has never been exploited very e f f e c t i v e l y i n a b i o 
assay system. Such s e n s i t i v i t y to d i f f e r e n t experimental regimes 
may help explain d i f f i c u l t i e s sometimes encountered by d i f f e r e n t 
investigators t r y i n g to reproduce each others r e s u l t s . 

Table I I I . E f f e c t s of being fed a r t i f i c i a l diet at various times 
during experimental period. Black cutworm larvae fed 
on Pioneer 3368A corn seedlings when they were not on 
di e t . 

Mean Weight (mg) at 8 Days ~ SD % of Controls 
Plants Throughout 1.8 + 1.4 1.9% *** 
Diet 1st 48 hrs 
Diet 2nd 48 hrs 4.4 + 3.0 4.5% * 
Diet 3rd 48 hrs 2.6 + 1.7 2.7% *** 
Diet l a s t 48 hrs 2.4 + 1.9 2.4% *** 
Diet Throughout 97.6 + 29.4 100.0% 

*** indicates s t a t i s t i c a l l y d i f f e r e n t from larvae fed diet 
throughout experiment, at P<.001 l e v e l . N = 17. 

Neonate black cutworm larvae are not only p a r t i c u l a r l y sen
s i t i v e to the growth i n h i b i t i n g e f f e c t s of plants, but are also 
remarkably s e n s i t i v e to various types of handling. This i s a 
fact that i s r a r e l y taken i n t o account i n designing bioassays 
(most workers place larvae on diet or plants with a brush or with 
an inoculator using larvae mixed with corn cob g r i t s ) . I t i s 
also an aspect of insect physiology about which very l i t t l e i s 
known. In an attempt to see i f the hours between eclosion and 
being placed on die t or on plants are s t r e s s f u l to larvae, eggs 
were taken every 4 hrs from a sing l e c r y s t a l l i z i n g dish of 
try p s i n i z e d eggs (eggs are routinely t r y p s i n i z e d o f f of the 
cheesecloth substrate and f i l t e r e d onto a piece of f i l t e r paper 
i n a Buchner funnel; the egg-covered f i l t e r paper i s placed i n a 
c r y s t a l l i z i n g dish that contains a layer of agar to maintain 
uniform humidity without excessive condensation) and placed onto 
d i e t . After enough larvae had eclosed i n the c r y s t a l l i z i n g d i s h , 
larvae were placed on d i e t . Weight and s u r v i v a l data taken at 
the end of the experimental period indicate not only a s t r i k i n g 
reduction i n both s u r v i v a l and weight (e s p e c i a l l y weight) a f t e r 
e c l o s i o n , but also a very i n t r i g u i n g r e l a t i o n s h i p between age of 
the eggs at the time they were placed on diet and growth of re
s u l t i n g larvae (Table IV). 
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Table IV. Weights of black cutworm larvae which were placed on 
d i e t as eggs or larvae at various times a f t e r tryp-
s i n i z i n g . 

Hours A f t e r 
T r y p s i n i z i n g 

8 

28 

52 
60 

64 

68 

Stage When Placed 
on Diet 
Egg 

Egg 

Egg 
Egg 

Larval 

Mean 
Weight (mg) ± SD 

29.6 + 10.4 
** 

47.6 + 14.9 
*** 

70.6 + 16.1 
64.0 + 34.0 

*** 
2.2 + 2.7 

Asterisks indicate s t a t i s t i c a l s i g n i f i c a n c e between two adjacent 
means. ** indicates s t a t i s t i c a l difference at P<0.01 l e v e l . *** 
indicates s t a t i s t i c a l difference at P<0.001 l e v e l . Larvae were 
weighed 7 days a f t e r eclosion. N = 15. 

One factor i n the large reduction i n weight of larvae placed 
on d i e t as larvae instead of as eggs may be the physical movement 
of the larvae. An experiment was performed i n which larvae were 
transferred from one plug of d i e t to a fresh one at various times 
during the experiment, beginning 6 hrs a f t e r eclosion (Table V). 
C l e a r l y , there was much more s e n s i t i v i t y to being transferred 
during the f i r s t few hours a f t e r eclosion. Although t h i s appears 
to be due to handling, the p o s s i b i l i t y that the d i e t i s being 
conditioned i n some way by the larvae can not be ignored. The 
experiment has been repeated several times with both fresh d i e t 
and with the larvae being transferred back to the same piece of 
diet with i d e n t i c a l r e s u l t s i n each case. Thus, the observed 
weight reduction i s apparently due to being handled. 

Insect D i e t e t i c s 

As alluded to above, even a crop that sustains losses from 
an insect pest may a c t u a l l y be capable of i n h i b i t i n g insect 
growth. A number of aspects of the insect d i e t e t i c s may be 
i n t e r a c t i n g to produce such a s i t u a t i o n . The feeding insect must 
ingest food "that not only meets i t s n u t r i t i o n a l requirements, 
but i s also capable of being assimilated and converted i n t o the 
energy and s t r u c t u r a l substances required for normal a c t i v i t y and 
development" 02, 3) . 
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Table V. Weight at 10 days of black cutworm larvae transferred 
from one plug of diet to another at various times a f t e r 
e c l o s i o n . 

Time of Transfer Mean Weight 
(Hours a f t e r Eclosion) (mg) ± SD % of Control 

6 110.7 + 54.4 58.7 *** 
12 123.2 + 63.1 65.3 ** 
24 127.1 + 51.0 67.4 ** 
48 140.8 + 53.4 74.6 
96 158.8 + 61.9 84.2 
144 167.1 + 49.6 88.6 
192 

Control 188.6 + 65.2 100.0 
*** indicates s t a t i s t i c a l difference from controls at P<0.001 
l e v e l . ** indicates s i g n i f i c a n c e at P<0.005 l e v e l . * indicates 
s i g n i f i c a n c e at P<0.01 l e v e l . N = 20. 

The r o l e of allelochemic-nutrient i n t e r a c t i o n s i n insect 
d i e t e t i c s has been investigated only r a r e l y . Examples of such 
inte r a c t i o n s abound i n vertebrate l i t e r a t u r e (14, 15) and may 
supply useful leads f or researchers working with i n s e c t s . Many 
of the deleterious p h y s i o l o g i c a l e f f e c t s of plant allelochemics 
may be due pr i m a r i l y to various i n t e r a c t i o n s between these 
allelochemics and e s s e n t i a l n u t r i e n t s . In other words, i t i s 
important to not only consider the presence of n u t r i e n t s , but 
also the " b i o - a v a i l a b i l i t y " of these nutrients to the phytopha
gous ins e c t . 

Some of the more i n t e r e s t i n g examples of nutrient - non-
nutrient i n t e r a c t i o n s include some of the compounds that are 
analogs of nu t r i e n t s . Mattson et a l (16) found that cholesterol 
absorption decreased when various plant s t e r o l s were added to the 
diets of r a t s . A number of plant amino acids are not o r d i n a r i l y 
required by herbivores and are usually not incorporated i n t o 
proteins. For example, the structure of 3,4-dihydroxyphenyl-
alanine (L-dopa) i s s i m i l a r to that of tyrosine. L-Dopa may 
play a r o l e i n favism (17), as w e l l as having a number of other 
deleterious e f f e c t s (18, 19, 20). E s s e n t i a l amino acids them
selves can be deleterious i f they are ingested i n excessive 
quantities or i f they are not i n balance with other amino acids 
(21, 20). 

Many more examples of nutrient allelochemic i n t e r a c t i o n s 
could be c i t e d from the vertebrate l i t e r a t u r e (see Liener (15) 
for a recent update of t h i s t o p i c ) ; these i n t e r a c t i o n s i n insects 
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have been investigated at the molecular l e v e l i n only a few 
cases. However, the i n h i b i t i o n of a s s i m i l a t i o n or the e f f i c i e n c y 
of conversion of assimilated food demonstrates an i n t e r a c t i o n 
with the o v e r a l l n u t r i t i o n a l status of the organism. These i n 
dices have been employed to quantify host s u i t a b i l i t y and to 
assess the i n t e r a c t i o n s between plant compounds incorporated 
i n t o a r t i f i c i a l diets and the n u t r i t i o n a l physiology of the 
i n s e c t . Such techniques have shown, for example that a phytoph
agous insect does not grow equally w e l l on various plants, even 
i f no apparent behavioral b a r r i e r s to feeding occur. 

Three of the most useful n u t r i t i o n a l indices are a s s i m i l a 
t i o n (AD), e f f i c i e n c y of conversion of assimilated food (ECD), 
and e f f i c i e n c y of conversion of ingested food (ECI). These and 
a number of other indices were recently discussed by Scriber and 
Slansky (22). I f growth i s i n h i b i t e d , then i t must ei t h e r be 
r e f l e c t e d i n the amoun
or both. 

As with any experimental technique, there are c e r t a i n i n 
herent sources of error i n the n u t r i t i o n a l index technique. Some 
of these errors may be greatly magnified due to the c a l c u l a t i o n s 
involved and due to the exact ways i n which the techniques are 
employed. In my laboratory, Schmidt (unpublished data) has 
succeeded i n i d e n t i f y i n g and quantifying three major sources of 
error. The f i r s t i s the separation of uneaten d i e t from f e c a l 
material. I f the l a r v a masticates or bores i n t o the d i e t , t h i s 
becomes very d i f f i c u l t . Secondly, even i f great care i s used, 
there i s probably always some error i n the taking of weight, i n 
cluding those used to ca l c u l a t e the percent dry matter of the 
d i e t . These errors r e l a t e to the dry weight eaten by each 
l a r v a , which i n turn a f f e c t s the three i n d i c e s . Most important
l y , he found that very s l i g h t errors can be magnified tremen
dously through the mathematics involved i n c a l c u l a t i n g the i n 
dices. I f the amount of the diet eaten by a l a r v a i s small 
r e l a t i v e to the amount given to i t , then small errors i n such 
things as percent dry matter of the d i e t are magnified to an un
acceptable l e v e l . I f the l a r v a eats 80% or more of the d i e t 
given to i t , t h i s error magnification i s reduced tremendously. 
Thus, the s i n g l e most important error-reducing technique i s to 
ensure that larvae are given an amount of diet such that they 
w i l l consume most of i t during the experiment. 

The e f f e c t s on n u t r i t i o n a l indices can demonstrate an i n t e r 
action between an allelochemic and the n u t r i t i o n a l status of the 
i n s e c t , but the number of actual compound-to-compound i n t e r 
actions that have been elucidated i n insects has been small. One 
of the most prominent examples i s the s t r u c t u r a l analog of 
L-arginine, L-canavanine (see paper by G. A. Rosenthal i n t h i s 
symposium). B r i e f l y , canavanine i s s i m i l a r enough to arginine to 
be incorporated i n t o the proteins of most i n s e c t s , but these 
canavanyl proteins do not function properly (23). Thus, i t can 
act as a competitive i n h i b i t o r of arginine metabolism (24, 25), 
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as an i n h i b i t o r of insect s u r v i v a l (26, 27, 20), reproduction 
(28), and metamorphosis (29) . 

Tannins are usually c i t e d as examples of substances that can 
block the a v a i l a b i l i t y of proteins by forming complexes. Thus, 
when Feeny (30) found that oak leaf tannin reduced the growth of 
winter moth larvae (Operophtera brumata (L.)) and subsequently 
showed that oak lea f tannin forms a hy d r o l y s i s - r e s i s t a n t complex 
with casein i n v i t r o (31), i t was widely assumed that the growth-
i n h i b i t i n g e f f e c t s of tannins i n insects are due to the formation 
i n the gut t r a c t of tannin-dietary protein complexes that are not 
re a d i l y digested. I t i s also widely assumed that many digestive 
enzymes may be complexed, further reducing the rate of a s s i m i l a 
t i o n across the gut w a l l . Contrary to these assumptions, Fox and 
Macauley (32) found that tannins do not appreciably reduce the 
a v a i l a b i l i t y of nitrogen i n Paropsis atomaria O l i v . larvae when 
fed Eucalyptus spp. havin
centrations. Bernays (33
ments using some rather high l e v e l s of tannin, but found l i t t l e 
evidence for a reduction i n digestion. Chan et a l (36) have 
i s o l a t e d a condensed tannin from cotton with a molecular weight 
of about 4850. Although t h i s tannin i n h i b i t s the growth of 
He l i o t h i s virescens, experiments with condensed tannin-casein or 
condensed tannin-polyamide complexes showed no reduction i n b i o 
l o g i c a l a c t i v i t y (36). This suggests that the a b i l i t y of tannin 
to i n h i b i t growth involves something other than a reduction i n 
as s i m i l a t i o n due to complexing with gut t r a c t proteins. In 
experiments with H. zea (37), cotton condensed tannin was found 
to be a r e l a t i v e l y potent growth i n h i b i t o r , but no evidence was 
found f o r a reduction i n a s s i m i l a t i o n . Instead, the primary 
growth i n h i b i t i n g mechanism was an i n h i b i t i o n of ingestion. 
Thus, behavioral, as w e l l as post-ingestive processes may a f f e c t 
the a v a i l a b i l i t y of nu t r i e n t s . 

In the case of the winter moth, tannins may very w e l l reduce 
a s s i m i l a t i o n by complexing with dietary proteins. However, the 
assumption that t h i s i s how tannins i n h i b i t growth i n species 
other than the winter moth needs to be c a r e f u l l y re-examined. In 
the experiments c i t e d above, mechanisms other than a reduction i n 
as s i m i l a t i o n appear to be operating. 

There are mechanisms other than the complexing of proteins 
that may prevent nutrients from passing across the gut w a l l . 
Protease i n h i b i t o r s decrease the a v a i l a b i l i t y of nutrients pre
venting the break-down of proteins i n t o t h e i r component amino 
acids. The e f f e c t s of protease i n h i b i t o r s on insects have been 
reviewed (.38, 39, 40; paper by C. A. Ryan i n t h i s symposium). 
Birk and Applebaum (41) have studied the adverse e f f e c t s of soy
bean t r y p s i n i n h i b i t o r s on development and protease a c t i v i t y i n 
TriboHum castaneum. In Si t o p h i l u s oryzae, high doses of soybean 
t r y p s i n i n h i b i t o r caused adult m o r t a l i t y (42). The wound-induced 
accumulation of these i n h i b i t o r s i s discussed by C. A. Ryan e l s e 
where i n t h i s symposium. 
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Other enzymes may be i n h i b i t e d , too. Liener (43) recently 
summarized the l i t e r a t u r e on amylase i n h i b i t o r s i n wheat and 
t h e i r effectiveness against stored product pests* 

While not often l i s t e d as an e s s e n t i a l n u t r i e n t , water i s 
c r i t i c a l to l i f e and i n t e r a c t s with a l l other n u t r i e n t s . For 
i n s e c t s , the moisture l e v e l of the host may have profound e f f e c t s 
on the n u t r i t i o n a l physiology of the i n s e c t . Although stored 
products insects may have remarkable a b i l i t i e s to conserve water, 
many insects which l i v e on growing plant tissue require r e l a t i v e 
l y high moisture l e v e l s (44, 45, 46). On the other hand, water 
d i l u t e s the nutrients of the d i e t . For example, Celerio 
euphorbiae larvae tend to eat more as the nutrients become more 
d i l u t e (47). D i l u t i o n of the diet of Prodenia e r i d a n i a caused 
an increase i n e f f i c i e n c y of conversion (48, 49)  S i m i l a r l y , 
Feeny (4) found that th
food decreased with decreasin
of various lepidopterous larvae. In Hyalophora cecropia larvae, 
moisture l e v e l and e f f i c i e n c y of conversion of both the n i t r o 
genous and the c a l o r i c contents of the food were d i r e c t l y r elated 
(50). The same decreasing e f f i c i e n c y of conversion with de^ 
creasing moisture l e v e l was found for black cutworm larvae (51). 
The optimal moisture l e v e l for growth was quite d i f f e r e n t from 
that for e f f i c i e n c y of conversion, due to the i n t e r a c t i o n be
tween e f f i c i e n c y and the actual amount of dry material the larvae 
ingested. This kind of information has important implications 
for the i n t e r a c t i o n s of nutrients and water which can help ex
p l a i n many of our observations of seasonal trends, herbivore 
success on hosts, etc. (22). 

Concluding Remarks 

Many aspects of n u t r i e n t - a l l e l o c h e m i c a l i n t e r a c t i o n s are 
probably key factors i n the s u i t a b i l i t y of a given plant species 
as a host for a p a r t i c u l a r i n s e c t . At best, t h i s may be a less 
than optimal s i t u a t i o n f o r the i n s e c t , since even what appears 
to be a susceptible plant i s l i k e l y to be f a i r l y w e l l defended 
against insect and pathogen attack. I f the plant contains the 
e s s e n t i a l nutrients f o r the i n s e c t , but the u t i l i z a t i o n of these 
nutrients i s blocked i n some way by allelochemics or by too much 
or too l i t t l e water, then growth may be slowed. I f , due to be
h a v i o r a l modifiers, the insect w i l l not feed on the p l a n t , then 
plant nutrients are not a v a i l a b l e to the i n s e c t . 
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Chemical Basis for Host Plant Selection 

JON BORDNER, DAVID A. DANEHOWER, and J. D. THACKER 
North Carolina State University, Department of Chemistry, Raleigh, NC 27650 
GEORGE G. KENNEDY, R. E. STINNER, and KAREN G. WILSON 
North Carolina State University, Department of Entomology, Raleigh, NC 27650 

The host range of the tobacco hornworm (Manduca 
sexta) is limited t
Solanaceae. In a
ical basis for the host plant s e l e c t i o n process, we have 
undertaken an examination of both hornworm preferred and 
non-preferred members of the Solanaceae. Our in v e s t i g a 
tions have shown this tc be a complex system involving 
the subtle i n t e r a c t i o n between such behavioral modula
tors as: (1) O v i p o s i t i o n a l stimulants; (2) Feeding 
stimulants and imprinters; (3) Anti-feedants; (4) Repel-
l a n t s ; (5) I n s e c t i c i d e s . The results of these investi
gations will be discussed. 

In a d d i t i o n to examining secondary plant substances 
and t h e i r r o l e in modulating insect behavior towards 
host plant s e l e c t i o n , we have been concerned with the 
rol e of the major plant metabolites i n insect physiology 
after the s e l e c t i o n process has been completed. I t has 
been observed that the Mexican bean beetles (Epilachna 
varivestis) feeding upon soybean (Glycine max) i n the 
southeastern regions of the U.S. are less well able to 
withstand the stress of desiccation than do beetle 
larvae feeding upon lima beans (Phaseolus lunatum). We 
are presently i n v e s t i g a t i n g the r o l e that dietary lipids 
may play i n t h i s phenomena. 

Through evolutionary time, phytophagous insects have tended 
towards s p e c i a l i z a t i o n i n t h e i r food s e l e c t i o n process. The a b i l 
i t y of insects to select a su i t a b l e hostplant amid numerous 
species of nonhosts i s widely believed to be at t r i b u t e d to the 
insect's a b i l i t y to discern the chemical difference between host 
and non-host. However, the host plant recognition process i s not 
simply a matter of an insect recognizing a p a r t i c u l a r kairomone 
or avoiding a p a r t i c u l a r allomone. Rather the process i s the 
re s u l t of the i n t e g r a t i o n of numerous chemical and non-chemical 
f a c t o r s , the complexity of which we are j u s t beginning to appre-
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c i a t e . Schoonhoven s u c c i n c t l y summarized contemporary thought on 
t h i s subject i n t o 5 separate theorems (1) . 

Numerous attempts to i s o l a t e and i d e n t i f y host s p e c i f i c 
kairomones and allomones f o r a v a r i e t y of plant and insect species 
have been reported (2). However, only i n a few cases, p a r t i c u l a r 
l y where the insect predator i s monophagous, has a comprehensive 
picture of the chemical basis for plant-insect i n t e r a c t i o n begun 
to emerge. In the more general case of the oligophagous i n s e c t -
host plant system there has been a great deal of research e f f o r t 
expended to unravel the chemical r a t i o n a l e for host plant s p e c i f i 
c i t y , but the r e s u l t s have been fragmentary and/or incomplete. 
Although there remains l i t t l e doubt that indeed insects respond to 
chemical cues produced by hosts and non-hosts, the r e l a t i v e 
paucity of hard chemical evidence contributing to a comprehensive 
picture of insect-plant i n t e r a c t i o n makes any generalizations 
tenuous and speculativ
to be made may be that
which insects select t h e i r respective host plants. As M. S. Blum 
(3) pointed out i n h i s eloquent discussion of the mechanisms 
insects use to detoxify, avoid or t o l e r a t e allomones, each insect 
species and allomone must be regarded as a unique e n t i t y , i . e . i t 
appears that the a v a i l a b l e methods fo r dealing with toxins are as 
numerous as the insect species themselves. Indeed, the mechanisms 
of host plant recognition may be equally unique and diverse. 

I f the chemical r a t i o n a l e for insect-host plant i n t e r a c t i o n s 
i s to be understood, then i t i s imperative that a d d i t i o n a l i n s e c t -
host plant systems be comprehensively examined with the assurance 
that any chemical inferences represent b i o l o g i c a l f a c t . I m p l i c i t 
l y , any chemical methodologies that r e s u l t from such i n v e s t i g a 
tions should serve as guidelines f o r i n v e s t i g a t i o n s i n t o other 
systems as w e l l . With these precepts i n mind, we have undertaken 
a thorough i n v e s t i g a t i o n i n t o the chemical basis f o r host-plant 
s e l e c t i o n process of Manduca sexta which confines i t s host range 
to selected members of the plant family Solanaceae. 

The scope of our investigations i n t o the M. sexta/Solanaceae 
model system are best summarized i n Table I. With three excep
tions noted i n Table I, we are currently i n v e s t i g a t i n g the 
chemical factors responsible for the observed behaviors i n both 
hornworm preferred and non-preferred members of Solanaceae. 
However, for the sake of b r e v i t y , we w i l l discuss only the a l l o 
mone i s o l a t e d from the w i l d tomato, Lycopersicon hirsutum f. g l a -
bratum and the kairomonal factors found i n horsenettle, Solanum 
carolinense. (See Table I) 

The i s o l a t i o n of the allomonal factor of L. hirsutum was 
r e l a t i v e l y straightforward and unremarkable as t h i s factor was 
t y p i c a l of many organic molecules i n i t s s o l u b i l i t y properties 
and was not apparently prone to thermal, p h o t o l y t i c or oxidative 
degradation. The b i o l o g i c a l l y a ctive p r i n c i p l e could be removed 
from the leaf surface with a chloroform wash and could be selec
t i v e l y removed from unwanted pigments and waxes by r e d i s s o l v i n g 
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Table I. The M. sexta - Solanaceae Model 

Genus/Species Preference Behavior 

Solanum carolinense 
(horsenettle) 

Ii- hirsutum f. glabratum 
(wild tomato) 

L. esculentum 
(domestic tomato) 

Nicandra physaloides 

N. physaloides var. 
A l b i f l o r a 

Datura stromonium 
(Jimson weed) 

J5. tuberosum 
(potato) 

Nicotiana spp. 
(tobacco) 

Petunia spp. 
(petunia) 

Non-preferred 

Preferred 

Non-preferred 

Preferred 

Preferred 

Preferred 

Preferred 

Non-preferred 

Repellant 

Feeding, Oviposition 
Orientation 

Repellant (4) 

Feeding 

Orientation (5) 

Feeding, Oviposition 

Feeding, Oviposition 

Repellant (6) 

American Chemical 
Society Library 

1155 16th St. N.W. 
Washington, D. C. 20036 
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the dried extract i n ethanol. C l a s s i c column chromatography using 
a stationary support of s i l i c i c acid and e l u t i o n with a heptane to 
chloroform gradient afforded a b i o l o g i c a l l y a ctive f r a c t i o n that 
was 85% pure by GLC a n a l y s i s . F i n a l p u r i f i c a t i o n was effected by 
HPLC using a PAC bonded phase column (Whatman, Inc.) and e l u t i o n 
with a 5% gradient from heptane to methylene c h l o r i d e . 

The structure of t h i s allomonal factor was established as 
2-tridecanone using conventional s p e c t r a l data. Having i d e n t i f i e d 
the compound apparently responsible for the observed t o x i c i t y , i t 
then became necessary to quantitate the natural l e v e l s of 2 - t r i d e 
canone and i d e a l l y to use a s i n g l e l e a f of JL. hirsutum i n the 
assay procedure. Fortunately, 2-tridecanone was amenable to GC 
methodologies. Using t h i s analysis on r e s i s t a n t (L. hirsutum) 
and susceptible (_L. esculentum) species of tomato, i t was deter
mined that f o l i a g e of L̂ . hirsutum contained an average of 44.6 yg 
2-tridecanone per cm2 o
the c u l t i v a t e d tomato,
decanone per cm2. This information, together with the r e s u l t s of 
i n v i t r o studies showing the L C 5 0 value 2-tridecanone for 1st 
i n s t a r M. sexta larvae to be 17.1 yg/cm2 of treated surface, sug
gests that 2-tridecanone i s the allomonal factor responsible for 
the m o r t a l i t y of hornworm larvae on L. hirsutum. A more compre
hensive discussion of t h i s research appears on references 1_ and JB. 

Turning our a t t e n t i o n to kairomonal f a c t o r s , i t has been 
observed that hornworm larvae show a feeding preference for the 
host plant to which they were exposed during the 1st i n s t a r (9). 
Yamamoto developed a bioassay u t i l i z i n g a neutral substrate 
(dandelion, Taraxacum o f f i c i n a l e , l e a f disks) which could be i n 
fused with extracts of the preferred host plant i n order to 
detect a feeding preference i n hornworm larvae. A f t e r screening 
numerous members of the Solanaceae, we selected Solanum 
carolinense (horsenettle) as i t appeared to i n i t i a t e the strongest 
preference and have higher l e v e l s of the kairomonal factor i n l e a f 
t i s s u e s . 

I s o l a t i o n of the feeding factor for M. sexta was a f a r more 
d i f f i c u l t task. Whereas 2-tridecanone i s a simple, stable mole
cule soluble i n organic solvents, the feeding factor i s water 
soluble, occurs at trace l e v e l s i n plant t i s s u e , and i s e a s i l y 
hydrolyzed under mild a l k a l i n e or a c i d i c conditions with subse
quent loss of b i o l o g i c a l a c t i v i t y . The i s o l a t i o n of such a com
pound was a formidable obstacle r e q u i r i n g a departure from the more 
c l a s s i c a l approach of hydrolysis or chemical d e r i v a t i z a t i o n follow
ed by i s o l a t i o n of the l i p o p h i l i c product. The necessity that pure 
substance be i s o l a t e d with retention of b i o l o g i c a l a c t i v i t y re
quired some basic research i n modern separation techniques to 
develop a s u i t a b l y mild i s o l a t i o n strategy. 

The i s o l a t i o n procedure that we have developed involves ex
t r a c t i n g the l e a f tissue with b o i l i n g , deionized water, p r e c i p i 
t a t i o n of phenolic components with lead acetate (PbOAc2'3^0) and 
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extraction of the c l a r i f i e d aqueous layer with n-butanol. The 
n-butanol i s then evaporated to dryness and the residue r e d i s -
solved i n deionized H20 and the sample deionized through a cation 
exchange column (Dowex SOW X-8, H4-) using deionized water as the 
eluent. The column ef f l u e n t i s then reduced i n volume and passed 
through a column packed with Sephadex G-15 (Pharmacia, Inc.) 
and eluted with deionized water. Several f r a c t i o n s are obtained 
with the a c t i v i t y confined to the f r a c t i o n e l u t i n g at the void 
volume. HPLC analysis of t h i s f r a c t i o n revealed several compo
nents (Figure 1) so a preparative scale medium r e s o l u t i o n reversed 
phase column was employed to frac t i o n a t e the mixture further. Two 
acti v e feeding f r a c t i o n s were obtained and each was analyzed by 
HPLC. The f i r s t f r a c t i o n corresponded to the peak at 9.3 minutes 
and the second f r a c t i o n corresponded to the peaks between 9.7 and 
10.6 minutes. F i n a l p u r i f i c a t i o n of the peak e l u t i n g at 9.3 
minutes was accomplishe
No attempts have been mad
el u t i n g between 9.7 and 10.6 minutes. 

The 400.13 MHz 1H-nmr (10) was obtained and i s presented i n 
Figure 2. Although t h i s spectrum i s complex, c e r t a i n s t r u c t u r a l 
features are discernable. The loss of signals i n the region of 
40-55 ppm upon the addition of D2O suggests the presence of a 
glycoside. Other s t r u c t u r a l features include aromaticity (<10% 
of the t o t a l integrated proton area), o l e f i n i c protons and a 
methylene, methyl pattern t y p i c a l of a highly substituted fused 
r i n g system. The 3C-nmr (100.58 MHz) (10) i s somewhat more 
informative and the s a l i e n t features are presented i n Table I I . 
Further, i t should be noted that molecular weight estimation from 
the 54 observed carbon signals suggests a molecular weight of 
1,000-1,200 a.m.u. 

Table I I . 13C-nmr of Feeding Stimulant (100.58 MHz) 

Absorbance(ppm) S t r u c t u r a l moiety 

197 benzylic ketone 
164 enol ether 
130 (7 signals) aromaticity (6), enol ether (1) 
100 (3 signals) anomeric carbons of sugar 

residues 
80-60 carbanols of a carbohydrate 
<60 methylene and methyl of a 

ste r o i d 

We had e a r l i e r observed that the b i o l o g i c a l l y active f r a c 
tions a f t e r HPLC r e a d i l y hydrolyzed to give a chloroform soluble 
product. 100 mg of the combined f r a c t i o n s (HPLC peaks 9.3-10.6) 

In Plant Resistance to Insects; Hedin, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



250 PLANT RESISTANCE TO INSECTS 
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Figure 1. Analytical HPLC of the phagostimulants. Conditions: Partisil 10 ODS-2 
(4.6 x 250 mm) column; mobile phase, 100% HgO to 100% CHSCN, 2 mL/min; 
sample, 10 pL 10 mg/mL; ambient temperature; detector, SP8310 (Spectra-

Physics), 254 nm, 0.16 A UFS, 10 MVFS. 
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were hydrolyzed under a c i d i c conditions according to the procedure 
described by M. E. Wall (11) i n an attempt to see i f the aglycones 
of the several b i o l o g i c a l l y a c t i v e components were the same and to 
i s o l a t e a r e a d i l y i d e n t i f i a b l e product. A si n g l e product a f t e r 
hydrolysis was obtained! The pertinent IR and UV data before and 
a f t e r hydrolysis are presented i n Table I I I . 

Table I I I . IR and UV Data Before and Af t e r 
Acid Hydrolysis 

Feeding Factors Before Hydrolysis 

IR(Thin Film) 

3400 cm X ( b r ) 

Hydrolysis Product 

IR(CHCl^) 
Vmax 1690, 1715 & 

1725 cm"1 

2820 cm - 1 

3400 cm- 1(br) 

Upon examination of the 400.13 MHz ^-nmr c e r t a i n s p e c t r a l s i m i l a r 
i t i e s with nicandrenone, a withanolide i s o l a t e d from Nicandra 
physaloides (4), became obvious. A comparison of these two spectra 
i s presented i n Figure 3. The dotted l i n e s are drawn to l i n e up 
regions of equivalent chemical s h i f t s i n the two spectra. Numerous 
s i m i l a r i t i e s are seen, however two major differences should be 
discussed. The f i r s t of these i s that the protons at C-16 and 
C-18 are s h i f t e d 0.5 ppm downfield while the C-15 proton remains 
unchanged as does the s p l i t t i n g pattern of the aromatic m u l t i p l e t . 
This observation suggests that C-12 i s a carbonyl. The other 
major difference i s the loss of the large m u l t i p l e t centered 
around 3 ppm i n nicandrenone. This m u l t i p l e t consists p r i m a r i l y 
of hydroxyl and a l l y l i c protons. Deuterium exchange has removed 
the hydroxyl signals i n the hydrolysis product and the broad hump 
remaining may be due to no more than 2 a l l y l i c proton. To account 
for these observations, we propose the modifications of nicandre
none shown i n Figure 4. Beginning with r i n g A, the enol-ether 
allows for the h y d r o l y t i c l a b i l i t y of the feeding stimulant, the 
assignment of C-l at 164.5 ppm i n the 1 3C-nmr, assignment of C-2 
as the seventh "aromatic" carbon i n the 130 ppm region of 1 3C-nmr, 
the appearance of a ketone a f t e r hydrolysis (IR, 1715 cm - 1), and a 
convenient point of attachment for the gl y c o s y l residues. In the 

UV(EtOH) 

Amax 245nm 
280nm 

UV(EtOH) 
Xmax 245nm 

280nm 
340nm 
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Figure 4. Comparison of nicandrenone structure (top) to the proposed structure 
of the feeding stimulant (bottom). R = glycosyl. 
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C r i n g , C-12 i s modified to a benzylic ketone as suggested by 1 3C-
nmr (197 ppm) and IR (1690 cm" 1). The s u b s t i t u t i o n pattern of the 
aromatic D r i n g i s unchanged, however the presence of the 12-oxo 
carbon w i l l s h i f t the protons at C-18 and C-16 pattern downfield 
i n the ^-nmr. The C-21 methyl of the feeding stimulant i s 
assigned on the basis of the C-nmr (13.8 ppm) and the ^^nmr 
(1.5 ppm, d) which compares favorably to that of nicandrenone (14 
ppm and 1.25 ppm, d r e s p e c t i v e l y ) . The structure of the E r i n g i s 
proposed p r i m a r i l y to account for the appearance of an aldehyde 
upon acid hydrolysis of the feeding stimulant. To be sure, the 
structure proposed i n Figure 4 i s only tentative and experiments 
involving 2 dimensional J spectroscopy, double i r r a d i a t i o n , and 
fas t atom bombardment mass spectroscopy are currently underway to 
confirm t h i s structure. 

The i s o l a t i o n of the o v i p o s i t i o n a l factor f o r adult gravid 
female hornworms (M. sexta
as f a r along as the tw
several i n t e r e s t i n g chemical and b i o l o g i c a l points have been r e 
vealed and are worthy of discussion. 

The i s o l a t i o n procedure that we have developed involves an 
i n i t i a l hot water ext r a c t i o n of the dried leaves of either horse-
n e t t l e (Solanum carolinense), tomato (L.esculentum), potato (S. 
tuberosum) or tobacco (Nicotiana spp.). D i f f e r e n t i a l s o l u b i l i t y 
u t i l i z i n g a n-butanol-water p a r t i t i o n followed by decreasing the 
p o l a r i t y of the n-butanol layer with the addition of d i e t h y l ether 
to a 50% ether-butanol mix and back ext r a c t i o n with water i s an 
e f f e c t i v e cleanup procedure. The b i o l o g i c a l l y a ctive aqueous 
layer has been analyzed by m u l t i p l e t h i n layer chromatographic 
procedures and a r e l a t i v e l y clean o v i p o s i t i o n a l l y a c t i v e f r a c t i o n 
has been obtained. The l a r v a l feeding stimulant i s also resolved 
from the o v i p o s i t i o n a l stimulant at t h i s stage and therefore 
proves that the o v i p o s i t i o n and feeding factors are two d i f f e r e n t 
compounds. HPLC analysis of the o v i p o s i t i o n a l f r a c t i o n s obtained 
from the various members of the Solanaceae shows that each of 
these f r a c t i o n s are 90% pure. However, each have s l i g h t l y d i f 
ferent retention times and are therefore d i f f e r e n t . Chemical 
analysis of the o v i p o s i t i o n a l factors obtained from these 
d i f f e r e n t sources suggests that i t i s a nitrogen containing pheno
l i c glycoside (12, 13). The r e s u l t s of the chemical and s p e c t r a l 
evidences are summarized i n Table IV. 

Further, the phagostimulative f r a c t i o n was analyzed v i a HPLC 
and were chromatographically s i m i l a r to the phagostimulative sub
stances described e a r l i e r . The chemical and s p e c t r a l data ob
tained from the phagostimulative f r a c t i o n s of these various mem
bers of the Solanaceae also suggests a g l y c o s i d i c s t e r o i d . 

Although the o v i p o s i t i o n a l stimulant and the phagostimulant 
are necessary to i l l i c i t t h e i r respective responses, they may not 
be s u f f i c i e n t to account for host-plant s e l e c t i o n . In the case of 
Nicandra physaloides, a member of the Solanaceae not preferred as 
a host plant by M. sexta, we have shown that aqueous extracts 
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contain the feeding factor and hornworm larvae w i l l feed on these 
extracts once nicandrenone has been removed. Further, we have 

Table IV. Oviposition Factor - Preliminary Characterization 

F u n c t i o n a l i t y Chemical Tests Spectral Data 

Phenol (Yes) 

Carbohydrate (Yes) 

Amine (Yes) 

Carbonyl (No) 

P o s i t i v e F e C l 3 & 
K 3Fe(CN) 6, V a n i l l i n , 
Ammonia Vapor, 
Bromine water, 
FeCl3, P r e c i p i t a t i o n 
with Pb(0Ac) 2*3H 20 

P o s i t i v e Molisch, 
Phenol/H oS0. 

2 4 
P o s i t i v e Ninhydrin 
P o s i t i v e Dragendorff 

Negative 2,4 DNPH 

IR: 3400-3200 cm_^, 
1650-1590 cm 

UV: Xmax 320, 255 nm 
Xmax(base) 328, 

260 nm 
NMR: XH 6.9-8.0 ppm 

NMR: *H 3.4-4.2 ppm 
1 3C 55-77 ppm 

IR: 3400-3200 cm"1 

IR: No peak 1800-
1700 c n f 1 

NMR: 1 3C No peak 
150-200 ppm 

recently received a v a r i e t y of N. physaloides (var. a l b i f l o r a ) 
which has been shown to lack nicandrenone (14) and hornworm larvae 
w i l l feed upon t h i s v a r i e t y . Obviously, nicandrenone i s a phago-
deterrent and i t s presence deters hornworm larvae i n s p i t e of the 
presence of the feeding stimulant. 

Jermy (15) has emphasized the importance of allomones i n the 
host plant s e l e c t i o n process. Although the o v i p o s i t i o n a l and 
phagostimulative kairomones do not appear to be s u f f i c i e n t to 
account for host s p e c i f i c i t y by M. sexta i n the host plant selec
t i o n process, the mere avoidance of allomones does not appear to 
be s u f f i c i e n t e i t h e r . Rather, the presence of a detectable 
allomone i s s u f f i c i e n t to account for non-selection of a p o t e n t i a l 
host plant. For example, given a choice between L. esculentum 
and any other su i t a b l e host plant M. sexta moths select L. excu-
1enturn (16). No allomones are involved! To account for t h i s 
preference, the presence of v o l a t i l e o r i e n t a t i o n factor(s) may be 
involved. In f a c t , Morgan and Lyon (5) i s o l a t e d amyl s a l i c y l a t e 
from the host plant Datura stromonium as an o r i e n t a t i o n factor f or 
gravid female moths. We have also shown that an o r i e n t a t i o n 
factor i s present i n the steam d i s t i l l a t e of L,. esculentum leaves. 

I t i s i n t e r e s t i n g to note that the feeding stimulant i s the 
glycoside of a withanolide, a known class of allomones unique to 
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the Solanaceae (17). This observation tends to support the view 
that s p e c i a l i z a t i o n i n host plant s e l e c t i o n i s the r e s u l t of the 
evolved a b i l i t y of an insect species to tole r a t e or detoxify t o x i c 
factors and i n some cases u t i l i z e these compounds as kairomones. 
Although the o v i p o s i t i o n a l factor i s ubiquitous w i t h i n M. sexta Ts 
host range, i t has not been determined whether or not these com
pounds are unique to the Solanaceae, i f they occur i n non-prefer
red members of the Solanaceae as w e l l , or i f they represent 
another example of an allomone turned kairomone. 

Another insect-hostplant system under i n v e s t i g a t i o n i n our 
laboratories i s that of the oligophagous Mexican bean beetle 
(Epilachna v a r i v e s t i s , Mulsant) and i t s predominant hosts i n the 
continental United States - snap beans (Phaseolus v u l g a r i s ) , lima 
beans (P. lunatum), and soybeans (Glycine max) - a l l of which are 
members of the family Leguminosae> Our in t e r e s t i n the bean 
beetle focuses on a frequentl
i t s s e n s i t i v i t y to c l i m a t i
goes beyond the r o l e of secondary plant metabolites i n modulating 
insect behavior during the host plant s e l e c t i o n process. Rather, 
we are examining the ro l e of major plant metabolites i n insect 
physiology once the s e l e c t i o n process has been completed. 

The supposed area of o r i g i n f or the Mexican bean beetle (MBB) 
i s the high plateau region of Central America (18) - an area 
characterized by d a i l y rains and moderate temperatures during the 
growing season. This i s presumably the climate to which t h i s 
insect adapted i n i t s evolutionary past. Early investigators 
noted that populations of t h i s beetle were l i m i t e d to i r r i g a t e d 
Phaseolus f i e l d s i n the southwestern United States (19). 

As the MBB spread in t o the southern United States, f i e l d ob
servations confirmed the s e n s i t i v i t y of t h i s insect to high 
temperatures and low humidities (20, 21). Q u a l i t a t i v e laboratory 
studies successfully substantiated the conclusions of the e a r l i e r 
f i e l d investigators (22). 

A l l of t h i s early work was concerned with s u r v i v a l on pre
ferred hosts i n the genus Phaseolus. The introduction and rapid 
expansion of soybean production coincided with the MBB's spread 
to the southeastern United States, and t h i s important a g r i c u l t u r a l 
crop unfortunately became a secondary host f or t h i s insect. 
Although soybeans are only a secondary host ( i . e . given a choice, 
the insect prefers Phaseolus species), the p o t e n t i a l for adapta
t i o n of the MBB when presented large monocultures of Glycine 
( e s s e n t i a l l y a ho-choice s i t u a t i o n ) has not been overlooked by 
entomologists. Several studies i n the Department of "Entomology 
at NCSU have demonstrated an exaggerated s e n s i t i v i t y of t h i s 
insect to hot, dry conditions when feeding on soybean hosts. (23, 
24, 25) Of p a r t i c u l a r pertinence to our work i n the Department of 
Chemistry were K. G. Wilson's findings (26) that t r a n s p i r a t i o n a l 
water loss i n MBB larvae i s dependent on both rearing temperature 
and hostplant. Those larvae reared on soy hosts displayed i n 
creased t r a n s p i r a t i o n , e s p e c i a l l y at elevated temperatures. Our 
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laboratories are currently involved i n t e s t i n g the hypothesis that 
these differences are r e l a t e d to the c u t i c l e chemistry of t h i s 
insect. 

Cuticular permeability i n insects i s correlated with a number 
of factors including growth stage of the i n s e c t , surface to volume 
r a t i o s , the degree of tanning i n the c u t i c l e , conditioning 
temperatures, and c u t i c u l a r l i p i d s (27, 28, 29). The c u t i c l e of 
an insect i s a complex matrix of c h i t i n (a N-acetyl glucose amine 
polymer i n the form of overlapping f i b r i l s ) , a c h i t i n - p r o t e i n 
complex known as the exocuticle, a t h i n l i p o p r o t e i n matrix 
( c u t i c u l i n ) and an outermost layer of wax - the e p i c u t i c u l a r l i p i d 
(Figure 5). The production and composition of t h i s structure i s 
regulated by the epidermal c e l l s . Entomologists and chemists 
concerned with the structure and function of insect c u t i c l e have 
demonstrated that the e p i c u t i c u l a r wax layer of an insect i s of 
p r i n c i p l e importance i
insects. (30, 31, 32) I
insect l i p i d s to rearing temperature (28, 339 34) indicated that 
greater saturation of the f a t t y acids either i n t h e i r free form 
or as part of a larger molecule (wax esters, glycerides, etc.) 
was correlated with those insects reared at higher temperatures. 
Few studies have attempted to c o r r e l a t e dietary l i p i d composition 
with the insect's c u t i c u l a r l i p i d s however. This r e l a t i o n s h i p was 
one which intrigued us, e s p e c i a l l y since R. F. Wilson (35) of the 
Department of Crop Science had performed analyses of soy leaf 
l i p i d s which showed that a high proportion of these fats were 
unsaturated. The culmination of our i n t e r e s t s i n bean beetle 
climate s t r e s s , the r o l e of c u t i c u l a r l i p i d s i n insect water 
balance, and the p o s s i b i l i t y that t h i s insect's s e n s i t i v i t y to 
such stresses might be r e l a t e d to the l i p i d composition of i t s 
host led us to undertake a d e t a i l e d analysis of Mexican bean 
beetle c u t i c u l a r l i p i d s as they r e l a t e to hostplant, l i f e stage, 
and rearing temperature. In a d d i t i o n , analyses of plant f o l i a r 
l i p i d s have also been carr i e d out. 

Studies of changes as they depended on l i f e stage (larvae, 
pupae, and adults) are being c a r r i e d out on f i e l d insects reared 
on lima, snap, and soybean hosts. The experiments involving 
rearing temperature dependent changes are underway using larvae 
reared on limas or soybeans. Temperatures of rearing were 23, 27, 
and 32°C, which correspond to the values used i n Wilson's water 
loss experiments. Gravimetric, t h i n l a y e r , and gas chromatograph
i c methodologies are employed i n these analyses. Thin layer 
densitometry (36, 37, 38) of the whole l i p i d extract has given us 
composition by l i p i d classes. These analyses indicated that a 
majority of the l i p i d found i n l a r v a l c u t i c l e (65-70%) i s composed 
of f a t t y acid containing substances. Major classes include hydro
carbon (the major f r a c t i o n of adult c u t i c u l a r l i p i d ) , wax esters 
(predominant class of l a r v a e ) , free f a t t y acids, t r i g l y c e r i d e s , 
and s t e r o l s . Gas chromatographic analysis by i n d i v i d u a l class was 
deemed impossible due to time and quantity considerations, there-
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Figure 5. The cuticle of an insect. 
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fore the analysis was c a r r i e d out on hydrolyzed samples which gave 
hydrocarbon, f a t t y a c i d , and alcohol f r a c t i o n s . These analyses 
are based i n part on methodologies employed i n previous c u t i c u l a r 
l i p i d analyses (39, 40 and references t h e r e i n ) . 

Although these analyses are s t i l l underway i n our laborator
i e s , some preliminary information i s a v a i l a b l e . Gas chromato
graphy of the lima bean leaf l i p i d s , i n comparison with the soy 
analysis carried out by Dr. R. F. Wilson shows that both contain 
a high proportion of unsaturated f a t s (Table V). Both of these 
analyses were c a r r i e d out using packed column GC methodologies. 
C a p i l l a r y column analysis of the l a r v a l l i p i d s , which provided 
considerably more r e s o l u t i o n than i n the plant l i p i d studies, 
ind i c a t e a rather complicated composition (Table V I ) . The degree 
of unsaturation i s higher i n soy reared larvae, a p o t e n t i a l l y 
p o s i t i v e c o r r e l a t i o n with the differences i n c u t i c u l a r permeabil
i t y . In p a r t i c u l a r , th
higher proportion of s t e a r i
beetles. Stearic acid i s the major f r a c t i o n i n both cases. 
Comparison with the leaf l i p i d data shows that s t e a r i c acid i s a 
minor component i n both plants, but i t nevertheless occurs i n 
approximately the same r a t i o as i n the insect's c u t i c l e . Any 
c o r r e l a t i o n of plant l i p i d and insect l i p i d composition must, 
however, await completion of a l l analyses. Of pertinence w i l l be 
comparisons of the l i p i d composition of the c u t i c l e from those 
insects reared under the c o n t r o l l e d temperature conditions as w e l l 
as a re-analysis of plant l i p i d using the recently acquired c a p i l 
l a r y system with i t s much greater resolving c a p a b i l i t i e s . 

I t has become increasingly obvious to us that regulation of 
water balance i n insects i s one of the keys to the success of 
these animals i n t h e i r adaptation to such a wide v a r i e t y of habi
t a t s . The complexities involved i n undertaking studies of such 
systems may require expansion of our i n t e r d i s c i p l i n a r y approach 
so as to include such diverse f i e l d s as biophysics, ecology, and 
c e l l biology. The subject i s a f a s c i n a t i n g one, perhaps a l l the 
more so due to i t s complexity, and promises to open up new areas 
i n which i n t e r d i s c i p l i n a r y research w i l l play a r o l e . 

I t i s beginning to appear that the host plant s e l e c t i o n pro
cess i s indeed highly complex and involves the subtle i n t e r p l a y 
of o r i e n t a t i o n f a c t o r s , o v i p o s i t i o n a l f a c t o r s , feeding factors and 
allomonal factors as w e l l as v i s u a l and t a c t i l e s t i m u l i , environ
mental factors and plant n u t r i e n t s . I t has been the goal of our 
research e f f o r t s to provide a clearer understanding of the dynamic 
equilibrium that e x i s t s between an insect and i t s host plants. 
Fortunately, the l a s t decade has brought f o r t h the technologies 
necessary to i s o l a t e and i d e n t i f y complex bio-molecules and sub
sequently analyze b i o l o g i c a l systems i n a manner that was previous
l y impossible. Such h o l i s t i c i n v estigations promise to y i e l d 
methods of c o n t r o l l i n g insect pests on valuable crop plants. These 
methods may then be integrated into a t r u l y b i o - r a t i o n a l approach 
to pest management. 
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Table V. A Comparison of Plant Leaf Fatty Acids 

Fatty Acid Glycine max (35) Phaseolus lunatum 
(Soybeans - Bragg) (Lima beans-Henderson) 

12:0 l a u r i c 
14:0 m y r i s t i c 1.6 
16:0 p a l m i t i c 14.5 ± 0.7 11.0 ± 0.2 
16:1 p a l m i t o l e i c 2.8 ± 0.3 3.1 ± 0.3 
16:2 hexadecadienoic trace 0.4 ± 0.2 
18:0 s t e a r i c 3.4 ± 0.5 6.4 ± 0.3 
18:1 o l e i c 2.3 ± 0.3 2.3 ± 0.1 
18:2 l i n o l e i c 13.1 ± 1.1 10.1 ± 0.4 
18:3 l i n o l e n i c 63.9 ± 1.6 63.7 ± 1.1 
20:0 arachidic 0.4 ± 0.1 
22:0 behenic 0.6 ± 0.1 
22:1 erucic 0.3 ± 0.1 

Total Unsaturated 82.1% 79.9% 

Analysis done on a Carbowax 20M column, 
2 meters x 1/4" O.D., 30 ml/min, N 2, T c Q. 
120 + 220 at 5°/min. Perkin Elmer Sigma 
3B with FID. 
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Table VI. Comparison of Larvae C u t i c l e Fatty Acids 

Fatty Acid max _P. lunatum 
Reared Larvae Reared Larvae 

12: 0 l a u r i c trace trace 
14: 0 m y r i s t i c 5.97 + 0.20 1.44 ± 0.00 
16: 0 p a l m i t i c 1.40 ± 0.03 0.58 + 0.09 
16: 1 p a l m i t o l e i c trace trace 
16: 2 hexadecadienoic 
18: 0 s t e a r i c 
18: 1 o l e i c 
18: 2 l i n o l e i c 10.71 ± 0.16 19.57 ± 1.44 
18: 3 l i n o l e n i c 8.70 ± 0.30 8.36 + 0.19 
20: 0 arachidic 8.56 ± 0.71 4.63 + 0.31 
20 1 eicosenoic 3.07 + 0.10 0.67 + 0.11 
20: 2 eicosadienoic 1.80 + 0.21 0.47 + 0.03 
22 0 behenic 1.91 ± 0.28 1.90 ± 0.27 
22: 1 erucate 2.66 + 0.35 0.31 + 0.04 
22 2 docosodienoic 2.83 + 0.28 1.15 + 0.24 
24 0 l i g n o c e r i c 0.65 + 0.08 0.99 + 0.09 
24 1 nervonic 1.91 + 0.54 0.26 + 0.00 
24 2 tetradodecadionoic 2.57 + 0.05 1.26 ± 0.01 
26 0 hexadodecanoic 1.52 ± 0.26 0.82 ± 0.00 

% Unsaturated 56. 53 48.16 

Analyses performed on a 10 meter SP2100 
c a p i l l a r y column, 50:1 s p l i t r a t i o , l i n e a r 
gas v e l o c i t y 28.5 cm/sec, T c q 1 120 220°C 
at 5°/min, Perkin Elmer Sigma 3B w/FID 
interfaced to Spectra Physics SP4000 Data 
System. 
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15 
Detoxication, Deactivation, and Utilization 
of Plant Compounds by Insects 

MURRAY S. BLUM 
University of Georgia, Department of Entomology, Athens, GA 30602 

While the roles of most plant natural products are poorly 
understood, it is at least well
compounds can functio
e i t h e r unpalatable or produce deleterious e f f e c t s f o r a variety 
of animals. These to x i c plants, endowed with such compounds, 
generally constitute a considerable challenge to animals that 
ingest t h e i r t i s s u e s , and are, in a real sense, "forbidden fruits" 
f o r the host of herbivores with which they share t h e i r living 
space. However, notwithstanding the pronounced toxicological 
a t t r i b u t e s of these natural products, a multitude of herbivorous 
insects utilize toxic plant sources as food, usually selecting 
these plants as preferred hosts. These invertebrates demonstrate 
that the term to x i c is relative at best, since these plants 
provide them with both a home and a resource that can be readily 
utilized to support both growth and development. Their 
predilection f o r attacking "so called" t oxic plants has eventuated 
in a lifestyle that has enabled these insects to exploit a 
multitude of plant species that are "off limits" f o r most 
herbivores. 

Some insect herbivores store these t o x i c compounds in their 
bodies during d i f f e r e n t developmental stages. Insects in at least 
six orders sequester a va r i e t y of plant natural products (1) 
including a l k a l o i d s (2), cardenolides (3), nitrophenanthrenes 
(4), mustard oils (5), and cannabinoids (6). On the other hand, 
various insect species feeding on the same species of plants do 
not appear to sequester these compounds (1). This diverse 
behavior emphasizes how inadequately we understand the 
phy s i o l o g i c a l bases for sequestration (7) or the evolutionary 
factors that promote the retention of these compounds i n the 
bodies of selected herbivores. In short, while i t i s one thing 
to demonstrate that a c e r t a i n species of phytophagous insect may 
store s p e c i f i c natural products i n i t s body t i s s u e s , i t i s quite 
something else to in t e r p r e t t h i s sequestrative a b i l i t y i n e i t h e r 
detoxicative or metabolic terms. Indeed, i t i s now cl e a r that 
the sequestration of a compound can represent an end product of a 
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concatenation of biochemical and p h y s i o l o g i c a l events that 
r e f l e c t s a species' i d i o s y n c r a t i c processing of the allelochemic. 
Analyses of the i n t e r p l a y of factors that characterize the fates 
of natural products ingested by selected insects indicate that 
p h y s i o l o g i c a l v a r i e t y i s the spice of herbivorous l i f e . 

The demonstration that e c l e c t i c mechanisms have been evolved 
by insects f or coping with the p o t e n t i a l l y t o x i c concomitants of 
t h e i r ingested nutrients necessitates c a r e f u l analyses of the 
processing of each of these compounds by each adapted herbivore. 
Furthermore, i t i s important to r e a l i z e that i n i t s e l f , 
sequestration i s nothing more than an end product of a seri e s of 
reactions that may r e f l e c t s e l e c t i v e absorption, metabolism of 
s p e c i f i c compounds, and excretion of selected allelochemics (8). 
In the present review, these diverse processing strategies w i l l 
be explored i n order to i l l u s t r a t e the various ways i n which a 
multitude of herbivores
lepidopterous species w i l
w i l l emphasize both the elegance and complexity i d e n t i f i e d with 
insects as processors of plant-derived compounds. 

Processing of Plant Natural Products by Herbivores 

The i n t r u s i o n of a plant allelochemic i n the gut of an 
adapted herbivore t r i g g e r s a series of reactions that may r e s u l t 
i n the compound being excreted or absorbed and sequestered, with 
or without being metabolized. The metabolism of an absorbed 
compound may constitute detoxication or i t may represent a means 
of producing a compound that can be more r e a d i l y sequestered than 
the nonderived allelochemic, t o x i c i t y notwithstanding. Since 
l i t t l e information i s a v a i l a b l e on the t o x i c i t i e s of plant 
allelochemics or t h e i r metabolites to adapted herbivores, i t i s 
v i r t u a l l y impossible to i n t e r p r e t the detoxicative s i g n i f i c a n c e 
of these metabolic transformations. Superimposed on t h i s 
informational hiatus i s a lack of data on the e c o l o g i c a l 
correlates of s t o r i n g these allelochemics v i s - a - v i s pathogens 
or predators. Thus, while the fates of s p e c i f i c plant natural 
products can be explored a f t e r t h e i r ingestion and metabolism by 
herbivores, t h e i r p o t e n t i a l r o l e s , as f o r example, possible 
emetics or toxins f or predators, i s at best t e r r a incognita. 

Excretion. The lack of detectable plant allelochemics i n the 
bodies of a host of insect species that had developed on plants 
containing p o t e n t i a l l y toxic natural products (1) may r e f l e c t the 
rapid excretion of these compounds subsequent to ingestion. 
However, the demonstration that selected herbivores eliminate, 
during pupal or adult development, compounds sequestered by l a r v a l 
stages (9), m i l i t a t e s against drawing conclusions about the 
sequestrative a b i l i t i e s of larvae based s o l e l y on analyses of 
adults. Thus, while i t seems reasonable to assume that 
the lack of ingested allelochemics i n the body of a herbivore 
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probably r e f l e c t s excretion (or metabolism) of these compounds, 
without supportive experimental data i t i s best to be cautious 
i n i n t e r p r e t i n g t h i s information. 

Nicotine i s ra p i d l y excreted by three insect species that 
normally feed on Nicotiana tabacum (10,11). Manduca sexta, 
Trichoplusia n i , and H e l i o t h i s virescens eliminate the unchanged 
a l k a l o i d a f t e r ingestion, and no evidence was obtained to in d i c a t e 
that n i c o t i n e was subjected to any metabolic transformations. 
M. sexta absorbed small amounts of n i c o t i n e , but t h i s compound 
could only be detected i n the blood f o r a r e l a t i v e l y short period 
of time. 

Larvae of the l y m a n t r i i d , E l o r i a noyesi, an obligatory 
feeder on Erythoxylum coca, show very l i t t l e tendency to absorb 
cocaine, the major a l k a l o i d present i n the leaves. Almost a l l 
of the ingested alkaloid i s excreted unchanged  only traces being 
detectable i n the bloo
excretes v i r t u a l l y a l
gut, traces of t h i s tropane a l k a l o i d are present i n adults, 
i n d i c a t i n g that small amounts of t h i s compound, absorbed by 
larvae, are retained during development. 

The presence of high l e v e l s of alkaloids such as ni c o t i n e and 
cocaine i n the guts of l a r v a l insects may be highly adaptive f o r 
these invertebrates i n terms of p o t e n t i a l predators. Molested 
larvae, such as those of E. noyesi, discharge e n t e r i c f l u i d s 
from the mouth when disturbed (12), an act which can expose 
predators to high l e v e l s of a l k a l o i d s . Since these compounds 
are excellent repellents f o r a va r i e t y of invertebrates, t h e i r 
value as deterrents f o r predatory animals may be considerable. 

Metabolism. Plant allelochemics ingested by herbivores 
may be metabolically a l t e r e d i n the digestive t r a c t or a f t e r 
absorption across the gut in t o the hemolymph. In some cases 
metabolism of these compounds r e s u l t s i n compounds known to be 
considerably less t o x i c than the o r i g i n a l n atural products and 
thus constitutes true detoxication. On the other hand, the 
t o x i c o l o g i c a l s i g n i f i c a n c e of many of these metabolites i s unknown 
fo r e i t h e r t h e i r producers or for p o t e n t i a l predators. While 
these allelochemical derivatives may be much more amenable to 
sequestration than t h e i r parent compounds, i t w i l l not prove 
s u r p r i s i n g i f they are sometimes true detoxication products. 

Nicotine (I) i s metabolized to continine (II) by various 
i n s e c t s , i n c l u d i n g species adapted to feed on alkaloid-containing 
leaves and those that are not. Continine, which i s v i r t u a l l y 
nontoxic to i n s e c t s , i s the primary n i c o t i n e metabolite produced 
by some coleopterous and orthopterous species that feed on 
tobacco; other minor metabolites are produced as w e l l (11). Two 
species of cockroaches and the housefly, Musca domestica, also 
convert n i c o t i n e to continine, although these insects do not 
normally feed on n i c o t i n e - f o r t i f i e d plants (11). 
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I I I 

S i n i g r i n ( I I I ) , a glycoside produced by many species of 
cruciferous plants, can be converted to a highly toxic aglycone, 
a l l y l i s o t h i o c y a n a t e (IV), a f t e r hydrolysis by adapted and 
nonadapted insects (_5, 13, 14). On the other hand, the mustard 
o i l i s the preferred storage form of larvae of two P i e r i s 
species, P. brassicae an
plants containing s i n i g r i
must be assumed that the mustard o i l can be sequestered more 
e f f i c i e n t l y than s i n i g r i n . The P i e r i s species obviously have 
evolved mechanisms for avoiding the well-established t o x i c i t y of 
the former. 

Larvae of an a r c t i i d , S e i r a r c t i a echo, have evolved a novel 
strategy for coping with the toxic e f f e c t s of methylazoxymethanol 
(V), the aglycone of cycasin (VI), a constituent i n the cycad 
leaves upon which they feed. When larvae of S. echo are fed the 
aglycone, they convert i t to the 8-glycoside cycasin which i s 
then sequestered (15). When cycad leaves containing an 
azoxyglucoside d i f f e r e n t from cycasin were ingested, the "f o r e i g n " 
glycoside was f i r s t converted to cycasin i n the gut, following 
which i t was sequestered. The a b i l i t y of the larvae to s e l e c t i v e l y 
absorb cycasin, which i s much less toxic than i t s aglycone, i s 
correlated with the l i m i t e d d i s t r i b u t i o n of 8-glucosidase. This 
enzyme, which can e i t h e r synthesize cycasin from methylazoxy-
methanol or hydrolyze i t to the l a t t e r , i s l i m i t e d i n i t s 
d i s t r i b u t i o n to the gut, thus insuring that absorbed glycoside 
w i l l not be converted to the t o x i c aglycone. 

CH2OH 

I I I IV 
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N V C H 2 O H 

0 

v V I 

Several p y r r o l i z i d i n e a l k a l o i d s are sequestered by 
lepidopterous and orthopterous species a f t e r metabolic conversion 
from ingested a l k a l o i d s . Larvae of the a r c t i i d T y r i a jacobaeae 
p r i m a r i l y sequester th
t h i s compound i s found
jacobaeae, as the N-oxide (VIII) (2). In the case of T. 
jacobaeae, the l i p h o p h i l i c free compound, seneciphylline, i s the 
preferred sequestration form of the a l k a l o i d , the water-soluble 
N-oxide apparently being unsuited for ready storage. Conversely, 

V I I 

the pyrgomorphid grasshopper Zonocerus variegatus appears to 
convert a large proportion of an ingested p y r r o l i z i d i n e a l k a l o i d , 
monocrotaline (IX), to i t s N-oxide (X) before sequestering the 
al k a l o i d s (16). Whereas the free a l k a l o i d and the N-oxide are 
present i n r e l a t i v e l y s i m i l a r amounts i n the plant ( C r o t a l a r i a 
sp.), Z. variegatus sequesters the a l k a l o i d and N-oxide i n a 1 : 3 
r a t i o . Assuming that t h i s sequestration pattern does not simply 
r e f l e c t s e l e c t i v e sequestration of the N-oxide, i t appears that 
t h i s pyrgomorphid emphasizes the storage of polar a l k a l o i d s , some 
of which are o x i d a t i v e l y derived. 
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IX x 

Notwithstanding th  a b i l i t f larva f A r c t i  caj
develop on plants containin
a l k a l o i d s and cardenolides (1), they cannot mature on marijuana 
(Cannabis sativa) plants r i c h i n A-^-tetrahydrocannibinol (THC) 
(XI). On the other hand, these a r c t i i d s can develop on 
marijuana s t r a i n s r i c h i n a less t o x i c cannabinoid, cannabidiol 
(CBD) ( X I I ) , although developmental time i s somewhat prolonged 
(6). Although larvae reared on the CBD-rich s t r a i n of C. s a t i v a 
contain only trace amounts of t h i s cannabinoid, considerably 
more i s sequestered i f they are transferred to a THC-rich 
s t r a i n of marijuana. These larvae, which su c c e s s f u l l y 
completed development, sequestered s u b s t a n t i a l amounts of both 
THC and CBD, demonstrating a we11-developed a b i l i t y to metabolize 
cannabinoids. 

Cardenolides appear to be metabolized by a v a r i e t y of 
species, possibly as a mechanism f o r converting these steroids 
i n t o compounds that can be e f f i c i e n t l y sequestered. The 
milkweed bug, Qncopeltus f a s c i a t u s , metabolizes (hydroxylates?) 
the nonpolar cardenolide d i g i t o x i n to more polar compounds that 
are subsequently sequestered i n the d o r s o l a t e r a l space f l u i d 
(17, 18). Larvae of another cardenolide-adapted i n s e c t , the 
monarch b u t t e r f l y , Danaus plexippus, also convert these steroids 
into compounds that are r e a d i l y sequestered. For example, 
uscharidin, which contains a carbonyl group at C-3 1(*) of the 

X I XEI 
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sugar moiety, i s converted to c a l a c t i n and calot r o p i n (hydroxyl 
group at C-31) (XIII) by larvae a f t e r which these steroids are 
stored i n s p e c i f i c tissues (19). The propensity of insects 
feeding on cardenolide-rich plants to s e l e c t i v e l y sequester these 
compounds probably r e f l e c t s the evolution of s p e c i f i c metabolic 
pathways f o r producing cardenolide derivatives that are amenable 
to f a c i l e sequestration. 

Selective Sequestration. Sequestration of plant n a t u r a l 
products i s an i d i o s y n c r a t i c phenomenon, and there i s l i t t l e 
i n d i c a t i o n that the p r o f i l e s of insect-stored allelochemics i n 
any way mirror those of t h e i r plant food sources. In general, 
each insect species treats ingested plant allelochemics 
d i s t i n c t i v e l y , so that a compound excreted i n toto by one species 
may constitute the main sequestration product of another. 
Unfortunately, while these sequestrative idiosyncrasies are 
quite evident, t h e i r s i g n i f i c a n c e i s not. 

The pyrgomorphid grasshopper Poekilocerus bufonius sequesters 
c a l a c t i n and c a l o t r o p i n , two of the s i x cardenolides present 
i n i t s ascelepiadaceous food source, and these steroids are 
present i n the eggs as w e l l (20). Another insect that feeds on 
a cardenolide-rich food source, the ctenuchid moth Syntomeida 
e p i l a i s , sequesters oleandrin, the main s t e r o i d present i n 
leaves of i t s host p l a n t , oleander (21). On the other hand, 
a v a r i e t y of aphids and coccids feeding on oleander do not 
sequester oleandrin(1_). 

The sequestrative propensities of insects feeding on 
plants f o r t i f i e d with p y r r o l i z i d i n e a l k a l o i d s are equally 
unpredictable. For example, larvae of the a r c t i i d 
Amphicallia b e l l a t r i x sequester c r i s p a t i n e and trichodesmine, 
whereas the main a l k a l o i d present i n the leaves i s crosemperine 
(22). Another a r c t i i d , T y r i a jacobaeae, concentrates senecionine 
i n i t s tissues i n s p i t e of the fact that t h i s compound i s a trace 
constituent i n the leaves of i t s food p l a n t , Senecio sp. (23). 
On the other hand, Jacobine, jacozine, and j a c o l i n e , three 
major a l k a l o i d s i n the leaves of the plant, constitute minor 
storage constituents i n adults of T\ jacobaeae. 

H 

X I I I 
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The a b i l i t y of species to synthesize t h e i r own defensive 
allomones may have important e c o l o g i c a l correlates v i s - a - v i s 
t h e i r tendency to sequester plant allelochemics. Chrysomelid 
beetles i n the genus Chrysolina sequester h y p e r i c i n , a 
naphthodianthrone present i n t h e i r food plants, Hypericum 
spp. (24). On the other hand, many species i n t h i s genus 
synthesize cardenolides de novo, but those that feed on 
Hypericum do not (25). I t appears that there has been no 
s e l e c t i o n pressure f o r the biosynthesis of cardenolides i n 
Chrysolina species that sequester h y p e r i c i n , a known mammalian 
to x i n , i n t h e i r body tissues. 

Insect Sequestrators and Plant Allelochemics — Two Selected 
Case Studies 

While i t i s f i r m l
products ingested by l a r v a
u ltimately sequestered i n adult t i s s u e s , almost no information 
i s a v a i l a b l e on the d e t a i l e d fates of these compounds during 
development. What happens to these allelochemics during l a r v a l , 
pupal, and adult molts, e s p e c i a l l y when extensive tissue 
reorganization occurs? Are these compounds irrevocably 
sequestered i n adult tissues or are they exchanged between 
d i f f e r e n t t i s s u e s , or for: that matter excreted? Is sequestration 
sometimes based on a nonenergy-intensive p h y s i c a l process, as has 
been demonstrated f o r the cardenolides that are stored i n the 
d o r s o l a t e r a l space f l u i d of the milkweed bug, Qncopeltus 
fasciatus (18)? These questions are i l l u s t r a t i v e of the lacunae 
i n our knowledge of how adapted insects process the p o t e n t i a l 
t o x i c compounds that are i n t h e i r preferred food plants. 

Some ins i g h t s i n t o how insects p h y s i o l o g i c a l l y manipulate 
absorbed allelochemics have been provided recently by studying 
the fates of cardenolides i n two unrelated lepidopterous species 
that develop on milkweeds f o r t i f i e d with these s t e r o i d s . 
Analyses of cardenolide processing i n the a r c t i i d , Cycnia 
inopinatus, and the monarch, Danaus plexippus, demonstrate that 
each species has evolved d i s t i n c t i v e p h y s i o l o g i c a l mechanisms 
fo r manipulating the medley of allelochemics that are i n t e r n a l l y 
omnipresent (26). 

Cycnia inopinatus. Larvae of t h i s a r c t i i d develop on 
Asclepias humistrata, a milkweed species that contains very high 
l e v e l s of cardenolides. The hemolymph of the larvae sequesters 
and maintains these steroids at very high l e v e l s , thus i n s u r i n g 
that i n t e r n a l concentrations of allelochemics w i l l always be 
s u b s t a n t i a l . S i g n i f i c a n t l y , the blood stores a predominance 
of polar cardenolides which appear to be retained i n t h i s 
f l u i d medium throughout metamorphic development (26). 
Elimination of cardenolides during l a r v a l l i f e occurs p r i m a r i l y by 
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means of the exuviae, which are shed at each l a r v a l molt. About 
25% of the t o t a l cardenolide load of the larvae are excreted 
as exuvial constituents. Indeed, cardenolide loss as l a r v a l 
e xuvial constituents corresponds to a concentration two to three 
times higher than those i n the d i f f e r e n t body regions of adults 
of jC. inopinatus. Pupal exuviae contain less cardenolides than 
those of the larvae, the concentration corresponding to about 
50% of that i n the d i f f e r e n t adult body regions. 

The cardenolides i n the l a r v a l hemolymph are about at an 
equivalent concentration with those d i s t r i b u t e d i n the other 
l a r v a l t i s s u e s , n e g l i g i b l e amounts of these steroids being 
present i n the gut (26). In the adult, cardenolides are 
equally d i s t r i b u t e d between the three main body regions and 
the wings, with females containing about twice as much of these 
steroids as males. This female bias i n cardenolide concentration 
appears to be d i r e c t l y
s u b s t a n t i a l amounts o

Larvae of C. inopinatus emerge as major sequestrators of 
cardenolides p r i m a r i l y because t h e i r hemolymph, which i s present 
i n a r e l a t i v e l y large volume, e f f e c t i v e l y sequesters high 
concentrations of polar cardenolides (26). Cardenolide excretion 
l a r g e l y r e f l e c t s loss of these steroids as components of the 
l a r v a l exuviae, the concentration of these compounds becoming 
r e l a t i v e l y stable a f t e r pupal ecdysis. These steroids are 
ubiquitously d i s t r i b u t e d i n the adult moth, having been derived 
p r i m a r i l y from the r i c h cardenolide pool i n the l a r v a l blood. 

Danaus plexippus. The mechanism of cardenolide processing 
by the monarch, D. plexippus, shares some common denominators 
with C. inopinatus but i s mainly characterized by differences. 
Unlike larvae of C. inopinatus, those of the monarch have a large 
volume of gut f l u i d which contains polar cardenolides (26). 
Monarch larvae sequester f a r more e f f i c i e n t l y from plants with 
low cardenolide concentrations than from those with high 
concentrations; i n some cases t h e i r sequestrative e f f i c i e n c y i s 
not great enough to store the high cardenolide concentrations i n 
some plant species. In contrast, C. inopinatus larvae are 
e f f e c t i v e sequestrators even when cardenolide concentrations i n 
the host plant are i n o r d i n a t e l y high, such as are found i n 
Asclepias humistrata,a milkweed species upon which both lepidop-
terans develop. 

For monarch larvae, the large volume of gut f l u i d appears to 
constitute the evolutionary breakthrough that made a sequestra
t i v e l i f e s t y l e possible on cardenolide-rich milkweeds. This 
c a r d e n o l i d e - f o r t i f i e d f l u i d , which may exceed one-third of i t s 
t o t a l l i q u i d volume, i s withdrawn at pupation to become part of 
the hemolymph pool, being stored p r i m a r i l y under the wings (26). 
Subsequently, the wing scales, along with the hemolymph, become 
the r i c h e s t source of cardenolides i n the body, the steroids from 
the gut f l u i d having been exploited as an allelochemic source for 
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the wings and blood. Gut f l u i d , which diminishes d r a s t i c a l l y 
during the prepupal period, reappears when the molting f l u i d i s 
secreted, and increases i n volume as ecdysis approaches. During 
pupal development the gut f l u i d again diminishes as i t i s 
converted to hemolymph only to emerge again i n the pharate 
adult. This cardenolide-rich l i q u i d i s then again converted 
to hemolymph during adult development, so that very l i t t l e i s 
l o s t at emergence when the adult evacuates f l u i d s from the gut. 

Cardenolides i n the gut f l u i d c onstitute the major s t e r o i d a l 
pool which i s manipulated e c l e c t i c a l l y i n order to channel the 
cardenolides to d i f f e r e n t s i t e s during development. Larval 
exuviae are r i c h i n cardenolides and these discarded tissues 
constitute an excretory form f o r these compounds (26), as i s the 
case f o r jC. inopinatus larvae. Cardenolides are also concen
trated i n the prepupal molting f l u i d , and presumably part of t h i s 
s t e r o i d a l pool i s eliminate
pupal ecdysis. In a two-da
i n low concentrations i n the gut f l u i d but are much more 
concentrated i n the hemolymph. However, before wing expansion 
the cardenolide concentration i n the teneral adult i s at i t s 
lowest imaginal l e v e l , r a p i d l y climbing a f t e r t h i s time so 
that i t reaches the highest l e v e l encountered i n any l i f e stage. 

The presence of high concentrations of cardenolides i n the 
blood of adults demonstrates that a large percentage of these 
steroids i s not locked i n t i s s u e sinks but i s f r e e l y 
c i r c u l a t i n g i n the body. Whether these blood-borne steroids 
exchange with those sequestered i n tissues i s unknown, but t h e i r 
presence as major constituents i n adult hemolymph demonstrates 
that they are i n a dynamic s t a t e , even i n a stage which no longer 
ingests them (26). These r e s u l t s contrast with those obtained 
for C. inopinatus, and emphasize the importance of regarding each 
species and i t s a l l e l o c h e m i c - f o r t i f l e d host plant as a unique 
evolutionary case. 
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L-Canavanine and L-Canaline: Protective 
Allelochemicals of Certain Leguminous Plants 

G E R A L D A . R O S E N T H A L 

University of Kentucky, T. H. Morgan School of Biological Sciences and the 
Graduate Center for Toxicology, Lexington, KY 40506 

L-Canavanine and L-canaline are non-protein 
amino acids of certain leguminous plants  that 
function as protectiv
nine is incorporate  synthesize
proteins in place of arginine; there is sug
gestive evidence that formation of such anomalous 
proteins figures s ignif icantly in canavanine's 
adverse biological effects. Canavanine, however, 
does not appear to inhibi t overall protein 
synthesis. Thus, an important basis for canava
nine's antimetabolic properties resides in the 
sustained production of biological ly aberrant 
proteins. 

L-Canaline i s an ineffective antimetabolite 
of L-ornithine since it has little ability to 
antagonize ornithine-dependent reactions. On the 
other hand, it forms a covalently bound Schiff-base 
complex with the pyridoxal phosphate moiety of 
B 6-containing enzymes. As such it i s a potent 
inhibi tor of many decarboxylases and aminotrans
ferases that utilize this vitamin. 

L-Canavanine, 2-amino-4-guanidinooxybutyric acid, is a 
structural analogue of L-arginine in which the terminal methylene 
group is replaced with oxygen. This creates the guanidinooxy 
group having a pK value of 7.01 as compared to 12.48 for argi
nine' s guanidino group Q ) . 

Arginase (EC 3.5.3.1) mediates the hydrolytic cleavage of L-
canavanine to produce L-canaline and urea. L-Canaline, 2-amino-
4-aminooxybutyric acid, bears the same structural analogy to L-
ornithine as canavanine does to arginine. The aminooxy group 
of canaline with i t s pK value of 3.96 differs markedly from the 
6-amino function of ornithine (pK = 10.76). 

These secondary plant metabolites are two of nearly 250 
non-protein amino acids currently known to be proliferated by 
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higher plants {2). Canavanine and canaline are constituents of 
a much more limited assemblage of non-protein amino acids, d i s 
t i n c t i v e by virtue of their i n t r i n s i c t o x i c i t y and potent a n t i -
metabolic properties (2-j>). They are markedly growth-inhibitory 
to insects, and can be insecticidal as well (4,_7,8,j)). 

Canavanine Toxicity and Aberrant Protein Formation 

Canavanine i s a potent arginine antagonist that functions 
in v i r t u a l l y a l l of the reactions for which arginine i s the 
preferred substrate (10). It is readily activated and amino-
acylated by arginyl-tRNA synthetase and subsequently incorporated 
into the nascent polypeptide chain. This property i s not unique 
to canavanine but rather i s observed with many non-protein amino 
acids bearing structural analogy to a protein amino acid counter
part (11). Increasingly
important, perhaps eve
properties of non-protein amino acids structurally akin to a 
protein amino acid, resides in the formation of anomalous 
proteins. 

Isolation of alkaline phosphatase from Escherichia c o l i in 
which 85% of the proline residues were replaced by 3,4-dehydro-
proline affected the heat l a b i l i t y and ultraviolet spectrum of 
the protein but the important c r i t e r i a of catalyt ic function 
such as the Km and V m a x were unaltered Q 2 ) . Massive replacement 
of methionine by selenomethionine in the 3-galactosidase of E,. 
c o l i also fai led to influence the catalyt ic a c t i v i t y . Canavanine 
f a c i l e l y replaced arginine in the alkaline phosphatase of this 
bacterium; at least 13 and perhaps 20 to 22 arginyl residues were 
substituted. This replacement by canavanine caused subunit 
accumulation since the altered subunits did not dimerize to y ield 
the active enzyme (13). Nevertheless, these workers stated: 
"There was also formed, however, a signif icant amount of enzy-
matically active protein in which most arginine residues had been 
replaced by canavanine." An e a r l i e r study in which either 7-
azatryptophan or tryptazan replaced tryptophan resulted in active 
protein comparable to the native enzyme (14). 

More recently, canavanine was incorporated into the pro
collagen of cultured embryonic tendon c e l l s of the chicken (15). 
Canavanyl procollagen was secreted less rapidly and accumulated 
i n t r a c e l l u l a r ^ as compared to the native molecule. It i s very 
signif icant that no change in such c r i t i c a l processes as hydroxy
lation of proline to hydroxyproline, t r i p l e helix formation in 
collagen, basic glycosylation, or the functional parameters of 
the resulting collagen was reported (J_5). Canavanine i s also 
placed into pro-opiomelanocortin, a glycoprotein progenitor of 
adrenocorticotropic and 3-l ipotropin. While canavanine affected 
prohormone conversion to biological ly active components, the 
question of impaired biological function of the assembled macro-
molecule was not addressed (16). 
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CPK space-filling model of L-arginine (right) and L-canavanine (left). 
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As mentioned e a r l i e r , canavanine i s less basic than argin
ine, a property that can affect R-group interactions and disrupt 
t e r t i a r y and/or quaternary interactions essential for the uni
quely correct three dimensional configuration of a particular 
macromolecule. Canavanine i s incorporated into the proteins of 
organisms such as insects that do not normally synthesize this 
compound. Al l female insects produce vitellogenin—an extra-
ovarial protein secreted by the fat body into the hemolymph and 
used in the manufacture of v i t e l l i n , a major storage protein of 
the oocyte (V7). Excised fat bodies of the migratory locust, 
Locusta migratoria migratorioides maintained by in vitro culture 
techniques retain their a b i l i t y to produce and secrete v i t e l l o 
genin at a rate comparable to in vivo a c t i v i t y (18). This system 
established the formation of canavanyl vitellogenin and permitted 
demonstration of i t s altered physicochemical but not immuno
logical properties. Thus, canavanine can be incorporated into 
de novo synthesized protei
on the resulting physicochemical properties. The germane 
question of the biochemical and biological ramifications of 
formation of an aberrant canavanyl protein has not been properly 
addressed nor resolved. 

Canavanine and Protein Synthesis 

Experiments conducted with the tobacco hornworm, Manduca 
sexta and the aquatic plant, Lemna minor are consistent in 
finding that canavanine does not affect whole organism a b i l i t y 
to incorporate [ H]leucine into tr ichloroacetic acid-insoluble 
materials (see Table I ) . Such determinations evaluate the 
balance between reactions fostering protein synthesis and those 
responsible for the turnover and degradation of proteins. If 
the treatment time i s reduced to 30 min, so as to accentuate 
synthetic reactions over those of catabolism, the result i s the 
same. 

Similar evaluations employing an in v itro reticulocyte 
assay system fai led to provide evidence of diminished polypep
tide formation (unpub. obser.). Thus, a consistent pattern 
emerges in these three systems: canavanine does not impede 
protein synthesis, including aberrant, canavanyl proteins. 

Canavanine and Nucleic Acid Metabolism 

Studies of canavanine interaction with the tobacco hornworm 
and I. minor also revealed the marked a b i l i t y of canavanine^to 
i n h i b i t whole organism incorporation of [ H]thymidine and [ H]-
uridine into tr ichloroacetic acid-precipitated materials. When 
canavanine is provided simultaneously with the appropriate radio
labeled precursor, ample evidence for curtailed nucleic acid 
metabolism emerges but protein synthesis i s unaffected (Table I, 
exp. I ) . In experiment I I , canavanine i s allowed to assimilate 
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into the metabolic reactions of the rapidly growing larvae for 
24 hrs (at this time, at least 3.5% of the administered canavanine 
can be recovered from de novo-synthesized proteins). In experi
ment II re lat ive to I, there i s approximately a 3-fold increase 
in canavanine-mediated inhibit ion of both DNA and RNA metabolism; 
a result possibly ref lecting the formation of errant proteins 
(Table I ) . Even under this extremely deleterious s i tuation, how
ever, protein synthesis i s not altered. 

Table I 
The Effect of L-Canavanine on Macromolecular Synthesis 

In experiment A, newly ecdysed f i f t h stadium tobacco 
hornworm larvae received 5 uCi of labeled compound and 1 mg 
canavanine/g fresh body weight. Three hrs l a t e r , the treated 
larvae were collected an
nine was injected f i r s t and 24 hrs l a t e r , the labeled compound 
was administered. A l l larvae were collected and processed 3 
hrs l a t e r (from the work of Rosenthal and Dahlman). 

Injected compound 

Radioactivity in the t r i c h l o r a c e t i c - a c i d 
insoluble fraction^ 

Experiment A Experiment B 

[ H]leucine 
[ H]thymidine 
[ H]uridine 

96 ± 1 
85 ± 6 
76 ± 4 

(% of the control) 
103 ± 4 

57 ± 1 
34 ± 5 

Each value i s the mean of 3 determinations involving 3 
larvae per determination ± SE. 

Canavanine and Vitellogenin Production 

The previously described test system involving in vitro 
analysis of fat body vitellogenin production and secretion i s 
apparently d i s t i n c t i v e in providing evidence for canavanine-
mediated curtailment of protein synthesis. At least , canavanine 
attenuates the amount of [ H]leucine-labeled protein secreted 
by the fat body (Fig. 1). As shown in figure 1, the effect of 
arginine depletion i t s e l f i s debi l i tat ing and i t becomes i n 
creasingly deleterious with time—quite apart from any effect 
canavanine may e l i c i t . With increased treatment time, canavanine-
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Figure 1. Influence of arginine depletion and canavanine treatment on protein 
secretion by cultured fat bodies of Locusta migratoria migratoroides. The fat body 
samples were maintained in standard incubation medium containing 5 fxCi of [3H] 
leucine and supplemented with 5 mM arginine or 10 mM canavanine or lacking 
arginine. After 3 and 6 h the fat bodies were transferred to appropriate fresh radio
active medium. The time on the abscissa denotes the hour at the beginning of which 
the samples were removed for determining protein production. The data presented 
are typical of several determinations that gave essentially the same results. (Repro
duced, with permission, from Ref. 19. Copyright 1981, National Academy of 

Sciences.) 
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exposed fat bodies exhibit greater inhibit ion in the secretion 
of radioactive proteins than their arginine-denied counterpart. 
It i s possible that what is actually occurring i s the a b i l i t y of 
canavanine to block the uptake and u t i l i z a t i o n of arginine 
c r i t i c a l to protein synthesis. Consistent with this assertion, 
addition of 5 mM arginine and 10 mM canavanine to the arginine-
depleted fat body reduced the extent of canavanine-mediated 
i n h i b i t i o n s i g n i f i c a n t l y since protein secretion f e l l to only 
55% of the control level (J9). At lower canavanine concentrations, 
supplemental arginine was even more effective in blocking the 
adverse effect of canavanine. This point is being evaluated 
further at this time. 

Insectan Canavanyl Protein Production 

The female bruchid
her eggs as a cluster on the outside of the f r u i t of the Central 
American legume, Dioclea megacarpa. The seed of this plant i s 
d i s t i n c t i v e in i t s containment of suff icient canavanine to 
account for as much as 13% of the seed dry weight (20) and 95% 
of the nitrogen allocated to free amino acid formation (21_). If 
canavanyl protein production lacks adverse biological effect, i t 
i s reasonable to expect that this seed predator would produce 
canavanine-containing proteins. In contrast, i f an adaptive 
advantage accrues to the developing larva by avoiding the pro
duction of canavanyl proteins, then one would expect acquisition 
of the a b i l i t y to avoid errant protein formation. 

Examination of this question with the tobacco hornworm, an 
insect known to be canavanine-sensitive (this insect normally 
feeds on canavanine-free plants) revealed that i t readily incorpor
ates [ C]canavanine into i t s newly synthesized proteins. Caryedes 
b r a s i l i e n s i s , however, very effectively avoids the production of 
such radiolabeled proteins. When the arginyl-t_RNA synthetase 
a c t i v i t y of these insects was compared, tobacco hornworm larvae 
readily activated canavanine while the larvae of the bruchid 
beetle possess an arginyl-tRNA synthetase with a marked a b i l i t y 
to discriminate between arginine and i t s structural analogue (22). 

Recent study of the arginine activating system of the bru
chid beetle disclosed that injection of 7,500 nCi of L-[guani-
dinooxy- C]canavanine resulted in the incorporation of only 
0.95 nCi of radioactive canavanine into newly produced proteins. 
This compares with 347 nCi of incorporated L-[guanidino- C] 
arginine from 2,850 nCi of injected material (the difference in 
the amount of injected radioactive amino acid reflects the 
internal pool size of each compound. In this way, the i n i 
t i a l specific act iv i ty of both compounds was i d e n t i c a l ) . Nearly 
300 times more radioactive canavanine was incorporated into the 
proteins of the tobacco hornworm, a canavanine-sensitive organism. 
I am presently examining the question of whether bruchid beetle 
acquisition of an activating system able to discriminate between 
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canavanine and arginine, provides broad spectrum resistance 
to other arginine analogues capable of being incorporated 
into proteins. 

Elucidation of whether or not canavanine affects protein 
synthesis i s a point of considerable significance in our under
standing of non-protein amino acid t o x i c i t y . Al l of the a v a i l 
able evidence support the a b i l i t y of arginyl-jtRNA synthetase to 
activate canavanine. This observation i s reported consistently 
for organisms in which this arginine analogue i s a foreign 
compound. On the other hand, canavanine-producing organisms 
have.an arginyl-tRNA synthetase that does not form canavanyl-
jtRNA 9 and thus maintains a high f i d e l i t y in the manufacture 
of essential proteins. While this point proves nothing, i t i s 
consistent with a l ink between canavanyl protein production and 
i t s i n t r i n s i c t o x i c i t y . 

If canavanine placemen
basis for i t s t o x i c i t y an
protein synthesis—assertions which are both reasonable and con
sistent with the available evidence; then these properties would 
be mutually complementary and reinforcing. It would foster a 
marked antimetabolic effect in species naive to canavanine. 
Higher plant allelochemical production of a compound that pro
duces anomalous proteins while scrupulously avoiding diminution 
in the formation of these aberrant macromolecules certainly repre
sents a subtly deceitful and highly effective form of chemical 
defense. 

Canaline Toxicity 

L-Canaline shares with canavanine an appreciable potential 
for e l i c i t i n g adverse biological effects. Evaluations with L.. 
minor of some 55 naturally occurring and synthetic amino acids 
indicated that canavanine and canaline were amongst the most 
t o x i c ; canaline exhibited s l i g h t l y greater growth-inhibition than 
canavanine (23). These toxic non-protein amino acids interact to 
curtai l additively the prol i feration of this aquatic plant (24). 

L i t t l e i s known of canaline t o x i c i t y in whole animals or 
plants. Canaline-fed tobacco hornworm larvae grew poorly, ex
hibited much more deformity, and succumbed in larger numbers than 
the controls (8). This ornithine analogue is neurotoxic to the 
adult moth where i t induces almost continuous motor a c t i v i t y . 
Axonal conduction of action potentials was unaffected but the 
postsyntaptic potential of f l i g h t muscle fibers was prolonged. 
Central nervous system functions were affected but i t s exact mode 
of action remains unknown (_7). 

Canaline and Pyridoxal Phosphate Interaction 

Canaline reacts f a c i l e l y with the aldehyde group of free pyr i 
doxal phosphate to y ield a covalently linked complex having the 
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following postulated structure at pH 3.0. NMR data of the complex 
are consistent with this structure and assert to a Schiff-base 
linkage between canaline and pyridoxal phosphate (25). 

HC = N - 0 - C H 2 - C H 2 - CH(NH+)COO " 
I 
C OH 

/ / \ I 
HO-C C - C H 2 - 0 - P = 0 

I II I 
H 3C-C C

\ / 
N 
H + 

L-Canaline-pyridoxal phosphate complex 

The canaline-pyridoxal phosphate complex lacks discernible 
t o x i c i t y as evaluated by the JL. minor bioassay, even at a concen
tration of 10 M where canaline v i r t u a l l y stops plant growth. 

Canaline reacts with the pyridoxal phosphate moiety of 
enzymes possessing this vitamin; BV-containing decarboxylases and 
transaminases t y p i c a l l y are inhibited strongly by this non-protein 
amino acid (25, 26, 27). When canaline reacts with free pyridoxal 
phosphate, d i s t i n c t i v e changes in the absorbance spectrum of 
t h i s vitamin result ; s imilar spectral shifts also occur with B^-
containing enzymes treated with canaline {Z7_9 28). Such a l t e r 
ations in absorbance correlate closely with canaline-mediated i n 
hibit ion of enzyme a c t i v i t y (Table I I ) . 
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Table II 
L-Tyrosine Decarboxylase Activ i ty Determinations 

L-Tyrosine decarboxylase (2 mg/ml, 0.8 ml) in 100 mM sodium 
acetate buffer (pH 5.5) was treated with canaline as indicated 
for 30 min. A unit of tyrosine decarboxylase a c t i v i t y i s that 
amount of enzyme forming 1 umol C02/min. See original for 
additional d e t a i l s . 

Enzyme form Treatment Act iv i ty 

(units/mg) 
Holoenzyme none 0.221 
Holoenzyme 0.1 mM canaline 0.178 

0.5 mM canaline 0.071 
1.0 mM canaline 0.023 

Apoenzyme none 0.017 
Apoenzyme 5.0 mM pyridoxal 0.218 

phosphate 
Apoenzyme 1.0 mM canaline 0.022 

Source: Reproduced with permission from Ref. 25. 

Canaline as an Ornithine Antagonist 

Several l ines of investigation assert to the i n a b i l i t y of 
canaline to function as an effective ornithine antagonist. Or
nithine interaction with canaline has been evaluated with the 
ornithine carbamoyl transferase (EC 2.1.3.3) of human l i v e r . 
Neither canaline nor ornithine inhibited this enzyme when the 
other member of this set served as the carbamoyl group recipient 
(29). The ornithine antagonist, 2,4-diaminobutyric acid dras
t i c a l l y reduced urea production in the rat; t h i s reflected cur
tailment of the ornithine carbamoyltransferase-mediated conver
sion of ornithine to c i t r u l l i n e . Yet, canaline had no such 
effect on urea formation in this mammal (30). 

Canaline i s a potent inhibitor of a l l seven pyridoxal phos
phate-containing enzymes studied by Rahiala et al_. (27_) but i t 
lacks adverse effects on three o r n i t h i n e - u t i l i z i n g enzymes lack
ing a BV cofactor. F i n a l l y , in jack bean, Canavalia ensiformis, 
ornithine carbamoyl transferase can form 0-ureido-L-homoserine 
from canaline and carbamoyl phosphate as i t does c i t r u l l i n e 
from ornithine and carbamoyl phosphate. Nevertheless, neither 
compound inhibited formation of the reaction products (31). 
It i s evident, therefore, that i t i s the binding of canaline 
to the pyridoxal phosphate moiety of the enzyme rather than 
effective competition with ornithine for the active site that i s 
responsible for the antimetabolic properties of canaline. 
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17 
Cytotoxic and Insecticidal Chemicals of Desert 
Plants 

E L O Y R O D R I G U E Z 

University of California, Phytochemical Laboratory, Department of Ecology and 
Biology, Irvine, CA 92717 

A diverse group of natural chemicals are produced 
by a r i d land plants
which are store
include terpenoids, alkaloids, phenolics and 
amines. Some of these compounds coat the leaf and 
stem surfaces and prevent water loss through the 
cuticle and probably protect the plant from 
excessive damage by radiation. Another important 
ec o l o g i c a l role of secondary metabolites is that 
of defense against phytophagous insects and 
pathogens. Recent phytochemical investigations 
in our laboratory indicate that chromenes, 
prenylated quinones and sesquiterpenes e s t e r i f i e d 
with phenolic acids, are excellent repellents and 
in some cases are cytotoxic and inhibit larval 
growth and development. The chemistry and rol e of 
these cytotoxins and insecticides in desert plants 
of Baja California and Chihuahua is reviewed. 

Deserts cover approximately one-seventh of the earth's land 
surface, with the North American deserts populated by a d i v e r s i t y 
of bizarre plant l i f e forms ranging from c a c t i to creosote bushes 
to the boojum trees of Baja C a l i f o r n i a , Mexico. An outstanding 
c h a r a c t e r i s t i c of a majority of plants that dominate the desert 
landscape i s t h e i r enormous photosynthetic capacity to produce 
an array of secondary metabolites • Many of these natural products 
are e s s e n t i a l to the everyday s u r v i v a l of plants exposed to the 
harsh, hot and dry environment of the desert. These natural 
products, which include terpenoids, a l k a l o i d s , phenolics, amines 
and tannins are produced i n large quantities by spe c i a l i z e d 
glandular hairs c a l l e d trichomes and coat l e a f , stem and flower 
surfaces • This t h i n layer of secondary chemicals are believed to 
prevent water loss (antidessicants) through the c u t i c l e and i n 
some cases prevent excessive c e l l damage by blocking u l t r a v i o l e t 
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r a d i a t i o n . More important, these b i o l o g i c a l l y active constituents 
also repel and i n some cases k i l l phytophagous insects and plant 
pathogens. It i s the desert allelochemicals (constituents which 
have a deleterious e f f e c t on herbivorous insects and pathogens) 
which are of considerable i n t e r e s t to phytochemists concerned 
with c o n t r o l l i n g insect pests of crop plants. With the current 
a g r i c u l t u r a l development of desert hydrocarbon crop plants,such 
as guayule (Parthenium argentatum) and jojoba (Simmondsia 
chinensis), i t i s important that a l i n e of natural i n s e c t i c i d e s 
and repellents be developed against insects e s p e c i a l l y adapted 
to plants c u l t i v a t e d i n marginal a r i d lands (1_) • 

In t h i s communication, we present our l a t e s t phytochemical 
findings on prenylated quinones and chromenes that are cytotoxic 
and i n h i b i t l a r v a l growth and development. Many of these 
bioactive chemicals are unique to desert plants and have probably 
been selected against deser

Desert Plants and Their Secondary Metabolites 

As previously noted, desert plants are no d i f f e r e n t from 
temperate plants i n producing a wide-range of secondary 
metabolites (2)« Dominant plant species such as Larrea t r i d e n t a t a 
(Zygophyllaceae) may contain up to 15% of the dry weight i n 
lignans, flavonoids, chromenes, triterpenes and v o l a t i l e 
terpenes (3) . Important desert f a m i l i e s include the Asteraceae, 
Fabaceae, Agavaceae, Burseraceae, Euphorbiaceae and Fonquieriaceae 
which synthesize diverse products such as sesquiterpene lactones, 
methylated flavonoids, polyacetylenes, s t e r o i d s , saponins, 
a l k a l o i d s , cyanogenic glycosides, aromatic terpenes and amines 
(refer to Figure 1 and 2 for representative s t r u c t u r e s ) . These 
natural products are not only used by native peoples for 
medicines, food and natural a n t i b i o t i c s , but many of these 
compounds are very e f f e c t i v e against a host of insects and 
pathogens (4). In our studies we have concentrated on prenylated 
quinones and chromenes that are present i n desert species of the 
Asteraceae and Hydrophyllaceae. In the ensuing paragraphs we 
summarize the chemistry and b i o l o g i c a l e f f e c t s of a selected group 
of quinones and chromenes that are cytotoxic and i n s e c t i c i d a l 
to milkweed bugs (Oncopeltus) and mealworm beetles (Tenebrio)• 

Prenylated Quinones 

Quinonoid compounds are quite common throughout the plant 
kingdom, but only i n a few cases have they been reported i n 
glandular hairs (trichomes) of desert herbaceous plants. Many of 
these quinonoid compounds are extremely active and are the major 
cause of a l l e r g i c reactions i n humans• For example, Primula 
obconica (Primulaceae), an ornamental plant common to Europe, 
produces a quinone which i s stored i n small non-capitate 
trichomes which release t h e i r contents when touched. These 
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Flourensia Acid 
Sesquiterpene Farinosin 
Flourensia cernu

Encelia forinosa 

Figure 1. Terpenoid constituents of desert plants. 
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Nordihydroguairetic Acid 
Lignan 

Phenylethylamines 
Cactaceae 

Figure 2. Phenolic and alkaloid constituents of desert plants. 
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secreted chemicals are very e f f e c t i v e against aphids that c rawl 
on the l e a f . These chemicals, l i k e the secretion of Solanum 
tuberosum (Solanaceae), hardens on mouth parts and t a r s i of 
insects and i n h i b i t s movement and feeding (5-6)• 

Recently we have i s o l a t e d a series of prenylated quinones 
and quinonoid compounds from the v i s c i d capitate-glandular 
trichomes of Phacelia (Hydrophyllaceae) that are cy t o t o x i c , 
a l l e r g e n i c and i n s e c t i c i d a l . Most of the species noted to have 
the prenylated quinones are r e s t r i c t e d to the Sonoran desert of 
Baja C a l i f o r n i a , Mexico and the Mojave desert of the Southwest 
(7-10). Phacelia crenulata, an annual which i s common along 
desert roadsides i n the southwestern United States and northern 
Mexico, i s responsible for a dermatitis s i m i l a r to that of 
poison oak, but i s i s also been demonstrated to i n h i b i t l a r v a l 
formation. The eff e c t s are s i m i l a r to those noted for milkbugs 
(Oncopeltus) treated wit
for t h e i r a n t i - j u v e n i l
constituents are geranylhydroquinone ( I ) and i n lesser amounts 
geranylbenzoquinone ( H ) ( 8 ) . Both compounds are new natural 
products to higher plants, but have been reported i n marine 
urochordates (12). Compound (I) has been synthesized as a 
drug and found to have cancer preventive properties i n 
experimental animals (13). Another species, V_. Ixodes from Baja 
C a l i f o r n i a , Mexico contains numerous quinones i n the trichomes 
(10)• The compounds have been i d e n t i f i e d as geranylhydroquine 
( I ) , 3-geranyl-2,5-dihydroxyphenyl acetate ( I I I ) , 
geranylbenzoquinone ( I I ) , 2-geranyl-6-hydroxy-4-methoxyphenyl 
acetate (IV), 2-geranyl-4-hydroxyphenyl acetate (V) and 
6-hydroxy-2-methyl-2,4-methyl-3-pentenyl)-chromene (VI). 
Compounds (I) through (IV) were assayed for t h e i r cytotoxic 
and a l l e r g e n i c p o t e n t i a l on guinea pigs, which are e f f e c t i v e 
i n d i c a t o r s of contact a l l e r g e n i c i t y i n humans (10). The same 
compounds were also tested on Tenebrio sp. (mealworm beetles), 
an experimental insect used to test the p o t e n t i a l of i n s e c t i c i d e s • 
Geranyl-benzoquinone proved to be a very potent e l i c i t o r of 
a l l e r g i c skin reactions as w e l l as a potent i n s e c t i c i d e (10)• 
A t o p i c a l a p p l i c a t i o n of 100>*g of geranylbenzoquinone on pupae 
of Tenebrio caused severe abnormalities and death. Although 
the exact mechanism of t o x i c i t y f o r ( I I ) i s not known, i t s 
s i m i l a r i t y to the j u v e n i l e hormones suggests that ( I I ) might 
be a powerful a l k y l a t o r of enzymes regulating juvenile hormone 
synthesis. Compound (VI) was not as potent as ( I I ) , but previous 
reports of (VI) i n Cordia a l l i o d o r a (Boraginaceae) indicate that 
(VI) i s also an e f f e c t i v e i n s e c t i c i d e (14). 

Two species of Phacelia, P. minor and p a r r y i , widespread 
throughout the semi-arid mountains of southern C a l i f o r n i a 
contained as the major constituent geranylgeranylhydroquinone 
(VII) . A minor constituent, 2-(-l-oxofarnesyl)-hydroquinone 
(VIII) was also present and previously reported i n a brown alga 
(15) and Wigardia k u n t h i i of the family Hydrophyllaceae (16). 
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Geranylgeranylhydroquinone (VII) was applied (lOOxg) to f i f t h 
i n s t a r s of Oncopeltus (milkbugs) and found to stunt growth and 
wing development. 

It i s apparent from our investigations of prenylated 
quinones from desert annuals, that these compounds are not only 
potent skin s e n s i t i z e r s but also p o t e n t i a l i n s e c t i c i d e s . The 
t o x i c i t y of the prenylated quinones i s i n part due to t h e i r 
l i p o p h i l i c i t y which permits the compounds to penetrate the 
c u t i c l e and al k y l a t e important metabolic enzymes. Another 
possible explanation for t h e i r a n t i j u v e n i l e action i s that the 
prenylated quinones are transformed int o a quinone methide 
species which mimic the j u v e n i l e hormones (JH) and possibly 
i n t e r f e r e with the production of JH or deactivate the hormones• 

Chromenes i n the Asteraceae 

In a recent l i t e r a t u r
i n flowering plants, we have documented that approximately 90% 
of the 200 compounds i s o l a t e d are present i n the sunflower 
family (Asteraceae). These n a t u r a l l y occurring chemicals have 
recently received considerable attention because of t h e i r potent 
cytotoxic and i n s e c t i c i d a l a c t i v i t y . Chemotaxonomically, not a l l 
tr i b e s of the Asteraceae seem to produce chromenes or benzofurans, 
with the major t r i b e s capable of synthesizing chromenes i d e n t i f i e d 
as the Eupatorieae, Heliantheae, Inuleae, Senecioneae and the 
Astereae (17)• 

The chromenes and benzofurans are rather simple compounds 
b u i l t from acetate and isoprene metabolites. Heterocyclic r i n g 
formation gives r i s e to 2,2-dimethyl chromene or 2-isoprophenyl 
benzofurans. The majority of known chromenes and benzofurans 
exhibit a methyl ketone moiety at a po s i t i o n para to the oxygen 
of the heterocyclic r i n g . Constituents e s t e r i f i e d with phenolic 
acids or lacking methyl ketones are r a r e . 

The chromenes are well-known for t h e i r cytotoxic and 
an t i j u v e n i l e a c t i v i t y i n insects (18-19). The prococenes, simple 
chromenes f i r s t i s o l a t e d from Ageratum (Asteraceae), have been 
shown to act d i r e c t l y on the corpus allatum by d i r e c t cytotoxic 
destruction of the parenchymal c e l l s (20). The precocenes, when 
applied e x t e r n a l l y to the second i n s t a r larvae of the milkweed 
bug (Oncopeltus fasciatus) cause the nymphs to molt to normal 
t h i r d and fourth i n s t a r larvae, and then to precocious adults• 
Recent biochemical studies have suggested that the precocenes 
undergo oxidative a c t i v a t i o n with the corpus alluatum and form 
reactive epoxides that a l k y l a t e n u c l e o p h i l i c substrates. The 
reactive precocene intermediate i s suggested to be the quinone 
methide (20), a s i m i l a r reactive species that we have proposed 
for the prenylated quinones of Phacelia. 

Although considerable information has been gathered on 
cytotoxic and a n t i j u v e n i l e action of the precocenes, l i t t l e 
information i s av a i l a b l e on the d i s t r i b u t i o n of chromenes and 
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benzofurans i n desert plants and t h e i r possible role as 
phototoxic agents and feeding deterrents. With t h i s i n mind, we 
have begun a detai l e d phytochemical i n v e s t i g a t i o n of chromenes 
and benzofurans i n dominant desert shrubs of the Sonoran and 
Chihuahuan deserts that are c y t o t o x i c , phototoxic and 
i n s e c t i c i d a l . 

Chromenes and Benzofurans i n Desert Shrubs 

Using HPLC, we have surveyed i n d e t a i l taxa of E n c e l i a , 
Flourensia, and Geraea. A l l of these genera were found to 
produce large quantities of chromenes and benzofurans (21)• In 
the genus E n c e l i a , chromenes can comprise up to 10% of the dry 
weight material. The compounds are more common i n leaves, but 
have been detected i n the stem, flowering heads and i n some cases 
i n seeds • 

A detailed quantitativ
conducted on Encelia farinosa ( b r i t t l e b u s h ) , a desert shrub common 
throughout Baja C a l i f o r n i a , Sonora and southern C a l i f o r n i a . The 
major chromene was i d e n t i f i e d as encecalin ( I X ) , but also present 
was the benzofuran euparin (X) which i s p r i m a r i l y produced i n the 
stems (22). A p p l i c a t i o n of encecalin to the f i r s t i n s t a r of 
larvae of the milkweed bug proved to be moderately i n s e c t i c i d a l . 
Encecalin, euparin, and 7-hydroxyencecalin (XI) were dissolved 
i n methanol and were applied at concentrations 5 mg-lOOj^g. Each 
p e t r i dish contained 25-30 f i r s t i n s t a r larvae of (). fasculatus. 
Concentrations of 1.2 mg/petri dish (or higher) of encecalin 
were l e t h a l to the larvae w i t h i n a period of three days. Lesser 
concentrations of encecalin showed no e f f e c t s , while euparin and 
7-hydroxyencecalin was not t o x i c (23)• Encecalin does not 
compare i n t o x i c i t y with the precocenes, since 44ju-g of precocene 
I I have been reported to induce precocious metamorphosis i n 
milkweed bug larvae. The presence of a methylketone moiety i n 
encecalin instead of a methoxy substituent probably r e s u l t s i n a 
loss of a n t i j u v e n i l e a c t i v i t y noted f o r the precocenes. On the 
other hand, 7-hydroxyencecalin was le s s active than encecalin and 
th i s could be due to a more rapid d e t o x i f i c a t i o n of phenolic 
compounds e x h i b i t i n g free hydroxyl groups rather than methoxyl 
groups (23). 

As a feeding deterrent, encecalin was more a c t i v e . F i f t h 
i n s t a r s of H e l i o t h i s zea (Lepidoptera) were exposed to a r t i f i c i a l 
d i e ts containing varying amounts of encecalin. At concentrations 
of 0.35%, H. zea starved to death (24). I t should be noted that 
encecalin i s present i n higher amounts i n the leaves, therefore 
suggesting that encecalin and other l e s s cytotoxic chromenes and 
benzofurans are feeding deterrents. I t should be added that most 
desert phytophagous insects e i t h e r chew or suck plant parts and 
therefore are l i k e l y to be repelled before they consume the 
chromenes. Topical applications are les s l i k e l y , but one could 
speculate that the accidental rupturing of glandular hairs could 
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re s u l t i n the deposition of active cytotoxins on an insect 
c u t i c l e • 

Analysis of the stems of Encelia ventorum from Baja 
C a l i f o r n i a showed the presence of a number of benzopyran 
and benzofuran derivatives and two stereo isomers of a 
novel euparin-encecalin (XII) dimer (25). A c l o s e l y related 
euparin-encecalin dimer ( X I I I ) , was previously i s o l a t e d from E. 
farinosa (26)* Although the dimer i s not photoactive, 
preliminary studies indicate that i t i s a feeding deterrent to 
H e l i o t h i s zea. 

The benzofuran 6-methoxyeuparin (XIV) and the two chromenes 
encecalin and 7-hydroxyencecalin from species of Encelia 
(Asteraceae) from Baja C a l i f o r n i a have been shown to be phototoxic 
to several bacteria and yeast i n long wave UV l i g h t (23). 
Compound (XIV) was the most a c t i v i t y against Pseudomonas 
fluorescens, an organis
photosensitizer 8-methoxypsorale
active against Saccharomyces cerevisiae and Candida albicans. 

Preliminary experiments with human erythrocytes with t h i s 
new class of photosensitizers rules out the membrane as a target, 
since the chromenes seem to behave l i k e the photosensitizing 
furanocoumarins by i n t e r a c t i n g with n u c l e i c acids or i n t r a c e l l u l a r 
molecules i n l i g h t • Further experimentation i s needed to c l e a r l y 
understand t h e i r mode of a c t i o n . 

Numerous chromenes and benzofurans have also been i s o l a t e d 
from Flourensia, a genus that i s dominant i n the desert of 
Chihuahua, Mexico. A benzofuran (XV) with a cinnamic acid moiety 
from F̂ . dentata and i l i c i f o l i a has recently been shown to be 
extremely t o x i c to milk weed bugs and highly phototoxic (28). 
Approximately 30 chromenes and benzofurans have been i s o l a t e d 
from other desert sunflowers and we are currently screening them 
for i n s e c t i c i d a l and phototoxic a c t i v i t y . 

Concluding Remarks 

Desert plants are remarkable phytochemical f a c t o r i e s • In 
t h i s chapter, we have covered only two classes of compounds; 
chromenes and prenylated quinones that are a l l e r g e n i c , cytotoxic 
and i n s e c t i c i d a l . Many other desert plants produce resins that 
are complex mixtures of sesquiterpenoids, chromenes, flavonoids 
and quinones. These mixtures might not be of i n t e r e s t to 
phytochemists, but to the plant, secondary metabolites are 
e s s e n t i a l for s u r v i v a l and reproduction. Like the chromenes and 
quinones, many natural constituents of a r i d land plants play a 
dual r o l e . In some cases, the natural products excreted on the 
leaf or secreted by trichomes are functioning as antidessicants 
(prevent water loss through the c u t i c l e ) , protecting the leaf 
from harmful r a d i a t i o n and, most important, keeping the plant 
healthy against phytophagous insects and pathogens. The chromenes 
and benzofurans are chemicals that are antifeedants and exhibit 
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a n t i j u v e n i l e a c t i v i t y when applied t o p i c a l l y . The chromenes are 
pri m a r i l y r e s t r i c t e d to members of the Asteraceae and are more 
widespread i n desert sunflower species than previously thought. 
In combination with sesquiterpene lactones, the chromenes and 
benzofurans are another group of defensive compounds that desert 
invertebrates have to detoxify. Indeed, the success of many 
desert sunflower species i s i n part due to t h e i r diverse secondary 
chemistry. Prenylated quinones, on the other hand seem to be 
r e s t r i c t e d to the Hydrophyllaceae and t r o p i c a l trees. The 
quinones are extremely active chemicals that e x h i b i t i n s e c t i c i d a l 
a c t i v i t y at concentrations lower than many chromenes• The 
prenylated quinones of Phacelia are also potent cytotoxins and 
allergens• 
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18 
Role of Lipids in Plant Resistance to Insects 

D A V I D S. S E I G L E R 

University of Illinois, Department of Botany, Urbana, IL 61801 

In the coevolutionary interactions of plants and animals
l ip ids play a major role
allomones and kairomones
t ion. Host plant resistance is par t ia l ly dependent on these 
chemical constituents. Lipids may be subdivided into two types. 
Volat i le l ip ids are generally involved in long distance inter
actions whereas non-volatile l ip ids are generally involved after 
the insect has contacted the host plant. Several examples of 
each are reviewed. Ut i l i za t ion of these compounds to promote 
increased host plant resistance could be accomplished by selection 
of plants rich in allomones, lacking kairomones for a particular 
pest or those with inducible systems of defense. Another approach 
is to isolate the defensive compounds of one plant and apply them 
to crop plants. Trap crops could also be used to lure insects 
away from other crops. 

Despite the fact that a majority of insects are phytophagous 
(i.e. they eat plants), the world around us is still green (1,2). 
Of approximately 1,000,000 known insect species, only a few thou
sand are "pests" and of these only about 500 cause appreciable 
damage (3). Although many factors are involved in maintaining 
this balance between plants and insects, plant secondary compounds 
are generally conceded to play a major role. 

Coevolution of Plants and Insects 

In order to understand ful ly the importance of these chemical 
factors, i t 1s necessary to consider the processes which are 
probably responsible for their d ivers i f ica t ion. A mechanism of 
coevolution of insects and plants was set forth eloquently by 
Erl ich and Raven (4). According to their hypothesis, angiosperms 
produced a series of chemical compounds which were not direct ly 
related to their basic (or primary) metabolic pathways, but which 
were otherwise not harmful to the plants growth and development. 
In practice, these compounds may play other roles such as interac
tions within plants as primary compounds (5̂ 8) or in interactions 
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with other organisms (plant-plant, plant-fungus, plant-bacterium, 
e t c . ) - Functions such as these almost certainly predated the 
roles of these secondary compounds in pi ant-insect interactions, 
and i t i s clear that repellancy and attraction cannot be the sole 
raison d'etre of these substances (9,10). 

Fortuitously, some of the compounds may have reduced the p a l -
a t a b i l i t y of the plants in which they were produced and/or in some 
manner reduced the fitness of the insects which normally ate the 
plant, and then these plants entered a new adaptive zone. Evolu
tionary radiation of the plants might then have followed and 
eventually what began as a chance mutation, might ultimately have 
characterized an entire family or group of families (4). 

In a similar fashion, i f a recombinant or mutation occurred 
1n a population of insects that enabled Individuals to feed on 
some previously protected group of plants, selection would carry 
that l i n e into a new adaptiv
be able to diversify wit
phagous insects. A l l in a l l , the diversity of plants would tend 
to augment the diversity of Insects and the diversity of phyto
phagous insects would tend to enhance the diversity of plants. 

The situation i s more complex than that proposed as no insect 
nor any plant evolves with regard to only one other organism (11, 
12). Any change which occurs must not modify unfavorably the 
organism's overall fitness with regard to other organisms, 
physical and environmental factors and the organisms own develop
mental sequence and physiological processes. The success or 
f a i l u r e of an organism i s rarely ascribable to any single factor. 

As an insect became more highly adapted to a particular food 
source, recognition of the food plant by v i s u a l , chemical or other 
means would be strongly favored. 

The secondary compounds involved in these coevolutionary 
processes have been called "allelochemics" (V3) and "ecomones" 
14,15). Three major classes have been defined: pheromones, 
which are i n t r a - s p e c i f i c chemical messengers, and allomones (com
pounds which are deleterious to the receiving organism) and 
kairomones (compounds which are beneficial to the receiving 
organism) (13,16,17). Blum (lj3) suggests that the term "ecomone" 
be used for a l l external chemical messengers as was proposed by 
Florkin (14) and that terms other than pheromone ( i n t r a s p e d f i c 
messengers! and allomone (Interspecific messengers) be abandoned 
as many Individual compounds may at the same time serve 1n d i f 
ferent roles among various organisms. By e x p l i c i t l y stating the 
function of the allomone 1n the particular case analyzed, i t s 
idiosyncratic role can be stressed without obscuring any other 
functions that i t may possess. The potential use of pheromones 
for control of insect pests has recently been reviewed (18). 
Allomones are those substances involved in interspecif ic communi
cation which give an adaptive advantage to the producing organism 
and kairomones are compounds which give an adaptive advantage to 
the receiving organism. Kairomones are often allomones to which 
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insects have become coadapted (19), but may have other origins 
(20). — 

For example, gossypol, a terpenoid substance, i s an allomone 
that l imits herbivory by several lepidopteran species on cotton 
(Gossypium spp., Malvaceae), whereas i t i s a kairomone for the 
boll weevil, Anthonomus grandis and acts as a feeding stimulant 
for this Insect (3,21,22). 

The means by which many insects select a suitable host plant 
1s by being attracted by plant secondary compounds that also serve 
as allomones. In other cases the Insect may avoid the presence of 
a toxic compound by the correlated presence of other materials 
which may be repellant. 

Some compounds such as gymnemic acid from Gymnema sylvestre 
(Asclepiadaceae) (which depresses the precelved sweetness of 
sugars) are known to distort the taste of others (23) and may play 
a role in "disguising" th
substances. 

It has been suggested that insects were primitively poly-
phagous herbivores (24,25) although others (9) have suggested that 
many primitive insects were saprophagus feeders. In either case, 
in the process of coevolution, there has been a tendency toward 
specialization (2,26) and today, most insects are monophagous or 
oligophagous. Many apparently polyphagous groups are comprised of 
closely related subtaxa which are each monophagous (1_). Factors 
other than plant chemistry are also sometimes Important in the 
evolution of biochemically specialized insects (27). 

The process of host selection by an insect i s complex and 
involves f ive major steps: host habitat f inding, host f inding, 
host recognition, host acceptance, and host s u i t a b i l i t y (25). 
Each step in the process of host-plant selection may be mediated 
by plant components. Both the secondary chemistry and nutrit ional 
value play a major role in the s u i t a b i l i t y of the host. 

About 85% of a l l Insects are holometabolous, and the food 
plants of larval and adult stages often d i f f e r (28). In most holo
metabolous insects host recognition may have been predetermined 
for the larva by the ovipositing female (1_). In some cases i t has 
been demonstrated that the larva prefers to eat the food upon 
which they are i n i t i a l l y fed (Induction), even i f It's not the 
appropriate host (29). 

Mechanisms of Host Plant Resistance 

For an Insect to successfully u t i l i z e i t s host plant, i t must 
complete each of the f ive aforementioned steps. Any circumstances 
which preclude this w i l l convey an advantage to the host plant. 
A l l components must be present at the proper time and in adequate 
amounts. Plant resistance may result from disruption of the 
normal sequence of events or reduced presence of kairomones or 
enhancement of allomones (25). This resistance is under genetic 
control but may vary with environmental conditions; factors 
involved in ecological resistance have been reviewed (25). 
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Three principal types of genetic resistance have been pro
posed: preference or non-preference, a n t i b i o s i s , and tolerance 
(30). 

A number of resistance factors influence behavioral processes 
and hence determine an insect's preference or non-preference for a 
particular plant. Hosts which do not contain the proper kairo
monal compounds are often t o t a l l y rejected as food plants and by 
ovipositing females. Dethier (29) noted, however, that plants are 
almost never neutral, but are almost always either attractive or 
repellant. As previously observed, the ovipositional choice of 
the female imago and the food choice of the larvae usually 
coincide (25). 

The presence of kairomones i s usually involved in the selec
tion of a food plant. Resistant plants usually lack or have too 
l i t t l e of the normal kairomones, the kairomones are inhibited or 
blocked by antagonisti
(25,31). 

"Adverse physiological effects (antibiosis) resulting from 
ingestion of a plant by an insect may range from mild to l e t h a l ; 
the principal symptoms are death of the larvae in the f i r s t few 
stadia, abnormal growth rates, abnormal conversion of ingested 
and/or digested food, f a i l u r e to pupate, f a i l u r e of adult emer
gence from the pupae, malformed or subsized adults, f a i l u r e to 
concentrate food reserves followed by unsuccessful hibernation, 
decreased fecundity, reduced f e r t i l i t y , and restlessness or other 
irregular behavior (25). These a n t i b i o t i c effects may be caused 
by several factors, one of which i s the presence of toxic metab
o l i t e s (see reference 25 for a more complete l i s t ) . Antibiosis 
is often the most evident mechanism of resistance. 

Morphological or structural plant features which impair 
normal feeding or oviposition by insects or contribute to the 
action of these mortality factors are often grouped as "phenetic 
resistance" (25). 

Certain plants can repair injury or produce an adequate y i e l d 
despite supporting an insect population at a level capable of 
damaging a more susceptible host. Several factors are important 
in tolerance (see reference 25). 

The role of other plants in the community and of other 
trophic levels in resistance has been emphasized (11_,12). 

Insect Resistance in Crop Plants 

Resistance to insects has been successfully selected and 
introduced into important cultivars of a number of plant species 
including potatoes, wheat, corn, grapes, a l f a l f a , barley, beans 
sorghum, r ice and sugar cane (25). This resistance i s usually due 
to a combination of factors and only in a few cases is a single 
chemical factor ident i f iable as responsible for resistance (32). 

In general, decreased pest resistance has occurred in the 
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domestication of crop plants. This factor and the fact that many 
crops are "apparent" or "predictable" has increased the levels of 
herbivory on them (33). 

There are a number of p o s s i b i l i t i e s for using plant secondary 
chemistry to control herbivory in crop plants. One p o s s i b i l i t y 1s 
to select for insect resistant l ines and though 1t has been done 
in only a few cases, select for specif ic allomones. There are, 
however, some potential problems with this approach. There i s a 
cost for the production of the secondary compounds which may be 
useful for defense (33). Insect resistant soybean cult ivars pro
duce lower yields of seeds and accumulate nitrogen at a slower 
rate than insect susceptible varieties 1n the absence of herbivores 
(34). Conversely, varieties of crop plants selected for high y i e l d 
are often more susceptible to insects, pathogens, and weeds (35). 

Several trophic levels must be considered. Breeding plants 
with greater allomone conten
herbivores to accumulate higher levels of these compounds and 
discourages parasites that normally control herbivore levels (36). 
The presence of secondary compounds may also a l t e r the usefulness 
of the crop plant to man or his domestic animals. Lines of cotton 
with high gossypol content have Increased insect resistance with 
regard to a number of insects, but have reduced value as food 
materials for l ivestock. 

In the plant, part of the metabolic cost of producing and 
maintaining pools of secondary compounds may be reduced by using 
compounds which contain only carbon, hydrogen and oxygen (which 
are rarely l i m i t i n g ) , by recycling the compounds or by use of 
Inducible systems of defense. 

Inducible systems of defense (phytoalexins) are widespread 1n 
plants and are effective against many types of fungi and bacteria 
(37,38). Similar systems have been demonstrated in a few cases 
with insects and are probably common 1n nature (see for example 
reference 39). Although Inducible systems of insect resistance 
would seem to be e f f i c i e n t and effect ive, no system 1s foolproof. 
The larvae of Epilachna tredecimnotata cut a c i r c u l a r trench in 
Cucurbita leaves and prevent mobilization of the deterrent sub
stances to the area which i s then consumed (40). 

It should be possible to create "trap crops", preferentially 
attract the insects (via kairomones), destroy them and thus 
protect the desired crop (25). 

Another approach may be to Isolate the allomones from Qjie 
plant and apply them to the surface of another plant and thus 
protect 1t (25,31). The p r a c t i c a l i t y of this approach depends on 
many factorsHTncTuding residual t o x i c i t y , cost, and s t a b i l i t y of 
the compounds involved. 

Several l i s t s of plant secondary compounds which are involved 
1n plant-insect interactions have been compiled (1,9,13,17,31,41-
461. I n addition, l i s t s of plants with insecticidal properties 
have been published (47,48). Many of these compounds are physi
c a l l y located on the outside of the plant, either in the epidermal 
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layer, in trichomes or glands or on the outer surface. Others are 
located in flowers, seeds and f r u i t s (1,33,44,49-51). 
Table 1. Principal Classes of Chemical Plant Factors ( A l l e l o 
chemics) and the Corresponding Behavioral or Physiological Effect 
on Insects. 

Allelochemic Factors Behavioral or Physiological Effects 

Al1omones Give adaptive advantage to the producing 
organism 

Repellents Orient Insects away from plant 
Locomotor excitants Start or speed movement 
Suppressants 
Deterrents Prevent maintenance of feeding or ov i 

position 
Antibiotics Disrupt normal growth and development of 

larvae; reduce longevity and fecundity 
of adults 

Antixenotics Disrupt normal host reduction behavior 
Kairomones Give adaptive advantage to the receiving 

organism 
Attractants Orient Insects toward host plant 
Arrestants Slow or stop movement 
Feeding or o v i  E l i c i t b i t i n g , piercing, or oviposition; 

position excitants promote continuation of feeding 

Source: Reproduced with permission from Ref. 134. 

A system of c l a s s i f i c a t i o n (based largely on the previously 
proposed systems of Dethier et a l - (52), and Beck (53J, and 
Whlttaker and Feeney (16)) of the major types of chemical factors 
Involved in plant-insect interactions has been proposed (25) 
(Table 1). Unfortunately, i t 1s often d i f f i c u l t to judge from 
l i t e r a t u r e data, Into which class of allomone or kalromone a 
particular compound should be placed (see also reference 15). 
Compounds which are referred to as "antifeedants" in the l i t e r a 
ture are Involved 1n the Inhibition of b i t i n g and piercing and 
inhibit ion maintenance of feeding. These compounds generally do 
not k i l l the insect but cause starvation because they prevent 
feeding (54). 

Many of the plant secondary compounds Involved in plant-
insect relations are l i p i d s . This group is not of a single bio
synthetic origin but is comprised generally of compounds soluble 
in non-polar solvents. Among the common groups of l i p i d s found in 
plants are fatty acids and their derivatives (hydrocarbons, alde
hydes, alcohols, esters, glycerides, acetylenic compounds, waxes, 
e t c . ) , phenylpropanoids (flavonoid aglycones, lignans, coumarins 
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e t c . ) , and terpenoid derived compounds (monoterpenes, sesquiter
penes, diterpenes, triterpenes, steroids, tetraterpenoids or 
carotenoids). Although many alkaloids are l i p i d s , they are not 
discussed in this review. Lipids are often localized on the sur
face of the paint or produced by special glands or trichomes (50). 
Other compounds of this type serve as energy reserves within tfie" 
plant and are especially important to both plants and herbivores. 
Lipids may be subdivided into two general groups: v o l a t i l e and 
non-volatile l i p i d s . There i s considerable overlap between the 
two groups. 

In the following sections, recent examples from the l i terature 
have been cited. They are by no means exhaustive. Many previously 
described examples are cited in e a r l i e r works, especially that of 
Hedin (41). 

Volat i le Lipids 

Volat i le compounds are often involved in long distance 
attraction and are especially important as attractants and repel
lents (as defined by Kogan, 2!5). One major class of v o l a t i l e 
materials, essential o i l s , is comprised of complex mixtures of 
terpenes, phenylpropanoid derived compounds and a number of esters, 
alcohols, aldehydes, ketones, acids, and hydrocarbons. The con
stituent compounds are mostly of low to medium molecular weight 
and generally not highly oxygenated. Some of the biological 
properties of these compounds have been reviewed (17,41,46,55,56). 

Many of the monoterpenes found in essential o i l s of plants 
also occur as pheromonal substances in insects (45,57-60) and are 
often involved in plant-insect interactions. Some compounds found 
both in plants and insects are the monoterpenes c i t r o n e l l a l , c i t -
r o n e l l o l , geraniol, myrcene, c i t r a l , B-phellandrene, limonene, 
2-terpinolene, a-pinene, 6-pinene, 1,8-cineole, and verbenone. 

Oil of c i t r o n e l l a (the essential o i l of Andropogon nardus, 
Poaceae or Gramineae) has long been used as a mosquito repellent. 
This o i l is mostly composed of geraniol with lesser amounts of 
c i t r o n e l l o l , c i t r o n e l l a l , and borneol. Other essential o i l s have 
also been used to repel insects (49J. A number of monoterpenes 
and methyl esters of fatty acids were evaluated for their repel
lent and attractant properties toward Ips, Dentroctonus, and 
Hylurgops species. Although a c t i v i t y was observed in the labora
tory s none of the compounds tested appeared active in f i e l d tests 
(61), Bay leaves (Laurus n o b i l i s , Lauraceae) and cineole, 
geraniol, and piperidine (which occur in bay leaves) possess 
repellent properties toward cockroaches (62). Essential o i l s are 
involved in the feeding response of several Papil io species to 
members of the Apiaceae (Umbelliferae) (9). The aphid Cavariella 
aeciopodii which l ives on members of the Apiaceae in summer, is 
attracted to the monoterpene carvone but less so in the presence 
of l inalool which has a repellent effect (63). (+)-3-Thujone and 
(-)-3-isothujone, which make up most (80-90%) of the leaf essential 
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3-phellandrene limonene 2-terpinolene a-pinene 

6-pinene 1,8-cineole verbenone 

o i l of Thuja p l i c a t a , western red cedar, are feeding deterrents to 
the white pine weevil (Pissodes strobi) (64), 

Essential o i l s are known to i n h i b i t microbial a c t i v i t y in 
ruminants and disrupt digestive processes (65). 

Some v o l a t i l e i r i d o i d monoterpenes with biological a c t i v i t y 
are also found in essential o i l s and in insect pheromonal and 
defensive substances. Eisner (66) found that 17 species of insects 
were repelled by the i r i d o i d monoterpene nepetalactone. Lacewings 
(Chrysopa septempunctata) are attracted by the leaves and f r u i t s 
of Actinidia polygama (Actinidiaceae) which contain a series of 
v o l a t i l e i r i d o i d monoterpenes (67). 

Many sesquiterpenes which are not highly oxygenated are also 
found in essential o i l s . Several of these are reported to possess 
a c t i v i t y . a-Farnesene from apples i s an attractant and oviposition 
stimulant for the codling moth (68) and farnesol has been demon
strated to be an active feeding deterrent to gypsy moth larvae 
(Lymontria dispar) (69). 

A number of v o l a t i l e phenylpropanoid compounds have pro
nounced biological properties and are also found in essential 
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farnesol 

o i l s (70J. The t o x i c i t y of phenyl propanoic! compounds in seed o i l s 
has been reviewed (55). Several simple, v o l a t i l e phenylpropanoid 
compounds such as eugenol and myristicin are known to be a l l e l o 
chemics (17). M y r i s t i c i n , isolated from parsnip, Pastinaca sativa 
(ApiaceaeJT has been shown to be an antifeedant compound (71JT 
The essential o i l of Acoru
This compound causes depression of development of the gonads and 
ovaries of the insect Dysdercus koenigii (72). Although third and 
fourth instar larvae moulted normally to the next instars, 5th 

In Plant Resistance to Insects; Hedin, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



312 PLANT RESISTANCE TO INSECTS 

instar larvae moulted normal to adults but the ovaries were 
i r r e v e r s i b i l y affected. In such adults, the ovaries remained 
permanently immature. 

Several phenylpropanoid compounds have pronounced antifeeding 
a c t i v i t y . Isoasarone (from Piper futokadzura, Piperaceae) and 
piperenone were highly active against Spodoptera l i t u r a (54). 

Many short chain fatty acids, aldehydes, alcohols, esters, 
ketones and hydrocarbons are produced by metabolism of fatty acids 
( C i 6 - C i 8 ) . These compounds are common in essential o i l s and are 
also found in insects. 

Acetaldehyde, ethyl alcohol and ethyl acetate, which are 
present in ripening f igs are attractive to several Carpophilus 
species (Coleoptera: Nitidulidae) (73). Several short chain 
alcohols including ethanol, n-propanol, 2-propanol, isobutanol and 
n-butanol serve as oviposition stimulants for the moth Ectomyelois 
ceratoniae. This moth onl
infested with a fungus of the genus Phomopsis which apparently i s 
responsible for producing the alcohols (74). Compounds such as 
trans-2-hexen-l-ol, 1-hexanol, cis-3-hexen-T-ol and trans-2-hexenol 
(and l i n a l o o l ) are involved in the olfactory orientation of the 
Colorado beetle, Leptinotarsa decemlineata to the foliage of 
potato (Solanum tuberosum, Solanaceae) (75). A similar complement 
of compounds seem to be involved in the attraction of the a l f a l f a 
seed chalcid (Bruchophaqus roddi) to a l f a l f a (Medicago sat iva, 
Fabaceae) (7(6). Similar groups of compounds are probably involved 
in many problems of attraction of insects over relat ively long 
distances. 

Mustard o i l s which are found in some essential o i l s and are 
probably the hydrolysis or breakdown products of glucosinolates, 
are involved in host plant location of a number of groups of 
insects (9J e.£. Pier is braccicae and P_. rapae on plants in the 
Brassicaceae (Cruciferae) 

Essential o i l s are especially important in mutualistic r e l a 
tionships between plants and insects such as pol l ination and seed 
and f r u i t dissemination (37,45,77-79). In these instances essen
t i a l o i l components serve as attractive substances for the plant. 
These compounds vary widely in composition but contain most of the 
chemical types described above. In some cases even v o l a t i l e 
amines and skatole are involved, as in the poll ination of 
Sauronatum guttatum (Araceae) (80). 

Non-Volatile Lipids 

While v o l a t i l e l i p i d s are often involved in attraction of the 
insect to the plant from a distance, non-volatile l i p i d s are 
frequently involved in b i t i n g s t i m u l i , continued feeding or pre
vention of feeding and the disruption of normal growth (25). Many 
types of compounds that are l i p o p h i l i c in nature grade into more 
polar groups, especially in series which are extensively oxygenated. 
Among these are oxygenated sesquiterpenes, diterpenes, triterpenes, 
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tetraterpenes (carotenoids), phenylpropanoid compounds (simple, 
and oxygenated phenylpropanoids, coumarins, flavonoids, lignans, 
e t c . ) , but also glycerides, fatty acids and their derivatives. 

A number of l i p i d s are pigments in plants. The most impor
tant group i s probably carotenoids. The role of carotenoids in 
plant-insect interactions has been reviewed (81,82). 

Several terpenoid compounds serve as juvenile hormones (or 
mimics) and ecydsones respectively (83) in insects. 

The biological a c t i v i t y and toxicity of terpenoids to herbi
vores has been discussed (56 ,̂84) and representatives of each major 
type of terpene are known to be active. Well known examples are 
sesquiterpene lactones, pyrethrins, and several classes of d i t e r 
penes and triterpenes. 

Several non-volatile i r i d o i d monoterpenes occur as glycosides 
and have been observed to have biological a c t i v i t y . For example, 
xylomolin, from the unrip
(Meliaceae) has antifeedant a c t i v i t y against Spodoptera exempta an 
African armyworm at 100 ppm (85) and crotepoxide from Croton 
macrostachys (Euphorbiaceae) possesses antifeedant a c t i v i t y 
against Spodoptera exempta (85). 

A number of sesquiterpenes have been demonstrated to have 
pronounced biological a c t i v i t y (84); among the non-volatile com
pounds the sesquiterpene lactones are best known (86) but other 
oxygenated sesquiterpenes are also known to be active. For 
example, the role of gossypol, a dimeric sesquiterpene and struc
t u r a l l y related compounds has been investigated (21,22). The 
oxygenated sesquiterpenes, shiromodiol monoacetate and diacetate, 
from Parabenzoin trilobum (=Lindera t r i l o b a Blume) possess potent 
antifeeding a c t i v i t y toward Spodoptera l i t u r a larvae (85). 

l a s i d i o l angelate 
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Leaf cutter ants, abundant from Texas to Argentina are polyphagous 
herbivores, but w i l l not attack several plants. The ant, Atta 
cephalotes, for example, does not feed on Lasianthaea fruticosa 
(Asteraceae). The active repellent substance has been demonstrated 
to be l a s i d i o l angelate (87). 

Polygodial, ungandensidial, and warburganal from the bark of 
Warburgia stuhlmanii and W. uqandensis (Cannellaceae) have also 
proven to be highly active against Spodoptera exempta. Warburganal 
is a highly active antifeedant (0.1 ppm against S.. exempta) (85). 

warburganal polygodi al 

The i r i d o i d monoterpenes, catalpal and catalposide occur in 
nectar in flowers of Catalpa speciosa (Bignoniaceae) and are toxic 
to many non-coadapted insects which attempt to rob nectar. The 
bees which normally poll inate this plant are relat ively insensitive 
to the effects of these compounds (88). 

A number of diterpenes are known to be active against herbi
vores (84). The diterpenes a b i e t i c , dehydroabietic, 12-methoxy-
a b i e t i c , sandaracopimaric, and isopimaric acid serve as feeding 
deterrents for the larch sawfly, Pristiphora erichsonii in single 
needles from new shoots of tamarack (Larix lar ic ina) (133). The 
larvae of this insect do eat tufted needles on short shoots of the 
same trees. 

Varieties of sunflower (Helianthus annums, Asteraceae) that 
are resistant to attack by larvae of the sunflower moth (Homeosoma 
electellum) contain high concentrations of trachyloban-19-oic acid 
and (-)-16-kauren-19-oic acid in their f lorets (84,132). 

Ryania speciosa (Flacourtiaceae) and several related species 
are unique in that their insect icidal a c t i v i t y was discovered as 
a part of a search for new insecticides (89). The toxic principle 
is a diterpene e s te r i f ied to pyrrole-2-carboxylic acid. This 
insecticide proved to be somewhat selective in i t s a c t i v i t y (89). 

A series of complex oxygenated diterpenes i s known to be 
antifeedant. Several of these occur in the Lamiaceae (Labiatae) 
and Verbenaceae, but are found in other families as well ( e . £ . in 
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trachyloban-19-oic acid (-)-16-kauren-19-oic acid 

the Asteraceae). Clerodendrin A & B from verbenaceous plants 
possess potent antifeeding a c t i v i t y against some insects (e.c[. 
Spodoptera l i t u r a ) , but less against others (Calospilos miranda). 
Several genera of plants from this family contain similar com
pounds: for example Clerodendron, Caryopteris, Callicarpa (54). 
Ajugarins, from Ajuga remota (Lamiaceae or Labiatae) have ent-
clerodane diterpenoid structure. They have antifeedant a c t i v i t y 
against Spodoptera exempta at 100 ppm (85J, Ent kaurenoid d i t e r -
penes such as i n f l e x i n from Isodon inflexus (Lamiaceae) and i s o -
domedin from L shikokianus var. intermedius had antifeedant 
a c t i v i t y against the African armyworm (Spodoptera exempta). They 
are also highly cytotoxic (LD 5 0 5.4 and 4.0 yg/ml respectively) 
(85), Two diterpenes, cinnzeylanine and cinnzeylanol from 
Cinnamomum zeylanicum (Lauraceae) have been demonstrated to possess 
insecticidal a c t i v i t y (90). At 2 to 4 ppm these compounds inhib
ited larval ecdysis in Bombyx mori. 

Many triterpenes also have antiherbivore a c t i v i t y . In 
general, those which are highly oxygenated seem to be more 
active in this regard (84). The role of cardiac glycosides, 
insects and their predators has been reviewed (91-94). A number 
of metabolically altered triterpenes from the Rutaceae, Meliaceae 
and Simaroubaceae are antifeedants. Extracts of neem tree seeds 
(Azadirachta indica, Meliaceae) were shown to be repellent to a 
number of insects when applied to various crop plants at low 
concentrations. The probable active compound i s tetranortr i ter
pene, azadirachtin (95). This compound from the leaves and f r u i t s 
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of A. indica and Melia azedarach (Meliaceae) gives 100% feeding 
inhibit ion at 40 yg/liter against Schistocerca gregaria (desert 
locust) (85). Harrisonin from Harrisonia abyssinica (Simaroubaceae) 
had antifeedant a c t i v i t y against Spodoptera exempta at 20 ppm (85). 
Both harrisonin and azadarichtin are limonoid compounds. 

Several simple non-volatile phenylpropanoids are known to be 
allelochemics. Among these are p-coumaric a c i d , c is and trans-
caffeic acid (17), chlorogenic acid, and a caffeyl derivative of 
an aldaric acid (97). 

Coumarin (0.1%), f e r u l i c acid (0.1%) and p-coumaric acid (5%) 
were shown to be toxic to the larvae of the bruchid beetle, 
Callosobruchus maculatus (96). 

Furocoumarins such as isopimpinell in, bergapten, and kokusagin 
have antifeedant a c t i v i t y against Spodoptera l i t u r a (54). A number 
of similar compounds from umbelliferous plants have been demon
strated to be active antifeedant
Periplaneta americana, Musc
Stylopyga rhombifolia (98). 

Xanthotoxin, a l inear furocoumarin occurs in many plants of 
the Apiaceae. This compound is not appreciably toxic to the 
larvae of Papil io polyxenes which normally feed on umbelliferous 
plants. Angelicin, an angular furanocoumarin, which i s found in 
only a few relat ively advanced tribes of the Apiaceae, reduces 
growth rate and fecundity in this insect (100). A few insects can 
u t i l i z e plants with angular furocoumarins, however, and these 
authors suggest that the pathway leading to angular attachment of 
the furan ring may have been favored in the Apiaceae by specialized 
herbivores that had adapted to feeding on l inear furocoumarins. 

The toxic i ty of furocoumarins to mammals has been reviewed 
(99) . 

xanthotoxi n angelicin 

Flavonoid aglycones and especially highly methylated ones are 
often found as resinous exudates on plants (101). 

Many flavonoids are known to be phytoalexins, a n t i v i r a l 
agents, and to serve as antiinflammatory and antitumor compounds. 
Several isoflavones have estrogenic a c t i v i t y in mammals (70). 
( -)-Vestitol and sativan, isoflavans from Lotus species, are 
phytoalexins. 3R(-)-Vestitol from the resistant pasture legume 
Lotus pedunculatus, has been demonstrated to be a feeding deterrent 
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to larvae of Costelytra zealandica (Coleoptera: Scarabaeidae), a 
serious agricultural pest in New Zealand (102). Pastures con
taining perennial rye grass (Lolium perenneT"and as l i t t l e as 20% 
Lotus pedunculatus were relat ively resistant to attack by this 
insect. 

The l i p o p h i l i c material found on the surface of Larrea 
species (Zygophyllaceae) i s comprised of several methylated f l a v 
onoid aglycones and lignans such as nordihydroguaiaretic acid. 
This resinous material was shown to act as an antiherbivore sub
stance and appeared to reduce d i g e s t i b i l i t y of the plant for 
several herbivores (103). 

Although somewhat less known than other groups of phenylpro-
panoid compounds, lignans are widely distributed among higher 
plants (70). Several lignans are known to have antitumor a c t i v i t y 
and many are cytotoxic. Lignans are also known to be active in 
plant-insect relationships
Sesamum indicum (Pedaliaceae) seed o i l as well as in other plants 
was isolated from Magnolia kobus (Magnoliaceae) and demonstrated 
to be a growth inhibit ing substance for Bombyx mori (104). 

sesamin 

2-Methyl, 2-hydroxymethyl-, and 2-formylanthraquinones in the 
heart wood of teak (Tectona grandis, Verbenaceae) are effective in 
inhibit ing termite a c t i v i t y (105). Several naphthoquinone deriva
tives including lapachol are thought to impart marine borer 
resistance to woods, e.c[. that of Tabebuia guayacan (Bignoniaceae) 
(108). 

Often related insect species are not a l l sensitive to a 
particular allomone. For example, juglone i s a feeding deterrent 
to the smaller European elm bark beetle (Scolytus multistriatus) 
but not to the closely related hickory bark beet1eH[Scolytus 
quadrispinosus) (106,107). 

Most insects have a dietary requirement for polyunsaturated 
fatty acids, usually l inolenic acids, but the exact requirements 
appear to d i f f e r from species to species and few have been studied 
thoroughly (109). Moreover, the presence of certain fatty acids 
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o o 

HO O 
lapachol juglone 

in the diet may i n h i b i t growth and cause mortality in insects that 
do not require them. 

General physiological roles for fatty acids in c e l l u l a r l i p i d s 
are calor ic storage, membran
cursors. The f i r s t of these mainly involved the formation and 
hydrolysis of t r i a c y l g l y c e r o l s , transport and activation of non-
e s t e r i f i e d fatty acids, and other steps leading to energy 
conversion (110). The second role primarily involves activation 
and incorporation into 1- and 2- positions of different phospho
l i p i d s which form a major part of membranes. The third role i s 
linked to the requirement for certain unsaturated fatty acids in 
the diets of most animals (110). 

Incorporation of different fatty acids into l i p i d s depends on 
the relative abundance of their CoA derivatives and their a c y l -
transferase 1̂  values. The synthetic enzymes which form membrane 
phospholipids may select the acid by molecular features not in 
accord with the optimal physiological properties of the products 
(110), resulting in the formation of membranes which do not func
tion adequately. 

When trans-fatty acids are fed to rats with adequate amounts 
of essential fatty acids, they have l i t t l e effect on growth, 
longevity, or reproduction, but when fed as the sole source of 
l i p i d s they exaggerate the symptoms of essential fatty acid 
deficiency (111). An effect on the metabolism of long chain poly
unsaturated fatty acids was noted however. 

Fatty acids are known to be feeding stimulants for certain 
insects. Linolenic acid (as a free fatty acid) in mulberry leaves 
stimulates potent feeding a c t i v i t y in Bombyx mori, the silkworm. 
Linoleate and laurate also have a c t i v i t y whereas myristate, 
palmitate, stearate, elaidate, oleate and vaccenate have none. 
Oleate promotes growth but does not promote feeding a c t i v i t y . A 
synergistic effect of 3-sitosterol has been observed with l i n o -
lenate, l inoleate, vaccenate and laurate. Linoleic and l inolenic 
acids are phagostimulants for the f i r e ant Solenopsis saevissima 
var. r i c h t e r i (112). Palmitate and stearate produces a positive 
feeding response in Dermestes maculata, and valeric acid in Trogo-
derma granarium. Fatty acids ( C 5 - C n ) are repellent to Tribolium 
castaneum. 
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The antifungal properties of fatty acids and several of their 
derivatives such as amides and methyl esters have been reviewed 
(113) as have their antimicrobial a c t i v i t i e s (114). Monolaurin 
(tRe ester of 1 auric acid and glycerol) i s the most potent l i p i d 
derivative tested to date with regard to a n t i b i o t i c a c t i v i t y . 

The effects of selected fatty acid (Ci 0-Ci 2) methyl esters on 
the pink bollworm (Pectinophora gossypiella), bollworm (Heliothis 
zea) and tobacco budworm (Heliothis virescens) were determined, 
and a number of cyclopropyl, o l e f i n i c and acetylenic methyl esters 
were also tested (115). Methyl (Z,Z)-deca-2,8-diene-4,6-diynoate 
(matricaria ester) was lethal at low concentrations to a l l three 
insects. This last ester was isolated from Conyza canadensis but 
is found in vegetative matter of many plants of the Asteraceae. 
It was toxic to the pink bollworm at 0.005% and to the bollworm 
and the tobacco budworm at 0.15% in a r t i f i c i a l diets. Esters 
(C10-C12) were also toxi
ester was also shown to be a potent insect antifeedant compound to 
these insects (115). 

A number of mammalian and fungal enzyme systems, whole c e l l s 
and entire animals have been shown to respond differently to fatty 
acids which vary in number and position of unsaturation, geometri
cal isomers, or cyclopropyl ring positions (110,116). 

The salts of fatty acids (not naturally occurring) have long 
been known to have insect icidal properties. The most effective 
potassium salts center around oleate in the monounsaturated and 
saturated series, although potassium caprate (Ci 0) was especially 
active against Choristoneura occidental i s (Western spruce budworm) 
and Aden's gloverana (Western blackheaded budworm) (117). 

A number of l i p i d materials were shown to be toxic to the 
larvae of the bruchid beetle, Callosobruchus maculatus (96J. 
Among these were a cyclopropane fatty acid from Sterculia foetida 
(Sterculiaceae) seed o i l (0.1%) and cyanolipids from Koelreuteria 

C H 3 ( C H 2 ) 7 C = C ( C H 2 ) 7 C 0 0 H s tercul ic acid 

paniculata, Sapindus drummondii, and Ungnadia speciosa (Sapinda-
ceae), A"~pentane extract of the seed of tung (Aleurites f o r d i i , 
Euphorbiaceae) contained a compound which was shown to be strongly 
repellent to Anthonomis grandis, the boll weevil. Some fractions 
were also active to the striped and spotted cucumber beetles, the 
codling moth and the redbanded l e a f r o l l e r (95). The active com
pounds were a-eleostearic acid and erythro-9,10-dihydroxy-1-
octadecanyl acetate (118). 

Fatty acids and various esters are also involved in mutual-
i s t i c relationships between certain types of bees and several 
plant species (123). These compounds serve as food reserve for 
the poll inating species. For example, several species of Krameria 
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produce free 3-acetoxy-fatty acids which are collected by the 
genus Centris. 

Seeds of the v i o l e t , Viola odorata are disseminated by the 
ant Aphaenogaster rudis. Elaiosomes (appendages attached to the 
outside of the seed coat) often contain high concentrations of 
l i p i d s and are associated with attraction of the ants. 1,2-
Diolein, a diglyceride, i s largely responsible for this attraction 
(124). 

C H 3 ( C H 2 ) 3 C H = C H CH=CH CH=CH(CH 2 ) 7 COOH 

a-eleostearic acid 

C H 3 ( C H 2 ) 7 C H CH ( C H 2 ) 7 C H 2 O H 

HO OH 

QAythn.o-9,10-di hydroxy-1 -octadecanoate 

Amide derivatives of unsaturated al iphatic fatty acids (Ci 0-
Ci 8 ) are especially common in members of the Asteraceae, Piper-
aceae, and Rutaceae. Among these, the isobutyl amides have 
pronounced insecticidal a c t i v i t y (119). Most of these compounds 
have not proven useful as commercial insecticides because of their 
i r r i t a t i n g properties to mammals and their i n s t a b i l i t y . 

A series of structural ly similar compounds derived by acetate 
extension of phenylpropanoid precursors i s also found in the 
Piperaceae. Pipercide from Piper nigrum (Piperaceae) was i n s e c t i 
c i d a l , but the mixture of amides from this plant was s i g n i f i c a n t l y 
more toxic and i t appears that co-occurring compounds exert 
synergistic effects (120). 

Many non-volatile l i p i d s in plants are also deived from fatty 
acids. A number of these compounds are known to possess biological 
a c t i v i t y . 

The wild tomato, Lycopersicon hirsutum f, glabratum i s 
covered with trichomes which contain 2-tridecanone, The level of 
this compound i s much lower in the domesticated tomato, L_. 
esculentum. This exudate proved to be toxic to Manduca sexta 
(tobacco hornworm) and to Heliothis zea (121). The density of 
glandular trichomes, which secrete 2-tridecanone, was influenced 
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H 
,CH, 

CH 3 CH=CH CH=CH CH= CH (CH 2 ) 2 CH=CH C N CH 2CH 

echinacein 

H 

CH 3 (CH 2 ) 2 CH=CH (CH 2 ) 4 C H = C H C N CH 2 CH 
O X C H 3 

neoherculin 

pipercide 

by an interaction between day length and l ight intensity. The 
toxic compound was s ignif icant ly more abundant on foliage of 
plants grown under long day regimes (122), This finding i s of 
considerable importance as there i s a p o s s i b i l i t y of introducing 
this resistance into acceptable tomato cult ivars. 

Most acetylenic compounds in plants are derived from meta-
b o l i c a l l y altered fatty acids. These often are active in plant-
insect relationships. 8-cis-Dihydromatricaria acid i s also found 
in the defensive secretion of the soldier beetle (Chauliognathus 
lecontei) (125), and has subsequently been shown to have a n t i 
feedant properties against Phidippus spp. (jumping spiders) (126). 
As previously mentioned matricaria ester has antifeedant properties 
to the pink bollworm, bollworm and tobacco budworm (115). 

Several nematicidal acetylenic compounds have been isolated. 
Most are from the Asteraceae (127), Recently isolated are (8R,9R, 
10S)-9,10-epoxyheptadec-16-ene-4,6-diyne-8-ol and other compounds 
from Cirsium japonicum (128,129). 1-Phenylhepta-1,3,5-triyne and 
2-phenyl-5-(l'-propynyl)-thiopene, from Coreopsis lanceolata and 
ci s-dehydromatri cari a ester from Soli dago altissima have been 
shown to be f l y ovicidal substances (130,131). 
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C H 3 C H 2 C H 2 C ^ C C = C CH C H - C H ( C H 2 ) C H = C H 2 

OH 

(8R,9R,10S)-9,10-epoxyheptadec-16-ene-4,6-diyne-8-ol 
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19 
Isolation of Phytoecdysones as Insect Ecdysis 
Inhibitors and Feeding Deterrents 

ISAO K U B O and J A M E S A . K L O C K E 

University of California, Division of Entomology and Parasitology, College 
of Natural Resources, Berkeley, CA 94720 

Phytoecdysones, due to their e f f e c t s on the 
behavior and th
inse c t s , appear
defensive strategies found in some i n s e c t - r e s i s t a n t 
plant species. 

Observations in nature obviate the fact that c e r t a i n plant 
species and cultivars are more re s i s t a n t to insect a t t a c k 1~3 
than are others. Ajuga remota (Labiatae) is an example of this. 
A survey of a Kenyan savannah following a locust attack revealed 
that the only vegetation to survive the assault was A. remota4. 

In order to test f o r chemical factors involved i n  this ob
served resistance, extracts of A. remota f o l i a g e were incorpora
ted i n t o a r t i f i c i a l  d i e t s optimized f o r several economically im
portant pest insects ( F i g . 1 ) 5 . B r i e f l y , a methanolic extract 
was dissolved i n solvent and added to a non-nutritive f i l l e r 
( a - c e l l u l o s e ) , evaporated to dryness, and added to the components 
of a meridic a r t i f i c i a l d i e t , including s o l i d nutrients (casein, 
sucrose, wheat germ, Wesson s a l t s ) , vitamins (C and B-complex), 
and 4% agar. Newly-hatched larvae of the pink bollworm, Peetino-
phora gossypiella and of the f a l l armyworm, Spodoptera frugiperda 
were placed s i n g l y on portions of the die t i n p l a s t i c v i a l s . 
A d d i tional bioassays were conducted with the silkworm, Bombyx 
moriy by incorporating dissolved A* remota extracts d i r e c t l y i n t o 
dried mulberry powder (Nihon Nosan), evaporating the solvent to 
dryness, and adding a 2% agar s o l u t i o n . 

Analysis of the test insects fed the A. remota extracts r e 
vealed a developmental di s r u p t i o n i n which the insects died i n 
the pharate condition following i n i t i a t i o n of molting ( a p o l y s i s ) , 
but before completion of molting (ecdysis) ( F i g . 2 - 4 ) 6 . Insect 
molting cycle i s i n i t i a t e d when the c u t i c u l a r epithelium sepa
rates from the overlying c u t i c l e i n the process of apolysis. The 
molting cycle i s terminated, upon the completion of c u t i c l e syn
t h e s i s , by hydrostatic expansion of the new c u t i c l e during the 
process of ecdysis. The A* remota extract apparently upset the 
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Sample Solution 

<g: —a-Cellulose 

Inoculate Larvae (Neonate) 

Observation 
Weighing 

Figure 1. Artificial diet feeding bioassay for lepidopterous larvae. The diet con-
tained (I) Solid nutrients (casein, sugar, salt, wheat germ); (2) Buffered vitamin 

solution (B vitamins, vitamin C); and (3) 4% agar. 
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Figure 2. A molting cycle failure of the silkworm, Bombyx mori, caused by inges
tion of the crude methanol extract of Ajuga remota root. The insect underwent nor
mal apolysis, but failed to complete ecdysis. Thus, it could not remove its head 

capsule or its trunk exuviae. Magnification X11. 

Figure 3. Electron micrograph of a fall armyworm, Spodoptera frugiperda, after 
ingestion of the crude methanol extract of Ajuga remota roots. This insect has three 
head capsules that mask its functional mouthparts. The insect eventually starved to 

death. Magnification X 38. 
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Figure 4. Electron micrograph of a pink bollworm, Pectinophora gossypiella, after 
ingestion of the crude methanol extract of Ajuga remota roots. This insect has three 
head capsules that mask its functional mouthparts. The insect eventually starved to 

death. Magnification X 113. 

_( ( Ajugasterone C 
5 10 MIN 

Figure 5. C18 reversed phase HPLC. Conditions: HxO-CH3CN-MeOH (82:18:1.8 
v/v); 1.5 mL/min; 254 nm. 
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temporal patterning such that the molting cycle f a i l e d due to an 
i n h i b i t i o n of ecdysis. F i g . 2 exemplifies t h i s as the newly-
molted B. mori l a r v a died while encased by the old c u t i c u l a r skin 
and head capsule (pharate condition). The e f f e c t s of t h i s pha-
rate condition are to prevent feeding because of masking of the 
mouthparts by the head capsule and also to prevent locomotory and 
excretory functions because the whole body i s trapped by the 
retention of the e n t i r e c u t i c u l a r s k i n . 

Figs. 3 and 4 are electron micrographs of a f a l l armyworm, 
and a pink bollworm, respectively. Both insects have three head 
capsules because they underwent two f a i l e d molting cycles before 
death. That i s , even though feeding became impossible a f t e r the 
f i r s t i n h i b i t e d ecdysis because the adhering second head capsule 
covered the mouthparts, these larvae could synthesize a t h i r d 
head capsule 7. 

Chromatographic fractionation
f a i l u r e bioassay resulte
compounds. Spectral i d e n t i f i c a t i o n (UV, IR, MS and NMR ( 1H and 
l^c)) resulted i n B-ecdysone, cyasterone, and ajugasterone C 
as the active p r i n c i p l e s from the A. remota extract ( F i g . 5)**. 
We have used the molting cycle f a i l u r e bioassay to detect phyto
ecdysones i n other plant species observed to be resistant to i n 
sect attack, i n c l u d i n g A. reptans , A. ohameaoistus y Podooarpus 
gracilior, and others. A. reptans was found to contain fl-ecdy-
sone and cyasterone, i n a d d i t i o n to ajugalactone. P. graoilior 
was found to contain ponasterone A as the active p r i n c i p l e i n 
t h i s bioassay^. 

In order to obtain s u f f i c i e n t q u a n t i t i e s of these phytoecdy
sones for more detailed b i o l o g i c a l studies, droplet counter-
current chromatography (DCCC) was adapted 1 0. DCCC i s an espe
c i a l l y e f f i c i e n t method f o r the preparative separation of polar 
compounds l i k e the phytoecdysones. Thus with DCCC, while r e q u i r 
ing only small volumes of solvent, more than 50 mg of each of the 
Ajuga phytoecdysones were rapidly and nondestructively separated 
and f u l l y recovered 8 ( F i g . 6) from each 500 mg i n j e c t i o n . 

A comparison of the f i v e i s o l a t e d phytoecdysones, tested i n 
the a r t i f i c i a l d i e t feeding bioassay with pink bollworm larvae, 
showed the importance of the phytoecdysone side chain i n 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 (Table 1). Thus, ponasterone A 
showed the most potent ecdysis i n h i b i t o r y (EI95) as wel l as 
growth i n h i b i t o r y (ED50) a c t i v i t i e s , while ajugalactone was 
ina c t i v e as ecdysis i n h i b i t o r to concentrations as high as 1000 
ppm. fi-ecdysone, cyasterone, and ajugasterone C were compara
t i v e l y active i n t h i s bioassay (Table 1). 

Ponasterone A was also the most potent of three phytoecdy
sones o r a l l y i n j e c t e d i n t o fourth i n s t a r mori larvae (Table 
2). A l l of the larvae treated with >5 ug ponasterone A were 
induced to i n i t i a t e molting ( a p o l y s i s ) , but were unable to com
plete t h i s molt due to an i n h i b i t i o n of ecdysis. Thus, a l l of 
these ponasterone A-treated larvae died i n the pharate condition. 
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Table 1 . E f f e c t s of 5 phytoecdysones on growth and 
development of pink bollworm larvae. 

Amount i n di e t 
Compound (ppm) E f f e c t 

fi-ecdysone 3 5 E D ^ Q 

5 0 E I 9 5 

Cyasterone 2

4 0 E I 9 5 

Ponasterone A 1 E D 5 0 

2 E I 9 5 

Ajugasterone C 1 4 E D 5 0 

4 5 E I 9 5 

Ajugalactone 4 3 0 ED^^ 
* EI 

Values are based on three or more r e p l i c a t e s , each 
of which consisted of 3 0 or more neonate pink b o l l 
worm assayed f or 1 2 days. ED^^ refers to the 
e f f e c t i v e dose for 5 0 % growth i n h i b i t i o n , while 
EI<^ refers to the e f f e c t i v e dose f o r 95% k i l l 
due to ecdysis i n h i b i t i o n . 

* No ecdysis i n h i b i t i o n was observed to 
concentrations of 1 0 0 0 ppm. 
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Table 2. Ef f e c t s of fi-ecdysone as compared to cyasterone 
and ponasterone A when o r a l l y injected to 4th i n s t a r 

5. movi # 25 larvae were used per treatment. 

Developmen- A c t i v i t y 
t a l stage yg phyto-
i n 4th i n - ecdysone 
star (day) per os fi-ecdysone Cyasterone Ponasterone A 

1st 30 P; 74% EI I ( p ) ; 10%EI P; 100% EI 
2nd 30 P

20 P ( p )

10 P; 10% EI I ( p ) ; 16%EI P; 100% EI 
5 1 P; 100% EI 
2.5 NE 

3rd 20 P; 46% EI 
10 P; 15% EI — 

4th 30 P 
20 P 
10 P 
5 NE — 

P : Promotion of 100% of treated larvae to apolysis w i t h i n 24-
48 hr po s t - i n j e c t i o n . 

I : Delay of 100% of treated larvae to apolysis for 24-72 hr 
compared to c o n t r o l . 

I ^ p ^ : Delay of >82% of treated larvae to apolysis for > 72 hr 
compared to c o n t r o l . (P) indicates <18% of treated larvae 
were promoted to apolysis w i t h i n 24-48 hr p o s t i n j e c t i o n . 
A l l of the l a t t e r group died through ecdysis i n h i b i t i o n 
( E I ) . 

EI : Ecdysis i n h i b i t i o n r e s u l t i n g i n death. A l l other larvae 
recovered• 
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34 mg 
0-Ecdysone Ajugasterone C Cyasterone 

0 50 100 150 200 

Fraction Number 

Figure 6. DCCC of the ethyl acetate extract of Ajuga remota (500 mg) with 
CHCl3-MeOH-H,0 (13:7:4) by the ascending method. 

Maxillolabialhypopharyngeal complex (mc) 

Mandible 

A 

Figure 7. Schematic depicting (ventral side) dysfunctional mouth-parts in ecdysis-
inhibited Bombyx mori larvae. 

Left: Normally ecdysed 5th instar head capsule with fully closed mandibles. 

Right: Ecdy sis-inhibited 5 th instar head capsule following artificial removal of 4th 
instar head capsule. The adhering 4th instar head capsule prevented full expansion 
of the 5th instar head capsule resulting in the forward position of the maxillolabial

hypopharyngeal complex (mc) such that the mandibles could not fully close. 
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Oral i n j e c t i o n s >10 yg of B-ecdysone also resulted i n a promoted 
apolysis, but depending upon concentration and the exact age of 
the treated fourth i n s t a r larvae, a variable number of the t r e a 
ted larvae were able to complete molting and e s s e n t i a l l y recover. 
Cyasterone i n j e c t i o n s >10 pg, i n general, caused a delay ( a n t i -
ecdysone) of molting of the treated fourth i n s t a r larvae to the 
f i f t h i n s t a r . This 'antiecdysone 1 e f f e c t of cyasterone, at i t s 
most severe, resulted i n prothetely (precocious development) of 
a small % of the treated larvae. 

In order to examine anatomically the newly-synthesized head 
of fourth i n s t a r larvae undergoing molting cycle f a i l u r e , the 
adhering exuvial head capsule was c a r e f u l l y removed with forceps. 
This procedure revealed the morphological d i s r u p t i o n of the feed
ing apparatus ( F i g . 7). The f i f t h i n s t a r head capsule was com
pressed by the adhering fourth i n s t a r head capsule  which r e s u l
ted i n the pushing forwar
complex (mc) such that y

In order to study how injected (or ingested) phytoecdysone 
causes an i n h i b i t i o n i n ecdysis, several biochemical parameters 
of l a r v a l molting f l u i d were analysed, including phenoloxidase 
a c t i v i t y , t o t a l protein, and t o t a l ascorbic acid (Table 3). 
Molting f l u i d may be implicated i n the i n h i b i t i o n of ecdysis 
since e i t h e r t o t a l removal of the molting f l u i d (unpublished) or 
a simple d e l e t i o n of ascorbic acid from the molting f l u i d of Spo
doptera littoralis (Navon, 1978) 1 1 (fed with no phytoecdysone) 

duplicated the phytoecdysone-induced i n h i b i t i o n of ecdysis. The 
antioxidant ascorbic acid has been hypothesized to control pheno
loxidase hardening of the newly-synthesized c u t i c l e before i t s 
hydrostatic expansion. In addition, B-ecdysone i s known to a c t i 
vate the enzyme which catalyses the synthesis of a phenoloxidase 
from i t s proenzyme 1^. 

Nevertheless, ascorbic acid l e v e l s i n both the molting f l u i d 
and the hemolymph of phytoecdysone-treated larvae are comparable 
to those l e v e l s found i n untreated larvae. In addition, phenol
oxidase a c t i v i t y , as measured with catechol substrate, i s a c t u a l 
l y l ess i n phytoecdysone-induced larvae as compared to control 
larvae. 

These negative r e s u l t s do not eliminate the involvement i n 
ecdysis i n h i b i t i o n of other biochemical parameters i n the molting 
f l u i d , i . e . c h i t i n a s e , protease, but do seem to indicate that 
premature phenoloxidase-catalysed c u t i c l e hardening i s not the 
cause for phytoecdysone-induced f a i l e d ecdysis. 

More det a i l e d data with B. mori showed that the ef f e c t s of 
ingested B-ecdysone included, besides an i n h i b i t i o n of ecdysis, 
death without molting, death following completion of promoted 
molting, and an i n h i b i t i o n i n growth with no effe c t on molting. 
These various e f f e c t s are dependent upon the concentration of 
exogenous B-ecdysone, the precise developmental stage of the 
treated larvae, and the duration of exposure. 

Concentrations of B-ecdysone >50 ppm i n a r t i f i c i a l d i e t i n -
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Table 3. Comparison of phenoloxidase a c t i v i t y , protein, and 
ascorbic acid l e v e l s i n the molt f l u i d and ascorbic 
acid l e v e l s i n the hemolymph approximately 36 hr 
following apolysis to the 5th i n s t a r . B. mori larvae 
were injected per os at 4th i n s t a r 2nd day with 10 u l 
30% aq/EtOH alone or with 10 y l 30% aq/EtOH + phyto
ecdysone. 25 larvae were used/treatment/parameter and 
analyzed. 

O r a l l y 
applied 

A 4 7 Q/min/ 
u l molt 

ug Ascorbic ug Ascorbic ug Prot e i n / 
a c i d / u l a c i d / u l u l molt 

molt f l u i d hemolymph f l u i d treatment f l u i d 

Control 0.031 
+ 0.05 0.13 16.0 

(solvent only) 0.012 

30 ug 
3-Ecdysone 
( i n solvent) 

0.008 

0.005 

+ 0.06 0.12 

10 ug 

Ponasterone A 

( i n solvent) 

0.006 

15.0 
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duced premature molting i n 5. mori and resulted i n 100% m o r t a l i 
ty. Much of t h i s m o r t a l i t y , however, occurred not as a re s u l t 
of an i n h i b i t i o n of ecdysis, but a c t u a l l y a f t e r molting had been 
completed. In f a c t , while the lower concentrations of B-ecdysone 
resulted i n <100% m o r t a l i t y , the % of the t o t a l m o r t a l i t y occur
ring during the molting process ( i . e . , ecdysis i n h i b i t i o n ) i n 
creases as the dose of B-ecdysone i s decreased (Table 4). Thus, 
death of B* mori by ingested B-ecdysj>ne cannot be e n t i r e l y ex
plained by an i n h i b i t i o n of ecdysis. 

At 25 ppm B-ecdysone, molting i s delayed (Table 5) so that 
88% of the exposed larvae die during the second i n s t a r (that i s , 
before molting occurs). Doses > 6.25 ppm but <25 ppm also re
s u l t i n a delay of molting to the t h i r d i n s t a r , such that 25 ppm 
seems to be the diet a r y concentration above which enhancement, 
and below which retardation  of molting takes place

Total m o r t a l i t y an
t a l i t y are dependent upo
dysone. In a d d i t i o n , growth i n h i b i t i o n by dietary B-ecdysone i s 
also a concentration-dependent phenomenon. 

Hypothetically, the larvae fed high concentrations of ecdy-
sone (> 25 ppm) had a high t i t re of ecdysone b u i l t i n the hemo
lymph, a t i t r e which could not be metabolized or excreted r a p i d l y 
enough to prevent hormonal imbalance r e s u l t i n g i n molting promo
t i o n and death. Larvae fed lower concentrations (< 25 ppm) of 
B-ecdysone grow more slowly than control and molt l a t e r than 
c o n t r o l . Possibly the ecdysone at these lower concentrations 
induced metabolism of both trie exogenous and the endogenous ecdy
sone such that there was a delay i n a p o l y s i s . 

Hikino et at. (1975) 1 3 showed that the catabolic a c t i v i t y 
on B-ecdysone of B* mox*i varied during the course of i t s growth 
and development. This i s i l l u s t r a t e d i n Tables 2 and 6 i n which 
i t can be seen that the larvae are more s e n s i t i v e to e i t h e r i n 
gested (Table 6) or injected (Table 2) 3-ecdysone during the 
e a r l i e r phase of the fourth i n s t a r . 

An a d d i t i o n a l bioassay with a pest aphid species was conduc
ted to test f o r a feeding deterrent e f f e c t of dietary phytoecdy
sones 1^ ( F i g . 8). One of several phytoecdysones was dissolved 
d i r e c t l y i n t o an aqueous diet optimized f o r maximal aphid feed
ing . The control aqueous diet consisted of vitamins (C and B-
complex), sucrose, amino acids, trace metals, s a l t s , c h o l e s t e r o l , 
brought to pH 8.7 with K3PO4. The aqueous diet was placed 
i n t o poly-ethylene v i a l caps and each of these caps were f i t t e d 
i n t o c i r c u l a r holes punched into p l a s t i c snap-on l i d s for poly
styrene catsup cups (1 oz). Between 50-100 Biotype C greenbugs, 
Schizaphis graminim , an important pest on sorghum (and other 
economically important grains) i n the midwestern U.S., were 
transferred from sorghum plants i n t o each of the 1 oz catsup cups 
which were immediately f i t t e d with the d i e t cap-containing snap-
on l i d s . A f t e r 24 hrs at room temperature the no. of aphids 
feeding/total no. aphids was determined f o r each treatment. 
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Table 4. E f f e c t s of fi-ecdysone on the l a r v a l development 
of second i n s t a r Borribyx moria 

Concen % % of t o t a l m o r t a l i t y 
t r a t i o n Development to 
i n diet 3rd 4th mortality 2nd Ecdysis 3rd 
(ppm) i n s t a r i n s t a r % i n s t a r i n h i b i t i o n i n s t a r 

100 28 0 100 72 0 28 

50 28 0 100 56 16 28 

25 8 0 100 88 4 8 

12-5 63 50 51 41 33 25 

6.25 73 69 31 26 61 13 

3.125 100 96 4 0 0 100 

Control 100 96 4 0 0 100 

a) 25 second i n s t a r f i r s t day larvae/treatment 
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Table 5. Ef f e c t s of B-ecdysone on the l a r v a l 

developmental period of second i n s t a r Bombyx mori 

Concentration Average Period (days) to 
i n diet Molted Ecdysed Ecdysed 
(ppm) 2nd Insta 3rd Insta 4th Insta

100 3.0(7) b' c 4.1(7) c Molting 
50 3 . 9 ( l l ) c 4.9(7) c - Promotion 

25 8.0(2) c 9.5(2) c - Molting 
12.5 6.4(19) c 6.9(15) c 14.3(10) Delay 

6.25 6.0(24) c 6.0(19) c 14.3(18) 

3.125 5.0(25) 6.0(25) 13.7(24) 

Control 4.9(25) 5.9(25) 14.0(24) 

a) 25 second i n s t a r f i r s t day larvae/treatment. 

b) Figures i n parenthesis show the number of larvae 
a l i v e out of the o r i g i n a l 25 second i n s t a r f i r s t 
day larvae. 

c) S i g n i f i c a n t difference from control at P=0.001 
by Mann-Whitney U t e s t . 
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Aqueous 
Sample Solution 

Akey Diet 
Amino acids, Sucrose, B-vitamins 
Vitamin C  S a l t s  Trace Metals 

350 v l 
1.5 cm ID polyethylene v i a l cap 

Parafilm 

Catshup cup l i d with inserted diet cap 

50-100 Biotype C aphids i n 1 oz. catshup cup 

Observation of Number Feeding after 24 h 

Figure 8. Antifeedant bioassay for the greenbug, Schizaphis graminum-
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Table 6. E f f e c t s of varying no- consecutive days feeding on 
dietary fi-ecdysone by second i n s t a r B. movi larvae 

Days of treatment 
with fi-ecdysone following 

molt to 2nd i n s t a r 
of B. moH l a r v a e a ) 

Concentration of 
dietary fi-ecdysone (ppm) 

100 50 25 12.5 6.25 

l s t - 5 t h days i n c l u s i v e 

1st day only 

2nd day only 

3rd day only 

4th day only 

0.20 0.22 j 0.30 0.48 
1 0.61 0.67 
I 0.58 0.66 

0.68 

0.83 

0.72 

0.78 

0.84 

0.66 0.69 0.86 

0.67 0.74 0.88 

0.75 0.80 0.86 

0.86 0.93 0.901 

a) 25 second i n s t a r f i r s t day larvae/treatment 

b) No. indic a t e weight r a t i o of treated larvae/control 
larvae on the f i f t h day of second i n s t a r . 

i ndicates treatment a f f e c t i n g i n h i b i t i o n of molting to 
the t h i r d i n s t a r . 

i ndicates treatment a f f e c t i n g promotion of molting to 
the t h i r d i n s t a r . 
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Appropriate co n t r o l s , which consistently resulted i n > 90% feed
ing, were then used to compare to each of the treatments i n order 
to determine ED50 values for each of the tested phytoecdysones. 
ED50 i s the e f f e c t i v e dose for 50% feeding compared to c o n t r o l . 

From Table 7 i t can be seen that ajugasterone C i s more than 
10-fold more potent than fi-ecdysone, and more than 30-fold more 
potent than cyasterone, as a feeding deterrent to S. graminum 
when incorporated i n t o the a r t i f i c a l diet of t h i s behavioral bio
assay. 

Although ingested phytoecdysones do have a potent and unique 
hormonal a c t i v i t y against susceptible species l i k e the silkworm 
and the pink bollworm, other insect species are unaffected by 
dietary phytoecdysones. For example, Heliothis complex fed more 
than 3000 ppm phytoecdysones i n a r t i f i c i a l diet show no obvious 
morphological or developmental changes. However, other chemicals 
besides phytoecdysone
remota and P. gracilior
Heliothis and other insect species. A . remota extracts have 
yielded 6 diterpenes causing antifeedant and i n s e c t i c i d a l a c t i v i -
•.yl-3,15^ while several i n s e c t i c i d a l nagilactones coupled to 
an antifeedant a c t i v i t y as w e l l as two growth-inhibiting b i s f l a -
vones have been i s o l a t e d from P. gracilior f o l i a g e ^ . 

Such multicomponent defensive s t r a t e g i e s , as those elucidated 
i n A* remota and i n P. gracilior, may be more the rule than the 
exception i n r e s i s t a n t plant c u l t i v a r s . The e l u c i d a t i o n of 
these s t r a t e g i e s , p a r t i c u l a r l y the chemical aspects of them, i s 
important for an understanding of e c o l o g i c a l and evolutionary 
aspects of host plant resistance. In a d d i t i o n , the mechanistic 
understanding of host plant resistance may have economical i m p l i 
cations i n that 'resistance' chemicals may be bred into crop 
plants, or they may be extracted from one plant species and 
applied d i r e c t l y to another economically important plant species, 
or they may serve as leading structui»2S i n synthetic pesticide 
research. 

The role of phytoecdysones i n t h i s scheme i s that of an 
important component i n a rather complex defensive strategy of 
some plants. Their presence i n plants probably serves a l i m i t e d , 
yet important, protective r o l e . For example, cotton b o l l s bred 
with several ppm of ponasterone A would very l i k e l y be resistant 
to attack by pink bollworm. 

In summary, then, whether acting alone or i n conjunction with 
other chemicals, the unique and potent p h y s i o l o g i c a l , biochemi
c a l , and morphological e f f e c t s induced by the phytoecdysones con
fers an i n t e g r a l role f o r them i n host plant resistance. 
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Table 7. Feeding deterrency of three phyto
ecdysones o  greenbug  Sohizaphis graminurft 

Compounds E D 5 0 * n diet)** 

B-ecdysone 6 5 0 

Cyasterone 2 0 0 0 

Ajugasterone C 6 2 

a) Biotype C of 5. graminum from a mixed 
population i n a 2 4 h no-choice bioassay. 

b) E D ^ Q i s the e f f e c t i v e dose f o r 50% feeding 
compared to c o n t r o l . 
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Multiple Factors in Cotton Contributing 
to Resistance to the Tobacco Budworm, 
Heliothis virescens F. 
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U.S. Department of Agriculture, Science and Education Administration, 
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Cyanidin-3-ß-glucosid
important facto
hirsutum L. leaves to the feeding of tobacco buworm 
Heliothis virescens (Fab.) in the field. The 
reported effectiveness of gossypol was confirmed, but 
the condensed tannins (proanthocyanidins) i n terminal 
leaves were not correlated with resistance. Para
doxically, these 3 compounds when incorporated in 
laboratory d i e t s are equally t o x i c to larvae. These 
findings provide a potential basis for achieving 
insect resistance in non-glanded cotton and other 
crops infested by Heliothis. 

Since the o r i g i n a l development of glandless cotton by 
McMichael ( 1 ) , entomologists and plant breeders have noted that 
the experimental glandless l i n e s are generally susceptible to 
ce r t a i n phytophagous i n s e c t s . Bottger et a l . (2), reporting on 
the r e l a t i o n s h i p between the gossypol content of cotton plants 
and insect resistance, noted that several insects fed on a 
glandless l i n e i n preference to glanded l i n e s . Jenkins et a l . 
(3_) reported increased s u s c e p t i b i l i t y of several glandless l i n e s 
to the bollworm ( H e l i o t h i s zea Boddie). Lukefahr et a l . (4_) 
showed that the growth of bollworm and tobacco budworm ( H e l i o t h i s 
virescens F.) larvae increased on diets of glandless cotton 
l i n e s compared with that on diets of the corresponding glanded 
l i n e . Lukefahr and Martin (5) incorporated 3 cotton pigments, 
gossypol, quercetin, and r u t i n , into a standard bollworm d i e t 
whereupon l a r v a l growth was decreased. They suggested that plant 
breeders might select f o r cotton plants with higher pigment 
(gossypol and quercetin) content as a mechanism of resistance. 

I t was observed that flower buds from c e r t a i n w i l d and pri m i 
t i v e cottons showed more i n s e c t i c i d a l a c t i v i t y than could be 
accounted for by gossypol, and the a d d i t i o n a l a c t i v i t y was 
ascribed to "X" factors ( 6 , 7). The "X" factors were i d e n t i f i e d 
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as sesquiterpenoid quinones, hemigossypols, and heliocides i n a 
series of investigations by t h i s College Station, Texas group 
(8-11). In summary, they i s o l a t e d at lea s t 15 terpenoid aldehy
des and related compounds from glanded cotton plants, present i n 
varying amounts from d i f f e r e n t l i n e s . They reported that t o x i 
c i t y (ED50; concentration to reduce l a r v a l growth by 50%) 
approached or equalled gossypol (0.05%) f o r a number of these 
compounds when incorporated i n diets fed to tobacco budworms. 
Gossypol was generally found i n considerably higher concentations 
than the other terpenoid aldehydes i n the l i n e s investigated. 
This group (12) also chromatographically i d e n t i f i e d catechin, 
gallocatechin, quercetin, and condensed tannin from 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 young cotton leaves i n higher concentrations than 
from susceptible larger leaves. 

Subsequently, a series of investigations by a group at the 
Western Regional Researc
have shown condensed cotto
fo r the bollworm, tobacco budworm, and pink bollworm (13, 14, 
15). I n i t i a l l y , they sought to investigate the "X" factor that 
had been described by i t s extraction from freeze dehydrated 
tis s u e with ethyl ether or acetone. They found that i f freeze 
dehydrated cotton powder was f i r s t extracted with hexane or a 
s i m i l a r non-polar solvent system, gossypol and the other t e r 
penoid aldehydes were i s o l a t e d i n the extract. This extract when 
incorporated i n insect diets decreased l a r v a l growth as pre
v i o u s l y reported. The r e s i d u a l powder was then extracted with 
methanol; t h i s extract when incorporated i n the l a r v a l d i et 
depressed growth severely. In f a c t , i n a study where control 
tobacco budworm larvae weighed 306 mg a f t e r 14 days, larvae fed 
the hexane extract (from 6 g of powder added to 30 g of d i e t ) 
weighed 56.6 mg, those fed the acetone extract weighed 343 mg, 
and those fed the comparable amount of the ethanol extract 
from the methanolic extract weighed 1.1 g. The major a n t i b i o t i c 
compound i n the methanol soluble f r a c t i o n was subsequently 
characterized as condensed tannin, which when hydrolyzed with HC1 
i n n-butanol yielded cyanidin and d e l p h i n i d i n . By osmotic 
measurements, the average molecular weight was estimated to be 
4850. In related work, Chan et a l . (14) i s o l a t e d the cycloprope-
noid f a t t y acids, the terpene aldehydes including gossypol, the 
flavonoids, and the condensed tannins. When fed to tobacco bud
worm [also bollworm and pink bollworm (Pectinophora g o s s y p i e l l a 
Saunders)] hatchling larvae i n d i e t s , the ED50 values (percent of 
d i e t ) were as follows: gossypol, 0.12; hemigossypolone, 0.08; 
h e l i o c i d e H x, 0.12; h e l i o c i d e H 2, 0.13; catechin, 0.13; quer
c e t i n , 0.05; condensed tannin, 0.15; methyl s t e r c u l a t e , 0.41; and 
methyl malvalate, 0.49. Stipanovic (16) obtained s i m i l a r ED50 
values for the tobacco budworm with gossypol, hemigossypolone, 
and heliocides and H2. 

In another t e s t , Chan et a l . (14) analyzed the condensed tan
ni n and gossypol (with analogs) content of 10 cotton plant parts. 
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In b r i e f , the tannin content of various leaf tissues was f a i r l y 
high while the gossypol content was r e l a t i v e l y low. In the 
anthers, c o r o l l a , and calyx, the reverse s i t u a t i o n existed. When 
the plant parts were fed to budworms, they had comparatively 
l i t t l e t o x i c i t y (ED 5 0 - 1.7%) despite the r e l a t i v e l y high gossy
pol content. Except for the high t o x i c i t y of c o r o l l a tissue 
(0.15%) which was a t t r i b u t e d to flavonoids, the various leaf 
t i s s u e s , (early feeding s i t e s i n the f i e l d ) were otherwise the 
most to x i c (0.27-0.50%). 

Shaver and Parrott (17) reared bollworm and tobacco budworm 
larvae on a standard l a r v a l d i e t , and transferred them at 5 ages 
onto media containing 0-0.4% gossypol. The influence on develop
ment increased with l a r v a l age at the time of transfer. Recently 
Waiss and his co-workers (18) incorporated condensed tannin i n 
die t s fed to the tobacco budworm where the larvae i n i t i a l l y were 
of d i f f e r e n t ages. Th
0.10; 3 day, 0.10-0.15
Thus, i t i s evident that larvae also become more tolerant to con
densed tannin with age. 

Shaver et a l . (19) studied feeding and l a r v a l growth i n the 
laboratory of the tobacco budworm on component parts of cotton 
flower buds. They found that most of the feeding of 2-4 day l a r 
vae occurred on the anthers a f t e r they penetrated into the 
i n t e r i o r of the bud through the petals. For perspective, i t 
should be noted that females oviposit on the young terminals and 
young leaves, so that the hatchling larvae feed on these s i t e s 
before migrating to the bud. When component parts of the flower 
bud were incorporated into l a r v a l d i e t , only the petals ( c o r o l l a ) 
i n h i b i t e d growth of 3 day larvae. This i n h i b i t i o n occurred both 
on glanded and glandless l i n e s , so i t can not be at t r i b u t e d to 
the gossypol content alone. Later, Shaver et a l . (20) fed 
3-day-old tobacco budworm larvae laboratory diets into which 
et h y l ether extracts of flower buds were incorporated. They 
reported that l i n e s with high gossypol and gossypol related com
pounds, as determined by the a n i l i n e t e s t , reduced l a r v a l weight 
gains. Bud tannins were not analyzed, nor were they extracted 
and fed i n t h i s study. 

Schuster et a l . (21) i d e n t i f i e d cotton plant resistance to 
the two-spotted spider mite (Tetranycus u r t i c a Koch) by mass 
screening seedlings. Later Schuster and Lane (22) were able to 
show that high tannin l i n e s , p a r t i c u l a r l y TX-1055, showed 
resistance to t h i s arachnid and the bollworm. 

Another t r a i t of cotton a f f e c t i n g l a r v a l growth of tobacco 
budworm i s pollen color which ranges from cream to yellow to even 
orange. Hanny et a l . (23) fed 1st i n s t a r tobacco budworm larvae 
whole fresh anthers of 5 cream and yellow l i n e s . In a number of 
tests conducted during 1977 and 1978, weight gains a f t e r 7 days 
were 13-15% less on the yellow p o l l e n . Hanny (24) reported the 
following average analyses: gossypol, yellow 0.88%; cream 0.70%; 
condensed tannins, yellow 4.79%; cream 5.34%; and flavonoids, 
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yellow 0.56%, cream 0.54%. The Isolation of 4 gossypetin glyco
sides (but not gossypin), 8 quercetin glycosides, and an antho-
cyanin were reported. 

In preliminary work at this location (25), gossypol and tan
nin were negatively correlated with weight gains of tobacco bud
worm larvae fed i n the f i e l d on plant terminals. This was based 
on seasonal averages for a fi v e cultivar test. In laboratory 
tests, the ED50 values for several flavonoids and condensed cot
ton tannins were determined and found to be similar (0.05-0.15%) 
to the values reported by Chan et a l . (14) and Stipanovic (16). 
The ED50 values for a number of cotton c u l t i v a r s , hibiscus, 
sorghum, and s i n f o i n , were found to range from 0.03-0.10%, i n d i 
cative that the tannin could be b i o l o g i c a l l y similar. Larval 
feeding tests were also performed on a number of chromatographic 
fractions obtained from solvent extracts of cotton terminal 
tissue. Those containin
most toxic. 

From the preceding, i t appears that chemical resistance i n 
cotton to Heliothis insects i s due to multiple factors. 
Different l i n e s , each with insect resistance, may possess d i f 
ferent ratios of a n t i b i o t i c compounds. Thus, i t may be possible 
to increase resistance by crossing lines where each contributes 
genes for biosynthesis of different a n t i b i o t i c compounds. The 
tobacco budworm was selected for study i n preference to the cot
ton bollworm because i t i s easier to rear and use i n the labora
tory, i s more resistant to insecticides i n the f i e l d , and i t i s 
approximately as susceptible to cotton constituents incorporated 
i n laboratory diets (14). This present study was carried out to 
identify and analyze for cotton constituents that were toxic i n 
laboratory feeding tests, and to determine whether there were 
positive correlations of their content i n leaves and/or other 
tissue with f i e l d resistance. From this information, the genera
tion of lines with multiple factors for resistance could be i n i 
t i a t ed. 

Materials and Methods 1/ 

Agronomic and entomological practices. Plants of diverse 
cotton lines were grown i n f i e l d plots during the years 
1978-1982 on the Plant Science Farm at Mississippi State 
University. Plants were treated for b o l l weevils with Guthion, 
and normal f e r t i l i z e r , herbicide, and other c u l t u r a l practices 
were applied. The f i e l d design was normally a randomized 
complete block with 4 replications. Plant material (terminals, 

If Mention of a trademark, proprietary product or vendor does 
not constitute a guarantee or warranty of the product by the U.S. 
Department of Agriculture and does not imply i t s approval to the 
exclusion of other products or vendors that may also be suitable. 
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larger leaves, squares, bracts, flowers, and b o l l s ) was c o l l e c t e d 
at i n t e r v a l s throughout the season, freeze dehydrated, ground, 
and stored at -10°C u n t i l used. 

F i r s t i n s t a r tobacco budworm larvae were restrained i n 15 cm 
long d i a l y s i s casings that were slipped over the terminals, and 
c o l l e c t e d and weighed a f t e r f i v e days. Adequate numbers and 
r e p l i c a t i o n s were employed for s t a t i s t i c a l evaluation. 
Laboratory bioassays were performed by placing 1st i n s t a r tobacco 
budworm larvae on a commercial medium (742-A) prepared by Bioserv 
Inc. , Frenchtown, NJ. Organic solvent-soluble test compounds 
were d i l u t e d i n e i t h e r hexane or ethanol, added to casein and 
evaporated to dryness i n a rotary evaporator. Water soluble com
pounds were dissolved i n water and added i n place of the 
prescribed water content. The casein was then incorporated with 
the remainder of the ingredients and poured into 10 cm p e t r i p l a 
tes to g e l . Diet cylinder
cut with a cork borer an
v i a l s . A neonate la r v a was added and the v i a l s were incubated at 
26°C, 60%RH, 12L:12D for 5 days at which time the larvae were 
weighed. A randomized complete block design with 8 r e p l i c a t e s of 
5 larvae each was used. Compounds were tested at 5-8 con
centrations ranging from 0.006 to 0.6% of the d i e t on a dry 
weight basis. 

Chemical analyses and f r a c t i o n a t i o n s . Freeze-dehydrated cot
ton tissue was analyzed for condensed tannin (heated n-BuOH-HCl), 
gossypol (phloroglucinol-HCl), and anthocyanins-anthocyanidins 
( a l e . HC1 at 540 nm). Other analyses performed but not reported 
here were for catechin, t o t a l phenols, E ^ (tannin), and a n i l i n e 
reactive terpenes (gossypol). 

Freeze dehydrated plant tissue was extracted by Soxhlet f i r s t 
with cyclohexane/ethyl acetate/acetic acid:500/500/1 (CHEA) and 
then with acetone/water:7/3. The CHEA extract was chromato-
graphed on a 40 cm s i l i c i c acid column with hexane and solvents 
of increasing p o l a r i t y to y i e l d gossypol and several other com
ponents, each of which was formulated for laboratory bioassay 
t e s t i n g . The aqueous acetone f r a c t i o n was chromatographed on a 1 
m Sephadex LH-20 column with 70% aqueous methanol, methanol and 
dimethyl formamide/methanol:10/90 and 25/75 to y i e l d the f l a v o 
noids, anthocyanin, and condensed tannin. S i m i l a r l y , each 
was formulated for laboratory bioassay t e s t i n g . The i s o 
l a t e d components were rechromatographed on LH-20, polyamide, and 
c e l l u l o s e columns as required to achieve p u r i t y for b i o l o g i c a l 
evaluation and i d e n t i f i c a t i o n work. 

I d e n t i f i c a t i o n of cotton plant compounds. The i d e n t i t y of 
gossypol was confirmed by comparison of the s p e c t r a l (NMR, MS) 
and chromatographic properties with an authentic sample. The 
i d e n t i t y of the cotton leaf anthocyanin was confirmed by com
parison of the chromatographic and spectral properties of the 
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c h r y 8 a n t h e m l n i s o l a t e d from cotton flowers, by *H NMR, and by 
procedures that we described previously (26). The condensed tan
nins (polymeric proanthocyanidins) were characterized with regard 
to t h e i r stereochemistry, s t r u c t u r a l u n i t s , and molecular weight 
by the procedures of Czochanska et a l . (27). The condensed tan
nins were found to consist of a mixture of related polymers, the 
molecular weight ranging from 1500-6000, the prodelphinidin: 
procyanidin r a t i o from 1.8-3.7, and the stereochemistry of the 
monomer units p r i m a r i l y c i s (81-95%). Figure 1 i s a 13C MNR 
spectrum of a highly p u r i f i e d c u l t i v a r BJA-592 condensed tannin. 
The spectra were obtained with an a c q u i s i t i o n time of 0.2 sec, 
a pulse width of 13 u sec, and a 45° f l i p angle. The average 
molecular weight was deduced from the r a t i o of the signals 
at 72/67 o to be 4221. 

H i s t o l o g i c a l Examinations
histochemical work, fres
cryostat ( I n t . Equip. Co., Model CTI) , mounted on specimen 
holders, trimmed, and s l i c e d with wedge shaped knives at -20C to 
produce 20-30 um tissue s l i c e s . For tannins, small pieces of 
leaf (or other tissue) were f i x e d for 78h i n FeS04-5% formol 
s a l i n e , s l i c e d at 30 ym and picked up on warm (room temp.) s l i 
des. F e r r i c chloride (1%) or 10% KOH were frequently used as 
s t a i n i n t e n s i f i e r s . Tannin granules ( c e l l s ) stained b l a c k i s h i n 
unmodified f i x , b l u i s h with FeCl3 modified f i x , and brown to red-
brown i n KOH modified f i x . In unfixed t i s s u e s , gossypol stained 
red with phloroglucinol-HCl, and l i g n i f i e d elements stained l i g h t 
v i o l e t . To v i s u a l i z e anthocyanins and gossypol, 30 um fresh 
frozen sections were f i x e d over formaldehyde vapors for 24h, and 
treated with 5% HC1 or NaOH to produce red or green anthocyanin 
reactions r e s p e c t i v e l y . Gossypol remained yellow with acid or 
base treatment, i n contrast to the anthocyanins. 

Flower petals were examined under 10-70X magnification and 
photographed i n s i t u a f t e r treatment with 5% KOH which stained 
anthocyanins green. Phloroglucinol-HCl treated gossypol glands 
were stained red, and flavonoids yellow. 

Results and Discussion 

T o x i c i t y of cotton plant compounds i n diets to TBW larvae. 
Table I gives ED5Q values for a number of cotton constituents 
tested as i n h i b i t o r s of tobacco budworm l a r v a l growth. For com
parison, values obtained independently by Chan et a l . (12) and 
Stipanovic (unpublished data) using e s s e n t i a l l y i d e n t i c i a l proce-
dues are included. The ED50 values were quite reproducible by 
each laboratory. Further separation of the tannin by Sephadex 
LH-20 chromatography gave fr a c t i o n s with average molecular 
weights ranging from 1500 to 6000. When bioassayed, the 
ED5Q values varied no more than from 0.05 to 0.10%, so i t i s 
deduced that within l i m i t s , the size of the molecule does not 
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appreciably a f f e c t t o x i c i t y . In recent years as the chemical 
bases for resistance were explored, there was the expectation 
that some i n d i v i d u a l compound or group of related compounds would 
be found that could account for the resistance of cotton to t h i s 
i n s e c t . This has been shown not to be the case based on dietary 
incorporation bioassays, because the t o x i c i t i e s are e s s e n t i a l l y 
equivalent at the ED50 values. However, the growth response 
becomes curvelinear at higher l e v e l s . While i t i s possible to 
reduce growth to less than 10% of the control with gossypol and 
chrysanthemin, i t was impossible to reduce growth to less than 20% 
with some others. 

E f f e c t of gossypol, tannin, and chrysanthemin i n terminals on 
TBW l a r v a l growth. Figures 2, 3 and 4 give percent con
centrations of gossypol, chrysanthemin, and tannins i n terminal 
leaves, and also give tobacc
cotton l i n e s , 15 glande
larvae feeding on i n t a c t plants i n the f i e l d . The percent con
tents of gossypol and chrysanthemin were negatively correlated 
with l a r v a l weights (r » -.38 and -.40) while the tannins were 
weakly p o s i t i v e l y correlated (r « +.16); i n f a c t , glandless l i n e s 
that produced large larvae were as high i n tannin as most of the 
l i n e s that produced small larvae. Thus, these studies corro
borate the work of Hanny et a l . (23,24) and suggest that the 
absolute concentration of the tannins i n the t o t a l tissue does 
not explain the expected t o x i c e f f e c t s of the insect feeding on 
i n t a c t t i s s u e . Female tobacco budworm moths ov i p o s i t mainly on 
the terminal leaves, although i n mid- and late-season they ovipo
s i t s i g n i f i c a n t numbers on the square bracts. Consequently, the 
i n i t i a l feeding s i t e i s most often the terminal leaves. Our st u 
dies (25) have shown that the larvae migrate down the plant, 
feeding on bracts, meristematic (older) tissue buds, flower 
p e t a l s , and b o l l s i n the process where the content of antho
cyanins, gossypol, and tannins i s mostly s i m i l a r . 

Table I I i s a summary of the averages of tannins, gossypol, 
and chrysanthemin i n 18 c u l t i v a r s harvested as 3 r e p l i c a t e s i n 
August 1981. The values (somewhat lower than i n 1980) show that 
the 3 constituents are present i n comparable quantities i n a l l 
tissues analyzed except lower i n medium b o l l s . I t i s to the 
medium b o l l s that the larvae eventually migrate, perhaps to avoid 
high l e v e l s of allelochemics. As the season progresses, tannin 
increases i n a l l tissues sharply while gossypol and chrysanthemin 
gradually decrease (Figure 5). During the same period, the l a r 
v a l weight gains remained s i m i l a r , however. 
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Figure 3. Percent chrysanthemin in cotton terminal leaves and ranked tobacco 
budworm larval weights for 20 strains (r = 0.3958). 
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Figure 4. Percent tannins in cotton terminal leaves and ranked tobacco budworm 
larval weights for 20 strains (r — 0.1613). 
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Figure 5. Seasonal trends in chrysanthemin (—), gossypol ( 
( ) content during 1981. 

—), and tannin 
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TABLE I I 
Content of Tannins, Gossypol, and Chrysanthemin i n Cotton 

Plant Tissues; Seasonal Averages for 3 August 1981 Replicates, 
18 C u l t i v a r s 

Tissue Tannins, % Gossypol, % Chrysanthemin,% 

Terminals 6.02 0.21 0.14 
Leaves 8.10 0.23 0.18 
Squares 7.92 0.50*/ 0.10 
Square bracts 6.02 0.21 0.14 
Small b o l l s 11.71 0.29 0.11 
Medium b o l l s 9.3
Medium b o l l 17.0
carpels 

a/ Somewhat high; average of 0.28 i n 1980, 0.23 for 16 other 
l i n e s i n 1981, but 0.47 by E l l i g e r et a l . (15). 

Ef f e c t of gossypol, tannin, and chrysanthemin i n flower petals 
on TBW l a r v a l growth and s u r v i v a l . Our recent observations 
demonstrated that i n the laboratory, larvae fed more successfully 
on white, f i r s t day petals ( i n t a c t ) than on red, second day 
pe t a l s , and that they fed more successfully on non-glanded petals 
than on glanded p e t a l s . Table I I I presents tannin, gossypol, and 
chrysanthemin concentrations of white and red petals of 2 glanded 
and 2 non-glanded (glandless) l i n e s . Values for tobacco budworm 5 
day l a r v a l weights and percent s u r v i v a l are also included. The 
tannin contents of the non-glanded white petals were higher than 
those of the glanded s t r a i n s , but there was l i t t l e difference i n 
the red petal tannin contents. The gossypol contents of the 
petals of the glanded l i n e s were much higher than those of the 
non-glanded l i n e s as could be expected. The chrysanthemin con
tents of a l l red petals were also much higher than those of white 
petals as was expected. The weights and s u r v i v a l of larvae 
feeding on red petals were considerably less than those feeding on 
white petals. Both percents tannin and chyrsanthemin were higher 
i n red petals than i n white petals (Table I I I ) . Larvae weights 
and s u r v i v a l were reduced on red petals when compared with white 
pe t a l s . Based c o l l e c t i v e l y on data i n Table I I I and Figures 3 and 
4, we conclude that chrysanthemin i s more important than tannin 
for the reduced l a r v a l s i ze and s u r v i v a l on glandless 
(gossypol-low) red petals. Gossypol and chrysanthemin contribute 
to the t o x i c i t y of glanded red peta l s , and gossypol to that of 
glanded white petal s . We now have preliminary data that larvae 
fed leaves and bracts of red cottons gained 20% less ( s t a t i s 
t i c a l l y s i g n i f i c a n t ) than those fed leaves and bracts from com-
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360 PLANT RESISTANCE TO INSECTS 

parable green s t r a i n s . Thus, red c o l o r a t i o n now appears to be a 
factor of considerable importance i n insect feeding of both petals 
and leaves. There i s s t i l l a r e s i d u a l m o r t a l i t y of insects feeding 
on white glandless petals (Table I I I ) . This can be a t t r i b u t e d at 
l e a s t i n part to the flavonoids, some of which we have previously 
i d e n t i f i e d (28) and demonstrated to be t o x i c to t h i s insect (Table 
I ) . 

Histochemical studies on l o c a l i z a t i o n of tannins, gossypol, 
and anthocyannins i n plant t i s s u e s . We were able to observe by 
magnification that tobacco budworm larvae avoided gossypol glands 
during feeding (Figure 6). Waiss et a l . (29) had made s i m i l a r 
observations with J*, zea. To determine where the tannins, gossy
p o l , and anthocyanin are l o c a l i z e d i n the plant, some h i s t o l o g i c a l 
studies were ca r r i e d out. Figure 7 shows magnifications of tissue 
s l i c e s of a glanded l i n e
and stained with phloroglucinol-HC
midrib i s prominent i n the center of Figure 7, and the tannins 
appear to be concentrated near the surface i n granular form. In 
glandless l i n e s , tannin i s more d i f f u s e . Figure 8 i s a 5pm 
paraplast section through a cotton leaf at the gossypol gland s i t e 
which shows the outer anthocyanin-containing envelope (halo) 
surrounding the gossypol gland. In fresh tissue sections, the 
outer halo stains bright red i n a c i d . The halo when subsequently 
neutralized with KOH i s converted to green, v e r i f y i n g that i t i s 
anthocyanin. I t i s tempting to speculate from t h i s that the 
biosyntheses of leaf gossypol and anthocyanin are p l e i o t r o p i c a l l y 
r elated because the content of each i s much higher i n glanded than 
i n non-glanded leaves (Figures 2 and 3). However, the anthocyanin 
content can be high and gossypol low as i n flower petals (Table 
I I I ) . Gossypol and related aldehydes are biosynthesized v i a the 
acetogenic pathway and anthocyanins and other flavonoids by the 
mixed acetate/shikimic pathways. Thus each should be able to 
increase independently i n the plant as we have demonstrated i n 
glanded and glandless red petals. This halo e f f e c t may also a l t e r 
the i n t e r p r e t a t i o n of Figure 6 that shows the apparent avoidance 
of gossypol glands by tobacco budworm larvae. The presumed 
feeding deterrence of gossypol may be i n fact caused by the antho
cyanin halo. Although both the anthocyanin and gossypol are t o x i c 
when ingested, an antifeedant mechanism may be expressed i n t h i s 
instance. 

Figure 9 shows a Pima (G. barbadense L.) flower petal 
treated with HC1 to v i s u a l i z e red anthocyanin "granules". 
Treatment with a l k a l i converted the granule color to green. The 
halo surrounding the gossypol gland inside the outer carpel w a l l 
of DH-126 buds (Figure 10) i s also anthocyanin. The anthocyanin 
(chrysanthemin) i n very young Stonville-213 b o l l s on the day of 
anthesis was found by d i s s e c t i n g , e x t r a c t i o n , and TLC analysis to 
be located p r i m a r i l y i n the outer carpel w a l l . 
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Figure 6. A voidance of gossypol glands by tobacco budworm while feeding. 

Figure 7. Cross-section of midrib and adjacent blade tissue of DH-126 leaves 
showing tannin cells. 
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Figure 8. Paraplast section (5 m) of a gossypol gland and the anthocyanin 
envelope. 
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Figure 9. Acid treatment of Pima flower petal to visualize anthocyanin. 

Figure 10. Acid visualization of anthocyanin halo in Stoneville 213 bud. 
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In summary, the contents of chrysanthemin and gossypol were 
shown to be negat ively cor re la ted wi th tobacco budworm l a r v a l 
growth i n the f i e l d whi le the tannins were s l i g h t l y p o s i t i v e l y 
co r r e l a t ed . The recogni t ion of chrysanthemin as a res is tance 
fac tor provides a basis for developing r e s i s t an t cotton c u l t i v a r s 
that are low or devoid of gossypol , a long sought ob jec t ive . I t 
a l so suggests that anthocyanins i n general may be a basis for 
s e l e c t i n g for res is tance i n other crops to H e l i o t h i s . 
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