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FOREWORD 
The ACS S Y M P O S I U M S E R I E S was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Serie
IN C H E M I S T R Y S E R I E

papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

PESTICIDES ARE BIOREGULATORS because they regulate various aspects of 
life processes. We are moving into a new era of regulating growth in a broad 
spectrum of pests that includes plants, insects, and diseases. Bioregulators 
can be characterized as being "endogenous," that is, originating within the 
organism, or "exogenous" where the agent obtained from an outside source 
acts to induce a desirable response in a treated species. These bioregulators 
may have a natural or synthetic origin. 

Included in the specia
Chemistry were symposia
Growth," "Control of Pests with Natural Products," and "Molecular Biology 
and Genetic Engineering." The first three symposia comprise the three major 
sections of the book. Additionally, a chapter on "The Impact of Biotechnol
ogy on Crop Improvement" is included. 

The "Control of Plant Growth" symposium, organized by Donald E. 
Moreland, highlighted the current status of knowledge on the mechanisms of 
action of herbicides, fungicides, and endogenous plant hormones. Other 
topics that were discussed included the phloem transport system of plants, 
development of pathogen resistance to fungicides, strategies for controlling 
pathogens by manipulation or potentiation of the plant's defense mecha
nisms, integration of exogenous plant bioregulators into crop production 
practices, methods for increasing tolerance of crop plants to herbicides, and 
the effects of allelochemicals on plant growth and development. 

The "Control of Insect Growth" symposium, organized by Julius Menn, 
highlighted recent advances in the biochemistry of regulation of development 
by insect growth regulators, anti juvenile hormones, and behavior modifica
tion governed by antifeedants, pheromones, and defensive secretions. 

The "Control of Pests with Natural Products" symposium was 
organized by Jack R. Plimmer and moderated by Horace G. Cutler in 
Plimmer's absence. The role of natural products in the control of pests has 
increased in recent decades as the chemist has acquired more sophisticated 
tools with which to elucidate complex structures. This, in turn, has led to 
explosive growth in the understanding of biochemical processes. Knowledge 
of metabolism, biosynthetic processes, neurochemistry, regulatory mecha
nisms, and many other aspects of plant, animal, and insect biochemistry has 
provided a more complete basis for understanding the modes of action of 
pesticides. The exploitation of biological information with a chemical basis 
(i.e., biorational approaches) may lead to the synthesis of a new molecule 
designed to act at a particular site or to block a key step in a biochemical 
process. 

xi 
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Additionally, a poster session was held during the conference under the 
direction of Bruce D. Hammock that consisted of 15 presentations. From 
these, seven manuscripts and two abstracts were submitted, of which six and 
the abstracts are included in the section on "Control of Insect Growth." The 
other is included in the section on "Control of Pests with Natural Products." 
Finally, chapters based on the banquet address by John H. Law and on 
"Biotechnology in Crop Improvement" by John T. Marvel are also included 
in the section on "Control of Pests with Natural Products." 

It is the hope of the editors that this book will contribute to the 
elucidation and subsequent adoption of yet additional "New Concepts" 
including novel chemical compounds for the control of pests. These 
compounds should be effective at low concentrations  selective in activity 
against specific pests, o
environmentally nonpersistent, and we should have a  understanding of 
their mechanisms of action. It is the further hope of the editors that this 
book will serve as a document that identifies unifying themes by which 
research to control pests can be conducted. 

We thank Nicholas A. Mangan and Henry J. Dishburger for their 
excellent administrative management of the conference and Gerald G. Still 
for his organization and chairing of the section on "Molecular Biology and 
Genetic Engineering." We are also grateful to all of the participants for their 
contributions that added materially to this book. Finally, I thank the 
Agricultural Research Service of the U.S. Department of Agriculture for 
granting me permission to organize the conference and compile the book. 

PAUL A. HEDIN 

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

Associate Editors 
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University of California 
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1 
Physiological Basis of Phloem Transport 
of Agrichemicals 

ROBERT T. GIAQUINTA 

Experimental Station, Central Research and Development Department, Ε. I. du Pont de Nemours 
& Co., Inc., Wilmington, DE 19898 

Agrichemical transpor
terms of the physiological
tural bases of assimilate translocation. Specifically, 
the cellular pathways and mechanisms of phloem loading 
in source leaves, long distance transport, and phloem 
unloading in sinks, are used as a framework for examin
ing the biological basis of the systemic mobility of 
agrichemicals. 

Phloem transport is the process responsible for the systemic 
mobility of agrichemicals in plants. From a practical viewpoint, 
knowledge of the structural and chemical properties of molecules 
that are necessary for phloem mobility should have considerable 
impact on the rational design of systemic agrichemicals with im
proved efficacy. Unfortunately, l i t t le practical information 
exists on structure-activity relationships of agrichemicals with 
respect to phloem mobility. That is, what is it about a molecule 
that governs its ability to be translocated in the phloem? In 
general, several factors ultimately determine whether an agri-
chemical moves to its site of action in the plant. These include: 
(1) efficient chemical penetration through the cuticle of the leaves 
and stems; (2) the ability of the chemical to enter the symplast or 
metabolic compartment of the cell ( i .e. , crossing the cell membrane); 
(3) short- and long-distance transport, either cell-to-cell via 
plasmodesmata or in the xylem, or phloem; (4) metabolism or conju
gation of an agrichemical to an inactive form; and (5) immobiliza
tion of the agrichemical at non-active sites (e.g., binding at the 
cell walls, sequestering in the vacuole, or adsorption to cellular 
protein). No single factor will dictate whether a chemical is 
translocated in a l l cases and a complex interrelationship probably 
exists between a l l of these. The reader is referred to several 
recent and comprehensive reviews on various aspects of xenobiotic 
entry and transport within plants (1-5). 

In this review I address the phloem mobility of agrichemicals 
from the viewpoint of a phloem physiologist. First, I will present 
an overview of the physiological basis of translocation by using 

0097-6156/85/0276-0007$06.00/0 
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8 B I O R E G U L A T O R S F O R PEST C O N T R O L 

what we know about the i n vivo transport of sucrose as a way of 
d e s c r i b i n g the c h a r a c t e r i s t i c s of the t r a n s l o c a t i o n system which are 
relevant to agrichemical transport. This i s important because i f we 
desire to r a t i o n a l l y design molecules with improved phloem m o b i l i t y , 
we need to be aware of the s t r u c t u r a l , biochemical, b i o p h y s i c a l , and 
p h y s i o l o g i c a l aspects of the transport process i t s e l f . The second 
part of t h i s review w i l l h i g h l i g h t the properties of xenobiotic 
movement i n p l a n t s . Although space c o n s t r a i n t s i n e v i t a b l y l i m i t an 
in-depth treatment of t h i s subject, I hope the broad-stroke approach 
presented here w i l l generate a b e t t e r understanding of the b i o l o g i 
c a l basis for t r a n s l o c a t i o n and, more importantly, spur a d d i t i o n a l 
research i n the r e l a t i v e l y uncharted area of phloem physiology and 
agrichemical transport. 

P h y s i o l o g i c a l Basis of Phloem Tr a n s l o c a t i o n 

The t r a n s l o c a t i o n system i s u s u a l l y divided i n t o three s t r u c t u r a l l y 
and p h y s i o l o g i c a l l y d i s t i n c
photosynthetic leaves producin
connecting sieve elements which comprise the conduits for a s s i m i l a t e 
flow; and (3) the sink, which i s comprised of assimilate-consuming 
or target c e l l s (e.g., growing, u t i l i z i n g , or storage regions). 

In source leaves, phloem loading i s the process whereby photo-
s y n t h e t i c a l l y - d e r i v e d sucrose produced i n the mesophyll i s accumu
late d i n t o the minor vein network of the phloem. This sucrose accu
mulation increases the solute p o t e n t i a l of the sieve tubes, causing 
water from the surrounding t i s s u e s to enter the phloem to produce 
h y d r o s t a t i c pressure (6^, _7). At the sink end, a s s i m i l a t e s e x i t the 
sieve tubes by a v a r i e t y of mechanisms (see below) thereby reducing 
the sucrose concentration i n t h i s part of the system (8). Because 
of t h i s pressure and concentration d i f f e r e n c e , water, sucrose, and 
any other substance ( i n c l u d i n g agrichemicals) present i n the phloem 
w i l l move i n bulk or mass flow from source to sink. The d i r e c t i o n 
of t h i s o s m o t i c a l l y - d r i v e n flow i n the phloem i s governed s o l e l y by 
the p o s i t i o n of sources and sinks i n the plant. However, the p o s i 
t i o n of these sources and sinks can d i f f e r at d i f f e r e n t stages of 
l e a f development or plant ontogeny (_7). 

Phloem Loading. How does sucrose which i s produced i n the mesophyll 
c e l l s of source leaves enter the t r a n s l o c a t i o n stream and how does 
t h i s sucrose e x i t from the t r a n s l o c a t i o n stream i n the sink regions? 
More importantly, can t h i s t e l l us anything about agrichemical 
transport? Figure 1A shows an autoradiograph of a source l e a f 
following the accumulation of -^C-sucrose ( l ^ C - l a b e l i s i n white). 
The l ^ C - l a b e l i s accumulated markedly i n t o the v e i n network com
pr i s e d of the minor vein phloem. This i s an extensive network -
about 70 cm veins/cm^ l e a f - and thus i t represents an e f f i c i e n t 
c o l l e c t i n g system for both sucrose which i s produced i n the meso
p h y l l and for chemicals entering the l e a f . Figure IB i l l u s t r a t e s 
diagrammatically a cross s e c t i o n of a s i n g l e minor v e i n traced from 
an e l e c t r o n micrograph. The vascular bundle i s composed of a s i n g l e 
xylem element and the phloem bundle which contains two c e n t r a l l y -
located sieve tubes surrounded by s p e c i a l i z e d phloem c e l l s c a l l e d 
e i t h e r companion c e l l s or t r a n s f e r c e l l s depending on the presence 
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1. GIAQUINTA Phloem Transport of Agrichemicals 9 

Figure 1. Source l e a f minor v e i n phloem. (A) Autoradiograph of 
le a f t i s s u e s following -^C-sucrose accumulation showing radio
a c t i v i t y (white) i n veins. (B) Tracing of an e l e c t r o n micro
graph of a cross s e c t i o n of minor vein, x, xylem, vp, vascular 
parenchyma; cc, companion c e l l ; se, sieve element; pp, phloem 
parenchyma, mc, mesophyll c e l l . Reproduced with permission from 
Ref. 6. Copyright 1983. Annual Reviews. 
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10 BIOREGULATORS FOR PEST CONTROL 

of c e l l w a l l ingrowths ( t r a n s f e r c e l l s have wall ingrowths). The 
e n t i r e bundle i s surrounded by mesophyll c e l l s and phloem parenchyma 
c e l l s (6). Substances can enter the phloem v i a several routes, f o r 
example,from the apoplast, and c e l l - t o - c e l l (see arrows i n Figure 
IB). Several l i n e s of evidence show that sugars do not simply 
d i f f u s e down a concentration gradient from the mesophyll to phloem. 
Instead there i s a marked concentration of sugars i n the sieve 
element-companion c e l l complex i n d i c a t i n g that a concentrating 
mechanism e x i s t s at the mesophyll-phloem i n t e r f a c e . The current 
body of evidence i n d i c a t e s that p h o t o s y n t h e t i c a l l y derived sucrose 
t r a v e l s s y m p l a s t i c a l l y ( v i a plasmodesmata) to the phloem region, 
then e x i t s the symplasm i n t o the apoplast where i t i s then a c t i v e l y 
accumulated across the phloem c e l l membranes (8). The current 
working model f o r the mechanism of sucrose uptake across the phloem 
membranes i s i l l u s t r a t e d i n Figure 2. In t h i s model, sucrose which 
i s the free space, i n t e r a c t s with a s u c r o s e - s p e c i f i c c a r r i e r on the 
membrane (6). We know very l i t t l e about t h i s putative sucrosyl 
c a r r i e r other than that
i s h i g h l y s e l e c t i v e f o r

The c h a r a c t e r i s t i c s of the phloem i t s e l f f i g u r e prominently i n 
t h i s proposed mechanism. The phloem i n t e r i o r has a low proton con
c e n t r a t i o n (pH 7.5 to 8.0) r e l a t i v e to the apoplast which has a high 
proton concentration (pH 5.5). Thus, a s u b s t a n t i a l proton gradient 
of up to 2-3 pH u n i t s e x i s t s across the phloem membranes. More 
c o r r e c t l y , there i s an electrochemical p o t e n t i a l gradient across the 
phloem membrane which gives r i s e to an i n t e r i o r negative membrane 
p o t e n t i a l of about -150 mv. It i s believed that t h i s electrochem
i c a l p o t e n t i a l of protons which exists across the phloem membranes i s 
the d r i v i n g force for sucrose loading. The gradient i s e s t a b l i s h e d 
by a "metabolism-dependent" proton pump, presumably an ATPase 
enzyme which i s located on the phloem membrane. It i s envisioned 
that sucrose uptake i s coupled to the co-transport of protons where
by the e n e r g e t i c a l l y "downhill" movement of protons i n t o the phloem 
i s coupled to the "secondary" a c t i v e transport of sucrose i n t o the 
phloem (6^). As discussed below, these chemical and e l e c t r i c a l prop
e r t i e s of the phloem can influence the a b i l i t y of agrichemicals to 
enter the phloem. 

The c h a r a c t e r i s t i c s of the phloem loading system can be sum
marized as follows. Sucrose loading i s : (1) dependent on metabo
lism; (2) carrier-mediated; (3) s e l e c t i v e f o r sucrose; (4) maintains 
a high concentration i n s i d e the phloem which i s the basis for the 
o s m o t i c a l l y - d r i v e n mass flow of s o l u t i o n s ; and (5) dependent on the 
f a c t o r s which c o n t r o l a s s i m i l a t e supply to the loading s i t e s (e.g., 
photosynthesis, sucrose synthesis, and sucrose movement between 
l e a f c e l l s , and w i t h i n s u b c e l l u l a r compartments such as the cyto
plasm and vacuole) (^, 7^). 

Vascular Anatomy. One aspect of the t r a n s l o c a t i o n system that i s 
often overlooked i s the influence of the s t r u c t u r a l features of the 
plant's vascular system on solute transport. For example, although 
much of what i s known about phloem loading has been derived from a 
few dicotyledon leaves, a l l dicotyledon leaves are not s i m i l a r . A 
notable example i s the soybean l e a f . Soybean leaves are s p e c i a l i z e d 
i n that they have a unique c e l l type c a l l e d the paraveinal mesophyll 
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1. GIAQUINTA Phloem Transport of Agrichemicals 11 

SIEVE ELEMENT 
COMPANION CELL 
MEMBRANE 

pH 5.5 
LOWK* 
LOW SUCROSE 

ATPost 

pH 8.5 
HIGH K* 
HIGH SUCROSE 
(-) 

Figure 2. Model for phloem loading of sucrose. See text for 
detai ls . Reproduced with permission from Ref. 8. Copyright 
1980. Academic Press. 
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12 BIOREGULATORS FOR PEST CONTROL 

(PVM) (9^, 10). In cross s e c t i o n the PVM appears as a s i n g l e , d i s 
continuous layer of c e l l s i n the center of the l e a f (Figure 3A). The 
s i g n i f i c a n c e of the c e l l type to transport, however, i s i n d i c a t e d i n 
a paradermal s e c t i o n (Figure 3B) which shows that the PVM forms an 
interconnecting network of c e l l s i n the center of the l e a f that 
connects to the phloem. A l l a s s i m i l a t e s produced i n the palisade 
and spongy mesophyll appear to pass through the PVM before they 
enter the phloem. I t i s a l s o i n t e r e s t i n g that the vacuoles of these 
c e l l s accumulate s u b s t a n t i a l amounts of a g l y c o p r o t e i n during cer
t a i n stages of l e a f development (flowering to e a r l y p o d - f i l l i n soy
beans) (9^, 10). This p r o t e i n , which provides a nitrogen reserve 
f o r seed growth, could cause sequestering of agrichemicals at non-
a c t i v e s i t e s . 

Another example of vascular d i f f e r e n c e s i n plants i s repre
sented by monocotyledon grasses such as wheat (Figure 3C). The 
vascular bundle i n wheat and i n many grasses i s surrounded by a 
mestome sheath which i s comprised of an impermeable, suberized layer 
of c e l l s (6). This may represen
applied h y d r o p h i l i c agrichemicals
need to be taken i n t o account when seeking to r a t i o n a l l y design crop 
s p e c i f i c systemic chemicals. There are even s t r u c t u r a l d i f f e r e n c e s 
among the d i f f e r e n t grass species. For example, i n grasses that 
have C-3 photosynthesis, such as barley, oats, wheat, and fescue, 
there are 11-15 mesophyll c e l l s between each l o n g i t u d i n a l vascular 
bundle, with a distance between each vascular bundle of about 0.30 
mm. In contrast, grasses with C-4 photosynthesis, l i k e corn, sorg
hum, sugarcane, f o x t a i l , crabgrass, barnyard grass, have only 2 
mesophyll c e l l s between each vascular bundle and the vascular bun
dles are only 0.1 mm away from each other (JL1). This shorter route 
of sucrose transport from mesophyll to phloem i n the C-4 species i s 
thought to be one of the prime reasons why C-4 plants t r a n s l o c a t e at 
a f a s t e r rate than C-3 species. I t i s not known i f t h i s influences 
the transport c h a r a c t e r i s t i c s of agrichemicals, but there are data 
which suggest that these s t r u c t u r a l d i f f e r e n c e s may influence move
ment. For example, Martin and Edgington (12) found that only 3% of 
the t o t a l amount of fenarimol that was transported i n barley occur
red s y m p l a s t i c a l l y , whereas i n soybeans t h i s value was 43%. Simi
l a r l y , the percent of oxamyl transport w i t h i n the symplasm was 4 and 
31% i n barley and soybean, r e s p e c t i v e l y . The percent of 2,4-dichlo-
rophenoxyacetic a c i d that was transported s y m p l a s t i c a l l y was 65 and 
96% i n barley and soybean, r e s p e c t i v e l y . The reduced amount of 
symplastic transport of these three chemicals i n barley compared to 
soybean may be r e l a t e d to the d i f f e r e n c e s i n vascular anatomy 
between these species. 

Path and Sink Features. In the t r a n s l o c a t i o n path (e.g., stems and 
p e t i o l e s ) , a s s i m i l a t e s and solutes move i n mass flow through the 
c y l i n d r i c a l sieve tubes which have open sieve pores. The a b i l i t y of 
a chemical to leak across the membrane from the sieve tube during 
t r a n s i t w i l l a f f e c t i t s a b i l i t y to be transported through the e n t i r e 
pathway. 

In sink regions, there are e s s e n t i a l l y three i n vivo pathways 
by which sucrose e x i t s the sieve tubes (Figure 4). A l l three are 
operating i n d i f f e r e n t types of sinks and a l l are metabolism depend-
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1. GIAQUINTA Phloem Transport of Agrichemicals 13 

Figure 3. Leaf vasculature anatomy. Tracings from l i g h t micro
graphs of: (A) soybean l e a f cross s e c t i o n showing PVM (arrows); 
(B) paradermal s e c t i o n of soybean l e a f showing interconnecting 
PVM (shaded c e l l s ) ; and (C) cross s e c t i o n of a wheat l e a f showing 
mestome sheath c e l l s surrounding vascular t i s s u e . Tracings 
provided by S h i e l a McKelvey. 
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14 B I O R E G U L A T O R S F O R PEST C O N T R O L 

ent (8, 13). Sucrose can e x i t the sieve tube and: (1) enter the 
free space where i t i s hydrolyzed by a c e l l w a l l invertase to hexose 
p r i o r to uptake ( t h i s route occurs i n corn kernels and sugarcane 
storage s t a l k s ; (2) enter the free space and then be accumulated 
as the i n t a c t molecule (e.g., sugarbeet root, soybean seeds, wheat 
seeds); and (3) enter sink c e l l s v i a plasmodesmata connections 
without leaving the symplasm or metabolic space (growing roots and 
young leaves). D i f f e r e n t pathways e x i s t i n d i f f e r e n t organs and 
t h i s should be recognized when considering the t a r g e t - s p e c i f i c 
phloem m o b i l i t y of agrichemicals. 

Thus, based on the c h a r a c t e r i s t i c s of the transport system, 
several f a c t o r s can be i d e n t i f i e d that influence the entry of a 
compound in t o c e l l s and i t s subsequent t r a n s l o c a t i o n i n the phloem. 

F i r s t , the binding of compound to the c e l l w a l l can prevent 
i n i t i a l entry i n t o the cytoplasm. In general, because of the nega
t i v e charge of the c e l l w a l l s , p o s i t i v e l y charged compounds w i l l 
bind more than uncharged or negatively charged ones. Second, per
m e a b i l i t y b a r r i e r s , suc
vascular system i n c e r t a i
h y d r o p h i l i c chemical d i r e c t l y to phloem. Third , s t r u c t u r a l features 
of the vasculature, such as v e i n distance or the paraveinal meso
p h y l l i n soybeans, may a l s o i n f l u e n c e movement of a chemical to the 
v e i n . Fourth, increased l i p o p h i l i c i t y i s u s u a l l y a p r e r e q u i s i t e f o r 
phloem m o b i l i t y but, as w i l l be discussed below, h i g h l y penetrating 
chemicals can show very l i t t l e systemic movement. F i f t h , the chemi
c a l cannot be a short-term i n h i b i t o r of metabolism because phloem 
loading and t r a n s l o c a t i o n are hig h l y dependent on metabolic energy. 
Compounds such as uncouplers of phosphorylation, photosynthetic 
i n h i b i t o r s , and compounds which increase the permeability of c e l l 
membranes w i l l a l l i n h i b i t t r a n s l o c a t i o n and thus prevent compound 
movement. S i x t h , the o v e r a l l d i r e c t i o n of a s s i m i l a t e movement i s 
determined by the r e l a t i v e p o s i t i o n of sources and sinks on a plan t . 
Seventh, environmental f a c t o r s such as l i g h t , temperature, and water 
stre s s a f f e c t t r a n s l o c a t i o n . These f a c t o r s should be taken i n t o 
account, p a r t i c u l a r l y during a p p l i c a t i o n of a chemical i n order to 
maximize t r a n s l o c a t i o n e f f i c i e n c y . 

Agrichemical Transport 

The systemic m o b i l i t y of an e f f i c a c i o u s agrichemical depends on: (1) 
e f f e c t i v e penetration of the c u t i c l e ; (2) long distance movement 
wi t h i n the p l a n t ; (3) metabolic s t a b i l i t y ; and (4) s e l e c t i v e t o x i 
c i t y . There are two components of the plant's s t r u c t u r e and volume 
that are important to long distance xenobiotic movement: the apo
p l a s t and the symplast. The apoplast i s e s s e n t i a l l y the non-
metabolic space r e s i d i n g outside the c e l l membrane and c o n s i s t s of 
the c e l l w a l l s , xylem, and n o n - l i v i n g f i b e r s . I t i s bounded by the 
c u t i c l e on both l e a f surfaces. Solute movement i n the apoplast i s 
strongly d i r e c t i o n a l and movement i s u s u a l l y by d i f f u s i o n or by mass 
flow i n the t r a n s p i r a t i o n stream. A l l chemicals enter the plant v i a 
the apoplast. The symplast i s defined as the metabolic or cyto
plasmic space r e s i d i n g i n s i d e the plasmamembrane. It a l s o includes 
the phloem. Chemicals enter the symplast by crossing the c e l l 
membrane. 
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Agrichemicals which t r a v e l mainly i n the apoplast c h a r a c t e r i s 
t i c a l l y accumulate at the l e a f t i p s and margins of mature leaves, 
whereas compounds that t r a v e l i n the phloem accumulate at growing 
regions ( i . e . , new leaves, buds, root t i p s , and storage organs). 

Based on the o v e r a l l d i s t r i b u t i o n pattern i n plants, chemical 
transport h i s t o r i c a l l y has been characterized as being a p o p l a s t i c or 
symplastic. Since the mid-1970's i t has been i n c r e a s i n g l y c l e a r 
that many compounds are ambimobile (4), i n that these chemicals 
t r a v e l i n both the apoplast and symplast depending on the p h y s i c a l 
c h a r a c t e r i s t i c s of the molecule. In f a c t , most of the chemicals 
that were pr e v i o u s l y characterized as moving only i n the apoplast or 
xylem are now regarded as ambimobile because they penetrate mem
branes quite r e a d i l y (4). 

The f i r s t clues that " a p o p l a s t i c " or xylem mobile chemicals 
were not l i m i t e d to the xylem came from several anomolies. These 
included the following observations: (1) many ap o p l a s t i c chemicals 
have symplastic s i t e s of a c t i o n (the photosynthesis i n h i b i t o r s l i k e 
diuron and atr a z i n e hav
but a l s o the double membran
thyl a k o i d membrane); (2) many xylem transported i n s e c t i c i d e s are 
to x i c to aphids which feed e x c l u s i v e l y on the phloem; (3) benzimid-
azole fungicides have c y t o k i n i n - l i k e a c t i v t y suggesting i n t e r a c t i o n 
with the symplasm; (4) many " a p o p l a s t i c " compounds are e i t h e r metab
o l i z e d to CO2 or conjugated with amino acids or sugars; (5) "apo
p l a s t i c " chemicals that transport across the water impermeable 
casparian s t r i p s i n the roots; and (6) the b a s i p e t a l transport of 
c e r t a i n fungicides (4). 

Edgington and Peterson (4) have subdivided a p o p l a s t i c xeno-
b i o t i c s i n t o two cl a s s e s . Euapoplastic (only transported i n the 
apoplast) and pseudoapoplastic (transport occurs mainly i n the xylem 
but entry i n t o the symplast occurs). Most t r a d i t i o n a l " a p o p l a s t i c " 
chemicals are now known to r e a l l y be pseudoapoplastic chemicals, 
e.g., a t r a z i n e , diuron, oxamyl, etc. The unresolved question i s why 
don't these pseudoapoplastic chemicals which cross the c e l l mem
branes and enter the symplast remain i n the symplasm of the phloem? 
There have been numerous studies focusing on the molecular require
ments for phloem m o b i l i t y (1-5), In general, there i s not a good 
c o r r e l a t i o n between phloem m o b i l i t y and water s o l u b i l i t y , metabolism 
of the xenobiotic, or the presence of various s u b s t i t u t i o n groups 
i n a molecule. 

"Weak A c i d " and "Intermediate-Diffusion" Hypotheses. Two hypotheses 
(which are not n e c e s s a r i l y mutually exclusive) have been proposed 
fo r the entry and systemic m o b i l i t y of chemicals i n the phloem: the 
"weak-acid" hypothesis proposed by C r i s p and colleagues (_5), and the 
"i n t e r m e d i a t e - d i f f u s i o n " hypothesis proposed by Edgington and 
Peterson (4). These are i l l u s t r a t e d i n Figure 5. 

The weak-acid hypothesis proposes that compounds which have a 
free COOH group on the molecule w i l l be i n the protonated state i n 
the apoplast because of the low pH of the apoplast (pH 5 to 5.5). 
The uncharged molecule w i l l cross the phloem membranes because of 
increased l i p i d s o l u b i l i t y . Once i n s i d e the phloem, where the pH 
i s a l k a l i n e (pH 8) the COOH group w i l l be ion i z e d . The ion i z e d 
species w i l l be r e l a t i v e l y impermeable to the phloem membrane both 
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SUCROSE 

V A C U O L E 

PHLOEM

Figure 4. Pathways of phloem unloading i n sink regions. See 
text for d e t a i l s . Reproduced with permission from Ref. 13. 
Copyright 1983. American Society of Plant P h y s i o l o g i s t s . 

"Weak-Acid" H y p o t h e s i s 

R«COOH- R-COO" 

L i p i d s o l u b l e 
U ncharged 

" I n t e r m e d i a t e " D i f f u s i o n H y p o t h e s i s 

R 

APOPLAST 

P H 5 

F i g u r e 5. W e a k - a c i d and i n t e r m e d i a t e d i f f u s i o n h y p o t h e s e s f o r 
th e e n t r y and s y s t e m i c m o b i l i t y o f c h e m i c a l s i n t h e phloem. 
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because of i t s charge and i t s reduced s o l u b i l i t y i n the membrane. 
This ionized species can then move i n mass flow with the t r a n s l o c a 
t i o n stream. Testable features of t h i s hypothesis are that the 
agrichemical w i l l tend to accumulate i n the phloem above i t s 
external concentration because of t h i s "trapping" mechanism and that 
agrichemical uptake w i l l be ρ_Η dependent (higher at more a c i d i c 
pH). 

There i s qualified support for the weak-acid hypothesis, p a r t i 
c u l a r l y for compounds such as 2,4-dichlorophenoxyacetic a c i d . C r i s p 
and Look (_5) compared the phloem m o b i l i t y of several synthetic 4-
chlorophenoxy d e r i v a t i v e s . The carboxyl d e r i v a t i v e was loaded and 
transported i n the phloem, whereas d e r i v a t i v e s i n which the COOH 
group was replaced by an e t h y l e s t e r , amide, ketone, a l c o h o l , or 
amino group were not translo c a t e d . 

Although the weak a c i d hypothesis appears to explain the mobi
l i t y of compounds such as chlorophenoxy d e r i v a t i v e s , there are 
several exceptions to the weak-acid hypothesis (4  JL4  L5)  For 
example, some xenobiotic
and do not appear to b
(e.g., amitrole, oxamyl). Also, some xenobiotics (e.g., glyphosate) 
which have an i o n i z a b l e COOH group are loaded i n t o the phloem inde
pendently of apoplast pH. These should lose t h e i r m o b i l i t y under 
pH conditions which i o n i z e the chemical i n the free space. Further
more, a c c u m u l a t i o n o f the weak a c i d g l y p h o s a t e a g a i n s t a c o n c e n t r a 
t i o n g r a d i e n t does not o c c u r ( 1 4 ) . 

The "intermediate d i f f u s i o n " hypothesis proposes that the 
c r i t i c a l determinant of phloem m o b i l i t y i s the optimum permeability 
c o e f f i c i e n t of a given molecule, P. Ρ i s c a l c u l a t e d as: 

p = f r l n 1 1 - o k ] 

where L i s the length of the vascular system*, 1, the length of the 
source or loading region; r, the radius of the sieve tubes; and 
V, the average d a i l y t r a n s l o c a t i o n v e l o c i t y . 

A compound that i s permeable enough to enter the phloem w i l l be 
transported as long as the compound i s not so permeable to the 
phloem membrane that i t leaks back out of the phloem i n t o the 
adjacent and opposing xylem stream. The compound has to have a 
ret e n t i o n time long enough to be c a r r i e d i n the phloem. Each 
compound and each plant have t h e i r own optimum Ρ and Tyree et a l . 
(15) propose that i t i s not t h e o r e t i c a l l y p o s s i b l e to devise a 
xenobiotic which i s optimally ambimobile for plants of a l l s i z e s . 

In summary, the intent of t h i s review was to examine the 
systemic transport of xenobiotics from the viewpoint of a phloem 
p h y s i o l o g i s t i n order to h i g h l i g h t c e r t a i n biochemical, p h y s i o l o g i 
c a l , and s t r u c t u r a l features of the t r a n s l o c a t i o n system that may 
be relevant to the future design of phloem mobile chemicals. I hope 
the review has taken a modest step i n that d i r e c t i o n . 
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2 
Interference by Herbicides with Photosynthetic Electron 
Transfer 

WALTER OETTMEIER 

Lehrstuhl Biochemie der Pflanzen, Ruhr-Universität, Postfach 10 21 48, D-4630 Bochum 1, Federal 
Republic of Germany 

Herbicides that inhibi
prevent reductio
II acceptor complex. The properties of the photosystem 
II herbicide receptor proteins have been investigated 
by binding and displacement studies with radiolabeled 
herbicides. The herbicide receptor proteins have been 
identified with herbicide-derived photoaffinity la
bels. Herbicides, similar in their mode of action to 
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) bind to 
a 34 kDa protein, whereas phenolic herbicides bind to 
the 43-51 kDa photosystem II reaction center proteins. 
At these receptor proteins, plastoquinone/herbicide 
interactions and plastoquinone binding sites have been 
studied, the latter by means of a plastoquinone-deriv-
ed photoaffinity label. For the 34 kDa herbicide bin
ding protein, whose amino acid sequence is known, her
bicide and plastoquinone binding are discussed at the 
molecular level. 

Plastoquinone is one of the most important components of the photo
synthetic electron transport chain. It shuttles both electrons and 
protons across the photosynthetic membrane system of the thylakoid. 
In photosynthetic electron flow, plastoquinone is reduced at the 
acceptor side of photosystem II and reoxidized by the cytochrome 
b6/f-complex. Herbicides that interfere with photosynthesis have 
been shown to specifically and effectively block plastoquinone re
duction. However, the mechanisms of action of these herbicides, 
i . e., how inhibition of plastoquinone reduction is brought about, 
has not been established. Recent developments have brought a sub
stantial increase to our knowledge in this field and one objective 
of this article will be to summarize the recent progress. 

It was originally assumed that the herbicides bind to a protein 
component of photosystem II (named "B" or "R") (1,2). This protein 
component was assumed to contain a special bound plastoquinone 
whose midpoint potential is lowered due to herbicide binding. Con
sequently, electron flow is interrupted (1,2). The photosystem II 
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he r b i c i d e binding p r o t e i n component was l a t e r e s t a b l i s h e d to func
t i o n as a "proteinaceous s h i e l d " f o r photosystem II by Renger (3) . 
The "proteinaceous s h i e l d " can be removed by treatment with the pro
t e o l y t i c enzyme t r y p s i n and, subsequently, DCMU-sensitivity of pho-
to s y n t h e t i c e l e c t r o n transport i s l o s t (J3,4) . 

In 1979, the concept of a photosystem II h e r b i c i d e binding pro
t e i n with d i f f e r e n t but overlapping binding s i t e s f o r the various 
photosystem II h e r b i c i d e s was simultaneously e s t a b l i s h e d by Trebst 
and Draber {5) and P f i s t e r and Arntzen (6). This idea of a h e r b i 
cide receptor p r o t e i n proved to be extremely f r u i t f u l because the 
techniques of receptor biochemistry were now a p p l i c a b l e . T i s c h e r and 
Strotmann Ç7) were the f i r s t i n v e s t i g a t o r s to study binding of 
r a d i o l a b e l e d h e r b i c i d e s i n i s o l a t e d t h y l a k o i d s . 

Herbicide Binding Experiments 

T y p i c a l r e s u l t s obtained i n a binding experiment f o r two d i f f e r e n t 
photosysÇgm II h e r b i c i d e
zinone [ c] metribuzin ( r i g h
h e r b i c i d e , and the phenolic h e r b i c i d e [ H] 2 - i o d o - 4 - n i t r o - 6 - i s o b u t y l -
phenol (8_) ( l e f t formula) . The term "DCMU-type" h e r b i c i d e does not 
denote a chemical d e f i n i t i o n , but i s a f u n c t i o n a l d e f i n i t i o n because 
DCMU (diuron) i s the most widely used photosynthesis i n h i b i t o r . In 
binding experiments metribuzin seems to saturate a t r e l a t i v e l y low 
concentrations (Figure 1). However, the binding of metribuzin i s i n 
f a c t b i p h a s i c : i t has a s o - c a l l e d s p e c i f i c (high a f f i n i t y ) binding 
and an u n s p e c i f i c (low a f f i n i t y ) binding (Ί)· The l a t t e r shows a 
l i n e a r dependency on the concentration. T h i s (extrapolated) unspe
c i f i c binding of the phenolic h e r b i c i d e i s much higher, as compared 
to that of metribuzin (Figure 1, upper dashed l i n e ) . This i s j u s t 
one of the many d i f f e r e n c e s that can be found between "DCMU-type" 
and phenolic h e r b i c i d e s and which j u s t i f i e s to view them as two d i f 
f e r e n t c l a s s e s of h e r b i c i d e s (for review, see (JO ) . 

The binding curves of the h e r b i c i d e s i n Figure 1, e s p e c i a l l y 
the one f o r metribuzin, look very much l i k e Michaelis-Menten enzyme 
k i n e t i c s . Indeed, h e r b i c i d e binding can be tr e a t e d i n the same way 
Ç7). Figure 2 presents a Lineweaver-Burk p l o t of the binding data 
f o r 2-iodo-4-nitro-6-isobutylphenol. C l e a r l y , the two types of bind
i n g , s p e c i f i c and u n s p e c i f i c binding, can be recognized. This i s 
even more evident i n the Scatchard p l o t of the binding data ( i n s e t 
Figure 2). Furthermore, from these p l o t s , binding parameters, such 
as the binding constant Κ, , and number of binding s i t e s , x t, can be 
obtained Ç7). These are a l s o l i s t e d i n Figure 2. According to 
Tis c h e r and Strotmann ( 7 ) , the binding constant corresponds to 
the i n h i b i t i o n constant, i . e. the I ^ Q value (the concentration 
necessary f o r 50% i n h i b i t i o n of photosynthetic e l e c t r o n t r a n s p o r t ) , 
provided the I value i s extrapolated to zero c h l o r o p h y l l concen
t r a t i o n . The value of 527 molecules of c h l o r o p h y l l per molecule of 
bound i n h i b i t o r i n d i c a t e s that roughly one molecule of h e r b i c i d e 
binds per e l e c t r o n transport chain, because about 400-600 molecules 
of c h l o r o p h y l l are considered to be associated with each e l e c t r o n 
transport chain. 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



O E T T M E I E R Photosynthetic Electron Transfer Inhibition 

4-nitro-6-isobutylphenol (• •) to i s o l a t e d spinach t h y l a k o i d s . 
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Herbicide-Resistant Weeds 

The importance of binding experiments with r a d i o l a b e l e d h e r b i c i d e s 
became immediately evident i n the case of h e r b i c i d e - r e s i s t a n t weeds. 
The use of c e r t a i n s - t r i a z i n e h e r b i c i d e s l i k e a t r a z i n e f o r more than 
two decades had l e d to biotypes that are r e s i s t a n t to normally ap
p l i e d doses. Binding experiments with a t r a z i n e i n thylakoids i s o l a t 
ed from r e s i s t a n t weed p l a n t s demonstrated that the s p e c i f i c binding 
of a t r a z i n e was completely absent and only some u n s p e c i f i c binding 
was l e f t (10,11). Thus, the r e s i s t a n c e i s due to decreased binding 
of the h e r b i c i d e i n the t h y l a k o i d of the r e s i s t a n t p l a n t , which does 
not i n h i b i t photosynthetic e l e c t r o n transport at concentrations that 
are l e t h a l to the* s u s c e p t i b l e type. S i m i l a r i l y , the s p e c i f i c binding 
of metribuzin a l s o i s completely l o s t , whereas the binding of urea 
and biscarbamate h e r b i c i d e s i s only s l i g h t l y a f f e c t e d (11) . In con
t r a s t , the binding of phenolic h e r b i c i d e s , i n general, i s more pro
nounced i n thy l a k o i d s of r e s i s t a n t p l a n t s than i n those of the sus
c e p t i b l e types (11). 

Herbicide Displacement Experiments 

The photosystem II h e r b i c i d e s bind r e v e r s i b l y and non-covalently to 
t h e i r binding s i t e . Consequently, a r a d i o l a b e l e d h e r b i c i d e can be 
di s p l a c e d from the binding s i t e by another h e r b i c i d e or i n h i b i t o r , 
provided i t has an i d e n t i c a l binding s i t e . Even a displacement from 
a d i f f e r e n t binding s i t e i s f e a s i b l e , i f both binding s i t e s i n t e r a c t 
with each other. A Çvpical displacement experiment i s shown i n F i g 
ure 3. E v i d e n t l y , f c] metribuzin i s e a s i l y d i s p l a c e d from the thy
l a k o i d membrane by DCMU. Since the PICQ values (negative logarithm 
of concentration achieving 50% i n h i b i t i o n ) of both compounds are 
i n the same order of magnitude , about 50% of the bound metribuzin 
i s removed from the membrane at the isomolar p o i n t , i . e. when the 
concentrations of both compounds are i d e n t i c a l . For the phenolic 
h e r b i c i d e dinoseb (2,4-dinitro-6-sec.-butylphenol), a much higher 
concentration, 7 χ 10 M, i s necessary to obtain 50% removal. Thi s 
i s a consequence of the lower p I ^ Q value of dinoseb of 5.5 (12). 
Thus, the concentration necessary f o r 50% displacement roughly cor
responds to the P l ^ 0 value. I t i s p o s s i b l e , therefore , to assay the 
p l ^ 0 value of a new compound j u s t by examination of i t s displacement 
behaviour. I t i s no longer necessary to determine the p I c Q value by 
t e s t i n g the i n h i b i t i o n of a l i g h t - d r i v e n photoreduction. Another very 
potent i n h i b i t o r of photosynthetic e l e c t r o n transport, DBMIB (2,5-
dibromo-3-methyl-6-isopropyl-l,4-benzoquinone) (13) , almost complete
l y f a i l s to d i s p l a c e metribuzin from the membrane (Figure 3). This 
i s due to the f a c t that DBMIB has a completely d i f f e r e n t s i t e of ac
t i o n as compared to the photosystem II h e r b i c i d e s , i . e. i t i n h i b i t s 
plastohydroquinone o x i d a t i o n by a c t i n g a t the cytochrome b f i/f-complex 
(13) . 

P h o t o a f f i n i t y Labeling of the Herbicide Binding Proteins 

As already stressed, photosystem II h e r b i c i d e s bind r e v e r s i b l y to 
t h e i r binding s i t e . Altough r a d i o l a b e l e d h e r b i c i d e s are a v a i l a b l e , 
i t i s impossible to i d e n t i f y the h e r b i c i d e receptor p r o t e i n without 
a chemical m o d i f i c a t i o n of the h e r b i c i d e that allows f o r covalent 
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attachment of the h e r b i c i d e . This m o d i f i c a t i o n i s achieved by i n t r o 
duction of an azidofunction i n t o the h e r b i c i d e molecule. An organic 
azide upon i l l u m i n a t i o n with v i s i b l e or UV l i g h t r e a d i l y s p l i t s - o f f 
molecular nitrogen and forms a n i t r e n e . Nitrenes are extremely e l e c -
t r o p h i l i c compounds and r e a c t immediately with any n u c l e o p h i l i c 
groups i n t h e i r environment. I f the àzidoderivative of the h e r b i c i d e 
i s as good an i n h i b i t o r as i t s parent compound, i t s s p e c i f i c binding 
should e x c l u s i v e l y occur at i t s receptor p r o t e i n . Consequently, the 
n i t r e n e should form a covalent bond to the receptor p r o t e i n . Since 
the àzidoderivative of the h e r b i c i d e i s r a d i o l a b e l e d , the receptor 
p r o t e i n can be e a s i l y i d e n t i f i e d because i t becomes r a d i o a c t i v e by 
the attachment of the n i t r e n e . The common procedure f o r i d e n t i f i c a 
t i o n includes d i s r u p t i o n of the t h y l a k o i d membrane system by deter
gent treatment, separation of the t h y l a k o i d p r o t e i n s by p o l y a c r y l -
amide g e l e l e c t r o p h o r e s i s , and assaying f o r r a d i o a c t i v i t y e i t h e r by 
c u t t i n g the g e l i n t o p,ieces, which are s o l u b i l i z e d and counted i n a 
l i q u i d s c i n t i l l a t i o n counter, or by exposure of the g e l on X-ray 
f i l m . 

So f a r , three d i f f e r e n
h e r b i c i d e s are a v a i l a b l e (Figure 4): azidodinoseb (phenolic) (14), 
azidoatrazine (15), and a z i d o t r i a z i n o n e (16) (both "DCMU-type" her
b i c i d e s ) . Azidoatrazine i n i s o l a t e d thylakoids from spinach, and the 
alga Ch1amydomonas r e i n h a r d t i i as well l a b e l s a p r o t e i n with an ap
parent molecular weight of 34 kDa (15,17). Furthermore, a z i d o a t r a 
zine i n the weed Amaranthus binds to the 34 kDa p r o t e i n only i n thy
l a k o i d s from a t r a z i n e - s u s c e p t i b l e and not to thylakoids from a t r a -
z i n e - r e s i s t a n t p l a n t s (18). I t was concluded, th e r e f o r e , that the 
34 kDa p r o t e i n i s the photosystem II h e r b i c i d e binding p r o t e i n f o r 
"DCMU-type" h e r b i c i d e s . T h i s 34 kDa h e r b i c i d e binding p r o t e i n i s 
i d e n t i c a l to the "photogene" or " r a p i d l y turning over" 34 kDa p r o t e i n 
that stands out amongst a l l of the t h y l a k o i d p r o t e i n s due to i t s 
r a p i d d e s t r u c t i o n and de novo biosynthesis (19). 

The idea of the 34 kDa h e r b i c i d e binding p r o t e i n has met some 
c r i t i c i s m by Gressel (20). This c r i t i c i s m i s due to the f a c t that 
p h o t o a f f i n i t y l a b e l i n g experiments, i n general, are not unambiguous. 
I t i s f e a s i b l e , that a p h o t o a f f i n i t y l a b e l does not bind to the t a r 
get p r o t e i n , but to a neighbouring p r o t e i n instead. S p e c i f i c a l l y , 
Gressel*s c r i t i c i s m i s based on the f a c t that i n the azidoatrazine 
molecule, the azido group and the s t r u c t u r a l element g e n e r a l l y r e 
cognized f o r h e r b i c i d a l a c t i v i t y l i e on opposite p a r t s of the mole
cul e . Therefore, there i s a p o s s i b i l i t y that the 34 kDa p r o t e i n that 
i s tagged by azidoatrazine i s not the r e a l h e r b i c i d e binding p r o t e i n . 
To c l a r i f y t h i s question, we r e c e n t l y synthesized another "DCMU-type" 
p h o t o a f f i n i t y l a b e l : a z i d o t r i a z i n o n e (Fjgure 4) (_16) . Figure 5 shows 
r e s u l t s of a l a b e l i n g experiment with £ c ] a z i d o t r i a z i n o n e . Only 
one p r o t e i n i s h e a v i l y l a b e l e d . From the p o s i t i o n of the marker pro
t e i n s , a molecular weight of 34 kDa can be estimated. I f samples of 
the t h y l a k o i d l a b e l e d by C] azidoatrazine or £ c] a z i d o t r i a z i n o n e 
are run i n adjacent lanes of a g e l , r a d i o a c t i v i t y i n both cases i s 
found i n e x a c t l y the same p o s i t i o n . Furthermore, p r e l a b e l i n g with 
i n a c t i v e ^ c] a z i d o t r i a z i n o n e prevents l a b e l i n g of the 34 kDa pro
t e i n by £ c j azidoatrazine (16). A z i d o t r i a z i n o n e i s completely d i f 
f e r e n t i n i t s chemical s t r u c t u r e from az i d o a t r a z i n e . However, both 
p h o t o a f f i n i t y l a b e l s bind to an i d e n t i c a l 34 kDa p r o t e i n . I t has to 
be concluded that G r e s s e l 1 s suggestion that the 34 kDa p r o t e i n i s 
not the h e r b i c i d e binding p r o t e i n i s not v a l i d . 
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[3H]Azido-dinoseb [wc]Azido-atrazine [KC]Azido-triazinone 
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Figure 4. S t r u c t u r a l formulas of h e r b i c i d a l p h o t o a f f i n i t y l a b e l s . 

Figure 5. Photograph of a L i - d o d e c y l s u l f a t e polyacrylamide e l e c 
trophoresis g e l (10-15%) and r a d i o a c t i v i t y d i s t r i b u t i o n ^ h e r e i n of 
spinach thylakoids i s o l a t e d by 20 nmol/mg c h l o r o p h y l l £ cj azido-
t r i a z i n o n e . 
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The phenolic p h o t o a f f i n i t y l a b e l azidodinoseb (Figure 4) binds 
l e s s s p e c i f i c a l l y than e i t h e r azidoatrazine or a z i d o t r i a z i n o n e (14). 
In a d d i t i o n to other p r o t e i n s , i t l a b e l s predominantly the photosys
tem II r e a c t i o n center p r o t e i n s (spinach: 43 and 47 kDa; Chlamydomo-
nas: 47 and 51 kDa) (17). Because of the u n s p e c i f i c binding of 
azidodinoseb, t h i s can best be seen i n photosystem II preparations 
(17). Thus, the phenolic h e r b i c i d e s bind predominantly to the photo
system II r e a c t i o n center, which might e x p l a i n many of the d i f f e r e n 
ces observed between "DCMU-type" and phenolic h e r b i c i d e s (9) . The 
photosystem II r e a c t i o n center p r o t e i n s and the 34 kDa h e r b i c i d e 
binding p r o t e i n must be l o c a t e d c l o s e l y to and i n t e r a c t with each 
other i n order to explain the mutual displacement of both types of 
h e r b i c i d e s (8,12,21). Furthermore, i t should be noted that f o r phe
n o l i c h e r b i c i d e s , some e f f e c t s a t the donor side of photosystem II 
(22) and on carotenoid o x i d a t i o n i n the photosystem II r e a c t i o n cen
t e r have been found (23). 

The h e r b i c i d a l p h o t o a f f i n i t y l a b e l s are a l s o u s e f u l t o o l s f o r 
e l u c i d a t i o n of h e r b i c i d
t i c preparations. In photosyste
s p l i t t i n g enzyme system both, azidoatrazine and azidodinoseb bind to 
t h e i r r e s pective p r o t e i n s (9). In contrast, i n a photosystem II par
t i c l e without the water s p l i t t i n g enzyme complex, azidoatrazine does 
not bind, whereas azidodinoseb s t i l l does (17).This does not i n d i 
cate, however, that the 34 kDa p r o t e i n i s not present i n t h i s photo
system II p a r t i c l e . As already stressed, the 34 kDa h e r b i c i d e bind 
ing p r o t e i n has a high turnover ra|g (19). I f Chlamydomonas c e l l s 
are grown i n a medium containing [ c] acetate and photosystem II 
p a r t i c l e s are prepared from these algae, the maximum of the r a d i o 
a c t i v i t y i n the g e l i s found e x a c t l y at that p o s i t i o n where the 34 
kDa h e r b i c i d e binding p r o t e i n migrates (24). No binding of azido
a t r a z i n e i s observed i n n-hexane extracted t h y l a k o i d s , whereas a z i 
dodinoseb binding i s unaffected by t h i s procedure (24). These r e s u l t s 
i n d i c a t e that the h e r b i c i d e binding p r o p e r t i e s of the 34 kDa p r o t e i n 
are very s e n s i t i v e to changes i n i t s p r o t e i n or l i p i d environment. 

Herbicide/Quinone I n t e r a c t i o n s 

Recent developments have l e d to a r e v i s i o n of the o r i g i n a l idea that 
the "B" or "R" p r o t e i n (see above) which i s i d e n t i c a l to the 34 kDa 
h e r b i c i d e binding p r o t e i n contains a bound plastoquinone. Velthuys 
(25) from flash-induced absorbance changes of plastosemiquinone i n 
the presence of various i n h i b i t o r s , and Lavergne (26) from f l u o r e s 
cence experiments, i n f e r r e d that there i s an electron-dependent d i 
r e c t competition between plastoquinone and h e r b i c i d e . A plastoquinone 
molecule from the plastoquinone pool gets bound to the acceptor com
plex of photosystem II to become Q . Q^, i n turn, gets reduced by 
v i a the semiquinone anion r a d i c a l the primary acceptor of pho
tosystem I I , again another s p e c i a l plastoquinone molecule. Q - s t a 
b i l i z e s upon binding to Q . In a subsequent second step, Q - gets 
reduced to plastohydroquinone which i s exchanged with another p l a s t o 
quinone from the p o o l . Photosystem II h e r b i c i d e s compete with p l a s t o 
quinone f o r binding to the herbicide/quinone environment. Urbach et_ 
a l . (27) r e c e n t l y demonstrated a flash-induced binary o s c i l l a t i o n of 
h e r b i c i d e binding. Herbicide binding i s higher i n the dark or at an 
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even number of f l a s h e s , i . e f when Q i s ox i d i z e d , than at an odd 
number, when i s s i n g l y reduced. Therefore, h e r b i c i d e binding can 
only take place when the binding s i t e i s vacant, i . e. not occupied 
by Q B" 

I t i s worthy of s p e c i a l i n t e r e s t to study d i r e c t l y the d i s p l a c e 
ment of a h e r b i c i d e by plastoquinone or i t s analogues. In normal thy
l a k o i d s , almost no displacement of DCMU even by a m i l l i o n - f o l d ex
cess of the short-chain plastoquinone analogue plastoquinone-1 can be 
observed (28). T h i s may be due to the high endogenous plastoquinone 
content of the t h y l a k o i d membrane. I f the thylakoids are depleted of 
plastoquinone by means of n-hexane e x t r a c t i o n , a competitive d i s 
placement of DCMU by plastoquinone-1 i s observed (28). This r e s u l t 
e s t a b l i s h e s a d i r e c t i n t e r a c t i o n between h e r b i c i d e and plastoquinone, 
though not n e c e s s a r i l y ' a t an i d e n t i c a l binding s i t e . From the d i s 
placement experiments, a binding constant f o r plastoquinone-1 of 51± 
19 μΜ i n plastoquinone-depleted thylakoids can be c a l c u l a t e d (28). 
As compared to DCMU (binding constant 34 nM (24)) the a f f i n i t y of 
plastoquinone-1 i s more
s i m i l a r displacement experimen
t r i a z i n e - r e s i s t a n t t hylakoids, Vermaas e t a_l. (29) found a p l a s t o 
quinone-1 binding constant of 20 μΜ which i s i n the same order of 
magnitude as our value (28). 

In an attempt to l e a r n more about the nature of the p l a s t o q u i 
none binding s i t e , we have analyzed the displacement behaviour of 25 
d i f f e r e n t 1,4-benzoquinones to DCMU. A q u a n t i t a t i v e s t r ucture a c t i 
v i t y r e l a t i o n s h i p revealed that the d i s p l a c i n g a c t i v i t y of a quinone 
toward DCMU i s governed by the redox p o t e n t i a l and the geometrical 
conformation of the quinone (30). 

An Azidoplastoquinone P h o t o a f f i n i t y Label 

To i d e n t i f y plastoquinone binding p r o t e i n s , we have r e c e n t l y synthe
s i z e d an azidoplastoquinone p h o t o a f f i n i t y l a b e l (31). Figure 6 shows 
a t y p i c a l l a b e l i n g p a t t e r n of a spinach photosystem II preparation. 
Only one major p r o t e i n i n the 32-34 kDa molecular weight range i s 
he a v i l y tagged. A s i m i l a r p i c t u r e i s obtained, i f normal thylakoids 
are used (32). Labeling of the 32-34 kDa p r o t e i n i s prevented, i f the 
samples are preincubated e i t h e r with DCMU, the phenolic h e r b i c i d e 
2-iodo-4-nitro-6-isobutylphenol, or the photosystem II i n h i b i t o r 
tetraiodo-1,4-benzoquinone (33). The question a r i s e s as to whether 
the 32-34 kDa p r o t e i n , as la b e l e d by azidoplastoquinone, and the 34 
kDa p r o t e i n , as la b e l e d by azidoatrazine or a z i d o t r i a z i n o n e , are 
i d e n t i c a l . I f samples l a b e l e d by e i t h e r azidoplastoquinone or azi d o 
a t r a z i n e are run i n adjacent lanes of a g e l , the R -values of the 
spots with the maximum amount of r a d i o a c t i v i t y d i f f e r by 0.05 (2£) . 
This experiment has been repeated several times. I f 4 M urea i s i n 
cluded i n the g e l , the maxima of r a d i o a c t i v i t y c oincide (24). There 
are two p o s s i b l e explanations. One i s that the p r o t e i n s l a b e l e d by 
the two d i f f e r e n t p h o t o a f f i n i t y l a b e l s are i d e n t i c a l . The d i f f e r e n c e s 
i n the R f-values i n one g e l system may be due to the attachment of 
the two d i f f e r e n t moieties o r i g i n a t i n g from the l a b e l to the p r o t e i n . 
The second p o s s i b i l i t y would be that the two p r o t e i n s are r e a l l y d i f 
f e r e n t , i . e. he r b i c i d e and plastoquinone binding s i t e s are on d i f f e 
rent p r o t e i n s , but the two pr o t e i n s have very s i m i l a r molecular 
weights. Most r e c e n t l y , evidence i s accumulating that i n a d d i t i o n to 
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the 34 kDa h e r b i c i d e binding p r o t e i n and a 33 kDa l y s i n e - r i c h pro
t e i n , which i s p a r t of photosystem I I , but i s associated with the 
water s p l i t t i n g enzyme complex, yet another u n i d e n t i f i e d 32-34 kDa 
p r o t e i n may play a r o l e i n h e r b i c i d e and plastoquinone binding (34, 
35). 

The 34 kDa Herbicide Binding P r o t e i n : The Molecular Level 

The 34 kDa h e r b i c i d e binding p r o t e i n i s a p l a s t i d encoded p r o t e i n . 
In the process of sequencing the p l a s t i d genome, the DNA sequence of 
the gene coding f o r the 34 kDa h e r b i c i d e binding p r o t e i n became 
known and, hence, a l s o i t s amino a c i d sequence (36). One great sur
p r i s e a r i s i n g from the amino a c i d sequence i s the complete lack of 
l y s i n e residues. Except f o r comparative studies, the knowledge of 
the amino a c i d sequence of the 34 kDa h e r b i c i d e binding p r o t e i n does 
not seem to y i e l d very much a d d i t i o n a l information. However, recent
l y Kyte and D o o l i t t l e (31) and Argos et a l . (38) have devised a pro
gram that p r o g r e s s i v e l y
c i t y of a p r o t e i n along i t
very important f o r membrane bound p r o t e i n s l i k e the 34 kDa h e r b i c i d e 
binding p r o t e i n because i t allows one to p r e d i c t regions of the pro
t e i n that may be embedded wi t h i n the membrane system. 

In the Kyte and D o o l i t t l e process (37), each amino a c i d i s as
signed a hydropathy ("strong f e e l i n g about water") value which ranges 
from 4.5 f o r i s o l e u c i n e (as tl*«j most hydrophobic amino acid) to -4.5 
f o r arginine (as the most h y d r o p h i l i c amino a c i d ) . Now a c e r t a i n 
"window", i . e. a c e r t a i n length of the amino a c i d sequence i s se
l e c t e d . Assuming a window of 11 amino ac i d s , the sum of the hydro
pathy values of the amino a c i d sequence f o r amino acids 1 to 11 i s 
c a l c u l a t e d . Next the window i s moved one amino a c i d ahead within the 
sequence, and the sum of the hydropathy values f o r amino acids 2 to 
12 i s c a l c u l a t e d . This process i s repeated f o r sequence 3-13, 4-14 
et c . u n t i l the end of the sequence i s reached. The sum of the hydro
pathy values over the number of the amino a c i d residue i s p l o t t e d . 
Such a hydropathy p l o t f o r the 34 kDa h e r b i c i d e binding p r o t e i n i s 
presented i n Figure 7. (It should be noted that f o r the hydropathy 
p l o t , the o r i g i n a l amino a c i d sequence as reported by Zurawski et a l . 
(36) was not used. Instead, a sequence shorter by 36 amino acids 
which s t a r t s at the second Met was used (39)). The p o s i t i v e (shaded) 
areas i n Figure 7 correspond to regions of high hydropathy, the ne
gative areas to regions of low hydropathy. Only regions of high hy
dropathy of the p r o t e i n are thought to be b u r i e d w i t h i n the membrane 
system, provided they are approximately 20 amino acids long to ac
count f o r a h e l i c a l span through the l i p i d b i l a y e r of the membrane. 
Based on t h i s assumption, seven h e l i c a l spans are p r e d i c t e d f o r the 
34 kDa h e r b i c i d e binding p r o t e i n (Figure 7). A very s i m i l a r hydro
pathy p l o t f o r the 34 kDa h e r b i c i d e binding p r o t e i n was presented 
by Argos 1 s group (40) c a l c u l a t e d according to t h e i r method (38). I t 
d i f f e r s from that i n Figure 7 by the assignments of spans V and VI 
(41) . 

A schematic p i c t u r e of the 34 kDa h e r b i c i d e binding p r o t e i n as 
i t i s thought to be l o c a t e d i n the membrane i s given i n Figure 8. 
The seven h e l i c a l spans through the membrane are i n d i c a t e d . Further
more, Figure 8 provides three a d d i t i o n a l r e l e v a n t f a c t s or sugges
t i o n s . The f i r s t one deals with the p o s s i b l e binding s i t e of a z i d o -
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Figure 6. Photograph of a L i - d o d e c y l s u l f a t e polyacrylamide e l e c 
t r o p h o r e s i s g e l (10-15%) and r a d i o a c t i v i t y d i s t r i b u t i o n t h e r e i n of 
a spinach photosystem II preparation l a b e l e d by 2 nmol/mg ch l o r o 
p h y l l [ ËT| azidoplastoquinone. 

H2N- -COOH 

1 M I I I I I I I I I I I I I I I I I 1 I M I I ι ι ι ι h 1 
100 200 300 

Nr. Amino Acid Residue (window: 11) 

Figure 7. Hydropathy p l o t of the 34 kDa h e r b i c i d e binding p r o t e i n . 
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Possible Plastoquinone Binding Sites: 

Met-His Phe-His-Met Met-His 
158.159 161 , 163 178,179 

Azido-atrazine Ser 
Binding Site 2 2 8 

Resistance 
Gly, Ala 

Figure 8. Schematic drawing of the p o s s i b l e l o c a t i o n of the 34 kDa 
he r b i c i d e binding p r o t e i n within the t h y l a k o i d membrane. 
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atrazine on the 34 kDa herbicide binding protein. From their recent 
work on proteolytic digestion after azidoatrazine labeling, Wolber 
and Steinback (42) have concluded that the azidoatrazine binding site 
presumably is located in the region Pro 105 to Arg 189 of the amino 
acid sequence (spans IV to VI, Figure 8). The second suggestion re
lates to herbicide resistance. By sequencing the DNA of the 34 kDa 
herbicide binding protein from atrazine-resistant Amaranthus, Hirsch-
berg and Mcintosh (39) have found 4 nucleotide differences as com
pared to the susceptible type. Only one of the differences leads to 
a change in the amino acid sequence: Ser in position 228 is replaced 
by Gly. Similarily, in an atrazine-resistant mutant from Chlamydomo-
nas the same Ser in position 228 is exchanged, but this time against 
Ala (43). The third suggestion concerns possible plastoquinone bind
ing sites in the 34 kDa herbicide binding protein, if there are any. 
According to a proposal by Hearst and Sauer (̂ 4), the sequence Met-
His is a possible quinone binding site, probably with an additional 
Phe. There are three consecutive Met-His sequences in the 34 kDa 
herbicide binding protei
ever, that the arginine
quinone binding (45). Indeed, the arginine-modifying reagent phenyl-
glyoxal was found to decrease atrazine binding (46). 

In conclusion, observations made in the last few years, espe
cially the binding studies with radiolabeled herbicides, the photo-
affinity labeling technique, and the advances of molecular biology 
have substantially added to our knowledge of the mechanism of action 
of photosynthetic herbicides. However, many questions also remain to 
be answered. 
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New approaches t
emphasize selectiv
understanding of the physiological, biochemical, and 
molecular levels of the modes of action and mechanisms 
of resistance. Antifungal compounds currently available 
for disease control may have either non-specific or 
specific biochemical modes of action. Nearly all 
systemic fungicides are of the latter type. Compounds 
with specific modes of action are prone to a loss of 
efficacy through selection pressure for resistant 
pathogens. Evidence suggests that chemicals with 
certain modes of action may be less likely to encounter 
resistance problems. The possibility of circumventing 
resistance by chemically affecting metabolic pathways or 
through stereoselectivity are discussed. In addition, 
promising methods for plant disease control with 
chemicals that activate plant defense mechanisms or 
interfere with pathogenesis are considered. 

Most of the pests that cause infectious plant diseases may be 
classified as fungi, bacteria, nematodes, or viruses. Chemicals 
frequently are either unavailable or impractical to use in 
controlling viruses and most bacteria. Efforts to achieve nematode 
control usually involve compounds associated with insect control. 
Thus, this article will be devoted to the use of chemicals to control 
fungi that cause plant diseases, a far greater use than for other 
disease agents. These fungicides, or antifungal agents as they are 
more correctly called, are but a part of disease control strategy. 
Plant breeding programs and cultural practices are also part of plant 
disease management practices. 

The traditional approach in the development of fungicides has 
involved large scale laboratory and greenhouse screening tests 
followed by closer examination of structurally related chemicals to 
optimize activity. More recently scientists have become aware that 
this type of assay system has limitations. There is a need to 
examine vulnerabilities in both the pest and the host, and to design 
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a n t i f u n g a l m a t e r i a l s that have modes of a c t i o n based on these 
p r i n c i p a l s . This w i l l i d e n t i f y chemicals that have both d i r e c t and 
i n d i r e c t a c t i o n s . New approaches emphasize an understanding at the 
p h y s i o l o g i c a l , molecular, and biochemical l e v e l s of modes of a c t i o n 
as w e l l as the mechanisms f o r pathogen r e s i s t a n c e . Some of the more 
recent a n t i f u n g a l compounds r e s u l t e d from t h i s type of approach. Not 
only w i l l these approaches provide knowledge f o r the r a t i o n a l 
development of new antipathogenic compounds, they w i l l also provide 
s t r a t e g i e s f o r the use of e s t a b l i s h e d chemicals, e s p e c i a l l y i n 
r e l a t i o n to reducing or preventing the development of r e s i s t a n t 
pathogens· 

This chapter w i l l endeavor to condense a rather wide ranging 
subject i n t o some basic p r i n c i p l e s regarding the types of chemicals 
used to c o n t r o l p l a n t pathogens; the s t r a t e g i e s behind these; and 
some thoughts on new approaches to the development and use of 
chemicals to c o n t r o l fungal diseases of p l a n t s . 

F i r s t Generation Fungicide

The f i r s t generation f u n g i c i d e s are p r i m a r i l y a group r e f e r r e d to as 
surface p r o t e c t a n t s . These compounds are not taken up to any degree 
by the p l a n t , have a broad a n t i f u n g a l spectrum, and demonstrate 
m u l t i p l e s i t e s of a c t i o n ( 1 ) . The f u n c t i o n of these p e s t i c i d e s i s 
based on t h e i r being present when the fungus a r r i v e s and before 
i n f e c t i o n occurs. They e x h i b i t a d i f f e r e n t i a l t o x i c i t y ; thus a 
s p e c i f i c dose w i l l k i l l the pathogen and not i n j u r e the host p l a n t . 
D i f f e r e n t i a l t o x i c i t y i s based p r i m a r i l y on fungi r a p i d l y 
accumulating t o x i c concentrations of the f u n g i c i d e while plant 
t i s s u e s do not ( 2 ) . The surface protectants include inorganic 
chemicals such as elemental s u l f u r , Bordeaux mixture and copper oxide 
as w e l l as organic fungicides such as dialkyldithiocarbamates 
(thiram, ferbam), ethylenebisdithiocarbamates (maneb, zineb), 
phthalimides (captan, f o l p e t ) , and c h l o r o t h a l o n i l . Because these 
f i r s t generation fungicides are m u l t i s i t e i n h i b i t o r s , they are not 
l i k e l y to lose e f f e c t i v e n e s s because of fungal r e s i s t a n c e . Pathogen 
r e s i s t a n c e has not been a problem with t h i s group and t h e i r continued 
use as an important part of disease management programs i s h i g h l y 
l i k e l y . 

Second Generation Fungicides 

During the mid I960's, the systemic t o x i c a n t s , or second generation 
fungicides as they are c a l l e d , entered the market. Although most of 
the older m a t e r i a l s are s t i l l i n use, current e f f o r t s have s h i f t e d 
toward developing systemic compounds which move i n the symplast, 
apoplast, or are ambimoble ( 3 ) . Almost a l l the commercially 
a v a i l a b l e systemic fungicides move only i n the apoplast and are 
therefore dependent on t r a n s p i r a t i o n f o r t h e i r movement and 
accumulation i n plant t i s s u e . The systemic fungicides have a number 
of advantages over surface protectants. Foremost i s t h e i r a b i l i t y to 
penetrate host t i s s u e and c o n t r o l or eradicate an e s t a b l i s h e d 
i n f e c t i o n . In order f o r these compounds to provide i n t e r n a l therapy, 
they must have c e r t a i n q u a l i t i e s . They or t h e i r a c t i v e d e r i v a t i v e s 
must be r e l a t i v e l y s t a b l e w i t h i n the host t i s s u e with e i t h e r a 
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mechanism s p e c i f i c f o r fungal c e l l s or a concentration so as not to 
produce phytotoxic e f f e c t s ( 4 ) . In contrast to f i r s t generation 
f u n g i c i d e s , they are g e n e r a l l y e f f e c t i v e against a narrower range of 
pathogens, and systemics have a s p e c i f i c s i t e or a l i m i t e d number of 
s i t e s of a c t i o n , making them more subject to loss of e f f i c a c y due to 
fungal r e s i s t a n c e . 

Following determination of t h e i r modes of a c t i o n , tremendous 
con t r i b u t i o n s have been made through the use of these chemicals to 
e l u c i d a t e various biochemical pathways and c e l l u l a r f u n c t i o n s . We 
w i l l look at a number of examples of these second generation 
systemics and b r i e f l y discuss t h e i r modes of a c t i o n . 

Cycloheximide. Cycloheximide, an a n t i f u n g a l a n t i b i o t i c produced by 
Streptomyces g r i s e u s , i n h i b i t s p r o t e i n synthesis not only i n f u n g i , 
but i n eukaryotic organisms i n general (5). Due to p h y t o t o x i c i t y 
problems, cycloheximide can only be used s u c c e s s f u l l y f o r disease 
c o n t r o l when low concentrations are e f f e c t i v e or on plants that are 
r e l a t i v e l y i n s e n s i t i v e (6)·
to i n h i b i t a number of c e l l u l a
n u c l e i c a c i d synthesis, these are regarded as secondary e f f e c t s that 
r e s u l t from the primary s i t e of a c t i o n , i . e . , ribosomal p r o t e i n 
synthesizing systems (7)· Resistance to cycloheximide has been 
c o r r e l a t e d with changes i n ribosomal s e n s i t i v i t y or i n c e l l u l a r 
permeability ( 1). 

Benomyl. Benomyl i s the best known of s e v e r a l benzimidazole 
f u n g i c i d e s . This compound i s e f f e c t i v e against a large number of 
fungi and plays an important r o l e i n disease management. Benomyl 
i n t e r f e r e s with t u b u l i n polymerization i n fungi by binding to the 
beta t u b u l i n subunit ( 8 ) . As a r e s u l t of the f a i l u r e to form 
microtubules, m i t o s i s i s blocked (9) as w e l l as other 
microtubular-dependent processes (10). I t has been shown that a 
s i n g l e gene mutation a l t e r s the a f f i n i t y of the t u b u l i n binding s i t e 
f o r the i n h i b i t o r r e s u l t i n g i n fungal r e s i s t a n c e ( 8 ) . The nature of 
t h i s h i g h l y s p e c i f i c mode of a c t i o n and the c o n t r o l of t o x i c i t y 
through a s i n g l e gene has r e s u l t e d , as one might expect, i n the 
development of problems i n the f i e l d with fungal r e s i s t a n c e . 

Metalaxyl. Since i t s i n t r o d u c t i o n the l a t e 1970 fs f o r the c o n t r o l of 
pathogens such as potato l a t e b l i g h t , downy mildews and soil-borne 
Pythium and Phytophthora spp., metalaxyl, an a c y l a l a n i n e f u n g i c i d e , 
and other r e l a t e d phenylamide fungicides have seen i n c r e a s i n g usage. 
Although the p r e c i s e mechanism of i n h i b i t i o n by metalaxyl has not 
been determined, RNA synthesis appears to be the most s e n s i t i v e 
pathway (JUL). F i e l d r e s i s t a n c e to metalaxyl has developed r a p i d l y i n 
s i t u a t i o n s that involved e x c l u s i v e and repeated use of the compound 
(11). This has prompted the development of use s t r a t e g i e s such as 
that of combining chemicals which have d i f f e r e n t modes of a c t i o n . 

Carboxin. Carboxin i s used p r i m a r i l y to c o n t r o l Basidiomycetes such 
as r u s t s , bunts, and smuts. I t i s used p r i m a r i l y f o r seed treatment, 
but a l s o has s o i l and f o l i a r a p p l i c a t i o n s . The mode of a c t i o n of 
t h i s and r e l a t e d compounds i s probably the best understood of any 
f u n g i t o x i c mechanism. Carboxin blocks the t r a n s f e r of electrons from 
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s u c c i n i c dehydrogenase to coenzyme Q i n the complex I I region of the 
mitochondrial e l e c t r o n transport chain (12, 13). Laboratory studies 
have i n d i c a t e d that r e s i s t a n c e i s single-gene based and s e v e r a l l o c i 
are involved (11)« Based on the hig h l y s p e c i f i c mode of a c t i o n and 
studies on laboratory developed r e s i s t a n t mutants, i t i s s u r p r i s i n g 
that i n s p i t e of q u i t e a few years' use, r e s i s t a n c e i n the f i e l d has 
not been a problem. One would speculate that n a t u r a l mutants must be 
les s f i t or do not have the pathogenic c a p a b i l i t i e s of the wild type. 
A more l i k e l y explanation i s r e l a t e d to the pattern of use. Because 
most carboxin i s used f o r seed treatment, the s e l e c t i o n pressure i s 
rather low. 

Polyoxins. The polyoxin a n t i b i o t i c s are e f f e c t i v e against fungi that 
contain c h i t i n i n t h e i r c e l l w a l l s . The r e s i s t a n c e to polyoxins i n 
some fungi of t h i s type appears to be r e l a t e d to a permeability 
f a c t o r rather than to a change i n the s i t e of a c t i o n (14). Polyoxins 
competitively i n h i b i t c h i t i n synthetase and thus prevent the 
in c o r p o r a t i o n of uridinediphospho-N-acetylglucosamin
polymer (14). 

Edifenphos. Edifenphos, an organophosphorus compound, has a rather 
l i m i t e d use because of i t s h i g h l y s e l e c t i v e a c t i o n against the r i c e 
b l a s t fungus. Some ambiguity e x i s t s regarding the mode of a c t i o n . 
Although the compound has been shown to i n h i b i t c h i t i n synthetase 
thus blocking c e l l w a l l synthesis, i t also i n h i b i t s the synthesis of 
phosphatidylcholine, a phospholipid and important membrane component 
(11). The l a t t e r i n h i b i t i o n , which has been suggested as the primary 
mechanism of a c t i o n , r e s u l t s from blocking the a c t i v i t y of 
phospholipid-N-methyltransferase, which i s necessary i n the 
conversion of phosphatidylethanolamine to phosphatidylcholine (11). 
The e f f e c t s on c h i t i n synthesis probably r e s u l t from a l t e r e d membrane 
p r o p e r t i e s . Resistance against edifenphose i n the f i e l d has been 
slow to develop. 

Polyenes. Although amphotericin Β and n y s t a t i n , both polyene 
a n t i b i o t i c s , are very a c t i v e against a wide v a r i e t y of fungi, they 
are i m p r a c t i c a l as a g r i c u l t u r a l fungicides due to t h e i r r a p i d 
photodecomposition (14). These compounds a f f e c t membrane 
permeability through t h e i r i n t e r a c t i o n s with s t e r o l s (15). These 
i n t e r a c t i o n s cause membrane changes that r e s u l t i n leakage of small 
molecular m a t e r i a l s . Resistance may generally be a t t r i b u t e d to a 
change i n s t e r o l q u a l i t y or growth c o n d i t i o n s . 

Dicarboximides and Aromatic Hydrocarbons. The dicarboximide 
f u n g i c i d e s , procymidone, v i n c l o z o l i n and iprodione, and aromatic 
hydrocarbons such as chloroneb, d i c h l o r a n and quintozene, show a 
great deal of s i m i l a r i t y i n t h e i r modes of t o x i c i t y (16). Although 
the e f f e c t s of these compounds on a number of b i o s y n t h e t i c processes 
have been i n v e s t i g a t e d , the exact mode of a c t i o n has not been 
resolved (4^, 11). Interference with nuclear f u n c t i o n , membrane 
damage, and i n t e r f e r e n c e with c e l l u l a r m o t i l e functions, such as 
f l a g e l l a r movement and cytoplasmic streaming, have been suggested as 
p o s s i b i l i t i e s . A better understanding of the mode of a c t i o n may 
exp l a i n why r e s i s t a n c e has presented few problems i n the p r a c t i c a l 
use of these f u n g i c i d e s . 
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E r g o s t e r o l Biosynthesis I n h i b i t o r s (EBI). Since the determination 
that t r i a r i m o l owed i t s a n t i f u n g a l a c t i v i t y to the i n h i b i t i o n of 
e r g o s t e r o l biosynthesis (17), a large number of s t r u c t u r a l l y diverse 
compounds that block e r g o s t e r o l biosynthesis have become a v a i l a b l e 
for p lant disease c o n t r o l . This group c o n s i s t s of pyrimidines, 
imidazoles, t r i a z o l e s , and miscellaneous compounds i n the p y r i d i n e , 
morpholine and piperazine c l a s s e s . These compounds c o n t r o l a wide 
range of plant diseases i n c l u d i n g smuts, r u s t s , and powdery mildews 
(4) . C u r r e n t l y , t h i s i s the l a r g e s t and most important group of 
systemic compounds a v a i l a b l e for c o n t r o l l i n g fungal diseases i n 
plants and animals. 

While these compounds are conventionally r e f e r r e d to as EBI 
f u n g i c i d e s , they can block s t e r o l biosynthesis i n organisms that 
synthesize s t e r o l s other than e r g o s t e r o l (18). A l l of the EBI's 
i n t e r f e r e with steps i n the b i o s y n t h e t i c pathway following the 
c y c l i z a t i o n of squalene. A r e c e n t l y developed c l a s s of a n t i f u n g a l 
agents for animal use the a l l y l a m i n e s , developed by m o d i f i c a t i o n of 
n a f t i f i n e , block the pathwa
squalene epoxidase (19)
blocking the cytochrome P-450 dependent s t e r o l C-14 demethylation 
r e a c t i o n (18). Although tridemorph produces e f f e c t s i n fungi s i m i l a r 
to those produced by compounds that i n h i b i t s t e r o l C-14 
demethylation, i t does not i n t e r f e r e with t h i s r e a c t i o n but i n h i b i t s 
the i s o m e r i z a t i o n of the s t e r o l C-8(9) double bond to C-7(8) (20) or 
the reduction of the s t e r o l C-14(15) double bond (21). 

I t i s i n t e r e s t i n g that many s t r u c t u r a l l y diverse compounds a l l 
i n h i b i t s t e r o l C-14 demethylation. However, with the exception of 
t r i f o r i n e , these EBI*s have i n common a nitrogen-containing 
heterocycle s u b s t i t u t e d with one large l i p o p h i l i c group. I t has been 
proposed that a nitrogen atom of the heterocycle i n t e r a c t s with the 
protohaem i r o n atom of the cytochrome P-450 enzyme(s) involved i n 
s t e r o l C-14 demethylation and that the l i p o p h i l i c substituent 
increases binding a f f i n i t y through an i n t e r a c t i o n with a nearby 
region of the enzyme (22, 23). E v i d e n t l y , there can be a wide 
v a r i a t i o n i n the l i p o p h i l i c s ubstituent; however, v a r i a t i o n i n the 
s t r u c t u r e c o n t r o l s s p e c i f i c i t y as i n d i c a t e d by the f a c t that 
compounds which e f f e c t i v e l y i n h i b i t fungal s t e r o l demethylase systems 
may be r e l a t i v e l y i n e f f e c t i v e against the demethylase system from 
mammalian c e l l s (23). 

The E B I 1 s produce the f o l l o w i n g t y p i c a l secondary e f f e c t s (18): 
* No i n h i b i t i o n of i n i t i a l c e l l growth 
* Morphological abnormalities 
* No immediate e f f e c t on r e s p i r a t i o n 
* No Immediate e f f e c t on RNA, DNA or p r o t e i n syntheses 
* S t e r o l intermediates accumulate 
β Free f a t t y acids accumulate 
The morphological abnormalities r e s u l t i n g from treatment with 

these compounds are q u i t e s t r i k i n g (18). S p o r i d i a of U s t i l a g o become 
m u l t i c e l l e d and o f t e n branched. Germinating c o n i d i a of some fungi 
show s w e l l i n g , leakage, and membrane rupture. In a d d i t i o n , e f f e c t s 
on membranes apparently lead to abnormalities i n synthesis of the 
c e l l w a l l as w e l l as that of other c e l l u l a r components. 

Major l i p i d f r a c t i o n s other than s t e r o l s are not i n i t i a l l y 
i n h i b i t e d . However, a delayed accumulation of free f a t t y acids 
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c h a r a c t e r i s t i c a l l y r e s u l t s a f t e r s t e r o l i n h i b i t i o n . These are 
thought to r e s u l t from the breakdown of membranes and t r i g l y c e r i d e s 
together with a d i s p r o p o r t i o n a t e synthesis and u t i l i z a t i o n of f a t t y 
acids (18). 

Growth r e t a r d a t i o n i n host plants has been associated with the 
use of a number of these EBI's. This e f f e c t r e s u l t s from the 
i n h i b i t i o n of a r e a c t i o n i n the g i b b e r e l l i n b i o s y n t h e t i c pathway that 
involves cytochrome P-450 enzymes (24). 

Although the i n h i b i t i o n of e r g o s t e r o l biosynthesis i s regarded 
as the primary mode of a c t i o n , i t i s p o s s i b l e that the success of 
these compounds as a n t i f u n g a l agents i s r e l a t e d to other e f f e c t s as 
w e l l . Not a great deal i s known about fungal hormones. A recent 
a r t i c l e concerning human pathogenic fungi i n d i c a t e d that fungal 
s t e r o i d s may be associated with the pathogenicity of these organisms 
(25). Since the s t e r o i d s are synthesized from s t e r o l precursors, an 
i n h i b i t i o n of s t e r o i d biosynthesis i n a d d i t i o n to the e f f e c t s on 
precursor s t e r o l s may be responsible f o r the e f f e c t i v e n e s s of E B I 1 s 
i n c o n t r o l l i n g plant pathogeni

Resistance has not thu
EBI's. Although numerous r e s i s t a n t mutants have been developed i n 
laboratory s t u d i e s , r e s i s t a n c e problems i n the f i e l d have not 
occurred. However, recent i n v e s t i g a t i o n s r e l a t e d to the use of a 
t r i a z o l e f u n g i c i d e on barley i n d i c a t e that r e s i s t a n t s t r a i n s of 
pathogenic fungi may be i n c r e a s i n g (26). The f a c t that there have 
not been major problems may be associated with the nature of the mode 
of a c t i o n and the f a c t that mutants appear to have reduced f i t n e s s 
(11, 18). In other words, the genetic a l t e r a t i o n s conducive to 
s u r v i v a l i n the presence of these compounds may a l s o reduce f i t n e s s . 

T h i r d Generation Fungicides 

The t h i r d generation f u n g i c i d e s c o n s i s t of chemicals designed to take 
advantage of p r i n c i p l e s underlying host and/or pathogen 
v u l n e r a b i l i t i e s . These compounds t y p i c a l l y are h i g h l y s p e c i f i c , 
often targeted f o r a s p e c i f i c disease on a s e l e c t e d host. They 
c h a r a c t e r i s t i c a l l y show l i t t l e or no t o x i c i t y to fungi i n v i t r o . 
They act as antipathogenic agents and thus a f f e c t the process of 
pathogenesis. They may act on the host through the induction of 
plant r e s i s t a n c e mechanisms such as s t i m u l a t i o n of l i g n i f i c a t i o n or 
enhancement of phytoalexin production. (Please r e f e r to the chapter 
by S a l t and Kuc i n t h i s volume for f u r t h e r d i s c u s s i o n of t h i s type o f 
compound.) They may act on the pathogen to accentuate e l i c i t o r 
r elease or to prevent i n f e c t i o n (host penetration), c o l o n i z a t i o n 
( i n h i b i t i o n of phytotoxin synthesis, e x t r a c e l l u l a r enzyme production 
and a c t i o n , or phytoalexin degradation) or reproduction. 

Melanin Biosynthesis I n h i b i t o r s . The melanin biosynthesis 
i n h i b i t o r s , which are used to c o n t r o l r i c e b l a s t disease, are a good 
example of compounds that prevent i n f e c t i o n . Included i n t h i s group 
are t r i c y c l a z o l e , pyroquilon, f t h a l i d e , and chlorbenthiazone. 
T r i c y c l a z o l e , which was the f i r s t of these compounds i d e n t i f i e d as 
being e f f e c t i v e through the i n h i b i t i o n of melanin synthesis (27), 
produces no e f f e c t s on fungal growth at concentrations of the 
chemical that are e f f e c t i v e f o r disease c o n t r o l . Treated fungi 
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appear brown rather than grayish-black. T r i c y c l a z o l e blocks the 
conversion of 1,3,8-trihydroxynaphthalene to vermelone and the 
conversion of 1,3,6,8-tetrahydroxynaphthalene to scytalone i n the 
poklyketide pathway of melanin biosynthesis (28). The f a i l u r e to 
synthesize melanin was l a t e r t i e d to f a i l u r e of the fungus to 
penetrate the host epidermis (29). Apparently melanin or an ox i d i z e d 
melanin precursor i s involved i n the fungal c e l l w a l l a r c h i t e c t u r e i n 
such a way as to provide the r i g i d i t y necessary f o r host penetration 
( 4 ) . 

Compounds that a f f e c t Host Reactions. Examples of compounds which 
enhance or induce host reactions to pathogens inc l u d e 
2,2-dichloro-3,3-dimethyl-cyclopropane c a r b o x y l i c a c i d (DDCC), 
probenazole, and f o s e t y l - A l ( 4 ) . Although these chemicals do not 
stop the fungus from penetrating the plant, they are qu i t e e f f e c t i v e 
at preventing c o l o n i z a t i o n through the enhancement of the host's 
r e s i s t a n c e mechanisms. Further studies are needed to e l u c i d a t e how 
these r e s i s t a n c e mechanism

Resistance Mechanisms 

With the use of second generation a n t i f u n g a l chemicals there has been 
an i n c r e a s i n g awareness of the need to understand not only the modes 
of a c t i o n but al s o the mechanisms of fungal r e s i s t a n c e . I t has long 
been recognized that plants may be bred f o r two types of disease 
r e s i s t a n c e , race s p e c i f i c and general. Highly s p e c i f i c disease 
r e s i s t a n c e i s very e f f e c t i v e f o r a l i m i t e d time. Usually the 
s e l e c t i o n pressure on the disease-producing organism i s such that a 
new s t r a i n , which circumvents the host's r e s i s t a n c e , emerges. Plants 
with moderate r e s i s t a n c e g e n e r a l l y r e t a i n t h i s property f o r long 
periods. A p a r a l l e l e x i s t s with fungicides (30). Non-specific 
types, such as the pr e v i o u s l y mentioned f i r s t generation f u n g i c i d e s , 
have been e f f e c t i v e f o r many years whereas the s i t e s p e c i f i c second 
and t h i r d generation compounds are more l i k e l y to encounter 
r e s i s t a n c e problems. 

Among the biochemical mechanisms of fu n g i c i d e r e s i s t a n c e are 
reduced permeability, metabolism (increased d e t o x i f i c a t i o n or 
decreased conversion to the t o x i c m a t e r i a l ) , and reduced a f f i n i t y of 
the target s i t e f o r the t o x i n . 

E f f o r t s are now being made to avoid r e s i s t a n c e problems through 
s t r a t e g i e s of use i n conjunction with knowledge on modes of a c t i o n 
and mechanisms of r e s i s t a n c e . A p p l i c a t i o n s t r a t e g i e s include timing 
of use, reduction of use, combinations of protectants and eradicants 
that have n o n - s p e c i f i c and s p e c i f i c modes of a c t i o n , and combinations 
of eradicants with d i f f e r e n t s p e c i f i c modes of a c t i o n . Knowledge on 
modes of a c t i o n and r e s i s t a n c e mechanisms o f f e r some approaches that 
can be developed to circumvent r e s i s t a n c e problems. Many of these 
ideas were discussed at a recent symposium addressing novel 
approaches f o r research on a g r i c u l t u r a l chemicals (31). 

S e l e c t i v e A c t i o n . Evidence suggests that a t t e n t i o n should be given 
to the development and use of chemicals with modes of a c t i o n that 
s e l e c t f o r r e s i s t a n t s t r a i n s which do not cause disease problems. In 
the s e c t i o n on EBI fu n g i c i d e s , i t was pointed out that r e s i s t a n t 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



42 BIOREGULATORS FOR PEST CONTROL 

mutants have been developed i n the laboratory, but that there have 
been no cases of disease c o n t r o l f a i l u r e a t t r i b u t e d to r e s i s t a n c e i n 
the f i e l d . Perhaps t h i s p a r t i c u l a r mechanism i s such that mutations 
to overcome i t impart c h a r a c t e r i s t i c s i n a fungus that reduce 
pathogenicity (18). 

Circumvention of S i t e M o d i f i c a t i o n . As i n d i c a t e d e a r l i e r , carboxin 
i n h i b i t s s u c c i n i c dehydrogenase a c t i v i t y . In studies using r e s i s t a n t 
laboratory mutants and a large number of analogues of the parent 
compound, data i n d i c a t e d that for any mutation i n the l o c i a f f e c t i n g 
carboxin s e n s i t i v i t y , a s p e c i f i c s t r u c t u r a l change i n the parent 
compound could a l l e v i a t e or reverse the f a i l u r e to c o n t r o l the fungus 
(32). In screening s t u d i e s , a number of analogues were i d e n t i f i e d 
that showed i n v i t r o binding a f f i n i t y f o r s u c c i n i c 
dehydrogenase-mitochondrial complex I I . Some analogues were 
e f f e c t i v e against w i l d type and some against r e s i s t a n t mutants. A 
l o g i c a l strategy would be to use mixtures of these chemicals or to 
use them separately i n a
scheme would not work i
a c t i v e analogues were not systemic. However, m o d i f i c a t i o n of the 
chemical s t r u c t u r e i s one approach to c o n t r o l the development of 
r e s i s t a n c e . 

Consideration of A c t i v a t i o n and S t e r e o s e l e c t i v i t y . Studies on 
triadimefon, one of the EBI compounds, provide thoughts to consider 
i n developing new compounds as w e l l as addressing r e s i s t a n c e 
problems. In evaluating the e f f e c t i v e n e s s of triadimefon applied to 
plants f o r pest c o n t r o l , the following must be taken i n t o 
c o n s i d e r a t i o n (33): 

β Extent of conversion to triadimenol by host and pathogen 
* Inherent a c t i v i t i e s of the chemical present 

( s t e r e o s e l e c t i v i t y ) 
* Time required f o r an e f f e c t i v e dose to reach the s p e c i f i c 

i n t r a c e l l u l a r s i t e of a c t i o n 
* Further metabolism of the chemical by the pathogen or host 

plant to l e s s t o x i c compounds 
While a l l of these f a c t o r s must be taken i n t o account, the l a t t e r two 
are dependent on the f i r s t two, and we w i l l focus on the f i r s t two as 
points of c o n s i d e r a t i o n f o r r e s i s t a n c e as w e l l as s t r a t e g i e s f o r the 
future e f f e c t i v e use of t h i s compound. 

Fungi s e n s i t i v e to triadimefon convert the parent compound 
through biochemical reduction to triadimenol at a high rate, whereas 
r e s i s t a n t species demonstrate l i t t l e or no conversion (34). This 
i n v e s t i g a t i o n a l s o demonstrated that plants enhance f u n g i t o x i c i t y by 
t h i s conversion. Thus an a c t i v a t i o n process i n both pathogen and 
host could p o s s i b l y be a l t e r e d to potentiate e f f e c t i v e n e s s . To add 
to t h i s somewhat complex s i t u a t i o n , two diastereoisomers of 
t r i a d i m e n o l are formed i n the reduction process, and one i s more 
a c t i v e than the other (35). A high r a t e of conversion to triadimenol 
i n a d d i t i o n to a high r a t i o of the more a c t i v e diastereomer to the 
les s a c t i v e can be assumed to be present i n t r i a d i m e f o n - s e n s i t i v e 
fungi whereas the opposite s i t u a t i o n may be found i n r e l a t i v e l y 
i n s e n s i t i v e f u n g i . The conversion process i n plants a f f o r d s the 
opportunity to c o n t r o l i n s e n s i t i v e fungi which lack the conversion 
mechanism· 
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A number of f a c t o r s must be considered i n the area of 
s t e r e o s e l e c t i v i t y (31). D i s t i n c t d i f f e r e n c e s are noted between 
stereoisomers i n absorption/ uptake, a c t i v i t y at the target or 
receptor s i t e , pathways and rate of bioconversion, and 
pharmacokinetics. A l l of these f a c t o r s are a p p l i c a b l e i n the case of 
triadimefon and are examples of processes that may be manipulated to 
enhance disease c o n t r o l e f f e c t i v e n e s s . 

I n h i b i t i o n of a Resistance Mechanism. Another i n t e r e s t i n g case 
serves as an example of the importance of understanding r e s i s t a n c e 
mechanisms. In t h i s s i t u a t i o n r e s i s t a n c e i s not r e l a t e d to the mode 
of a c t i o n . Observations i n d i c a t e that i n a w i l d type s t r a i n of 
A s p e r g i l l u s nidulans, uptake of the EBI f u n g i c i d e , fenarimol, i s a 
r a p i d , passive i n f l u x which induces an energy dependent e f f l u x 
r e s u l t i n g i n an energy dependent state of e q u i l i b r i u m (36). Toxic 
a c t i o n occurs p r i o r to s u f f i c i e n t e f f l u x to reduce l e v e l s below 
t o x i c concentrations. This same study found that the e f f l u x system 
i n r e s i s t a n t s t r a i n s i s
uptake of the f u n g i c i d e
mechanism i s involved i n nidulans s t r a i n s r e s i s t a n t to i m a z a l i l , 
another EBI f u n g i c i d e (37). 

E f f l u x i s blocked by compounds such as r e s p i r a t o r y i n h i b i t o r s 
that decrease l e v e l s of ATP. Apparently the i n f l u x - e f f l u x mechanism 
i s dependent on i n t r a c e l l u l a r ATP, which i s u t i l i z e d by the plasma 
membrane ATPase and thus d r i v e s the e f f l u x process (36). The 
s y n e r g i s t i c e f f e c t s of r e s p i r a t o r y i n h i b i t o r s could serve as the 
basis for using a combination of i n h i b i t o r s . This also brings up the 
p o s s i b i l i t y that through the use of r e s p i r a t o r y i n h i b i t o r s , fungi 
that are normally i n s e n s i t i v e or only s l i g h t l y s e n s i t i v e to fenarimol 
or i m a z a l i l due to e f f l u x systems could be c o n t r o l l e d . 

Conclusions 

New approaches f o r the chemical c o n t r o l of plant pathogens emphasize 
the need to understand the p h y s i o l o g i c a l , biochemical, and molecular 
l e v e l s of the modes of a c t i o n and the mechanisms of pathogen 
r e s i s t a n c e . These approaches involve the use of chemicals i n a way 
that w i l l reduce or prevent the development of r e s i s t a n t pathogens. 
They a l s o take advantage of compounds that serve as antipathogenic 
agents to prevent disease development, an approach which requires an 
understanding of h o s t - p a r a s i t e physiology and pathogenic processes. 

The antipathogenic agents are h i g h l y s p e c i f i c and u s u a l l y 
targeted f o r a designated pathogen on a given p l a n t . In looking to 
the future, one must be p r a c t i c a l and take i n t o account the f a c t that 
such chemicals are l i k e l y to be commercially a v a i l a b l e only for major 
diseases on major crops. The current costs of development, 
r e g i s t r a t i o n , and marketing put r e s t r i c t i o n s on widespread use of 
these t h i r d generation f u n g i c i d e s . Thus, one must take advantage of 
f i r s t and second generation type compounds. The information we have 
presented on these m a t e r i a l s i n d i c a t e s that a reasonable l e v e l of 
knowledge e x i s t s on how they work. We have seen examples of the 
broad range of c e l l u l a r processes that second generation fungicides 
a f f e c t . A d d i t i o n a l data w i l l undoubtedly enhance t h i s information 
base. New approaches w i l l take advantage of e x i s t i n g knowledge and 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



44 BIOREGULATORS FOR PEST CONTROL 

emphasize the Importance of additional basic information on the 
mechanisms of action and resistance as well as host-pathogen 
relationships. 
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Elicitation of Disease Resistance in Plants 
by the Expression of Latent Genetic Information 

STEVEN D. SALT and JOSEPH KUĆ 

Department of Plant Pathology, University of Kentucky, Lexington, KY 40546-0091 

Cucumber, melon, tobacco, and bean varieties, 
supposedly lacking s igni f icant resistance to 
particular diseases, can be made highly resistant 
systemically b
exposure to pathogens
stress do not e l ic i t persistent systemic resistance. 
These findings suggest that plants generally possess 
genetic information for disease resistance mechanisms 
and that resistance is generally determined by the 
speed and magnitude of response to pathogens. We 
shall present aspects of our investigations into 
immunization of tobacco, cucurbits , and beans 
(Phaseolus vulgaris L.) and briefly review other 
workers' invest igations into biotically- and 
chemically-induced disease resistance of plants. 

Enhanced resistance to disease in plants after an init ial infection 
has fascinated observers for over 100 years. A review of the 
subject by Chester in 1933 contains 201 references (1). 
"Immunization", "acquired systemic resistance", or "induced 
resistance" of plants have been reviewed in recent years (2-11). 
We shall not exhaustively review the literature, but shall focus on 
general principles and phenomena of particular relevance to the use 
of "plant immunization" for the practical control of disease. This 
paper wil l stress examples from our own research program, but will 
also include literature citations to provide the reader with an 
appreciation of important research contributions of others 
previously and presently active in the f ie ld . Most examples 
presented wil l deal with fungal, bacterial, or viral diseases of 
crop plants, but similar principles may apply to infestations by 
nematodes and, possibly, insects. 

Protection of Plants Against Pests 

Immunization of plants via priming for expression of latent genetic 
information encoding disease resistance mechanisms may be 
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i n t r o d u c e d by c o n t r a s t i n g i t w i t h o t h e r s t r a t e g i e s u t i l i z e d f o r 
p r o t e c t i n g p l a n t s from diseases- The s t r a t e g i e s considered can be 
categorized as: e c o l o g i c a l , p e s t i c i d e s , a n t i t o x i n s , a l t e r a t i o n s of 
p l a n t p h y s i o l o g y , n o n s p e c i f i c p h y t o a l e x i n i n d u c t i o n , and p l a n t 
s e n s i t i z a t i o n (immunization). 

E c o l o g i c a l . This h i s t o r i c a l l y venerable strategy i s characterized 
by t a c t i c s designed to minimize exposure of p l a n t s to pathogens and 
make environmental conditions unfavorable for disease development. 
Measures include crop r o t a t i o n , s a n i t a t i o n , and quarantine. Such 
procedures are v a l u a b l e and worthy of further development, but they 
are g e n e r a l l y of l i m i t e d e f f e c t i v e n e s s i n p r o v i d i n g r e l i a b l y high 
y i e l d and q u a l i t y of crops i n areas w i t h s e v e r e or p e r s i s t e n t 
disease problems. 

P e s t i c i d e s . The a p p l i c a t i o n of exogenous chemicals toxic to p l a n t 
pathogens and pests has
i n t e c h n o l o g i c a l l y d e v e l o p e
strategy i s w e l l suited
and has very s u c c e s s f u l l y enhanced crop production. Numerous and 
serious long-term problems have, however, become evident. Heavy 
r e l i a n c e on, and c o n f i d e n c e i n , p e s t i c i d e s has caused o t h e r 
s t r a t e g i e s to become r e l a t i v e l y n e g l e c t e d . The expense of 
p e s t i c i d e s and n e c e s s a r y a n c i l l a r y e q u i p m e n t , as w e l l as 
t e c h n o l o g i c a l expertise required for t h e i r e f f e c t i v e and safe use, 
are burdensome and often beyond the reach of farmers i n developing 
n a t i o n s . Heavy and improper use of p e s t i c i d e s has l e d to the 
appearance of r e s i s t a n t p e s t s and consequent l o s s of p e s t i c i d e 
e f f i c a c y . Most s e r i o u s l y , the danger of i n j u r y to n o n - t a r g e t 
organisms, e s p e c i a l l y t o x i c i t y , t e r a t o g e n i c i t y , and c a r c i n o g e n i c i t y 
to humans, has led to cumbersome and expensive r e s t r i c t i o n s on the 
development, s a l e , and use of p e s t i c i d e s . 

A n t i t o x i n s . T h i s i s a s t r a t e g y of disarmament i n which a p p l i e d 
chemicals are not d i r e c t l y t o x i c to pathogens, but i n t e r f e r e with 
t h e i r mechanisms for pathogenesis, e.g., penetration, maceration of 
t i s s u e s , or i n d u c t i o n of w i l t i n g or abnormal growth. Few such 
compounds have been developed for commercial use. T r i c y c l a z o l e s 
appear to f u n c t i o n by i n h i b i t i n g the m e l a n i z a t i o n of f u n g a l 
appressoria and thus reduce p e n e t r a t i o n i n t o host p l a n t s ( 12-14). 
Other reported examples incl u d e i n a c t i v a t i o n of p i r i c u l a r i n , t o x i n 
of the r i c e b l a s t fungus P i r i c u l a r i a oryzae, by f e r u l i c and 
chlorogenic acids (15), and i n h i b i t i o n of Fusarium w i l t symptoms i n 
tomato by catechol, which at e f f e c t i v e concentrations appears non
t o x i c to the fungus and n e i t h e r p r e v e n t s nor reduces i n f e c t i o n 
(16). The biochemistry of pathogenesis i n p l a n t disease, however, 
i s i n an e a r l y stage of i n v e s t i g a t i o n and the r a t i o n a l d e s i g n of 
toxin i n h i b i t o r s or other a n t i p a t h o g e n e t i c compounds may be even 
more d i f f i c u l t than that of p e s t i c i d e s . Random s c r e e n i n g o f 
compounds f o r a n t i t o x i n a c t i v i t y has i n h e r e n t d i f f i c u l t i e s f o r 
b i o a s s a y , and the a p p l i c a t i o n of a n t i t o x i n s s u f f e r s from the 
d i f f i c u l t i e s encountered i n the environmental r e l e a s e of chemicals 
as c i t e d for p e s t i c i d e s . 
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A l t e r a t i o n s of Physiology. Susceptible p l a n t species or c u l t i v a r s 
may be rendered r e s i s t a n t to d i s e a s e by so a l t e r i n g t h e i r 
p h y s i o l o g y , e.g., hormonal b a l a n c e s , i o n f l u x e s , c o n s t i t u t i v e 
secondary metabolism, or r e s p i r a t o r y rates, as to render them u n f i t 
or h o s t i l e environments f o r pathogen development, i.e., to make 
them non-hosts. T h i s c o u l d be a c c o m p l i s h e d , f o r example, by the 
use of growth r e g u l a t o r s or breeding. 

This approach may not prove g e n e r a l l y p r a c t i c a b l e , however, 
because crop p l a n t s , over the ages, have been s e l e c t e d p r e c i s e l y 
f o r those p h y s i o l o g i c a l c h a r a c t e r i s t i c s which make them more 
agronomica1 l y d e s i r a b l e than f r e q u e n t l y hardier w i l d r e l a t i v e s . 
D r a s t i c changes i n c o n s t i t u t i v e p h y s i o l o g y may reduce agronomic 
f i t n e s s even i f disease resistance i s enhanced. Breeders are often 
faced with the problem of r e i n c o r p o r a t i n g y i e l d and q u a l i t y f actors 
back into disease-and i n s e c t - r e s i s t a n t p l a n t s . 

Non-specific or C o n s t i t u t i v e P h y t o a l e x i n I n d u c t i o n  Many p l a n t s 
are r e p o r t e d to produc
a n t i m i c r o b i a l compounds
These compounds r a p i d l y accumulate to high concentrations i n p l a n t 
t i s s u e s i m m e d i a t e l y a d j a c e n t to s i t e s of i n f e c t i o n i n r e s i s t a n t 
c u l t i v a r s , and they function to r e s t r i c t development of fungal and 
b a c t e r i a l pathogens of p l a n t s (17,18). Susceptible c u l t i v a r s may 
u l t i m a t e l y accumulate as much or more t o t a l p h y t o a l e x i n s d u r i n g 
disease development, but accumulation i s slower and d i f f u s e , and 
l o c a l i z e d concentrations i n advance of the pathogen appear to be 
i n s u f f i c i e n t to i n h i b i t pathogen development. Many a b i o t i c agents, 
i n c l u d i n g heavy m e t a l s a l t s (19), heat (20), c h l o r o f o r m v a p o r s 
(21), u l t r a v i o l e t i r r a d i a t i o n (22), f u n g i c i d e s such as maneb and 
benomyl (23), and even innocuous substances such as sucrose (24) 
e l i c i t phytoalexin accumulation i n some p l a n t s . P r o p o s a l s have 
been made t h a t g e n e r a l n o n - s p e c i f i c i n d u c t i o n of p h y t o a l e x i n 
accumulation i n p l a n t s may be an e f f e c t i v e and " n a t u r a l " method 
of p l a n t p r o t e c t i o n from pests. Unfortunately, phytoalexins, and 
the e f f e c t i v e concentrations of p h y t o a l e x i n e l i c i t o r s , are o f t e n 
t o x i c a n t s which i n j u r e or k i l l p l a n t c e l l s (25). In d i s e a s e 
re s i s t a n c e i n v o l v i n g phytoalexin accumulation, the p l a n t s a c r i f i c e s 
a few of i t s own c e l l s immediately adjacent to invading pathogens 
i n order to save the e n t i r e p l a n t . G e n e r a l or c o n s t i t u t i v e 
i n d u c t i o n of p h y t o a l e x i n accumulation may protect p l a n t s against 
i n f e c t i o u s d i s e a s e , b u t i t w o u l d l i k e l y be d i s a s t r o u s l y 
counterproductive to o v e r a l l p l a n t h e a l t h because of a u t o t o x i c i t y 
and the need f o r c o n t i n u o u s d i v e r s i o n of m e t a b o l i c energy and 
primary m e t a b o l i t e s i n t o secondary metabolism. In a d d i t i o n , 
phytoalexins require higher c o n c e n t r a t i o n s i n p l a n t t i s s u e s than 
c o m m e r c i a l s y n t h e t i c p e s t i c i d e s to a c h i e v e c o m p a r a b l e 
e f f e c t i v e n e s s . They a l s o are not t r a n s l o c a t e d within p l a n t s , and 
are r a p i d l y degraded by p l a n t s and many pathogens. To m a i n t a i n 
e f f e c t i v e l y high systemic l e v e l s of phytoalexins, therefore, would 
l i k e l y r e q u i r e r e p e a t e d a p p l i c a t i o n s of p h y t o t o x i c e l i c i t o r 
s ubstances or the b r e e d i n g of p l a n t s with c o n s t i t u t i v e l y h i g h 
l e v e l s of p h y t o a l e x i n s . Furthermore, many p h y t o a l e x i n s may be 
t o x i c to mammals, and p l a n t t i s s u e c o n t a i n i n g h i g h t o t a l 
c o n c e n t r a t i o n s may be u n p a l a t a b l e or hazardous f o r consumption 
(25). 
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S e n s i t i z a t i o n of P l a n t s . T h i s s t r a t e g y f o r p l a n t p r o t e c t i o n i s 
conceptually, i f not m e c h a n i s t i c a l l y , analogous to immunization v i a 
v a c c i n a t i o n of mammals. An i n i t i a l stimulus e l i c i t s a long-term 
s u b t l e a l t e r a t i o n i n a p l a n t such t h a t subsequent exposure to a 
pathogen or pest r e s u l t s i n a vigorous and rapid a c t i v a t i o n of the 
p l a n t ' s endogenous g e n e t i c a l l y e n c o d e d d e f e n s e mechanisms. 
However, a s i d e from a r e l a t i v e l y b r i e f i n i t i a l s e n s i t i z a t i o n 
p e r i o d , d i s e a s e r e s i s t a n c e mechanisms remain l a t e n t u n t i l a f t e r 
i n f e c t i o n and are g e n e r a l l y l o c a l i z e d at the s i t e s of i n f e c t i o n . 
There i s no gross derangement of p l a n t c o n s t i t u t i v e metabolism. 
There i s l i t t l e consumption of energy or m e t a b o l i t e s and the 
expenditure occurs when and where needed. A u t o t o x i c i t y from non
s p e c i f i c or c o n s t i t u t i v e defense r e a c t i o n s i n the absence of 
i n f e c t i o n i s avoided. A " s e n s i t i z e d " p l a n t may be said to possess 
to some d e g r e e a s t a t e o f " i m m u n i t y " or " a c q u i r e d / i n d u c e d 
resistance"· 

The remainder of t h i s paper s h a l l present general p r i n c i p l e s , 
examples of a p p l i c a t i o n s
l i m i t a t i o n s of s e n s i t i z a t i o
against i n f e c t i o u s diseases and damage from other pests. 

Statement of Thesis 

V i r t u a l l y a l l p l a n t s , even those c o n s i d e r e d " s u s c e p t i b l e " to 
p a r t i c u l a r d i s e a s e s , p o s s e s s g e n e t i c i n f o r m a t i o n f o r the 
biochemical pathways responsible for e f f e c t i v e disease r e s i s t a n c e 
mechanisms. S u s c e p t i b i l i t y i s due to a f a i l u r e or d e l a y i n 
r e c o g n i z i n g the pathogen, s u p p r e s s i o n of a c t i v a t i o n of host 
d efenses by the pathogen, i n a c t i v i t y of gene p r o d u c t s , or 
m o d i f i c a t i o n of components of the r e s i s t a n c e response. The data 
p r e s e n t e d i n t h i s paper support the t h e s i s t h a t , g i v e n an 
appropriate inducing stimulus, s u s c e p t i b l e p l a n t s can be s e n s i t i z e d 
to a c t i v a t e defense mechanisms a g a i n s t pathogens so as to become 
r e s i s t a n t to disease. 

However, though enhancement of e x p r e s s i o n of g e n e t i c a l l y 
encoded p l a n t d i s e a s e r e s i s t a n c e mechanisms may be a g e n e r a l l y 
e f f e c t i v e means of immunizing p l a n t s , we do not c l a i m u n i v e r s a l 
e f f i c a c y . In some environments, gene products may be i n e f f e c t u a l 
i n r e s t r i c t i n g or c o n d i t i o n i n g the r e s t r i c t i o n of pathogen 
development, e.g., a c t i v i t y of gene p r o d u c t s f o r r e s i s t a n c e may 
have s p e c i f i c temperature or l i g h t r e q u i r e m e n t s . In p l a n t s 
s e v e r e l y weakened by in j u r y or disease, f a c u l t a t i v e parasites or 
normally incompatible pathogens may be able to p a r a s i t i z e normally 
nonhost or r e s i s t a n t p l a n t s due to the plant's i n a b i l i t y to develop 
an e f f e c t i v e metabolic response. Some pathogens may a c t i v a t e host 
defense mechanisms yet develop i n host t i s s u e s and cause disease by 
i n a c t i v a t i n g components of the r e s i s t a n c e mechanisms, e.g., 
me t a b o l i s m of k i e v e t o n e , a p h y t o a l e x i n of beans, by Fusarium 
(26,27) and the d e t o x i f i c a t i o n of p i s a t i n , a phytoalexin of pea, by 
Nectria hematococca (28). 
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Methods of S e n s i t i z a t i o n 

Gene t i c . The d i f f e r e n c e s between many s u s c e p t i b l e and r e s i s t a n t 
c u l t i v a r s are the a b i l i t i e s of the l a t t e r to a p p r o p r i a t e l y respond 
q u a n t i t a t i v e l y i n time and i n space to i n f e c t i o n , r a t h e r than 
q u a l i t a t i v e d i f f e r e n c e s i n b i o c h e m i c a l pathways. T h i s type of 
g e n e t i c r e s i s t a n c e may be c o n s i d e r e d a form of an endogenous 
c o n s t i t u t i v e l y s e n s i t i z e d s t a t e . G e n e t i c s e n s i t i z a t i o n of a 
c u l t i v a r r e q u i r e s both a source of a p p r o p r i a t e germplasm and a 
method of e f f e c t i v e t r a n s f e r and i n c o r p o r a t i o n of the g e n e t i c 
m a t e r i a l i n t o the r e c i p i e n t c u l t i v a r . Both r e q u i r e m e n t s cannot 
always be met. Furthermore, u n d e s i r a b l e t r a i t s o f t e n accompany 
d e s i r e d r e s i s t a n c e t r a i t s . T h i s v e r y important area of p l a n t 
s e n s i t i z a t i o n , b r o a d l y c o n s t r u e d , l i e s beyond the scope of t h i s 
paper. 

P h y s i c a l . Anecdotal accounts abound of enhanced p l a n t r e s i s t a n c e 
to d i s e a s e a c h i e v e d b
p h y s i c a l s t i m u l i , e.g.
e l e c t r o m a g n e t i c r a d i a t i o n , e l e c t r i c c u r r e n t , sound waves, and 
v i b r a t i o n . In our own laboratory, we have made cucumbers r e s i s t a n t 
to anthracnose by v i b r a t i o n (Stromberg and Kuc, u n p u b l i s h e d ) . 
However, these phenomena are p o o r l y understood and may i n c l u d e 
enhanced resistance r e s u l t i n g from n o n - s p e c i f i c a l t e r e d ( s t r e s s ) 
p h y s i o l o g y , n o n s p e c i f i c p h y t o a l e x i n e l i c i t a t i o n , m o d i f i c a t i o n of 
the a c t i o n of gene p r o d u c t s , or s e n s i t i z a t i o n . T h i s i n t e r e s t i n g 
but l i t t l e e x p l o r e d area w i l l not be f u r t h e r d i s c u s s e d i n t h i s 
paper. 

B i o t i c . Enhanced r e s i s t a n c e to d i s e a s e which r e s u l t s from p r i o r 
exposure to a v i r u l e n t pathogens or nonpathogenic organisms or to 
v i r u l e n t pathogens under c o n d i t i o n s u n f a v o r a b l e f o r d i s e a s e 
development, i s the major focus of t h i s paper and w i l l be discussed 
at length. 

Chemica1. There are a number of r e p o r t s of exogenous c h e m i c a l s , 
both synthetic and n a t u r a l , which enhance endogenous p l a n t defense 
mechanisms. We s h a l l review some of these reports at a l a t e r point 
i n t h i s paper. In some cases, n e i t h e r the compounds nor t h e i r 
metabolic products are d i r e c t l y toxic to the pathogens under study. 
In other cases, enhanced p l a n t defense responses appear coexistent 
w i t h d i r e c t p e s t i c i d a l a c t i v i t y of the compounds or t h e i r 
metabolites. Few of these cases have been thoroughly examined at 
the biochemical l e v e l . However, the p o s s i b i l i t y that s e n s i t i z a t i o n 
of p l a n t s towards pathogens may be achieved by exogenous chemicals 
has g r e a t p o t e n t i a l f o r p r a c t i c a l a p p l i c a t i o n s . Of course, a l l 
d i f f i c u l t i e s i n h e r e n t i n r e l e a s i n g a l i e n c h e m i c a l s i n t o the 
environment may be encountered i n t h i s approach. 

Regardless of the nature of the o r i g i n a l s e n s i t i z i n g stimulus, 
however, induced resistance i s mediated and expressed through the 
endogenous g e n e t i c a l l y encoded biochemical mechanisms of the plant. 
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General Occurrence of Resistance Induced by B i o t i c Agents 

Numerous reports of "acquired r e s i s t a n c e " or "induced r e s i s t a n c e " 
or "immunization" of p l a n t s , e s p e c i a l l y to d i s e a s e s caused by 
v i r u s e s , date back as far as a century (_1). Only a s m a l l sampling 
of examples i s p r e s e n t e d i n T a b l e I to i l l u s t r a t e the v a r i e t y of 
h o s t - d i s e a s e combinations f o r which t h i s phenomenon has been 
reported. Many examples have not been independently v e r i f i e d or 
e x t e n s i v e l y i n v e s t i g a t e d . D i r e c t a n t i b i o s i s or changes i n host 
physiology or pathogen v i r u l e n c e may be confused with, or obscure, 
s e n s i t i z a t i o n towards subsequent r e i n f e c t i o n by the same pathogen. 
However, enough cases have been c l o s e l y examined to suggest the 
g e n e r a l i t y of b i o t i c a l l y induced r e s i s t a n c e i n p l a n t s (2-11). 
S i m i l a r phenomena have a l s o been r e p o r t e d f o r nematodes (29) and 
f o r i n s e c t s (30). 

N o n - s p e c i f i c i t y of Protection 

One of the most f a s c i n a t i n
r e s i s t a n c e induced i n p l a n t s by b i o t i c agents i s the f r e q u e n t l y 
observed a b i l i t y of i n f e c t i o n by one organism to induce resistance 
against disease caused by other organisms d i s t a n t l y r e l a t e d both to 
the inducing organism and to one another. 

L i m i t e d f o l i a r i n f e c t i o n of cucumber, watermelon, and 
muskmelon by C o l l e t o t r i c h u m lagenarium, a pathogen of leaves and 
f r u i t s , or by the non-pathogen tobacco n e c r o s i s v i r u s (TNV), 
s y s t e m i c a l l y p r o t e c t e d a g a i n s t d i s e a s e caused by C. lagenarium, 
C l a d o s p o r i u m cucumerinum, M y c o s p h a e r e l i a m e l o n i s , Fusarium 
o x y s p o r u m f. sp. cue urne r inum, P s e u d o p e r o n o s p o r a cubens i s, 
Pseudomonas lachrymans, Erwinia t r a c h e i p h i l a , TNV ( l o c a l necrosis), 
or Phytophthora infestans (9,49-55). Thus p r o t e c t i o n was achieved 
against necrotrophic and b i o t r o p h i c pathogens; fungi, v i r u s e s , and 
b a c t e r i a ; f o l i a r , stem, f r u i t , and r o o t pathogens; and a g a i n s t 
various disease types - systemic and l o c a l ; w i l t s , r o t s , b l i g h t s , 
l e a f spots, mildews, scabs, and l o c a l necrosis. The only disease 
a g a i n s t which we were una b l e to induce r e s i s t a n c e w i t h TNV or C. 
l a g e n a r i u m was powdery mildew caused by Sphaerotheca f u l g i n e a . 
However, Bashan and Cohen (56) have more r e c e n t l y r e p o r t e d 
induction of r e s i s t a n c e against powdery mildew of cucumbers by TNV. 

Green beans ( P h a s e o l u s v u l g a r i s L.) can be s y s t e m i c a l l y 
p r o t e c t e d a g a i n s t c u 1 t i v a r - p a t h o g e n i c r a c e s of the anthracnose 
fungus, C o l l e t o t r i c h u m 1indemuthianum, by p r i o r i n o c u l a t i o n e i t h e r 
with c u l t i v a r - i n c o m p a t i b l e races of the same fungus (57-59) or by 
c u l t i v a r - p a t h o g e n i c races i f the i n f e c t i o n was attenuated i n s i t u 
by heat treatment p r i o r to appearance of symptoms (60,61). Bean 
c u l t i v a r s s u s c e p t i b l e to a l l known races of C^ 1indemuthianum and 
a l s o those p o s s e s s i n g " g e n e t i c " r e s i s t a n c e to some f u n g a l r a c e s 
were rendered r e s i s t a n t to a l l r a c e s of the pathogen by p r i o r 
i n f e c t i o n with the pathogen of cucurbits, Co 1letotrichum lagenarium 
( 57_, 62 ). 

Tobacco was r e c i p r o c a l l y p r o t e c t e d a g a i n s t TMV, TNV, or 
T h i e l a v i o p s i s b a s i c o l a (34) ; against Phytophthora p a r a s i t i c a v a r . 
n i c o t i a n a e w i t h TNV ( 63); and a g a i n s t TMV and E r y s i p h e 
cichoracearum (powdery mildew) w i t h Peronospora t a b a c i n a (64-66). 
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Table I. Some Reports of B i o t i c a l l y Induced Resistance In Plants 

Plant Disease Pathogen Reference(s) 

Tobacco blue mold 
tobacco mosaic 
tobacco ringspot 
black shank 
black root rot 

Peronospora tabacina 5,31,32 
v i r u s 1,3 
v i r u s 1,3 

Phytophthora p a r a s i t i c a 33 
T h i e l a v i o p s i s b a s i c o l a 34 

Cabbage, 
carnation, 
tomato, 
watermelon, 
f l a x , 
s i l k tree, 
cotton 

w i l t Fusarium spp. 35 

Sugar cane mosaic 
corn streak 

v i r u s 
v i r u s 

1 
1 

Coffee tree rust Hemileia v a s t a t r i x 36,37 

Euphorbia 
c y p a r i s s i a s 

rust Uromyces p i s i 38 

Daisies g a l l Agrobacterium tumefasciens 39 

Cedars, 
apples 

rust Gymnosporangium macropus 40 

Carrots root rot B o t r y t i s cinerea 41 

Cucurbits 
(cucumbers, 
melons) 

anthracnose 
mosaic 
angular l e a f spot 

Colletotrichum lagenarium 
v i r u s 

Pseudomonas lachrymans 

42,43,54 
1 

10 

Peaches, 
plums 

canker Cytospora c i n c t a 44 

Green beans anthracnose Colletotrichum 
1indemuthianum 

45 

Apples, pears f i r e b l i g h t Erwinia amylovora 46-48 
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However, i n o c u l a t i o n with cichoracearum, TMV, cucumber mosaic 
v i r u s , A l t e r n a r i a so 1 a n i , H e l m i n t h o s p o r i u m t u r c i c um,or 
Pseudoperonospora c u b e n s i s f a i l e d to p r o t e c t tobacco a g a i n s t 
Peronospora tabacina or cichoracearum (65)» Thus, while b i o t i c 
a g e n t s o f t e n p r o t e c t a g a i n s t c l o s e l y or d i s t a n t l y r e l a t e d 
organisms, the e f f e c t i v e combinations of p l a n t , b i o t i c inducer, and 
c h a l l e n g e pathogen e x h i b i t some s p e c i f i c i t y . It i s p u z z l i n g that 
r e c i p r o c a l combinations may be i n e f f e c t i v e , and that some pathogens 
seem i n e f f e c t i v e i n e l i c i t i n g r e s i s t a n c e a g a i n s t t h e m s e l v e s or 
c l o s e l y r e l a t e d organisms, but h i g h l y e f f e c t i v e against d i s t a n t l y 
r e l a t e d pathogens! 

Some more unusual e f f e c t i v e i n d u c e r / p a t h o g e n combinations 
i n c l u d e the use of the nematodes P r a t y l e n c h u s penetrans or P. 
brachyurrus against the b l a c k shank fungus P. p a r a s i t i c a i n tobacco 
(33,67,68), and use of TMV against the aphid Myzus persicae as w e l l 
as against TMV, j \ _ p a r a s i t i c a var. nicotianae, Pseudomonas tabaci 
( w i l d f i r e bacterium), and Peronospora tabacina (69). 

Dynamics of Induced Resistanc

I n i t i a l r e a c t i o n . In a l l known cas e s of e f f e c t i v e b i o t i c 
s e n s i t i z a t i o n of p l a n t s reported to date, a c r i t i c a l f a c t o r appears 
to be the necrosis of host c e l l s i n the zone of i n i t i a l i n f e c t i o n . 
However, while non-necrotic i n f e c t i o n s are i n e f f e c t i v e i n d u c e r s , 
necrosis per se i s not e f f e c t i v e i n inducing r e s i s t a n c e . Injury by 
a b i o t i c agents such as heat, c h e m i c a l s , dry i c e , or v a r i o u s 
e x t r a c t s from p l a n t s and microbes does not p r o t e c t cucumbers 
a g a i n s t l a g e n a r i u m (8-10). I n f e c t i o n of tobacco by a wide 
v a r i e t y of Peronosporales fungi other than P̂_ tabacina frequently 
causes s e v e r e n e c r o s i s , but does not induce s y s t e m i c r e s i s t a n c e 
against blue mold (Tuziin and Kuc, unpublished). 

The e f f e c t i v e n e s s of immunization i s d i r e c t l y r e l a t e d to the 
extent of i n f e c t i o n by, or inoculum concentration of, the inducer 
o r g a n i s m up to a p o i n t o f m a x i m a l r e s p o n s e or s a t u r a t i o n 
(49,53, 70). However, one l e s i o n caused by C. l a g e n a r i u m or e i g h t 
l e s i o n s caused by TNV on one inducer l e a f can s i g n i f i c a n t l y induce 
systemic disease resistance i n cucumbers. 

S p a t i a l and Temporal r e l a t i o n s h i p s . A common c h a r a c t e r i s t i c of 
b i o t i c s e n s i t i z a t i o n of p l a n t s i s a l a t e n t or l a g p e r i o d between 
i n i t i a t i o n of the inducer i n f e c t i o n and m a n i f e s t a t i o n of d i s e a s e 
r e s i s t a n c e . In the cucumber/TNV or lagenarium system, enhanced 
re s i s t a n c e against pathogens i s f i r s t manifest about 48-72 hr a f t e r 
i n i t i a l i n f e c t i o n and maximal resi s t a n c e i s achieved by 120-144 hr 
(49,53,70). In tobacco, re s i s t a n c e against Ρ̂ _ tabacina achieved by 
l i m i t e d stem i n f e c t i o n by the same organism i s not evident before 9 
days and i n c r e a s e s u n t i l about 21 days a f t e r i n d u c t i o n (5). An 
i n d u c t i o n p e r i o d of 3-6 days i s r e q u i r e d f o r e x p r e s s i o n of 
r e s i s t a n c e to TMV or TNV induced i n tobacco by T h i e l a v i o p s i s 
b a s i c o l a ( 34). Removal of the i n d u c e r l e a f 72-96 hr a f t e r 
i n i t i a t i o n of the inducing i n f e c t i o n i n cucumbers did not r e s u l t i n 
the l o s s of s y s t e m i c r e s i s t a n c e i n the r e s t of the p l a n t (53). 
Likewise, leaves d i s t a l from the inducer l e a f retained resistance 
a f t e r detachment from the p l a n t once immunization was e s t a b l i s h e d . 
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D u r a b i l i t y of b i o t i c a l l y induced re s i s t a n c e v a r i e s with the 
ρlant/inducer/pathogen combination. In cucumbers, r e s i s t a n c e 
induced by l a g e n a r i u m or TNV g r a d u a l l y d e c l i n e s u n l e s s a 
" b o o s t e r " i n o c u l a t i o n i s g i v e n 3-6 weeks a f t e r i n d u c t i o n (70). 
With a b o o s t e r i n o c u l a t i o n , immunization of cucumbers appears 
s u f f i c i e n t l y d u r a b l e to p r o t e c t the p l a n t through f l o w e r i n g and 
f r u i t i n g . However, cucumbers cannot be immunized a f t e r i n i t i a t i o n 
o f f l o w e r i n g (7_1_)· T h i s s u g g e s t s a h o r m o n a l e f f e c t upon 
immunization. In tobacco, immunization a g a i n s t tabac i n a by 
v i r u l e n t P. tabacina i s hazardous before the p l a n t s are at l e a s t 20 
cm t a l l due to f r e q u e n t s y s t e m i c spread of the fungus i n young 
p l a n t s , but a s i n g l e i n o c u l a t i o n of p l a n t s over 20 cm i n height i s 
e f f e c t i v e throughout the p l a n t ' s l i f e (5,72). P r o t e c t i o n of 
tobacco a g a i n s t Phytophthora p a r a s i t i c a v a r . n i c o t i a n a e by TMV 
seems to require repeated administration of the v i r u s (69). 

While b i o t i c s e n s i t i z a t i o n of p l a n t s against pathogens may act 
s y s t e m i c a l l y , not a l l organs or t i s s u e s are n e c e s s a r i l y protected 
e q u a l l y . Recent work i
of r e s i s t a n c e against anthracnos
d i f f e r e n t p o s i t i o n s on immunized cucumber p l a n t s v a r i e s i n a 
complex manner not n e c e s s a r i l y d i r e c t l y p r o p o r t i o n a l to proximity 
of the i n d u c e r l e s i o n s (73). Removal of e p i d e r m a l l a y e r s from 
immunized cucumber leaves reduces res i s t a n c e to anthracnose (74). 

Mechanisms of Resistance. The broad spectrum of e f f e c t i v e n e s s of 
induced systemic re s i s t a n c e against b a c t e r i a , v i r u s e s , fungi, and 
nematodes, makes i t seem u n l i k e l y t h a t o n l y a s i n g l e r e s i s t a n c e 
mechanism i s a c t i v a t e d . 

Phytoalexins. Many, but not a l l , p l a n t f a m i l i e s are reported 
to u t i l i z e phytoalexin accumulation as a means of defense against 
pathogens. A major phytoalexin i n green beans, Phaseolus v u l g a r i s , 
i s the i s o f l a v o n o i d p h a s e o l l i n (18). R e a c t i o n s of " g e n e t i c a l l y 
r e s i s t a n t " bean v a r i e t i e s a g a i n s t i n c o m p a t i b l e r a c e s of C. 
1 indemuthianum or of immunized " s u s c e p t i b l e " bean p l a n t s a g a i n s t 
v i r u l e n t races are marked by rapid accumulation of high l e v e l s of 
p h a s e o l l i n i n tissues adjacent to the invading fungus, r e s u l t i n g i n 
containment of the f u n g a l hyphae ( 62,75 ;Figure 1). On the o t h e r 
hand, w h i l e u l t i m a t e p h y t o a l e x i n a c c u m u l a t i o n on a t o t a l p l a n t 
t i s s u e b a s i s can be g r e a t e r i n nonimmunized i n f e c t e d s u s c e p t i b l e 
p l a n t s , the onset of a c c u m u l a t i o n i s d e l a y e d ( F i g u r e 1); l o c a l 
c o n c e n t r a t i o n s are i n s u f f i c i e n t to c o n t a i n the fungus, and the 
p l a n t i s s u c c e s s f u l l y c o l o n i z e d by the pathogen. S i g n i f i c a n t l y , as 
shown i n Figure 1, phytoalexins do not accumulate i n the immunized 
" s u s c e p t i b l e " bean p l a n t d i s t a n t from the s i t e of induction p r i o r 
to exposure to the pathogen. That i s , s e n s i t i z e d r e s i s t a n c e i s not 
due to h i g h c o n s t i t u t i v e l e v e l s of p h y t o a l e x i n s . Induced 
resi s t a n c e through p r i o r b i o t i c i n f e c t i o n , therefore, appears to be 
at l e a s t a two-step phenomenon: s e n s i t i z a t i o n followed by a rapid 
expression of r e s i s t a n c e mechanisms a f t e r subsequent i n f e c t i o n . 

I n h i b i t i o n of p e n e t r a t i o n and spread w i t h i n t i s s u e s . In 
c u c u r b i t s , c l a s s i c a l p h y t o a l e x i n s have not been i d e n t i f i e d and 
disease r e s i s t a n c e appears due to other mechanisms. Immunization 
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F i g u r e 1. Time c o u r s e o f p h y t o a l e x i n ( p h a s e o l l i n ) 
a c c u m u l a t i o n i n Ph a s e o l u s v u l g a r i s upon i n f e c t i o n by the 
pathogen Col letotrichum 1 indemuthianum (— Δ ) " G e n e t i c a l l y " 
r e s i s t a n t v a r i e t y ; ( · ) " S u s c e p t i b l e " v a r i e t y immunized 
by p r i o r l i m i t e d i n f e c t i o n by an i n c o m p a t i b l e race of C. 
1 indemuthianum; ( Ο ) " S u s c e p t i b l e " v a r i e t y , non-
immunized. Arrows i n d i c a t e o n s e t o f n e c r o t i z a t i o n . 
Reproduced w i t h p e r m i s s i o n from Ref. 133. C o p y r i g h t 1984, 
Ciba Foundation. 
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of cucumbers by lagenarium i s reported to i n h i b i t m u l t i p l i c a t i o n 
of the c h a l l e n g e b a c t e r i u m , Pseudomonas lachrymans (49), though 
Doss and H e v e s i (76) r e p o r t t h a t immunization of cucumber to P. 
lachrymans suppresses symptom development, but not b a c t e r i a l 
m u l t i p l i c a t i o n . 

G e r m i n a t i o n of c o n i d i a of l a g e n a r i u m and C l a d o s p o r i u m 
cucumerinum on the s u r f a c e o f immunized cucumber l e a v e s i s not 
i n h i b i t e d . P e n e t r a t i o n of C. cucumerinum in t o immunized cucumber 
l e a v e s i s not reduced; however, p e n e t r a t i o n from C. l a g e n a r i u m 
appressoria i s reduced by 80-90%. The spread within cucumber l e a f 
mesophyll t i s s u e of immunized p l a n t s by e i t h e r C. cucumerinum or C. 
1agenarium i n f i l t r a t e d i n t o l e a v e s (thus b y p a s s i n g s u r f a c e 
d e f e n s i v e components) appears r e s t r i c t e d (77-79). While the 
biochemical mechanisms are yet obscure, r e s i s t a n c e of tobacco to P. 
tabacina induced by the same organism appears due to r e s t r i c t i o n of 
f u n g a l development w i t h i n l e a v e s r a t h e r than to i n h i b i t i o n of 
sporangial germination or p e n e t r a t i o n i n t o the ho s t p l a n t (Tuzun 
and Kuc, unpublished). 

L i g n i f i c a t i o n . H i s t o l o g i c a l and chemical studies r e v e a l rapid 
l i g n i f i c a t i o n around zones of fungal penetration i n both immunized 
cucumber p l a n t s and those " g e n e t i c a l l y " r e s i s t a n t to C. cucumerinum 
(7 7-79). L i g n i f i c a t i o n - the g e n e r a t i o n of f r e e r a d i c a l s from 
pheny l p r o p a n o i d p r e c u r s o r s v i a a c t i o n of p e r o x i d a s e s and other 
enzymes, and the n o n s p e c i f i c p o l y m e r i z a t i o n of these r a d i c a l 
monomers upon m a t r i c e s such as p l a n t and f u n g a l c e l l w a l l s - i s 
b e l i e v e d to be a major p l a n t defense mechanism against fungal and 
b a c t e r i a l pathogens (80-83). 

L i g n i f i c a t i o n i n immunized cucumbers i s rapid and intense i n 
c e l l s a d j a c e n t to p e n e t r a t i o n of C. l a g e n a r i u m or C. cucumerinum 
( F i g u r e 2). L i g n i f i c a t i o n i n i n f e c t e d , nonimmunized, s u s c e p t i b l e 
cucumbers a l s o o c c u r s , but i s s l o w e r and more d i f f u s e . Enhanced 
l i g n i f i c a t i o n i s n o t o b s e r v e d i n cucumbers, " g e n e t i c a l l y " 
s u s c e p t i b l e or r e s i s t a n t , immunized or nonimmunized, i n the absence 
of i n f e c t i o n . Thus, c o n s t i t u t i v e l i g n i f i c a t i o n i s a defense 
mechanism i n n e i t h e r " g e n e t i c a l l y " nor " b i o t i c a l l y induced" 
r e s i s t a n t cucumbers. These r e s u l t s resemble the bean/phytoalexin 
data c i t e d e a r l i e r and f u r t h e r support the concept of " p l a n t 
immunization" as a s e n s i t i z a t i o n r a t h e r than a n o n s p e c i f i c 
a c t i v a t i o n of endogenous biochemical defense mechanisms. 

Immunization of cucumbers by lagenarium, C. cucumerinum, P. 
1achrymans or TNV g e n e r a t e s a s y s t e m i c i n c r e a s e i n p e r o x i d a s e 
a c t i v i t i e s ( 22_i]_9_i%J±) · L i k e l i g n i f i c a t i o n and p h y t o a l e x i n 
induction, peroxidase a c t i v i t i e s a l s o r i s e more q u i c k l y i n response 
to i n f e c t i o n i n l e a v e s of immunized p l a n t s , even though t o t a l 
a c t i v i t y e v e n t u a l l y may be highest i n infe c t e d s u s c e p t i b l e leaves 
(7 7). S e v e r a l o t h e r s t i m u l i can induce l o c a l ( m e c h a n i c a l and 
c h e m i c a l i n j u r y ) or s y s t e m i c (senescence, e t h y l e n e ) p e r o x i d a s e 
increases that are not accompanied by increased disease re s i s t a n c e . 
Thus, enhanced p e r o x i d a s e a c t i v i t y per se may not be a defense 
mechanism, but may be a necessary adjunct with appropriate chemical 
s u b s t r a t e s f o r p r o c e s s e s important i n d i s e a s e r e s i s t a n c e , e.g., 
l i g n i f i c a t i o n , s u b erization, and melanization. 
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HOURS AFTER CHALLENGE 

F i g u r e 2. Time course of l i g n i n a c c u m u l a t i o n i n cucumber 
(Cucumis s a t i v u s ) leaves i n presence or absence of challenge 
i n f e c t i o n by the pathogen Cladosporium cucumerinum. ( — Ο — ) 
immunized by p r i o r l i m i t e d i n f e c t i o n by Ĉ _ 1agenarium, 
c h a l l e n g e d with same pathogen; (-•Ο· -") immunized, not 
challenged; ( # ) not immunized, challenged; ( — φ — ) not 
immunized, not c h a l l e n g e d . L i g n i n determined w i t h Gibb's 
reagent a f t e r a l k a l i n e h y d r o l y s i s (78)· Reproduced with 
permission from Ref. 133. Copyright 1984, Ciba Foundation. 
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Other mechanisms. Many other biochemical mechanisms are known 
or p o s t u l a t e d to f u n c t i o n i n d i s e a s e r e s i s t a n c e i n p l a n t s , e.g., 
s i l i c i z a t i o n of c e l l w a l l s , "b" or PR ("pathogenesis-re1 ated") 
p r o t e i n s , AVF ( a n t i - v i r a l f a c t o r s ) and " p h y t o i n t e r f e r o n " , or 
superoxide anions. These mechanisms have not been i n v e s t i g a t e d as 
e x t e n s i v e l y as the above described mechanisms, e s p e c i a l l y i n cases 
of "induced resistance". Space does not permit t h e i r consideration 
i n t h i s a r t i c l e . 

Sys ternie immun i ζ a t i on s i g n a l . The s y s t e m i c nature of 
s e n s i t i z a t i o n against pathogens which i s engendered by l o c a l i z e d 
i n f e c t i o n s makes i t evident that p lants l i k e l y produce or l i b e r a t e 
a s i g n a l which i s transmitted throughout p l a n t t i s s u e s . 

G i r d l i n g of the p e t i o l e of the i n d u c e r l e a f i n cucumber 
prevents immunization of other leaves, and g i r d l i n g of p e t i o l e s of 
leaves other than the inducer l e a f at the time of immunization or 
s h o r t l y t h e r e a f t e r a l s o prevents immunization of the g i r d l e d leaves 
(71). However, g i r d l i n
120 hr a f t e r immunizatio
immunization. G r a f t i n g of s u s c e p t i b l e , non-immunized cucumber, 
muskmelon, or watermelon scions onto immunized cucumber rootstocks 
r e s u l t s i n immunization of the s c i o n t i s s u e (85). Q u a l i t a t i v e l y 
s i m i l a r r e s u l t s f o r both g i r d l i n g and g r a f t i n g are found w i t h P. 
tabac ina-immunized tobacco (Tuziin and Kuc, u n p u b l i s h e d ) . These 
r e s u l t s s t r o n g l y suggest t h a t a c h e m i c a l s i g n a l e x i s t s . T h i s 
s i g n a l may be t r a n s p o r t e d i n the phloem, from the r e g i o n of the 
s e n s i t i z i n g i n f e c t i o n , throughout the p l a n t . 

Presence of a c t i v e necrosis of p l a n t t i s s u e s produced by the 
inducer organism appears necessary for s i g n a l production. This was 
supported by experiments i n which nonimmunized scions were grafted 
onto immunized cucumber rootstocks which e i t h e r contained an i n t a c t 
i n d u c e r l e a f or those which had the i n d u c e r l e a f e x c i s e d . Only 
r o o t s t o c k s w ith i n t a c t i n d u c e r l e a v e s e f f e c t i v e l y c o n f e r r e d 
r e s i s t a n c e upon s u s c e p t i b l e s c i o n s (Dean and Kuc, u n p u b l i s h e d ) . 
E x c i s i o n of a cucumber inducer l e a f i n f e c t e d with lagenarium or 
P. lachrymans b e f o r e f u l l immunity i s a t t a i n e d r e s u l t s i n o n l y 
p a r t i a l immunization of the remainder of the pl a n t , the extent of 
immunization being d i r e c t l y p r o p o r t i o n a l to the length of time the 
inducer l e a f i s l e f t i n t a c t a f t e r i n f e c t i o n . However, e x c i s i o n of 
the inducer l e a f does not reduce the degree of immunization already 
a t t a i n e d i n the remainder of the p l a n t by the time of e x c i s i o n 
(Dean and Kuc, u n p u b l i s h e d ) . At l e a s t i n t h e cue umber / C. 
1agenarium system, v e r y l i t t l e s i g n a l substance appears to be 
present i n t r a n s i t at any g i v e n time. The s i g n a l a l s o appears to 
act very r a p i d l y i n inducing immunization. C h a l l e n g i n g p a r t i a l l y 
p r o t e c t e d l e a v e s with v i r u l e n t pathogens at v a r y i n g times a f t e r 
e x c i s i o n of i n d u c e r t i s s u e r e v e a l s no change i n l e v e l of 
immunization with time. Such change would be a n t i c i p a t e d were a 
s i g n i f i c a n t amount of s i g n a l i n t r a n s i t from the i n d u c e r l e a f at 
the time of e x c i s i o n , or were a s i g n i f i c a n t period of time required 
for s i g n a l already a r r i v e d i n the t i s s u e to e l i c i t a response (Dean 
and Kuc', unpublished). 

Attempts to i s o l a t e and c h a r a c t e r i z e the p u t a t i v e s i g n a l 
substances from cucumbers and tobacco have met with mixed r e s u l t s . 
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H o w e v e r , s o m e s u c c e s s h a s b e e n a c h i e v e d w i t h t h e P. 
l a c h r y m a n s / c u c u m b e r s y s t e m (86). 

P r a c t i c a l A p p l i c a t i o n s o f B i o t i c a l l y I n duced R e s i s t a n c e 

R e p o r t s o f f i e l d o r c o m m e r c i a l a p p l i c a t i o n s t o d a t e o f b i o t i c a l l y 
i n d u c e d d i s e a s e r e s i s t a n c e i n p l a n t s a r e few. A t t e n u a t e d s t r a i n s 
o f t o m a t o m o s a i c v i r u s a r e u s e d t o p r o t e c t f i e l d and g r e e n h o u s e 
( h o t h o u s e ) tomatoes from v i r u l e n t s t r a i n s o f t h e same pa t h o g e n i n 
t h e U.S.S.R., J a p a n , C h i n a , a n d t h e N e t h e r l a n d s ( 8 , 8 7 ; I . 
Yamamoto, p e r s o n a l c o m m u n i c a t i o n a t S n o w b i r d C o n f e r e n c e 1 9 8 4 ) . 
E x p e r i m e n t a l f i e l d s t u d i e s on p r o t e c t i o n o f cucumbers, w a t e r m e l o n s , 
and m u s k m e l o n s a g a i n s t a n t h r a c n o s e by p r i o r r e s t r i c t e d i n f e c t i o n 
w i t h t h e same o r g a n i s m o r P. l a c h r y m a n s showed h i g h l y e f f e c t i v e 
p r o t e c t i o n ( 8 8 ) . R e s t r i c t e d i n f e c t i o n o f b u r l e y and c i g a r t o b a c c o 
p l a n t s w i t h P. t a b a c i n a i n f i e l d s i n K e n t u c k y and P u e r t o R i c o h a s 
p r o v e n e f f e c t i v e i n p r o t e c t i n g t h e s e p l a n t s a g a i n s t b l u e m o l d (72). 

C h e m i c a l l y I n d u c e d R e s i s t a n c

N a t u r a l P r o d u c t s and B i o c h e m i c a l s . I n a d d i t i o n t o a c t i v e m i c r o b i a l 
i n f e c t i o n s , v a r i o u s p r e p a r a t i o n s o f d e a d m i c r o b i a l c e l l s , 
s u b c e l l u l a r f r a c t i o n s and components, m i c r o b i a l c u l t u r e f i l t r a t e s , 
and diffusâtes f r o m i n f e c t e d p l a n t t i s s u e h a v e b e e n r e p o r t e d t o 
enhance d i s e a s e r e s i s t a n c e i n p l a n t s t o w h i c h t h e y a r e a d m i n i s t e r e d 
( 6 , 6 8 , 8 6 , 8 9 - 1 0 2 ) . D i r e c t a n t i b i o s i s o r n o n s p e c i f i c p h y t o a l e x i n 
i n d u c t i o n by compounds p r e s e n t i n many o f t h e p r e p a r a t i o n s has n o t 
b e e n r i g o r o u s l y e x c l u d e d . H o w e v e r , e n h a n c e d e n d o g e n o u s p l a n t 
d e f e n s e r e s p o n s e s u p o n p a t h o g e n e x p o s u r e a r e common f e a t u r e s o f 
t h e s e r e p o r t s . Fragments o f DNA from E r w i n i a a m y l o v o r a were used 
t o p r o t e c t a p p l e and p e a r s e e d l i n g s from f i r e b l i g h t c a u s e d by E. 
amy l o v o r a (96,97). B a c t e r i a l 1 i p o p o l y s a c c h a r i d e s p r o t e c t e d t o b a c c o 
a g a i n s t b a c t e r i a l w i l t c a u s e d by Pseudomonas s o l a n a c e a r u m (6,92). 
R e c e n t l y , SchSnbeck and Dehne f o u n d , i n s c r e e n i n g c u l t u r e f i l t r a t e s 
f r o m o v e r 300 r a n d o m l y i s o l a t e d s a p r o p h y t i c s o i l b a c t e r i a a n d 
f u n g i , t h a t more t h a n 10 p e r c e n t o f the i s o l a t e s enhanced d i s e a s e 
r e s i s t a n c e i n wheat, g r a p e s , r a p e , l e t t u c e , b e e t s , chrysamthemum, 
c a r n a t i o n s , and c u c u r b i t s t o downy and p o w d e r y m i l d e w s w i t h o u t 
a p p a r e n t d i r e c t a n t i b i o s i s ( 9 8 - 1 0 2 ) . These r e s u l t s s u g g e s t t h a t , 
i n a d d i t i o n t o d i r e c t a n t i b i o s i s and c o m p e t i t i o n , b i o t i c a l l y 
i n d u c e d p l a n t r e s i s t a n c e t o p a t h o g e n s may be an i m p o r t a n t and 
g e n e r a l component o f b i o l o g i c a l c o n t r o l o f p l a n t p a t h o g e n s . 

C o m m e r c i a l S y n t h e t i c Compounds. The e f f e c t i v e n e s s o f b i o c h e m i c a l l y 
i n d u c e d r e s i s t a n c e i n p l a n t s a g a i n s t a b r o a d r a n g e o f p a t h o g e n s , 
i n c l u d i n g f u n g i , b a c t e r i a , and v i r u s e s , has prompted a s e a r c h f o r 
n o n - t o x i c s y n t h e t i c compounds w h i c h e n h a n c e p l a n t r e s i s t a n c e t o 
d i s e a s e ( 103-106). 

A number o f c u r r e n t c o m m e r c i a l f u n g i c i d e s h a v e been r e p o r t e d 
t o enhance d i s e a s e r e s i s t a n c e i n a d d i t i o n t o d i r e c t f u n g i t o x i c i t y 
( 1 0 3 , 1 0 5 , 1 0 7 ) . F i g u r e 3 p r e s e n t s s t r u c t u r e s o f c o m m e r c i a l 
p e s t i c i d e s r e p o r t e d t o enhance endogenous p l a n t d i s e a s e r e s i s t a n c e 
mechanisms· 
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2 , 2 - d i c h l o r o - 3 , 3 - d i m e t h y l c y c l o p r o p a n e -
c a r b o x y l i c a c i d (DDCC, WL28325; S h e l l ) 

aluminum t r i s ( O - e t h y l p h o s p h i t e ) 
(TEPA  f o s e t y l a l u m i n u m  A l i e t t e  R h o n e - P o u l e n c ) 

OCH 2CH=CH 2 

^4 3 - ( a l l y l o x y ) - l , 2 - b e n z i s o t h i a z o l e 1 , 1 - d i o x i d e 
( p r o b e n a z o l e , Oryzemate; M e i j i S e i k a ) 

6*-Ό 

CH 3 9 H 3 

/CHCOOCH3 N - ( 2 , 6 - d i m e t h y l p h e n y l ) - N - ( 2 - m e t h o x y a c e t y l ) -
D L - a l a n i n e , m e t h y l e s t e r 

*LJ i r C H 2 ° C H 3 ( m e t a l a x y l , R i d o m i l ; C i b a - G e i g y ) CH 3 M 

^ 9 2 - c y a n o - N - ( e t h y l c a r b o m o y l ) - 2 - ( m e t h o x i m i n o ) -
N=CCCNHCNHCH 2CH 3 a c e t a m i d e ( c y m o x a n i l , DPX 3217, C u r a t e ; 

N O C H 3 D u P o n t ) 

F i g u r e 3. C o m m e r c i a l " p e s t i c i d e s " r e p o r t e d t o e n h a n c e 
endogenous p l a n t d i s e a s e d e f e n s e mechanisms. 
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The compound for which the best biochemical evidence has been 
r e p o r t e d f o r s e n s i t i z a t i o n of host p l a n t response to pathogens, 
r a t h e r than d i r e c t or i n d i r e c t f u n g i t o x i c i t y or n o n s p e c i f i c 
p hytoalexin induction, i s 2 , 2 - d i c h l o r o - 3 , 3 - d i m e t h y l c y c lopropane 
c a r b o x y l i c a c i d (108-110). N e i t h e r the compound nor any of i t s 
metabolites generated a f t e r treatment of r i c e p l a n t s are d i r e c t l y 
i n h i b i t o r y t o the r i c e b l a s t f u n g u s , P i r i c u l a r i a o r y ζ a e . 
C o n s t i t u t i v e phytoalexin production was not induced i n r i c e by the 
c y c l o p r o p a n e d e r i v a t i v e . However, i n f e c t i o n of p l a n t s treated 
w i t h the compound r e s u l t s i n r a p i d l o c a l i z e d c e l l d e a t h , 
me l a n i z a t i o n , and p r o d u c t i o n of the phytoalexins, momilactones A 
and B. 

Probenazole appears to i n h i b i t a p p r e s s o r i a l formation i n v i t r o 
by P i r i c u l a r i a oryzae, but i s much more e f f e c t i v e i n v i v o than i n 
v i t r o . In r i c e p l a n t s , p r o b e n a z o l e appears to i n h i b i t m y c e l i a l 
e l o n g a t i o n , s t i m u l a t e p r o d u c t i o n o f c o n i d i a l g e r m i n a t i o n 
i n h i b i t o r s , promote the accumulation of α-linoleic acid and other 
f u n g i t o x i c compounds,
i n f e c t i o n ( 1 1 1 - 1 1 4 ) .
Cladosporium cucumerinum i n cucumbers at a concentration of 10-20 
yg/ml i n h y p o c o t y l sap, whereas, s i m i l a r i n v i t r o i n h i b i t i o n 
r e q u i r e s 500 yg/ml ( 115). No i n v i v o g e n e r a t e d f u n g i t o x i c 
compounds were fo u n d i n cucumber p l a n t s t r e a t e d w i t h 
pheny 1 t h i o u r e a . L i g n i f i c a t i o n i n response to the pathogen was 
s t r o n g l y enhanced i n treated p l a n t s . 

A l i e t t e (aluminum t r is-^0-ethy lphosphonate) has been reported 
to enhance defense reactions and phytoalexin accumulation i n grapes 
and tomatoes i n response to i n f e c t i o n by Plasmopara v i t i c o l a and 
P h y t o p h t h o r a spp., r e s p e c t i v e l y , and to t r i g g e r p h e n o l i c 
a c c u m u l a t i o n and h y p e r s e n s i t i v e c e l l death i n tomatoes, peppers, 
and beans i n response to i n f e c t i o n while possessing l i t t l e d i r e c t 
f u n g i t o x i c i t y (116,117). However, r e c e n t data c a s t doubt on the 
e a r l i e r reports of the low a c t i v i t y of A l i e t t e as an i n h i b i t o r of 
Phytophthora s p o r u l a t i o n i n v i t r o (118), and have a t t r i b u t e d the 
p r o t e c t i v e p roperties of the compound to phosphorous a c i d which i s 
formed i n p l a n t tissues or i n c e r t a i n b u f f e r s o l u t i o n s of A l i e t t e 
(119,120). T o x i c i t y of phosphorous a c i d to Oomycetes i s r e v e r s i b l e 
by p h o s p h a t e i o n , and t h i s may e x p l a i n A l i e t t e ' s l a c k o f 
f u n g i t o x i c i t y i n c e r t a i n growth media. 

M e t a l a x y l i s c l e a r l y f u n g i c i d a l i n v i t r o to a v a r i e t y of 
phycomycetous fungi. Its a c t i v i t y j j i v i v o may a l s o be enhanced by 
s t i m u l a t i o n of host p l a n t defenses i n c l u d i n g h y p e r s e n s i t i v e c e l l 
death (104), accumulation of phytoalexins such as g l y c e o l l i n (121), 
and c a l l o s e encasement of hyphae ( 122) a f t e r f u n g a l i n f e c t i o n of 
metalaxy1-treated soybeans. However, the i n v i v o concentration of 
the compound i n c e l l sap may be s u f f i c i e n t for f u n g i t o x i c i t y alone 
to account for i t s p r o t e c t i v e a c t i v i t y (123). 

C u r z a t e appears to s t i m u l a t e h y p e r s e n s i t i v e c e l l death and 
phytoalexin accumulation i n g r a p e v i n e s i n f e c t e d w i t h Ρlasmopara 
v i t i c o l a (104). 

M i s c e l l a n e o u s compounds. A v a r i e t y of m i s c e l l a n e o u s o r g a n i c 
compounds have been r e p o r t e d to enhance d i s e a s e r e s i s t a n c e . 
E s p e c i a l l y prominent are the D-isomers of amino acids and n o n c h i r a l 
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amino acids. D- and DL-phenylalanine, Ofr-aminoisobutyric a c i d and 
D -a-amino-n-butyric acid, though not fu n g i t o x i c i n v i t r o , stimulate 
the accumulation of phenolics, p h l o r e t i n and p h l o r e t i c acid, and 
induce res i s t a n c e to apple scab, caused by Venturia i n a e q u a l i s , i n 
s e v e r a l apple v a r i e t i e s (124-126). 

S a l i c y l i c a c i d and i t s a c e t y l e s t e r ( a s p i r i n ) (127-129) and 
p o l y a c r y l i c acid (130-132) have been r e p o r t e d to induce s y s t e m i c 
resistance against TMV and TNV, i n tobacco. The r e s i s t a n c e appears 
s i m i l a r to that i n r e s i s t a n t c u l t i v a r s . 

Summary 

B i o t i c and c h e m i c a l s e n s i t i z a t i o n of p l a n t s , i.e., immunization, 
o f f e r s promise as an a l t e r n a t i v e or complementary method to present 
s t r a t e g i e s f o r p r o t e c t i n g p l a n t s from d i s e a s e and p e s t s . 
Advantages of b i o t i c s e n s i t i z a t i o n i n c l u d e : a) lack of the need 
f o r exogenous c h e m i c a l s or g e n e t i c a l l y e n g i n e e r e d microbes with 
p o s s i b l e a t t e n d a n t hazard
e f f e c t i v e n e s s , e q u i v a l e n
r e s i s t a n t c u l t i v a r s ; c) systemic protection, i.e., chemical spray 
coverage, or surface i n a c t i v a t i o n are not problems; d) p o s s i b l y 
durable or permanent protection, i.e., p r o t e c t i o n i s not l o s t a f t e r 
r a i n f a l l or decomposed by s u n l i g h t , and r e s i s t a n c e may p e r s i s t 
through the plant's l i f e t i m e ; e) p r o t e c t i o n i s e f f e c t i v e against a 
broad spectrum of pathogens - a s i n g l e treatment may p r o t e c t to 
varying degrees against f u n g i , b a c t e r i a , v i r u s e s , and, p o s s i b l y , 
nematodes and i n s e c t s ; f) p r o t e c t i o n i s l a t e n t , p l a n t metabolism 
i s not appreciably deranged nor i s metabolic energy d i v e r t e d into 
mechanisms f o r d i s e a s e r e s i s t a n c e i n the absence of pest or 
pathogen; and g) s u p p o s e d l y g e n e t i c a l l y " s u s c e p t i b l e " or 
p e s t i c i d e - s e n s i t i v e c u l t i v a r s with d e s i r a b l e agronomic properties 
can be s u c c e s s f u l l y protected. 

L i m i t a t i o n s of p l a n t s e n s i t i z a t i o n i n c l u d e : a) a l a t e n t or 
lag period between d e l i v e r y of the inducing stimulus and expression 
of immunization d u r i n g which p e r i o d the p l a n t i s u n p r o t e c t e d ; b) 
requirements for appropriate c h e m i c a l or b i o t i c i n d u c e r / p a t h o g e n 
combinations, not a l l diseases of a l l p l a n t s have known immunizing 
agents and known i n d u c e r s are not n e c e s s a r i l y u n i v e r s a l ; c) 
e f f i c a c y of s e n s i t i z a t i o n may be i n f l u e n c e d by the p h y s i o l o g i c a l 
s t a t e of p l a n t s ; and d) d e l i v e r y of b i o t i c s e n s i t i z a t i o n agents 
may be t e c h n o l o g i c a l l y d i f f i c u l t . P o s s i b l e methods for d e l i v e r y 
i n c l u d e seed treatment, high pressure sprays of v i r u s suspensions, 
a b r a s i v e d u s t i n g or s p r a y i n g of f u n g a l spores adsorbed to 
m i c r o n i z e d s i l i c a p a r t i c l e s , t i s s u e c u l t u r e , and g e n e t i c 
engineering technology. Current reports (5>8-10) demonstrate that 
inducing agents e l i c i t p e r s i s t e n t systemic r e s i s t e n c e when a p p l i e d 
to young seedlings and parts of o l d e r p l a n t s . 

In many cases, the d i s t i n c t i o n between a l t e r a t i o n s i n p l a n t 
physiology or d i r e c t a n t i b i o s i s that r e s u l t s from p r i o r i n f e c t i o n , 
and b i o t i c or c h e m i c a l s e n s i t i z a t i o n i s s u b t l e and p r o b a b l y can 
only be r e s o l v e d by rigorous biochemical i n v e s t i g a t i o n s . However, 
i n p r a c t i c a l a p p l i c a t i o n s , such s u b t l e d i s t i n c t i o n s are probably 
moot - so long as the technique i s e f f e c t i v e . 

Induced res i s t a n c e has not prevented e p i p h y t o t i c s i n p l a n t s . 
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The existence of an immune system in mammals, highly effective in 
protecting against disease after recovery from an i n i t i a l 
infection, also has not prevented periodic catastrophic epidemics 
and epizootics. However, an astute English country doctor, Edward 
Jenner, noted immunological cross protection against deadly 
smallpox in English milkmaids who had recovered from mild cowpox. 
Despite skepticism, ridicule and even host i l i ty of many of his 
peers, Jenner developed vaccination as one of the safest and most 
effective mammalian disease preventive measures known. We hope and 
believe that the same can be accomplished for plants. 
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5 
Use of Subtoxic Herbicide Pretreatments to Improve 
Crop Tolerance to Herbicides 

G. R. STEPHENSON and G. EZRA 

Department of Environmental Biology, University of Guelph, Guelph, Ontario, Canada N1G 2W1 

Antagonistic combinations of herbicides can lead to the 
development of see
protect crops fro
has been the development of chloroacetamide compounds 
as se lc t ive safeners that can be added to the 
formulations of thiocarbamate herbicides to improve 
their se lec t iv i ty in corn. A promising new approach 
involves early pretreatments with subtoxic levels of a 
part icular herbicide to increase crop tolerance to 
later, higher rates of that herbicide. In a series of 
growth room studies, 0.001 to 0.1X pretreatments with 
metribuzin in tomato and pyrazon in red beets increased 
the tolerance of these crops to later higher levels of 
these particular herbicides. Pretreatments with CDAA 
were also highly effective for increasing corn 
tolerance to CDAA but s imilar studies with EPTC, 
metribuzin, atrazine, chlorosulfuron, and alachlor in 
corn, metribuzin in soybeans, atrazine in sorghum, and 
chlorsulfuron in oats were less promising. Elevated 
substrate, enzyme ac t iv i t i e s , and detoxication rates 
were involved in some of the cases of improved crop 
tolerance v ia the ear l ier subtoxic pretreatments with 
herbicides. 

Chemical herbicides have been avai lable for more than a century 
but major impacts on crop production awaited the development of 
"truely" selective herbicides or innovations that would permit 
use of non-selective herbicides in crop situations. We now have 
some form of selective chemical weed control for most of our major 
crops. However, continuing problems with herbicide injury to 
crops as wel l as poor control of weeds that are botanical ly 
similar to crops remind us that further improvements in herbicide 
se l ec t iv i ty are still needed. Introductions of new selective 
herbicides will continue but the high costs of these new chemicals 
are stimulating efforts to make wider use of existing herbicide 
chemistry. One successful approach has been to genetical ly 
improve the tolerance of new crop cul t ivars to major herbicides 
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(1). Another approach has been to increase the p h y s i o l o g i c a l 
t o l e r a n c e of crop p l a n t s to p a r t i c u l a r herbicides through the 
development of chemical antidotes or safeners. Since the 
i n t r o d u c t i o n of t h i s l a t t e r concept by Otto Hoffman (2) i n the 
e a r l y 1960's, at l e a s t f i v e antidotes or safeners have been 
developed commercially (Table I ) . 

Research on chemical antidotes or safeners has been 
summarized i n s e v e r a l reviews and published symposia (3.-9)· Most 
of the major developments (Table I) have r e s u l t e d from i m p i r i c a l 
screening programs by Industry that may have been stimulated by 
observations of h e r b i c i d e antagonism i n p l a n t s (.3, 10). However, 
some of the research on mode of a c t i o n of antidotes has been 
d i r e c t e d at f i n d i n g new ways to protect crop p l a n t s from 
he r b i c i d e s (3). The research to be discussed i n t h i s text, namely 
the use of subtoxic h e r b i c i d e pretreatments to improve crop 
t o l e r a n c e to s e l e c t e d h e r b i c i d e s , a r i s e s i n part from research on 
the mode of a c t i o n of R-25788 as a s e l e c t i v e antidote f o r EPTC or 
b u t y l a t e i n corn. 

Mode of A c t i o n of R-25788 

In some of the e a r l i e s t research, Wilkinson (11) suggested that 
opposing actions of EPTC and R-25788 on l i p i d synthesis i n p l a n t s 
could e x p l a i n t h e i r mechanisms as a h e r b i c i d e and antidote, 
r e s p e c t i v e l y . Ezra et a l . (12) have provided strong support f o r 
t h i s idea with t h e i r observations that EPTC and R-25788 could have 
measurable and opposite e f f e c t s on l i p i d synthesis as e a r l y as 1 
hr a f t e r treatment i n corn c e l l suspension c u l t u r e s . Other 
research by Lay and Casida (13) has supported the concept that R-
25788 enhances the metabolic d e t o x i c a t i o n of EPTC and i t s 
s u l f o x i d e by e l e v a t i n g the g l u t a t h i o n e (GSH) l e v e l s and GSH-S.-
transf erase a c t i v i t y i n v o l v e d i n the conjugation of EPTC-su I f oxide 
with g l u t a t h i o n e . E a r l y research i n our laboratory on antidote 
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 (14. 15) e s t a b l i s h e d that 
acetamide and carbamate molecules more s i m i l a r i n structure to 
EPTC than to R-25788 could have equal or even greater antidote 
a c t i v i t y against EPTC i n corn with s o i l f r e e bioassay systems. 
The s t r u c t u r e / a c t i v i t y studies seemed to support the idea that the 
antidote R-25788 (or i t s analogues) may act as a competitive 
i n h i b i t o r at s i t e ( s ) of EPTC a c t i o n i n corn. These l a t t e r two 
theories of "antidote enhanced h e r b i c i d e metabolism" versus 
"competitive i n h i b i t i o n " were hard to r e c o n c i l e with each other. 
To r e s o l v e t h i s apparent disagreement, a s e r i e s of acetamide 
analogues with known antidote a c t i v i t i e s were tested f o r t h e i r 
e f f e c t s on g l u t a t h i o n e l e v e l s i n corn (Figure 1). In t h i s 
comparative study, the d i c h l o r o d i a l l y l acetamide (R-25788) was 
s l i g h t l y more e f f e c t i v e as an antidote f o r EPTC i n corn than was 
the monochloro d i a l l y l acetamide (CDAA) and the t r i c h l o r o and non-
c h l o r i n a t e d analogues were l e a s t e f f e c t i v e (Figure l a ) . 
S u r p r i s i n g l y , t h i s r e l a t e d s e r i e s of acetamides had v i r t u a l l y the 
same spectrum of e f f e c t s on g l u t a t h i o n e l e v e l s i n corn seedlings 
(Figure l b ) . The i n c l u s i o n of CDAA, (Ν,Ν-diallyl-2-
chloroacetamide) i n t h i s study was very fortunate. This chemical 
has been a widely used h e r b i c i d e f o r weed c o n t r o l i n onions and at 
high rates i t can a l s o be t o x i c to corn with symptoms not u n l i k e 
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Table I. Commercially important h e r b i c i d e antidotes or safeners. 

Chemical name A p p l i c a t i o n Crops protected Herbicides 

1,8-naphthalic 
anhydride 
(NA) 

seed corn 
sorghum 
wheat 

carbamates 
c h l o r o a c e t a n i l i d e s 
thiocarbamates 

N,N- d i a l l y l - 2 , 2 - seed or 
dichloroacetamide h e r b i c i d e 
(R-25788) formulation 

a-[(cyanomethoxy) seed 
imino b e n z a c e t o n i t r i l e ] 
(cyoxymetrinil) 

a - ( l , 3 - d i o x o l a n - 2 - y l - seed 
methoxy)imino-
b e n z a c e t o n i t r i l e 
(CGA-92194) 

2-chloro-2-4- seed 
( t r i f l u o r o m e t h y l ) - 5 -
t h i a z o l e c a r b o x y l i c a c i d , 
benzyl ester 
(f l u r a z o l e ) 

corn 
sorghum 
ba r l e y 
wheat 
r i c e 

sorghum 
wheat 
r i c e 

sorghum 

sorghum 

thiocarbamates 
a c e t a n i l i d e s 
carbamates 
dithiocarbamates 

others 

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

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

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

From Stephenson and Ezra (3.) · 
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ζ ο ο 

LSD 0.05 
(b) 

ANTIDOTE TREATMENT (I0"4M) ANTIDOTE TREATMENT (ΙΟ^Μ) 
CALL PLUS EPTC (I0"4M)] 

Figure 1· Comparative e f f e c t s of four d i a l l y l acetamides as 
antidotes to EPTC ( l e f t ) and on GSH l e v e l s ( r i g h t ) i n corn 
s e e d l i n g s . The various d i a l l y l acetamides [R-COlKCHjCH-CI^l 
were R=CH3-, CH 2C1-, CHC1 2- and CCI3 f o r A, B, C, and D, 
r e s p e c t i v e l y . Antidote Β i s bett e r known as the he r b i c i d e 
CDAA. Antidote C i s the antidote R-25788 which has been 
developed commercially f o r EPTC or b u t y l a t e . Reproduced 
with permission from Ref. 17. Copyright 1983 Pergamon Press. 
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those of EPTC. However, at lower rates i t i s an e f f e c t i v e 
antidote or safener f o r EPTC i n corn (Figure l a , Compound B). 
Furthermore, i n these studies we learned that l i k e R-25788 i t 
would a l s o e l e v a t e g l u t a t h i o n e l e v e l s i n corn (Figure l b , Compound 
B). A l s o , l i k e EPTC, i t i s known to be d e t o x i f i e d i n p l a n t s by 
conjugation with g l u t a t h i o n e (16). With t h i s combination of 
knowledge, i t seemed more l i k e l y that CDAA was acting as a le s s 
phytotoxic mimic of EPTC instead of as a competitive i n h i b i t o r of 
EPTC. I t seemed p o s s i b l e that at low ra t e s , both CDAA and EPTC 
might be stimulatory on processes such as l i p i d synthesis, but at 
high r a t e s , they might both be i n h i b i t o r y . I f the required rates 
f o r the two compounds were d i f f e r e n t , i t might be p o s s i b l e f o r a 
stimu l a t o r y concentration of CDAA (or R-25788) to overcome 
i n h i b i t o r y e f f e c t s of EPTC. Furthermore, i f both CDAA and EPTC-
suIfoxide were conjugated with g l u t a t h i o n e , i t seemed p l a u s i b l e 
that the antidote (CDAA) may act by enhancing the same pathway 
needed to de t o x i f y EPTC and i t s s u l f o x i d e - namely the GSH and 
GSH-S-transferase system
CDAA could e l e v a t e GS
conjugated with GSH, a l s o e l e v a t e GSH l e v e l s ? Some of these 
questions have not yet been examined but the l a t t e r s p e c u l a t i o n 
proved to be correct. In a d d i t i o n to CDAA, f i v e other h e r b i c i d e s 
were shown to e l e v a t e g l u t a t h i o n e l e v e l s i n corn seedlings (Table 
II) and the metabolism of a l l these h e r b i c i d e s i s known to i n v o l v e 
g l u t a t h i o n e conjugation (18). 

Table I I . E f f e c t s of R-25788 and various herbicides on gl u t a t h i o n e 
(GSH) l e v e l s i n roots of 5-day-old corn seedlings. 

3 
Treatments Root (GSH) C o n t e n t i (u moles/g fw) 

0 10"6M 10"5M 10-*M 

R-25788 0.19 0.31 0.48 0.71 
EPTC 0.19 0.29 0.45 0.41 
a l a c h l o r 0.30 0.41 0.49 0.71 
propachlor 0.20 0.29 0.35 0.42 
atraz i n e 
barban 

0.18 0.22 0.31 0.34 atraz i n e 
barban 0.19 0.41 0.48 0.86 

From Stephenson e t . a l . (17). 

* For a l l experiments LSD's were 0.05 u moles/g or l e s s . 
^ High rate of barban caused a s i g n i f i c a n t reduction i n root fw. 
3 The metabolism of a l l of these chemicals except R-25788, i s 

known to i n v o l v e conjugation with g l u t a t h i o n e i n p l a n t s (18). 
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Increasing Crop Tolerance to Herbicides with Herbicide 
Pretreatments 

At t h i s point, evidence that s i m i l a r molecules acted as e f f e c t i v e 
antidotes by inducing needed metabolic pathways f o r he r b i c i d e 
detoxication was at most very s p e c u l a t i v e . However, another 
hypothesis emerged. Could e a r l y h e r b i c i d e pretreatments increase 
crop t o l e r a n c e to these herbicides by e l e v a t i n g the substrates and 
enzymes needed f o r detoxication? While not a new concept i n 
animal systems, such an idea has r e c e i v e d l i t t l e a t t e n t i o n i n 
p l a n t systems and i t c e r t a i n l y has not been e x p l o i t e d i n any 
p r a c t i c a l way. The whole idea has seemed much more c r e d i b l e with 
the study by Jacetta and Radosevich (19) of photosynthetic 
recovery i n corn a f t e r treatment with a t r a z i n e . More 
s p e c i f i c a l l y , they showed that i n h i b i t i o n of photosynthesis was 
reduced and the rate of recovery enhanced i n corn p l a n t s treated 
f o r the second or t h i r d time with a t r a z i n e compared to " f i r s t 
exposed" p l a n t s (Figur
r e l a t e d to enhanced rate
treated p l a n t s (Table I I I ) . 

Stimulated by the antidote research, as w e l l as by the work 
of J a c e t t a and Radosevich (19). we decided to examine the 
i n f l u e n c e of pretreatment with subtoxic rates of s e v e r a l 
h e r b i c i d e s on l a t e r crop t o l e r a n c e to these same herbicides. For 
these growth room studies (25°C/18°C, 16h photoperiod, l i g h t 
i n t e n s i t y 400 uE/m /sec, 75% r e l a t i v e humidity), pretreatments at 
concentrations of 0.1% to 10% of the f i n a l h e r b i c i d a l rate were 
gi v e n as a root drench or seed treatment to seeds planted i n moist 
v e r m i c u l i t e i n styrofoam cups. H e r b i c i d a l treatments were l a t e r 
a p p l i e d to the roots. P l a n t s were harvested 8-14 days a f t e r 
h e r b i c i d e treatment (Table IV). 

P o s s i b l y the most s u r p r i s i n g r e s u l t s from these studies were 
those with at r a z i n e . Even though Jacetta and Radosevich (19) had 
observed reduced photosynthetic i n j u r y and enhanced atrazine 
metabolism with atr a z i n e pretreatments, i n our studies, 
pretreatments with atr a z i n e d i d not prevent l a t e r dry weight 
reductions from high rates of atrazine. We were a l s o surprised 
that, i n s p i t e of e f f e c t s on GSH l e v e l s , EPTC pretreatments f a i l e d 
to reduce l a t e r EPTC i n j u r y to corn. Thus f a r , antidote research 
has had l i t t l e impact on improving the to l e r a n c e of broadleaved 
crops to herb i c i d e s . On that basis we were quite encouraged by 
the e f f e c t i v e n e s s of metribuzin pretreatments f o r reducing l a t e r 
metribuzin i n j u r y to tomatoes (Table IV, Figure 3) and soybeans 
(Table IV). Pyrazon pretreatments were s l i g h t l y more e f f e c t i v e 
f o r preventing pyrazon i n j u r y to red beets (Table IV), but the 
most promising r e s u l t s were obtained with CDAA (Table IV, Figures 
4, 5). Corn shoot dry weights were reduced 40% by CDAA a p p l i e d at 
concentrations of 200 uM, 5 days a f t e r p l a n t i n g i n v e r m i c u l i t e 
n u t r i e n t c u l t u r e . Optimum prevention of CDAA i n j u r y was observed 
with a CDAA pretreatment of 5 uM, a p p l i e d 2.5 days e a r l i e r . 
However, s i g n i f i c a n t prevention of i n j u r y was a l s o observed with 
the 1 and 10 uM pretreatments (Figure 4). 
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0 J 1 1 1 1 1 1 \ 1 1 1 1 1 1 1 1 
4 8 12 16 20 24 28 

TIME (xlOOmin) 
Figure 2. I n h i b i t i o n and recovery of photosynthetic rate i n 
corn with 3 successive exposures to a t r a z i n e [ I l l u s t r a t e d by 
one r e p r e s e n t a t i v e i n f r a r e d gas analyzer trace, + and - r e f e r 
to presence or absenc
permission from Ref.
of America 1". 

Figure 3. Prevention of metribuzin (0.5 mg/L) i n j u r y to 
tomatoes with metribuzin pretreatments (1.0 ug/L). L e f t to 
r i g h t , c o n t r o l , 1.0 ug/L pretreatment f o l l o w e d by 0.5 ng/L 
h e r b i c i d a l treatment 14 days l a t e r . 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



ON
 

Ta
bl

e 
I
I
I
. 

Oc
cu

rr
en

ce
 
of

 
i
n 
ch

lo
ro

fo
rm
 a
nd

 a
qu

eo
us

 
fr

ac
ti

on
s 

of
 c

or
n 

sh
oo

ts
 

af
te

r 
1,
 2

, 
an

d 
3 

su
cc

es
si

ve
 
at

ra
zi

ne
 
tr

ea
tm

en
ts

. 

Tr
ea

tm
en

t 
DP
M 

ex
tr

ac
te

d3 

At
ra

zi
ne

 
ex

po
su

re
 

Re
co

ve
ry

 
pe

ri
od

 
At

ra
zi

ne
 

ex
po

su
re

 
Re

co
ve

ry
 

pe
ri

od
 

At
ra

zi
ne

 
ex

po
su

re
 

Re
co

ve
ry

 
pe

ri
od

 
Aq

ue
ou

s 
Ch

lo
ro

fo
rm

 
fr

ac
ti

on
 

fr
ac

ti
on

 

% 

4
1 4 4 4 4 

0 12
 

12
 

12
 

12
 

12
 

4
1 

4 4 

0 12
 

12
 

12
 

4
1 

0 12
 

43
.4

a 
56

.6
a 

54
.6

a 
45

.4
a 

49
.3

a 
50

.7
a 

67
.9

b 
32

.1
b 

59
.3

a 
40

.7
a 

72
.7

b 
27

.3
b 

"R
ep

ro
du

ce
d 

wi
th

 p
er

mi
ss

io
n 

fr
om
 
Re

f.
 1
9.

 C
op

yr
ig

ht
 1

98
1,

 '
We
ed
 

Sc
ie

nc
e 

So
ci

et
y 

of
 A

me
ri

ca
1
."

 

a 
Va

lu
es

 
ad

ja
ce

nt
 t

o 
th

e 
sa
me

 
le

tt
er
 
i
n 
a 

co
lu

mn
 a

re
 n
ot

 d
if

fe
re

nt
 
at

 t
he

 5
% 

le
ve

l 
o
f 

si
gn

if
ic

an
ce

. 

1 
Su

pp
li

ed
 
as

 
1
^C

-a
t 
ra

zm
e.

 

00
 

δ 73
 

m
 

Ο
 

a
 r I 73

 
τι

 Ο 73
 

m C/3
 

Η ο Ο Η 73
 

Ο 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



5. STEPHENSON AND EZRA Crop Tolerance to Herbicides 11 

Table IV. E f f e c t s of h e r b i c i d e pretreatments on subsequent 
he r b i c i d e i n j u r y to crops. 

Herbicide Treatment Prevention of 
Concentrations Crop i n j u r y by subtoxic 

Pre- H e r b i c i d a l - pretreatment 
Dry Wt. Height 

A l a c h l o r 20uM 

CDAA 5uM 200uM 

Atra z i n e 5uM 50mM 

5uM 50mM 

Chlor s u l f u r o n 50pM ΙΟηΜ 

8.5nM 50uM 

EPTC 15uM 200uM 

Metribuzin 4.6nM 2uM 

4.6nM luM 

0.5uM lOOuM 

Pyrazon ΙΟ.ΟηΜ 20uM 

corn 
(cv PAG SX-111) 
sorghum + -(cv De Kalb E59+) 
corn 0 0 
(cv PAG SX-111) 
corn 0 + 
(cv PAG SX-111) 
oats 0 + 
(cv centinnel) 
corn 0 0 
(cv PAG SX-111) 
tomatoes + -(cv H2653) 
soybeans + -(cv EVANS) 
corn 0 + 
(cv PAG SX-111) 
beets ++ -(cv D e t r o i t 
Dark Red) 

Results are from at l e a s t two experiments. 0 = l e s s than 5%, 
+ - 5-10% reduction i n i n j u r y , ++ - 11-20% reduction i n i n j u r y , 
+++ « greater than 20% reduction i n i n j u r y . 
Not recorded i n these experiments. 
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100-

80 

60-

PLANT HEIGHT 

i i 

til ii 

PLANT DRY WEIGHT 

1*1 

PRETREATMENT 0 0 0.5 1.0 50 10.0 
HERBICIDE 0 20020020020020

0 0 0.5 1.0 5.0 10.0 

Figure 4. Prevention of CDAA i n j u r y to corn with CDAA 
pretreatments a p p l i e d 2.5 days e a r l i e r . No i n j u r y was observed 
with the pretreatmentβ a p p l i e d alone except at the highest 
concentration (50.0 uM). 

Figure 5. Prevention of i n j u r y to corn from CDAA at 200 uM 
with 5 uM CDAA pretreatments. L e f t to r i g h t , c o n t r o l , 200 uM 
CDAA alone, 200 uM CDAA f o l l o w i n g 5 uM CDAA, and 5 uM CDAA 
alone. 
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E f f e c t of CDAA pretreatments on subsequent CDAA metabolism 

79 

Corn seeds were germinated between moist paper towels and were 
then treated with 5 uM CDAA ei t h e r 1 or 2.5 days p r i o r to assay 
f o r GSH af 6 days a f t e r p l a n t i n g (Table V). Using the reagent 
DTNB [2,2 - d i t h i o b i s (2-nitrobenzoic a c i d ) ] , root GSH contents 
were assayed spectrophotometrica 1 l y as p r e v i o u s l y described (20). 

Treatment with CDAA (at 5 uM) f o r ei t h e r 1 or 2.5 days 
e l e v a t e d GSH l e v e l s more than 60% (Table V). 

Table V. E f f e c t of CDAA on GSH l e v e l s i n 6 day o l d corn seedlings. 

GSH content i n corn roots (ug/g fw) 

Control 5 uM CDA

65+10 106+6 109+11 

Reproduced w i t h p e r m i s s i o n from R e f . 20. C o p y r i g h t 1985 Academic 
P r e s s . 

CDAA a l s o e l e v a t e d GSH-S-transferase a c t i v i t y i n corn roots 
or shoots (Table VI) when assayed spectrophotometrica 1 l y with CDNB 
(l-chloro-2,4-dinitrobenzene) (20). However, i n t h i s case, 
treatment with CDAA f o r 2.5 days produced the greatest increase i n 
enzyme a c t i v i t y i n the roots of 6-day-old corn seedlings. 

Table VI. E f f e c t of CDAA pretreatments on GSH-Sj-transferase 
a c t i v i t y i n roots or shoots of 6-day-old corn 

seedlings (c.v. PAG SX-111). 

5 uM CDAA Pretreatment GSH-S-transferase s p e c i f i c a c t i v i t y 
time (days) (nmol/min/mg Protein) 

Roots Shoots 

0 1094 276 
1 1486 315 
2.5 1638 258 
6 1371 316 

Although CDAA pretreatments e l e v a t e d both GSH and GSH-S.-
transferase a c t i v i t y (as assayed by CDNB), i t was e s s e n t i a l to 
determine whether these e f f e c t s would a c t u a l l y r e s u l t i n greater 
CDAA metabolism. For these studies, we examined [ C]CDAA 
metabolism i n v i t r o and i n excised corn root t i p s [ d e t a i l e d 
methods described by Ezra et. a l . (20)1. The i n v i t r o assay 
r e v e a l e d a s i g n i f i c a n t l e v e l of non-enzymatic [ C] CDAA 
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degradation [as determined by p a r t i t i o n i n g of water s o l u b l e 
metabolites from methylene c h l o r i d e into water and v e r i f i c a t i o n by 
t h i n layer chromatography]. However, the enzymatic rate was 
double that of the non-enzymatic rate. Furthermore, a 2.5 day 
pretreatment with 5uM CDAA increased the GSH-Sr-transferase 
a c t i v i t y f o r [ 1 4C]CDAA metabolism from 62.9+4.6 to 78.9+.5.3 
nmol/min/mg pr o t e i n (20). Metabolism of [ C] CDAA was very r a p i d 
i n excised root t i p s from c o n t r o l or pretreated root t i p s . 
However, i n a l l experiments, pretreated roots took up 2 - f o l d more 
[ C]CDAA and metabolized i t twice as f a s t as non-pretreated root 
t i s s u e . 

E f f e c t s of R-25788 and EPTC on the GSH/GSH-S-transferase System 

In a s e r i e s of experiments, s i m i l a r to those with CDAA, R-25788 
and EPTC were examined as pretreatments to e i t h e r enhance t h e i r 
own metabolism by GSH-S_-transferase or prevent l a t e r i n j u r y (from 
t o x i c doses) i n corn seedlings

The e f f e c t s of R-2578
transferase have been w e l l documented (Γ3). However, u n l i k e CDAA, 
R-25788 pretreatments d i d not prevent or reduce i n j u r y to corn 
seedlings from l a t e r higher doses of R-25788 (Figure 6). 

This may be explained by the f a c t that even though R-25788 
e l e v a t e s GSH and GSH-S_-t r ans f erase, i t i s not a c t u a l l y metabolized 
by t h i s system. In f a c t , R-25788 has been shown to be d e t o x i f i e d 
i n corn, predominantly to Ν,Ν-diallyloxamic acid. However, there 
i s some N - d e a l k y l a t a t i o n and h y d r o l y s i s to d i c h l o r o a c e t i c a c i d and 
some g l y c o s i d e formation (21). Even though EPTC pretreatments 
were i n e f f e c t i v e f o r preventing EPTC i n j u r y (Table IV), EPTC d i d 
i n f l u e n c e t h i s same system. At 10 ppm (5 χ 10"^ M), EPTC e l e v a t e d 
both the GSH content (Figure 7) and GSH-S-transferase a c t i v i t y 
(Figure 8). However these e l e v a t i o n s were not as great and were 
not as p e r s i s t e n t as those obtained with R-25788. More 
s p e c i f i c a l l y , GSH and GSH-S_-transferase a c t i v i t y were e l e v a t e d by 
more than 50% f o r at l e a s t 4-days with R-25788 (Figure 8), whereas 
t h i s magnitude of e l e v a t i o n occurred o n l y b r i e f l y , 2-days a f t e r 
EPTC pretreatment and then d e c l i n e d . In other studies 
(unpublished) we have observed no e f f e c t of EPTC pretreatments on 
[ 1 4C]EPTC metabolism i n excised corn root t i p s . E f f e c t s of EPTC 
pretreatments on [ C]EPTC s u l f o x i d e metabolism have not yet been 
examined · 

One p o s s i b l e explanation f o r the i n e f f e c t i v e n e s s of EPTC 
pretreatments f o r enhancing EPTC metabolism and f o r reducing EPTC 
i n j u r y i s that i t s conjugation with g l u t a t h i o n e may be p r i m a r i l y 
non-enzymatic as suggested by other researchers (22). However i n 
other recent research (unpublished) we have shown that a known 
GSH-jr-transferase i n h i b i t o r i s s y n e r g i s t i c a 1 l y phytotoxic with 
EPTC i n corn, i n d i c a t i n g that non-enzymatic conjugation may not be 
that important i n corn. A more l i k e l y explanation f o r the lack of 
p r o t e c t i o n with EPTC pretreatments, i s that e f f e c t s on GSH and 
GSH-S_-traneferase are too t r a n s i e n t i n nature, and/or that 
s u l f o x i d a t i o n i s an important and p o s s i b l y r a t e - l i m i t i n g step. 
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Figure 6. E f f e c t of R-25788 pretreatments on the t o x i c i t y of a 
l a t e r h e r b i c i d a l amount of R-25788 i n corn seedlings. 
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Figure 7. A time course study of the e f f e c t s of R-25788 and 
EPTC on the GSH content of corn seedlings (as assayed with DTNB 
reagent). 
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Figure 8. A time course study of the e f f e c t s of R-25788 and 
EPTC on the g lutathione-S.-transf erase a c t i v i t y i n corn 
seed l i n g s (as assayed with CDNB). 
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Summary 

The use of herbicide pretreatments at early seed or seedling 
stages is not yet of practical importance for improving herbicide 
effectiveness or selectivity in actual field situations. While it 
may be possible to document this concept in field use with a 
herbicide like CDAA, the use of this herbicide is currently 
decreasing even in onions and it certainly is not needed in corn 
where our effects were observed. However research on various 
innovations with seed dressing or gel seeding systems with the 
herbicides discussed here, or with other herbicides, could lead to 
important practical applications in the future. In our 
experience, we found more success by first determining whether 
subtoxic herbicide pretreatments would reduce later growth 
inhibitions with higher doses. The studies with EPTC, R-25788, 
and atrazine (19) illustrate that it may be easier to observe 
effects of pretreatments at the biochemical level, but in many 
cases these effects ar
herbicide effects on growth
analogues of the herbicides may be more effective as pretreatments 
to reduce herbicide injury than the herbicides themselves. This 
concept brings us f u l l circle, back to the concept that similar 
mol ecu lee have a good chance of being effective antidotes. Thus 
at the very least, this research is another form of evidence in 
support of that theory. 
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Regulation of Plant Growth and Development by 
Endogenous Hormones 

THOMAS C. MOORE 

Department of Botany and Plant Pathology, Oregon State University, Corvallis, OR 97331 

The roles and mechanism f actio f all th  majo
kinds of hormone
development of see  plant
promote growth by inducing ce l l -wal l loosening and 
nucleic acid (mRNA) and protein synthesis. Like 
auxins, gibberellins also have a dual ce l l -wal l plas-
t i c i z ing effect and gene-activation function which is 
manifested as synthesis of specific mRNAs and pro
teins. The mode of action of free cytokinins is 
unknown; however, the cytokinin moieties which occur 
in certain molecular species of tRNA may modulate 
protein synthesis by influencing the binding of 
aminoacyl-tRNAs to the mRNA-ribosomes. In the barley 
aleurone system and dormant tissue, ABA seems to 
function by opposing the action of GA and inhibit ing 
the synthesis of RNA, whereas evocation of rapid 
stomatal closure is due to an effect on membrane 
permeability. It also affects protein synthesis 
qualitatively in responsive tissues. Ethylene par
ticipates in growth regulation of plants throughout 
ontogeny. The nature of the hormonal regulation of 
flowering in angiosperms has never been fu l ly e lu
cidated on the basis of the known hormones. There 
may be unique florigens or anthesins for the regula
tion of the flowering process. 

The subject of this paper is natural plant growth regulators, i.e., 
endogenous hormones, and the mechanisms by which they regulate plant 
growth and development. The commonly recognized plant hormones are 
the auxins, gibberell ins, cytokinins, abscisic acid, ethylene and 
the hypothetical florigens or anthesins. 

As Paleg (1) stated, there is merit in applying different conno
tations to two terms, "mechanism" and "mode" of action, which often 
are used synonymously. When a hormone acts upon a responsive plant 
system, i t of course enters into some direct and specific molecular 
interaction which results , eventually, in the manifestation of a 
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measurable e f f e c t (biochemical or p h y s i o l o g i c a l response, e.g., c e l l 
e l ongation). But there r e a l l y are two aspects of the hormone a c t i o n 
involved: (1) the d i r e c t and s p e c i f i c molecular i n t e r a c t i o n ; and 
(2) the succeeding s e r i e s of events which r e s u l t i n the measurable 
biochemical or p h y s i o l o g i c a l response. The former i s the "mechanism11 

of a c t i o n ; the l a t t e r i s the "mode" c f a c t i o n . I t i s the former 
which w i l l be discussed here. 

Auxins 

The n a t u r a l auxins are represented by a s i n g l e compound, indole-3-
a c e t i c a c i d (IAA), which occurs as the f r e e a c i d and i n various 
"bound11 forms, i n c l u d i n g a t h i o g l u c o s i d e , g l y c o s y l e s t e r s , and IAA 
peptides. For a recent d i s c u s s i o n see the book chapter by Bandurski 
and Nonhebel (2) i n Wilkins (3). 

When auxin i s supplied to a responsive system (e.g., excised 
c o l e o p t i l e or stem segment), there are two b a s i c responses: f i r s t , 
c e l l w a l l and media a c i d i f i c a t i o
second, s t i m u l a t i o n of RN
the c e l l w a l l and media a c i d i f i c a t i o n i s unknown. However, i t has 
been postulated that IAA a c t i v a t e s a plasma membrane "pump" or ATPase 
thereby s t i m u l a t i n g a c t i v e proton e f f l u x from the plasma membrane 
(4_>5). The lowered pH then e i t h e r causes breakage of hydrogen bonds 
between c e r t a i n c e l l - w a l l polymers (e.g., xyloglucans) and c e l l u l o s e 
m i c r o f i b r i l s , or a c t i v a t e s enzymes capable of hydrolyzing c e r t a i n 
w a l l polysaccharides to soften the w a l l and allow c e l l enlargement. 
In auxin-depleted, excised stem sections (e.g., soybean hypocotyl) 
t h i s i n i t i a l burst of elongation i s t r a n s i e n t , l a s t i n g only some 30 
to 90 min, depending upon the species and conditions. The rate of 
enlargement f i r s t i ncreases, a f t e r a l a g period of 15 min or l e s s , 
then begins to decrease, with k i n e t i c s resembling (perhaps i d e n t i c a l 
to) acid-induced growth. 

The observation that IAA s t i m u l a t i o n of growth may be preceded 
by an increase i n RNA synthesis (6) l e d to the e a r l y idea that IAA 
might act by derepressing c e r t a i n genes, thus causing a l t e r e d RNA and 
pr o t e i n synthesis. Key and associates (see 7) and others reported 
e x t e n s i v e l y on an IAA-stimulation of in c o r p o r a t i o n of ra d i o l a b e l e d 
nucleotides i n t o RNA. Recently Z u r f l u h and G u i l f o y l e (8) and 
Theologis and Ray (9) reported that c e r t a i n mRNA sequences appeared 
fo l l o w i n g a p p l i c a t i o n of IAA and 2,4-D to soybean and pea seedling 
stem segments. A few mRNA sequences increased i n amount or t r a n s l a 
t i o n a c t i v i t y w i t h i n 15 to 20 min of exposure of pea and soybean 
t i s s u e s to IAA or 2,4-D; that i s , w i t h i n about the same time as the 
auxin s t i m u l a t i o n of c e l l enlargement (9). In Z u r f l u h 1 s and 
G u i l f o y l e 1 s (8) work, the l e v e l s of t r a n s l a t a b l e mRNA f o r at l e a s t 
ten i n v i t r o t r a n s l a t i o n products were increased by 2,4-D i n sections 
of soybean hypocotyl. The indu c t i o n by auxin occurred r a p i d l y (with
i n 15 min), and the amounts of the induced i n v i t r o t r a n s l a t i o n pro
ducts increased with time of auxin treatment. Theologis and Ray (9) 
stated t h a t , "Although f o r s e v e r a l reasons, i t seems u n l i k e l y that 
those mRNAs are a c t u a l l y causative i n the auxin i n d u c t i o n of c e l l 
enlargement, t h e i r increase seems to be r e l a t i v e l y c l o s e to primary 
auxin a c t i o n and might w e l l serve i n maintaining a steady rate of 
c e l l enlargement over the longer term ('second phase' of auxin a c t i o n 
i n c e l l enlargement). Other mRNAs increase s u b s t a n t i a l l y subsequent 
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to 0.5, 1 and 2 hr of auxin treatment, and beyond about 2 hr c e r t a i n 
other mRNA sequences become repressed by auxins." Obviously, i t w i l l 
be very important u l t i m a t e l y to e l u c i d a t e the p h y s i o l o g i c a l r o l e s of 
auxin-regulated mRNAs and the mechanism of t h e i r r e g u l a t i o n . The 
model presented by Vanderhoef and Dute (10) summarizes some e a r l i e r 
evidence r e c o n c i l i n g the e f f e c t s of w a l l a c i d i f i c a t i o n and RNA and 
p r o t e i n synthesis as a two-phase a c t i o n of auxin f o l l o w i n g a d d i t i o n 
of the hormone to auxin-depleted, responsive t i s s u e s . 

G i b b e r e l l i n s 

The more than 50 g i b b e r e l l i n s (GAs) occur as f r e e 19-carbon or 20-
carbon diterpenoid mono-, d i - , or t r i - c a r b o x y l i c acids and as the 
glucosides and g l u c o s y l e s t e r s . See Jones and MacMillan (11) f o r a 
recent d i s c u s s i o n . 

Much of our knowledge about the mechanism of a c t i o n of GAs con
cerns the in d u c t i o n by GA of de novo synthesis of c e r t a i n h y d r o l y t i c 
enzymes i n the aleurone l a y e
course of n a t u r a l germinatio
source of some endogenous GA. Radley (12) showed i n 1967 that GA-
l i k e substances are produced by the scutellum during the f i r s t 2 
days of germination and t h e r e a f t e r by the embryo a x i s . E i t h e r the 
GA i t s e l f , l i b e r a t e d by the embryo, or some unknown f a c t o r capable 
of s t i m u l a t i n g GA synthesis, d i f f u s e s across the endosperm to the 
aleurone c e l l s , i n which the s e v e r a l h y d r o l y t i c enzymes are produced 
de novo under the a c t i o n of GA. 

When i s o l a t e d aleurone l a y e r s of ba r l e y are incubated i n a s o l u 
t i o n containing GA, they produce and secrete s e v e r a l h y d r o l y t i c 
enzymes. GA-dependent de novo synthesis has been demonstrated f o r 
α-amylase (13), protease (14), and $-l,3-glucanase and ribonuclease 
(15). In a d d i t i o n , a GA-dependent release of ribonuclease and 3-1,3-
glucanase has been demonstrated. The increase i n a c t i v i t y of at 
l e a s t one hydrolase, β-amylase, i n the presence of GA i s due to r e 
lease of preformed enzyme and not to de novo synthesis. 

Evidence that the increase i n a c t i v i t y of at l e a s t four hydro
lases induced by GA a c t u a l l y occurs as a r e s u l t of de novo synthesis, 
rather than by a c t i v a t i o n of preformed enzyme, has been obtained i n 
various ways. However, the most unequivocal proof comes from density 
l a b e l i n g experiments, f i r s t performed by F i l n e r and Varner i n 1967 
(13). Later Jacobsen and Varner (14) proved by the same procedures 
that protease a l s o i s synthesized de novo i n response to GA. And 
Bennett and Chrispeels (15) proved, using D2O, GA-induced de novo 
synthesis of ribonuclease and 3-l>3-glucanase i n b a r l e y aleurone 
c e l l s . 

Induction of de novo synthesis of α-amylase by GA i n i s o l a t e d 
aleurone l a y e r s i s evident a f t e r a l a g period of approximately 8 hr 
fo l l o w i n g a d m i n i s t r a t i o n of the hormone. In keeping with hormone 
responses ge n e r a l l y , GA must be present continuously i f the de novo 
synthesis of hydrolases i s to be sustained. Synthesis of new RNA i s 
e s s e n t i a l to the GA-induction of de novo synthesis of hydrolases. 
Actinomycin D, an i n h i b i t o r of RNA synthesis, i n h i b i t s the synthesis 
and release of α-amylase i f the i n h i b i t o r i s presented during the 
f i r s t 7 to 8 hr a f t e r treatment. I n h i b i t o r s of p r o t e i n synthesis, 
such as cycloheximide, a l s o i n h i b i t GA-induction of hydrolases. And, 
i n t e r e s t i n g l y , a b s c i s i c a c i d , a growth-inhibiting hormone, i n h i b i t s 
GA-induced α-amylase synthesis as w e l l . 
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A close look at the events which occur during the l a g period i n 
GA in d u c t i o n of de novo synthesis of new enzymes has provided some 
important clues as to whether GA acts at the t r a n s c r i p t i o n a l or 
t r a n s l a t i o n a l l e v e l QJ6 and papers c i t e d t h e r e i n ) . An increase i n 
polyribosome formation and an increased synthesis of ribosomes and 
endoplasmic reticulum membranes were found. A l l of these e f f e c t s 
begin w i t h i n 2 to 4 hr a f t e r a p p l i c a t i o n of GA. Their observations 
l e d Evins and Varner (16) to conclude that the GA-stimulated i n 
creases i n the number of monoribosomes and the percentage of poly
ribosomes probably are p r e r e q u i s i t e f o r the hormone induction of 
pr o t e i n synthesis. 

Higgins et a l . (17) provided a quite d i r e c t l i n k between GA-
stimulated de novo enzyme synthesis and appearance of the complemen
tary mRNA. They demonstrated convincingly that the l e v e l of tra n s 
l a t a b l e α-amylase mRNA increased i n GA-treated t i s s u e i n p a r a l l e l 
with the increased r a t e of enzyme synthesis. These r e s u l t s provide 
s t i l l more evidence that GA acts to induce s e l e c t i v e mRNA and de novo 
enzyme synthesis i n aleuron

On the b a s i s of c o l l e c t i v
l y be concluded that i n the b a r l e y aleurone system, GA evokes s e l e c 
t i v e l y the synthesis of p a r t i c u l a r molecular species of mRNA which i n 
turn leads to de novo synthesis of c e r t a i n h y d r o l y t i c enzymes. Or, 
as Jones and MacMillan (11) put i t , "There i s compelling evidence 
that GA3 a f f e c t s the synthesis of h y d r o l y t i c enzymes i n c e r e a l 
aleurone and that i t does so by c o n t r o l l i n g the t r a n s c r i p t i o n and 
po s s i b l y t r a n s l a t i o n of new mRNAs." L e f t unanswered unequivocally 
at t h i s stage of our knowledge are two important questions. One i s 
whether the a c t i o n of GA j u s t described alone accounts e x c l u s i v e l y 
f o r the fundamental mechanism of a c t i o n of GA i n the aleurone system. 
The other question i s whether the a c t i o n of GA i n s t i m u l a t i n g de_ novo 
synthesis of p a r t i c u l a r enzymes as described f o r the b a r l e y aleurone 
system i s u n i v e r s a l . That i s , i s the mechanism of GA a c t i o n i n the 
barley aleurone system d i r e c t l y i n d i c a t i v e of the mechanism by which 
GA hormones p a r t i c i p a t e generally i n the r e g u l a t i o n of the growth 
and development of higher plants? Obviously, the answers to these 
questions must await a d d i t i o n a l research. 

Cytokinins 

Natural c y t o k i n i n s occur as fre e bases and as the ribonucleosides 
and r i b o n u c l e o t i d e s of N^-substituted adenine d e r i v a t i v e s and al s o 
as constituents of p a r t i c u l a r molecular species of tRNA (18). 

Cytokinins are unique among plant hormones i n that adenine 
compounds of i d e n t i c a l s t r u c t u r e occur i n n u c l e i c a c i d s . More s p e c i 
f i c a l l y , p a r t i c u l a r c y t o k i n i n - a c t i v e ribonucleosides occur as com
ponents of c e r t a i n molecular species of tRNA. Zachau e_t a l . (19), 
during the determination of the base sequences of seri n e tRNA i n 
yeast, f i r s t reported an "odd" base immediately adjacent to the 3* 
end of the anticodon. In c o l l a b o r a t i o n with Biemann et a l . (20), 
t h i s "odd" base was i d e n t i f i e d as the n a t u r a l c y t o k i n i n i s o p e n t e n y l -
adenosine, which i s one of the most h i g h l y a c t i v e c y t o k i n i n s known. 
In f a c t , i n a l l cases, where the s p e c i f i c l o c a t i o n of a c y t o k i n i n 
moiety i n tRNA has been determined, i t i n v a r i a b l y i s immediately 
adjacent to the 3' end of the anticodon. And, i n t e r e s t i n g l y , a l l 
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tRNA species which are known to contain a c y t o k i n i n recognize codons 
with the i n i t i a l base as u r a c i l (U), although not a l l tRNA species 
recognizing codons beginning with U contain a c y t o k i n i n . The cyto-
k i n i n - c o n t a i n i n g tRNA species are tRNA S e r, t R N A ™ 6 , tRNA^ v s, tRNA T rP, 
tRNA L e u, and tRNA T v r. In tRNA from m i c r o b i a l sources, c y t o k i n i n -
a c t i v e ribonucleosides appear to be present i n most, i f not a l l , of 
the tRNA species that recognize codons beginning with U. But i n 
higher organisms, the d i s t r i b u t i o n appears to be more r e s t r i c t e d . 
In the cases of wheat germ and e t i o l a t e d bean seedlings, f o r exam
p l e s , c y t o k i n i n - a c t i v e ribonucleosides are l i m i t e d to only t R NA S e r 

and tRNA L e u. 
An important question i s : Are the cyto k i n i n s present i n tRNA 

incorporated i n t a c t i n t o tRNA, i n a manner l i k e a l l other nucleoside 
triphosphates that are polymerized i n the synthesis of tRNA, or does 
the presence of the cy t o k i n i n s r e s u l t from a l k y l a t i o n ( t r a n s f e r of 
isoprenoid side chain) of e x i s t i n g adenosine moieties already present 
i n preformed tRNA? In f a c t  experimental evidence has been reported 
f o r both processes (21,22)
were very small, and th
r e s u l t of t r a n s c r i p t i o n a l e r r o r s . Meanwhile, the evidence f o r cyto
k i n i n moieties i n tRNA a r i s i n g by a l k y l a t i o n of s p e c i f i c adenosine 
residues i n preformed tRNA i s conclusive (23). 

There i s good evidence that the c y t o k i n i n moieties i n tRNA are 
f u n c t i o n a l l y s i g n i f i c a n t and that they do a f f e c t the behavior of 
those tRNA molecules i n the process of p r o t e i n synthesis. One of the 
e a r l i e s t and most conclusive i n v e s t i g a t i o n s from which t h i s important 
f a c t emerged was conducted by Gefter and R u s s e l l (24) with 
E s c h e r i c h i a c o l i . 

Gefter and R u s s e l l (24) studied three forms of tRNA T v r which had 
the same nucleotide sequence and d i f f e r e d only i n the degree of modi
f i c a t i o n of the adenosine residue adjacent to the 3' end of the a n t i 
codon: (1) unmodified adenosine (A), (2) N^-(A2-isopentenyl)adeno
sine ( i 6 A ) , and (3) the methyl-thio d e r i v a t i v e of i 6 A (ms2i6A). A l l 
three forms of the tRNA were then tested f o r tyrosine-acceptor a c t i 
v i t y and f o r binding of the tyrosyl-tRNA to an mRNA-ribosome complex. 
No s i g n i f i c a n t d i f f e r e n c e s were found among the three forms of 
tRNA T v r as regards amino a c i d acceptor capacity. However, the 
tRNA^y r containing an unmodified adenosine residue adjacent to the 
anticodon was markedly l e s s e f f e c t i v e , i n the i n v i t r o experiments, 
i n the binding of the aminoacyl-tRNA T v r to the mRNA-ribosome complex 
than tRNA T v r containing i^A or m s 2 i 6 A . Thus, i n t h i s important 
case, a c y t o k i n i n moiety e v i d e n t l y must be present adjacent to the 
anticodon of tRNA T v r, i f t h i s tRNA species i s to f u n c t i o n e f f e c t i v e l y 
i n p r o t e i n synthesis. By whatever mechanism the r e g u l a t i o n i s 
achieved, i t thus appears that c y t o k i n i n - a c t i v e bases i n c e r t a i n 
types of tRNA may have a modulating e f f e c t on p r o t e i n synthesis at 
the t r a n s l a t i o n a l l e v e l . 

There are good reasons pr e s e n t l y f o r b e l i e v i n g a l s o that f r e e 
cytokinins have important b i o l o g i c a l a c t i v i t y independently of any 
d i r e c t a s s o c i a t i o n with tRNA: (1) there are r e s u l t s showing d i r e c t 
e f f e c t s of exogenous c y t o k i n i n independently of any apparent i n c o r 
poration i n t o tRNA; (2) et h a n o l i c e x t r a c t s of corn kernels contain 
the trans-isomer of z e a t i n , while the tRNA hydrolysates of corn 
kernels contain the cis-isomer, suggesting that z e a t i n i s not a pre
cursor i n the synthesis of tRNA i n that m a t e r i a l ; (3) dihydrozeatin 
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i s a major free c y t o k i n i n i n beans, but i t apparently does not occur 
i n bean tRNA; (4) even t i s s u e s which contain potent c y t o k i n i n s i n 
t h e i r RNA s t i l l r e q u i r e exogenous c y t o k i n i n f o r growth i n v i t r o ; and 
(5) the data on d i r e c t i n c o r p o r a t i o n of exogenous cy t o k i n i n s i n t o 
tRNA, as p r e v i o u s l y mentioned, do not show c o n c l u s i v e l y that t h i s 
process i s anything more than t r a n s c r i p t i o n a l e r r o r . 

A prevalent idea about mechanisms of a c t i o n of plant hormones, 
c y t o k i n i n f r e e bases and others, i s that the hormone f i r s t b i n d s — b y 
weak hydrogen or i o n i c b o n d s — t o some receptor. The receptor common
l y i s envisaged to be an a l l o s t e r i c p r o t e i n which, as a consequence 
of binding the hormone, can, as the a l t e r e d receptor or as a recep
tor-hormone complex, evoke hormonal a c t i o n (see 25). 

Since about 1970, progress along these l i n e s with respect to 
c y t o k i n i n s has been made by Fox and a s s o c i a t e s . A b a s i c observation 
that Fox and E r i o n (26) made was that c y t o k i n i n s would bind, with 
rather high s p e c i f i c i t y , to ribosomes i s o l a t e d from higher p l a n t s . 
Later, Fox and E r i o n (27) described a c t u a l l y three c y t o k i n i n - b i n d i n g 
proteins i s o l a t e d from ribosoma
p a r t i c u l a r i n t e r e s t was a
93,000 (CBF-1) with high binding a f f i n i t y f o r c y t o k i n i n s . A large 
number of c y t o k i n i n s , c y t o k i n i n n u c l e o t i d e s , analogs, r e l a t e d purines, 
and other plant growth substances were tested f o r t h e i r a b i l i t y to 
compete with 6-benzylaminopurine (or N^-benzyladenine) f o r binding 
s i t e s on CBF-1. Apparently, wheat germ ribosomes contain one copy of 
CBF-I per ribosome. Competition studies showed a high degree of 
s p e c i f i c i t y f o r c y t o k i n i n - a c t i v e moieties. More r e c e n t l y , a very 
h i g h - a f f i n i t y binding f a c t o r has been found associated with a mito
ch o n d r i a l f r a c t i o n from mung bean (Phaseolus aureus) seedlings (28). 
Unfortunately, i t has not been p o s s i b l e yet to assign any b i o l o g i c a l 
f u n c t i o n to the c y t o k i n i n binding described above, and these binding 
f a c t o r s cannot yet be considered to be true c y t o k i n i n receptors. 

A b s c i s i c A c i d 

The mechanism of a c t i o n of a b s c i s i c a c i d (ABA) has been studied to 
the greatest extent i n the b a r l e y aleurone system (29) , i n which ABA 
counteracts the e f f e c t of GA i n the induction of hydrolases. This 
a c t i o n of ABA has l a r g e l y been the b a s i s f o r s p e c u l a t i n g that ABA 
may act s p e c i f i c a l l y to i n h i b i t , by some unknown mechanism, DNA-
dependent RNA synthesis. Much evidence i n d i c a t e s that ABA acts at 
the t r a n s c r i p t i o n a l l e v e l , but i t a l s o has been proposed that the 
i n h i b i t i o n of i n d u c t i o n of α-amylase synthesis i s caused, at l e a s t i n 
p a r t , by an e f f e c t on t r a n s l a t i o n because ABA s t i l l i n h i b i t e d the 
formation of α-amylase at 12 hr when cordycepin (an i n h i b i t o r of RNA 
synthesis) no longer had an e f f e c t (30). 

Some other recent work i n d i c a t e s an apparent q u a l i t a t i v e e f f e c t 
on p r o t e i n synthesis. Ho (31) and Jacobsen et a l . (32) detected new 
peptides when aleurone l a y e r s were treated with ABA. These peptides 
turned over r a p i d l y , and the q u a n t i t i e s formed were reduced by i n 
h i b i t o r s of t r a n s c r i p t i o n and t r a n s l a t i o n . L i t t l e e l s e i s known 
c u r r e n t l y about the peptides. 

Some p h y s i o l o g i c a l e f f e c t s of ABA are c o r r e l a t e d with a l t e r a t i o n 
of plasma membranes. This e f f e c t i s manifested i n a change i n b i o 
e l e c t r i c p o t e n t i a l across the membranes and a leakiness and e f f l u x 
of K+ which i s involved i n some actions of ABA, e.g., stomatal 
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r e g u l a t i o n . At t h i s time the e f f e c t s on n u c l e i c a c i d and p r o t e i n 
synthesis cannot be r e c o n c i l e d with these e f f e c t s i n v o l v i n g changes 
i n membrane permeability. 

Ethylene 

Ethylene, C2H4, has many dive r s e e f f e c t s on plant growth and develop
ment. Yet the mechanism of a c t i o n of t h i s hormone i s not understood. 
A major obstacle to d i s c o v e r i n g i t s mechanism of a c t i o n has been the 
lack of an i s o l a t e d s u b c e l l u l a r system that responds to ethylene i n 
a way that c l e a r l y r e f l e c t s i t s a c t i o n i n v i v o (33). 

F r u i t t i s s u e s respond to ethylene by e x h i b i t i n g increases i n the 
a c t i v i t i e s of enzymes that c a t a l y z e r i p e n i n g r e a c t i o n s , and i n some 
cases, the increases i n enzyme a c t i v i t y probably are the r e s u l t of 
de novo synthesis, rather than a c t i v a t i o n of p r e e x i s t i n g enzymes. 
Other target t i s s u e s respond s i m i l a r l y to ethylene. But i t i s not 
known whether ethylene acts d i r e c t l y to evoke new enzyme production
I n t e r p r e t a t i o n of r e s u l t
s i s i s i n c o n c l u s i v e , becaus
synthesis are e s s e n t i a l to maintain the c e l l s i n a s t a t e competent 
to respond to ethylene. Moreover, there are some responses to e t h y l 
ene, besides f r u i t r i p e n i n g , which occur under conditions which 
apparently do not d i r e c t l y involve RNA and p r o t e i n synthesis (e.g., 
membrane permeability changes). I t has been proposed that the i n 
v i v o ethylene receptor s i t e contains a metal such as copper (34,35). 

Anthesins 

Within l e s s than two decades a f t e r the discovery of photoperiodism i n 
1920, the hypothesis developed that one or more s p e c i f i c flowering 
hormones are responsible f o r f l o r a l i n i t i a t i o n (23,36-39). 
Chailakhyan (36) coined the word " f l o r i g e n " f o r the h y p o t h e t i c a l 
flowering hormone. A short time l a t e r , Melchers (40) suggested the 
term " v e r n a l i n " f o r the h y p o t h e t i c a l stimulus thought to develop dur
ing v e r n a l i z a t i o n of c o l d - r e q u i r i n g p l a n t s . Many years l a t e r , 
Chailakhyan proposed the term "anthesins" f o r h y p o t h e t i c a l flowering 
hormones (38) and gave emphasis to the r o l e GAs play i n flowering of 
many p l a n t s . 

E a r l y experiments, conducted i n the 1930s and 1940s, with 
c l a s s i c a l o b l i g a t e short-day plants such as cocklebur (Xanthium 
strumarium) y i e l d e d r e s u l t s which provided a very l o g i c a l b a s i s f o r 
the f l o r i g e n (anthesin) concept. Experiments i n v o l v i n g a large 
number of p h o t o p e r i o d i c a l l y s e n s i t i v e species suggested st r o n g l y that 
the l e a f i s the organ which perceives the photoperiodic stimulus, 
that phytochrome i s the photoreceptor, and that a substance or sub
stances i s formed i n the leaves of short-day plants which i s t r a n s 
located to vegetative meristems and causes t h e i r morphogenetic t r a n s 
formation i n t o f l o r a l meristems. From numerous g r a f t i n g experiments 
between two species (e.g., Kalanchoë b l o s s f e l d i a n a , SDP, and Sedum 
s p e c t a b i l e , LDP), i t appeared that there was only one f l o r i g e n , or 
i f two or more substances, they e v i d e n t l y were p h y s i o l o g i c a l l y equi
valent among many species. The various photoperiodic response types 
would d i f f e r not i n t h e i r requirement f o r f l o r i g e n , but i n the en
vironmental requirements f o r f l o r i g e n production. 

With such evidence compatible with a f l o r i g e n concept, a l o g i c a l 
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next step would be to attempt to isolate and chemically characterize 
the flowering stimulus or stimuli. In fact, there have been many 
such efforts. Generally the attempts have ended in failure; occa
sionally there have been modest successes (41,42). Thus, there is 
much circumstantial evidence that flower initiation is controlled, 
at least in part, by anthesins. Meanwhile, certain of the known 
hormones definitely are involved in the regulation of flowering, as 
indicated by numerous investigations conducted with GAs since circa 
1957 and with ABA since circa 1967. 

Lang (43) first reported in 1957 that exogenous GA could cause 
flowering in numerous species of long-day and vernalization-requiring 
plants under noninductive environmental conditions. However, GA is 
not the long sought after florigen. One reason is that GAs do not 
cause flowering of short-day plants under noninductive conditions, or 
even in a l l long-day plants. Moreover, there is now good evidence 
that flowering and flower-bearing stem elongation (bolting) are sepa
rate processes in plants such as Silene armeria (44), with GA direct
ly promoting stem elongatio
ceivably might be vernalin

During the early investigations of the effects of exogenous ABA 
on plants, it was reported that this growth-inhibiting hormone could 
cause flowering of certain short-day plants (e.g., Chenopodium 
rubrum, Pharbitis n i l , and some others) under long-day conditions 
(23). But ABA is not a florigen because there is no effect of exo
genous ABA on flowering of some short-day plants or on long-day 
plants. It may be one of the postulated flowering inhibitors, which 
have long been thought to be produced in the leaves of long-day 
plants subjected to noninductive short-day conditions. 
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P l a n t B ioregu la tors : O v e r v i e w , Use, and Development 

JOHANNES JUNG 

BASF Agricultural Research Centre, D-6703 Limburghof, Federal Republic of Germany 

The action of most exogenous plant bioregula
tors (PBRs) consists of interference with the plant's 
hormone system  Accordingly  the action of these 
substances ma
groups, know
antagonists, or inhibitors of hormone biosynthesis. 
Beside this group of PBRs there are, however, other 
important compounds which have not so far been shown 
to have a definite relationship to a phytohormone. 

On this basis, an overview of substances with 
bioregulatory effects is presented. 

The specific influence of exogenous PBRs on 
crop plants has in some cases already been inte
grated into the crop production system. Examples 
of this are the use of chlormequat chloride in ce
real growing, ethephon for influencing the develop
ment and maturity of various crops, and mepiquat 
chloride in cotton. 

The development of PBRs is discussed under 
the aspect of relevant concepts for the synthesis 
and screening of new compounds and other factors 
involved. 

This state-of-the-art contribution on plant bioregulators (PBRs) is 
directed to the following four questions: 

1. What are plant bioregulators and what is plant bioregulation? 
2. What substances and what principle of action are available? 
3. How have plant bioregulators been used so far in crop production 

and where are they employed in particular? 
4. What factors will have a major influence on determining the de

velopment of new plant bioregulators and on opening up further 
possibilities for use in crop production? 
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What are plant b i o r e g u l a t o r s and what i s plant b i o r e g u l a t i o n ? 

It i s necessary to define the term "plant b i o r e g u l a t o r s " i n order 
to provide a general c h a r a c t e r i z a t i o n of t h e i r p r o p e r t i e s and mode of 
a c t i o n , and to d i s t i n g u i s h them from other agrochemicals. An endoge
nous substance may be considered to be a bioregulator i f , at a low 
concentration ( f o r example below 1 mM) and without having a b i o c i d a l 
e f f e c t , i t exercises an i n f l u e n c e on the growth, development, and 
composition of plants, without being a n u t r i e n t . 

This term covers a broader spectrum of e f f e c t s on plants than 
the term "plant growth r e g u l a t o r s " that has been commonly used i n 
English-speaking countries. This new d e f i n i t i o n should do greater 
j u s t i c e to the v a r i e t y of e f f e c t s that are expected from t h i s c l a s s 
of substances. These include not only an influence on the growth and 
development processes of crop plants or t h e i r s p e c i f i c organs, but 
also the m o d i f i c a t i o n of metabolic processes or the formation of cer
t a i n c o n s t i t u e n t s , as well as a modified s t r e s s behavior

Another c h a r a c t e r i s t i
t i o n s that i t produces mus
must be of a temporary nature. 

N a t u r a l l y , phytohormones have a s p e c i a l p o s i t i o n among plant 
b i o r e g u l a t o r s , because they are lead compounds for regulatory func
t i o n s i n the plant system. Since, however, these endogenous sub
stances have already been dealt with by Thomas C. Moore i n the pre
vious chapter, they are only touched on as f a r as i n t e r a c t i o n s with 
exogenous b i o r e g u l a t o r s and the c h a r a c t e r i z a t i o n of t h e i r e f f e c t s 
are concerned. Namely, an important g u i d e l i n e , which continues to 
s u b s t a n t i a l l y govern the search for new synthetic b i o r e g u l a t o r s , i s 
i n f l u e n c i n g the plant's hormone status. This can be achieved not only 
by an e f f e c t of the applied exogenous compound analogous to that of 
the p a r t i c u l a r phytohormone, but also by s y n e r g i s t i c and a n t a g o n i s t i c 
e f f e c t s , or by promoting or i n h i b i t i n g hormonal biosynthesis by means 
of exogenous substances. 

A c l a s s i f i c a t i o n r e l a t e d to the "phytohormonal i n t e r a c t i o n p r i n 
c i p l e " i s also appropriate i n a systematic overview of various groups 
of exogenous PBRs. 

What substances and what p r i n c i p l e s of a c t i o n are a v a i l a b l e ? 

Table 1 shows a l i s t and c l a s s i f i c a t i o n of the range of exoge
nous bi o r e g u l a t o r s presently a v a i l a b l e , drawn up on the basis of the 
aspects already o u t l i n e d . Even i f there i s a s u b s t a n t i a l l i m i t a t i o n 
to groups of a c t i v e compounds rather than to i n d i v i d u a l substances, 
the overview given cannot be considered complete. It does, however, 
contain the majority of s y n t h e t i c bioregulator groups that are a l 
ready i n use or are i n the developmental stage. 

Of the analogous compounds r e l a t e d to a p a r t i c u l a r hormone, at 
t e n t i o n must be drawn to the large group of synthetic auxins, to the 
s y n t h e t i c c y t o k i n i n s (- r e c e n t l y not only adenine, but a l s o urea de
r i v a t i v e s -) and to the ethylene generators Q, 2̂ ). An extension of 
the range of analogous compounds i s i n d i c a t e d i n the case of a b s c i s i c 
a c i d , as well (_3)· 

The groups of substances that e x h i b i t a n t a g o n i s t i c behavior t o 
ward a phytohormone or i n h i b i t i t s biosynthesis are experiencing 
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intense and expanding d i v e r s i f i c a t i o n . Here, p a r t i c u l a r l y the group 
of g i b b e r e l l i n antagonists or i n h i b i t o r s ( a n t i - g i b b e r e l l i n s ) should 
be emphasized. This group represents the s o - c a l l e d growth retardants, 
some of which have attained considerable importance i n p r a c t i c e . It 
i s s u r p r i s i n g , but c h a r a c t e r i s t i c of the plant b i o r e g u l a t o r s pres
e n t l y used i n crop production, that most of the b e n e f i c i a l e f f e c t s 
r e s u l t from growth r e t a r d a t i o n rather than from growth st i m u l a t i o n 
(4). For t h i s reason, t h i s group of PBRs i s discussed i n more d e t a i l . 

Of the substances that i n t e r f e r e with g i b b e r e l l i n biosynthesis, 
mention should f i r s t be made of the s o - c a l l e d onium compounds, which 
are substances with a charged c e n t r a l atom (_5, 6), They include the 
already extensively employed bio r e g u l a t o r s chlormequat c h l o r i d e (CCC) 
and mepiquat c h l o r i d e (DPC) (Figure 1). 

Other substances with an a n t i - g i b b e r e l l i n a c t i o n are found i n 
the groups of pyrimidines (ancymidol), norbornenodiazetines ( t e t c y -
c l a c i s ) and t r i a z o l e s ( p a c l o b u t r a z o l ) , e t c . (Figure 2). It i s an i n 
t e r e s t i n g f a c t that some of these substances o r i g i n a t e from groups 
that have produced p o t e n t i a

The r e t a r d a t i o n e f f e c
by g i b b e r e l l i n s . Furthermore, i t has been p o s s i b l e , i n the case of 
some of these substances, to detect p r e c i s e l y the point of attack or 
s i t e of action i n the g i b b e r e l l i n biosynthesis sequence. As can be 
seen from Figure 3, i t i s assumed that the onium compounds i n h i b i t 
the c y c l i z a t i o n o f geranylgeranyl pyrophosphate to c o p a l y l pyrophos
phate (_7), whereas i t has been demonstrated i n c e l l - f r e e systems that 
pyrimidines, norbornenodiazetines, and t r i a z o l e s i n h i b i t the sequen
t i a l oxidation of ent-kaurene to ent-kaurenoic a c i d 9). 

Morphologically t h i s biochemical process manifests i t s e l f i n the 
" a n t i - g i b b e r e l l i n habitus" of the treated plants that corresponds to 
compact growth with shortened internodes and to a more in t e n s i v e 
c o l o r o f leaves. However, i t i s a l s o worth mentioning the changes i n 
the shoot-root r a t i o that lead to a pronounced s h i f t i n favor of root 
growth, e s p e c i a l l y a f t e r treatment with norbornenodiazetines (10). 

The induced i n h i b i t i o n of l o n g i t u d i n a l growth by t e t c y c l a c i s 
r e s u l t s both from i n h i b i t e d c e l l elongation and from reduced c e l l 
d i v i s i o n . The r e l a t i v e proportions to which c e l l elongation and c e l l 
d i v i s i o n contribute to the shortening e f f e c t v a r i e d i n t r i a l s with 
maize, sunflowers, and soybeans, i . e . , the influ e n c e e f f e c t e d v i a 
c e l l d i v i s i o n increased with an increase i n concentration of the PBR. 
The i n h i b i t o r y e f f e c t on c e l l d i v i s i o n detected i n i n t a c t plants has 
been confirmed i n c e l l suspension c u l t u r e s of the same plant species 
(11). 

After these d e t a i l e d remarks about a n t i - g i b b e r e l l i n s and t h e i r 
mode of ac t i o n , i t should be emphasized that the a c t i o n of not a l l 
bioregulatory a c t i v e substances can be assigned so p r e c i s e l y to an 
i n t e r a c t i o n with a s p e c i f i c phytohormone. This p a r t i a l l y a p p l i e s to 
daminozide ( s u c c i n i c a c i d 2,2-dimethylhydrazide), which i s frequently 
c l a s s i f i e d as a retardant (J). 

An overview of some representatives of t h i s heterogeneous group 
i s given i n Table I I . The f i r s t group again includes substances with 
an i n h i b i t o r y a c t i o n , which may also be used i n some cases for sucker 
c o n t r o l and for pinching (12). Attention should also be drawn to the 
substances that increase the sugar content of sugarcane (13), espe
c i a l l y those of the g l y c i n e type. 
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Table I. Overview of Exogenous Plant B i o r e g u l a t o r s C l a s s i f i e d 
according to Their Phytohormonal I n t e r a c t i o n (Abstract) 

Reference Compounds with Compounds with an 
phytohormones homologous or synergistic antagonistic activity or 

activity inhibitors of biosynthesis 

Auxins Synthetic Auxins Triiodobenzoic acid 
Hydroxyfluorene carboxylates 

Gibberellins Phthalimides 
Steroids 
Steviol 

Onium compounds (N, S, P) 
Pyrimidines 
Norbornenodiazetines 
Triazoles 

Cytokinins Benzyl- and Furfuryl-
aminopurine 
Phenylurea derivatives 

Pyrrolo- and Pyrazolepyrimidines 

Abscisins Terpenoic analogues of ABA 
Farnesol 

Ethylene Chloroethyl phosphonic acid 
Aminocyclopropane carboxylic 
acid 

Aminoethoxivinyl glycine 

Table I I . Survey on Synthetic PBR's w i t h D i f f e r e n t Modes of 
Ac t i o n (Examples) 

effect c o m pound 
Retardation of growth 

Dwarfing Succinic acid 2,2-dimethyl hydrazide (daminozide) 
Trifluormethanesulfonanilides 
6-Azauracil 
Maleic hydrazide 

Sucker control Maleic hydrazide 
higher alcohols and fatty acids (C8-C14) 

Pinching Dikegulac-Na 

Stimulation of growth 4-Hydroxybenzoic acid 
(phthalimides, steroids) 

Enhancement of sucrose content Phosphonomethylglycine 
(sugarcane) (glyphosine, glyphosate) 
Enhancement of isoprenoids (Guayule) 2-Diethylamino-ethyl-3,4-dichlorophenylether 

Defoliation N-phenyl-N'-1,2,3-thiadiazol-5-yl urea 
(cotton) S.S.S-tributylphosphorotrithioate 
Pollen suppression 1 -(p-chlorophenyl)l ,4-dihydro-6-methyl-

4-oxopyridazine-3-carboxylate 
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charged 
central Ν 
atom 

S Ρ 

V C H 3 c r 
Cl-CHjCH2-N-CH3 

N C H 3 

ccc 
(Chlormequat chloride) 

Cij3* / C H 3 Br-
S-CH 

/ \ 
CH3 CH3 

a-r"VcH 2 -p-c 4 H 9 

VC 4Hg 

• CH3 

DMC 

<^S-CH3 

Thian 

Ο c r 

CH3 CH3 

DPC 
(Mepiquat chloride) 

CH3 CH3 

C H3 C H 3 ρ-Toi S03" 
BTS44 584 

Figure 1. Growth retardants: Onium compounds. 
CCC = N-2-chloroethyl-trimethylammonium c h l o r i d e 
DMC = N-dimethylmorpholinium c h l o r i d e 
DPC = N-dimethylpiperidinium c h l o r i d e 
DIS = S-dimethyl-isopropylsulfonium bromide 
Thian = S-methylthianium bromide 
BTS 44 584 = S-2,5-dimethyl-4-pentamethylenecarbamoyl-

oxyphenyl-S,S-dimethylsulfonium p-toluene 
sulphonate 

Chlorphonium = P-tributyl-2,4-dichlorbenzylphosphonium 
c h l o r i d e 
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Pyrimidines N-\ I Ancymidol 
\ / ~ c \ 0 / ° " C h 3 a - c y c l °P r °Py | - a - ( 4 -methoxyphenyl)-

N =/ I >—/ 5-Dvrimidine methanol 
Δ 

5-pyrimidine methanol 

Norbornenodiazetines 
a) triazoline-type pentaaza-tetracyclo-5,4,1,0 ,0

dodeca-3,9-diene 

V. LAB 109 274 

b) aziridine-type ci -/PSVN T\TTM 8-(4-chlorophenyl)-3,4,8-

>C±7 Ĵ̂ -̂N triazatetracyclo-4,3,1,025,079-
dec-3-ene 

Triazoles 
OH 

Paclobutrazol (PP 333) 
(4-chlorophenyl)-4,4-dimethyl-2-
( 1,2,4-triazol-1 -yl)pentan-3-ol 

. Λ °iH
 r o LAB 

Λ ^ Ο ;,-g. 
V N ' ' 1,3-1 

LAB 150 978 
-trifluormethylphenyl)-2-
4-triazol-1 -yl)-3-(5-methyl-
dioxan-5-yl)-propen-3-ol 

Figure 2. Growth retardants: Kaurene oxidase i n h i b i t o r s . 
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MVA— —MPP—GPP̂ FPP 
(Mevalonic 
acid) 

CYCLIZATION 

Copalyl-PP η 

Pyrimidines I 
Norbornenodiazetines 
Triazoles 

-CHoOH 
Gibberellin 

GA3 

- COOH CHO —j— <~n2< 
Kdurenoic- Kaurenal Kaurenol 
acid 

OXIDATION 

[ZATION 

F i g u r e 3. I n t e r f e r e n c e o f grovi/th r e t a r d a n t s w i t h g i b b e r e l l i n 
b i o s y n t h e s i s . 
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In a d d i t i o n to promoting the production of rubber (latex) by 
ethephon, which i s already being p r a c t i s e d (14), i n c r e a s i n g the i s o -
prene content of other plants by d i f f e r e n t a c t i v e substances should 
also be mentioned (15), as well as the t r i a l s f o r enhancing the qual
i t y of vegetable o i l s by treatment with pyridazinones (16). 

In the t r a n s i t i o n area to a b i o c i d a l e f f e c t , substances that 
have a d e f o l i a t i n g a c t i o n and those that suppress p o l l e n formation 
should a l s o be mentioned (17 ). 

How have plant b i o r e g u l a t o r s been used so f a r i n crop production 
and where are they employed i n p a r t i c u l a r ? 

Among the various groups of agrochemicals, b i o r e g u l a t o r s are the 
youngest c l a s s of products following f e r t i l i z e r s , f u ngicides, i n s e c 
t i c i d e s , and h e r b i c i d e s . For t h i s reason, they obviously als o come 
l a s t i n volumes of s a l e s . With worldwide sa l e s of crop p r o t e c t i o n 
chemicals at approximately US $ 14.3 b i l l i o n  the proportion of b i o
regulators i s between 3
roughly equal to $ 500 m i l l i o n
n a l l y higher expectations, has been in c r e a s i n g at an annual rate that 
i s on a l e v e l with the r e a l average growth i n crop p r o t e c t i o n chemi
c a l s namely 4 - 6% per annum. In Western Europe, the market propor
t i o n of b i o r e g u l a t o r s to crop p r o t e c t i o n chemical s a l e s of US $ 3 
b i l l i o n i s estimated to be 5.5%, i . e . , US $ 165 m i l l i o n . 

This r e l a t i v e l y high percentage of b i o r e g u l a t o r s i n West Euro
pean a g r i c u l t u r e compared with the world average i s probably prima
r i l y due to the f a c t that t h i s group of products has gained greater 
access to main a g r i c u l t u r a l crops, p a r t i c u l a r l y i n the c u l t i v a t i o n 
of c e r e a l s , than elsewhere (_18, 19). In West Germany, for example, 
60 - 70?o of the wheat i s treated with chlormequat c h l o r i d e (CCC) as 
an a n t i l o d g i n g agent. In barley, too, a s i g n i f i c a n t proportion of 
the acreage i s treated with Terpal, a combination of mepiquat c h l o 
r i d e and ethephon, or with ethephon on i t s own. The b i o r e g u l a t o r s 
mentioned have been f u l l y i ntegrated i n t o the crop production concept 
and are coordinated with the use of other agrochemicals. 

This report on the s i t u a t i o n i n European a g r i c u l t u r e stands i n 
obvious contrast to the present l e v e l of use of PBRs i n the United 
States, which of course has a somewhat d i f f e r e n t main crop spectrum. 
In t h i s connection, the following comment (20) can be quoted: " S c i 
e n t i s t s have long recognized the p o t e n t i a l market that e x i s t s for 
a plant growth regulator on large acreage economic crops. Despite 
years of research by both industry and government s c i e n t i s t s there 
are only a few PBRs r e g i s t e r e d for use on the major crops today. Of 
the many current uses of PBRs, e f f e c t on y i e l d are often i n d i r e c t ... 
Studies with economic crops have frequently i d e n t i f i e d compounds 
capable of a l t e r i n g i n i d v i d u a l c h a r a c t e r i s t i c s such as lodging, plant 
height, seed number, maturity e t c . ; however, these changes have not 
always r e s u l t e d i n improved y i e l d or q u a l i t y . " Nevertheless, the op
t i m i s t i c conclusion i s drawn that, "without a doubt, innovative grow
ers are anxious to u t i l i z e PBR technology i n i n c r e a s i n g p r o f i t a b i l i t y 
of agronomic crops". 

With reference to crop production, the following o b j e c t i v e s for 
the development and use of PBRs can be l i s t e d (19): 
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Aims for Plant Bioregulators 

Objectives 
Sequence and duration of devel
opment steps during vegetative 
and reproductive grovi/th 

Germination 
T i l l e r i n g 
Shooting 
Flowering 
F r u i t development 

Anatomical and morphological 
s t r u c t u r e 

Behavior towards 
drought, low temperatur
and diseases 

Possible r e s u l t s 
Enhanced establishment and b i o -
mass production 

Increased or improved formation 
of yield-determining organs 

Enhanced "harvest index" 
Improved standing a b i l i t y 
Improved l i g h t i n t e r c e p t i o n 
Improved shoot/root r a t i o 

and i n f e c t i o n s 

Photosynthesis and metabolism 

Senescence, r i p e n i n g , 
a b s c i s s i o n , and dormancy 

Increased photoproductivity 

Enhanced content of y i e l d - and 
quality-determining ingredients 

Control of ripening processes 
Promotion of mechanical har
vesting 

Influence on post-harvest 
behavior and s h e l f l i f e 

To deal with the question of what are the optimum R + D concepts 
and procedures for developing new PBRs, the l i t e r a t u r e s e c t i o n of 
t h i s paper l i s t s c o n t r i b u t i o n s from seven associates of companies 
engaged i n PBR research, namely Beyer/Dupont (28) ; Geissbuhler et 
a l . / C i b a Geigy (29); Lurssen/Bayer (30); Lever/ICI (31); N i c k e l l / 
V e l s i c o l (32^); Raven/Duphar (33^) and Sacher/Monsanto (34). 

I would l i k e to quote the l a s t of these authors concerning the 
s t r a t e g i e s to discover plant b i o r e g u l a t o r s for agronomic crops: "When 
attempting to evaluate the o v e r a l l d i f f i c u l t y i n discovering a plant 
growth regulator i t becomes r e a d i l y apparent that the task i s sub
s t a n t i a l l y more demanding than the one involved i n search for a new 
h e r b i c i d e . In f a c t , the o v e r a l l complexity i s estimated to be 10 to 
100 times l a r g e r . The key f a c t o r involved i n the discovery process 
of PBRs i s the r e o r i e n t a t i o n of t h i n k i n g away from c l a s s i c a l screens 
for h e r b i c i d e s , fungicides and i n s e c t i c i d e s , towards the non-conven
t i o n a l approach." 

This prospective statement can be supported by the actual use 
of mepiquat c h l o r i d e (Pix) i n cotton - as an example of the i n t r o 
duction of a b i o r e g u l a t o r i n a main a g r i c u l t u r a l crop. C e r t a i n pos
s i b i l i t i e s , at l e a s t i n some f i e l d s , are emerging i n the form of 
seed soaking i n the important t r o p i c a l c e r e a l crop r i c e (21^, 22). 
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It i s more d i f f i c u l t at present to make a p r e d i c t i o n for maize and 
soybeans as main crops, although the l a t t e r crop i s being i n t e n s i v e l y 
i n v e s t i g a t e d for the use of PBRs (23). 

Of the s y n t h e t i c PBRs favored up to now, reference should a l s o 
be made, a f t e r chlormequat and mepiquat c h l o r i d e , to ethephon from 
the group oY ethylene generators, a substance with a p a r t i c u l a r l y 
wide range of uses, i n c l u d i n g the f o l l o w i n g : induction of flowering, 
hastening of maturity, s t i m u l a t i o n of l a t e x flow, promotion of l e a f 
curing (tobacco), f r u i t degreening ( c i t r u s ) , and prevention of lodg
ing (small grains) (4^ 17). 

The progress i n research on ethylene biosynthesis and the iden
t i f i c a t i o n of 1-aminocyclopropane-l-carboxylic a c i d (ACC) as an ethy
lene precursor have stimulated the search for new a c t i v e substances 
i n the group of both ethylene generators and i n h i b i t o r s of ethylene 
biosynthesis (24). ACC i t s e l f i s b a s i c a l l y an i n t e r e s t i n g s y n t h e t i c a l 
l y a c c e s s i b l e b i o r e g u l a t o r . However, there seems to be an u n r e l i a b i l 
i t y f a c t o r i n use due to i t s ready conjugation and metabolization as 
an endogenous compound. Nevertheless
substance w i l l provide furthe
r e l a t e d spectrum of a c t i v e compounds. 

What f a c t o r s w i l l have a major influence on determining the 
development of new plant b i o r e g u l a t o r s and on opening up further 
p o s s i b i l i t i e s for use i n crop production? 

It w i l l f i r s t have to be e s t a b l i s h e d , i n more general terms, that 
c o n t r i b u t i o n s are necessary i n reasonable proportions both from the 
academic and from the i n d u s t r i a l side, for the development of i n d i 
v i d u a l b i o r e g u l a t o r s . Chlormequat c h l o r i d e may be c i t e d as an example 
worth following (2i>, 26, 27). 

When developing p r o j e c t s i n t h i s f i e l d , one i s n a t u r a l l y con
fronted with the necessity of a concrete: 

research and development (R + D) concept 

I f the q u a n t i t a t i v e aspect, i . e . , the personnel and f i n a n c i a l 
resources, i s i n i t i a l l y l e f t out of account, i t i s the basic approach 
that must be given primary a t t e n t i o n , i . e . , the o b j e c t i v e s and the 
ways i n which they can be r e a l i z e d . 

The goal that i s e a s i e s t to define, but hardest to achieve, i s 
an increase i n y i e l d . A f t e r s e veral years of i n t e n s i v e R + D work i t 
i s d i f f i c u l t - i f not even impossible - to f i n d b i o r e g u l a t o r s that 
increase the y i e l d d i r e c t l y , and that any such increase w i l l have to 
be achieved by i n f l u e n c i n g p a r t i a l processes i n a plant's growth and 
development (4). 

Innovation i n the search for synthesis of a c t i v e substances. In t h i s 
connection, "empirical approach" and " b i o r a t i o n a l design" are two 
relevant concepts for b i o r e g u l a t o r s . Up to now, the empirical ap
proach or mass screenings of chemicals have been the dominant and 
most s u c c e s s f u l concept for discovering candidates with adequate ac
t i v i t y , when a s p e c i f i c goal was recognized. This does not mean, 
however, that the input of crop physiology, and thus the " b i o r a t i o n a l 
design", could not lead to a s u b s t a n t i a l increase i n e f f i c i e n c y i n 
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the search for b i o r e g u l a t o r s . B a s i c a l l y , the need for a b i o r a t i o n a l 
design a r i s e s l o g i c a l l y from the d i v e r s i t y of s t r u c t u r a l v a r i a t i o n . 
However, bioregulator research i s s t i l l i n the i n i t i a l phase as f a r 
as b i o r a t i o n a l design i s concerned. As Geissbuhler (29) pointed out, 
there i s not s u f f i c i e n t basic information on the mode of a c t i o n of 
agrochemicals at the biochemical and molecular l e v e l s to be system
a t i c a l l y employed for b i o r a t i o n a l improvements and mod i f i c a t i o n s . 

At present, there are the following p o s s i b i l i t i e s and a l t e r n a 
t i v e s as gu i d e l i n e s for discovering a new PBR: 

Guidelines for disc o v e r i n g a new PBR 
a) Empirical approach 

Random chemistry 
Discovery of a c t i v i t y v i a mass screening 
Optimization and mo d i f i c a t i o n of a lead s t r u c t u r e 
Discovery and evaluation of s i d e - e f f e c t s 

b) B i o r a t i o n a l design 
Determinatio
a c t i v i t y r e l a t i o n s h i p
M o d i f i c a t i o n of endogenous substances with phytohor-
monal and metabolic a c t i v i t y 

E f f i c i e n c y of the screening systems. The q u a l i t a t i v e and q u a n t i t a t i v e 
e f f i c i e n c y of the screening system i s of great importance for the 
i d e n t i f i c a t i o n o f new PBRs among a large number of i n d i v i d u a l chemi
c a l s . 

The following c h a r a c t e r i z a t i o n by C.W. Raven (33) i s probably 
t y p i c a l of the present status of PBR screening technigues: " S e l e c t i o n 
from and a mixture of a number of company philosophies, t h e o r i e s , 
s t r a t e g i e s , and experience forms the basis of the modern i n d u s t r i a l 
screening operation and make i t a profession of i t s own!" 
B r i e f l y , the methods and techniques used may be grouped as foll o w s : 

Methods and techniques of PBR screening systems 
- laboratory bioassays i n c l u d i n g biochemical enzyme assays, c e l l 

and t i s s u e c u l t u r e , detached plant organs, e tc.; 
- indoor b i o l o g i c a l evaluations on major crop species; 
- advanced pot and model experiments (e.g. the M i t s c h e r l i c h system); 
- f i e l d t r i a l s . 

The t e s t systems that have been o u t l i n e d here are being con
s t a n t l y modified and adapted to the p a r t i c u l a r tasks. In general, 
however, they have already been developed to the extent that the 
PBR e f f e c t s that are of i n t e r e s t can be r e l i a b l y r e a l i z e d with them. 

The following a d d i t i o n a l determining f a c t o r s i n the development 
and performance of PBRs should also be mentioned: 
- the e f f i c i e n t p r o j e c t i o n of a PBR i n t o crop management 

and 
- the coordinated adaption to the state of development i n plant 

breeding and to the problems with the p a r t i c u l a r plant species 
that have not yet been solved by i t . 

P a r t i c u l a r emphasis should be placed on the l a s t point, not 
l e a s t because the view i s often expressed that the genetic approach 
to modifying crop c h a r a c t e r i s t i c s may be superior to the use of PBRs 
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(30). This no doubt applies to many cases; on the other hand, there 
should be an interesting chance for chemical bioregulation precisely 
where the same modifications are possible and desirable over a broad 
spectrum of different varieties of a plant species or where geneti
cally fixed negative correlations between certain properties can be 
compensated for by bioregulators. 

Finally, the question of the expenditure that must be expected 
in developing a PBR nowadays should not be neglected. The overall 
costs for research, development, and registration are estimated to be 
in the order of $ 30 million. A figure of this order of magnitude na
turally limits the number of companies interested in PBR research and 
development, and selects not only in terms of innovative capability 
but also in terms of available resources. 
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8 
Effects of Allelopathic Chemicals on Crop Productivity 

F. A. EINHELLIG 
Department of Biology, University of South Dakota, Vermillion, SD 57069 

Biochemical interaction
from the act ivi ty of a diverse group of compounds synthe
sized by higher plants and microorganisms. Commonly 
accepted representatives include scopoletin, ferul ic 
acid, p-hydroxybenzoic acid, catechin, amygdalin, patul in, 
and juglone. Allelopathic regulation of plant growth and 
development depends on the concentration, combination of 
substances, edaphic and climatic factors, interaction with 
other stresses, and species sensi t iv i ty . The source of 
allelochemicals in agricultural f ields may be the weeds, 
crops, or microorganisms. Yields may be affected by (a) 
the inhibitory or stimulatory effect of a crop on the 
subsequent crop, (b) the capacity of crop plants to 
inhibit weeds, and (c) production losses due to a l l e lo 
pathic weeds. Allelochemical interference with germina
tion or growth of a crop can occur from direct effects 
on metabolism, or indirectly through effects on nitrogen 
fixation and other microorganism act iv i ty . Many physio
logical processes are altered by allelopathic chemicals, 
but it has been d i f f i c u l t to determine the primary 
mechanism involved for a specific compound. Both avoid
ance and application strategies may be employed to 
utilize allelochemicals for improving crop production. 
These include management of crop sequences, u t i l i za t ion 
of allelopathic crop residues, breeding crops for weed 
control, and development of allelochemicals as 
herbicides. 

Investigations over the last three decades have provided abundant 
evidence that plants and animals often produce products that affect 
the growth, development, dis tr ibut ion, and behavior of other organ
isms (1,2) . Col lect ively, these natural substances are termed 
allelochemicals, or allelochemics. They often impart plant res is t 
ance to insects, nematodes, and pathogens. Likewise, following their 
release into the environment through vo la t i l i za t ion , leaching, root 
exudation, or tissue decomposition, some allelochemicals regulate the 
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d i s t r i b u t i o n of plants and the v i g o r of plant growth. These i n t e r 
actions are the phenomenon of a l l e l o p a t h y , which includes a l l b i o 
chemical i n t e r r e l a t i o n s h i p s among p l a n t s , both higher plants and 
microorganisms. A l l e l o p a t h i c i n t e r f e r e n c e occurs i n agroecosystems, 
and i t i s one of the many f a c t o r s that i n f l u e n c e crop p r o d u c t i v i t y 
(3). The e f f e c t s of such i n t e r a c t i o n s may be e i t h e r stimulatory or 
i n h i b i t o r y , but the major documentation of a l l e l o c h e m i c a l e f f e c t s i n 
agronomy has been that of growth i n h i b i t i o n . The purpose of t h i s 
paper i s to discuss the major g e n e r a l i z a t i o n s that can be made about 
a l l e l o p a t h i c i n t e r a c t i o n s , provide examples of the r o l e i n a g r i c u l 
ture, and focus on some considerations f o r the future. Only a few of 
the s a l i e n t i n v e s t i g a t i o n s w i l l be c i t e d i n i l l u s t r a t i n g major 
p r i n c i p l e s . 

I m p l i c i t i n the concept of a l l e l o p a t h y i s the r e c o g n i t i o n that 
there are s i g n i f i c a n t d i f f e r e n c e s i n (a) the capacity of species and 
v a r i e t i e s to produce a l l e l o c h e m i c a l s , (b) the s e n s i t i v i t i e s of 
various plants to a l l e l o p a t h i c compounds, and (c) plant responses 
during the various stage
r e c e i v i n g plants may be
plants may be growing concurrently with the producers, or they may be 
found sequent to the producers. Crop plants most oft e n contact 
a l l e l o c h e m i c a l s by the presence of these substances i n the s o i l com
partment. The schematic of Figure 1 i l l u s t r a t e s some of the poten
t i a l f i e l d i n t e r r e l a t i o n s h i p s and complexities. In a d d i t i o n to these 
aspects, as a l l e l o c h e m i c a l s move through the p h y s i c a l environment 
t h e i r quantity, residence time, and b i o l o g i c a l a c t i v i t y f l u c t u a t e 
widely. 

RESIDUES 

MICROORGANISM 
POPULATIONS 

τ 

CROP 

/ s' \ V 
I (AVAILABLE \_ \ 
. *VNUTRIENTSy / 

fUTURE 
CROP 

ALLELOCHEMICAL POOL 
of the 

SOIL RHIZOSPHERE 

Figure 1, Sources (boxes), t r a n s f e r s ( » ), and d i r e c t and i n d i r e c t 
impacts ( — — -#·) of a l l e l o p a t h i c chemicals i n a g r i c u l t u r e . 
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Some i n v e s t i g a t o r s have postulated that a l l e l o p a t h i c substances 
i n higher plants are immediately d e t o x i f i e d a f t e r release. While 
such transformations occur, at times the r e s u l t a n t products can be of 
higher t o x i c i t y . For example, hydrojuglone i s oxidized to juglone, a 
very potent quinone that i s i n h i b i t o r y to some species at 10"° M 
l e v e l s (4). A cyanogenic glucoside of peach roots, amygdalin, y i e l d s 
hydrogen cyanide, benzaldehyde, and subsequently other i n h i b i t o r s 
associated with the peach repla n t problem (1). M i c r o b i a l a c t i v i t y i n 
transformations, plus the metabolic production of diverse a l l e l o -
chemicals by many microorganisms, add to the complications i n deter
mining the r o l e of a l l e l o p a t h i c i n t e r f e r e n c e i n crop production. 
During residence i n the s o i l compartment, impacts of such compounds 
on crop plants may also be modified by moisture, temperature, and 
other s o i l f a c t o r s (5-10). 

The number and d i v e r s i t y of compounds implicated i n a l l e l o p a t h y 
are r a p i d l y growing. A c e t i c a c i d and a few other major intermediates 
of metabolism have been reported as a l l e l o p a t h i c agents  but most of 
those that have been i d e n t i f i e
from the shikimic a c i d an
from these synthesis pathways. Rice (1) c l a s s i f i e d the compounds 
in t o fourteen chemical categories, plus a miscellaneous group. 
Several major groups of h i s scheme are the terpenoids and s t e r o i d s , 
a l k a l o i d s and cyanohydrins, long-chain f a t t y acids and p o l y a c e t y l -
enes, unsaturated lactones, tannins, cinnamic a c i d d e r i v a t i v e s , 
benzoic a c i d d e r i v a t i v e s and other simple phenols, coumarins, and 
f l a v o n o i d s . Each category i s not equally important, and c e r t a i n l y 
only a f r a c t i o n of the n a t u r a l l y occurring compounds that could 
be named under each category are a l l e l o p a t h i c i n nature. Some, 
such as many of the terpenoids and polyacetylenes, may f u n c t i o n i n a 
v o l a t i l e s t a t e , but most of the current documentation i n agroeco-
systems involves water-soluble compounds. Numerous phenolic coin-
pounds have been implicated i n a l l e l o p a t h y , and d e r i v a t i v e s of 
cinnamic a c i d , benzoic a c i d , and coumarin have been those most often 
i d e n t i f i e d from higher plants (11). Common ones include s c o p o l e t i n , 
e s c u l e t i n , and the phenolic a c i d s ; f e r u l i c , p-coumaric, c a f f e i c , 
v a n i l l i c , p-hydroxybenzoic, and chlorogenic. 

The known l i s t of chemicals involved i n a l l e l o p a t h y continues 
to expand and examples given should not be automatically assumed to 
be the most important agents. Better i s o l a t i o n techniques are 
expediting the i d e n t i f i c a t i o n of a d d i t i o n a l substances, some with 
higher b i o l o g i c a l a c t i v i t y than those noted. Over 10,000 secondary 
plant compounds are known (12) , most have not been tested as a l l e l o 
p athic agents, and many thousands more are probably present i n p l a n t s . 
The infancy of t h i s area of research i s i l l u s t r a t e d by the f a c t that 
presently more than 2,000 d i f f e r e n t a l k a l o i d s have been i s o l a t e d from 
over 3,000 species of plants (13), yet only a few have been evalu
ated f o r t h e i r a c t i v i t y i n growth r e g u l a t i o n (1). S i m i l a r l y , 
flavonoids are probably the l a r g e s t c l a s s of phenolic compounds i n 
flowering p l a n t s , yet only a few, such as m y r i c i t i n , quercetin, and 
kaempferol, have been tested f o r p o t e n t i a l a l l e l o p a t h i c e f f e c t s . 
Assessment of a l l e l o c h e m i c a l s f o r s p e c i f i c involvement i n growth 
i n h i b i t i o n or s t i m u l a t i o n and analyses of the mechanisms of such 
actions are urgently needed to determine t h e i r r o l e s i n crop 
production. 
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Actions and Inte r a c t i o n s of Al l e l o c h e m i c a l s 

Interactions Involving A l l e l o c h e m i c a l s . Production of many second
ary substances by higher plants i s modified by a number of environ
mental f a c t o r s . Mineral d e f i c i e n c i e s , cold treatment, UV l i g h t , 
h e r b i c i d e s , and other s t r e s s conditions t y p i c a l l y cause an increase 
i n the quantity of some of the common a l l e l o p a t h i c chemicals i n 
plants (14-21). Limited work i n the U.S.S.R. even suggests that 
a l l e l o c h e m i c a l s which are received by a plant may regulate gene 
a c t i v i t y that c o n t r o l s the quantity of chemical production by that 
plant (22). These i n t e r a c t i o n s between the plant and i t s environ
ment do not preclude the f a c t that the b a s i c genotypic capacity f o r 
synthesis of al l e l o c h e m i c a l s v a r i e s extensively even among c u l t i v a r s 
of a crop ( 2 3 9 2 Λ ) . 

I t should be emphasized that a complex of substances i s 
generally involved when a l l e l o p a t h i c i n t e r f e r e n c e s occur, often with 
each below a threshold l e v e l f o r impact. This i s i l l u s t r a t e d by the 
combinations of phenoli
(25-27) and from s o i l s (28-34)
impli c a t e phenolic a c i d s , s o i l q u a n t i t i e s of f e r u l i c , p-coumaric, 
and c a f f e i c acids have ranged from below 10 to above 1,000 ppm f o r 
each compound (11,35). The lower end of t h i s spectrum i s below a 
concentration required f o r an e f f e c t i n current bioassays. However, 
a d d i t i v e and s y n e r g i s t i c e f f e c t s have been documented f o r combina
tions of cinnamic acids (35), benzoic acids (36), benzoic and 
cinnamic acids (37) , and p-hydroxybenzaldehyde with coumarin (38). 
Each of the a l l e l o c h e m i c a l s i n these t e s t s was not equally t o x i c , 
but they contributed incrementally to i n h i b i t i o n of germination and 
growth. Whereas combinations of many a l l e l o c h e m i c a l s have not been 
determined, i t appears that both a d d i t i v e and s y n e r g i s t i c i n t e r 
actions are extremely important under f i e l d c onditions. 

A l l e l o p a t h i c chemicals may also act i n concert with r e s i d u a l 
q u a n t i t i e s of h e r b i c i d e s . Our te s t s demonstrated that a combination 
of t r i f l u r i n and f e r u l i c a c i d i n h i b i t e d sorghum [So/igkum bldoLoh. 
(L.) Moench] germination and seedling growth more than e i t h e r alone 
(39). Likewise, a t r a z i n e s t r e s s acted cooperatively with f e r u l i c 
a c i d i n stunting oat (Avtna Acutiva L.) seedlings. Obviously, 
a l l e l o p a t h y i s only one of the s e v e r a l s t r e s s f a c t o r s of the crop 
environment. Stress conditions from h e r b i c i d e s , a l l e l o c h e m i c a l s , 
temperature extremes, and moisture d e f i c i t s may work i n conjunction 
as they impact on crop production (10,39,40). 

I n d i r e c t Modes of Ac t i o n . A l l e l o c h e m i c a l s may e i t h e r a f f e c t crop 
plants d i r e c t l y by in t e r f e r e n c e with metabolic functions, or the 
e f f e c t s may be i n d i r e c t through actions on associated organisms. 
Examples of the l a t t e r r e s u l t from e f f e c t s on organisms of the 
nitrogen c y c l e , on mycorrhizal f u n g i , and on disease s u s c e p t i b i l i t y 
and r e s i s t a n c e . Plants subjected to a l l e l o p a t h i c s t r e s s have l e s s 
vigorous growth and are o f t e n more s u s c e p t i b l e to disease (6). I t 
also has long been apparent that plants i n n a t u r a l systems have 
considerable defense against disease, i n s e c t damage, and herbivore 
grazing, with a good part of t h i s being due to the quantity and 
q u a l i t y of secondary compounds they contain. Crop breeding programs 
have r e s u l t e d i n more than 75% of the a g r i c u l t u r a l land i n the U.S. 
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being planted to v a r i e t i e s r e s i s t a n t to some b a c t e r i a , f u n g i , or 
v i r u s (41,42). Information on these r e l a t i o n s h i p s has been compiled 
by Hedin (43), and the r o l e of secondary compounds and mechanisms i n 
p r o t e c t i v e functions have been r e c e n t l y reviewed (12,44). Thus, i n 
t h i s summary I w i l l only address a l l e l o c h e m i c a l e f f e c t s other than 
those i n v o l v i n g disease r e l a t i o n s h i p s . 

Rice and co-workers c l e a r l y demonstrated that when cropped-out 
f i e l d s i n Oklahoma were abandoned, the succession of plant c o l o n i z a 
t i o n was p a r t i a l l y c o n t r o l l e d by a l l e l o p a t h i c substances produced by 
earl y invading weeds which reduced the a c t i v i t y of n i t r o g e n - f i x i n g 
organisms, i n c l u d i n g f r e e - l i v i n g f i x e r s , Rkizobium spp., and blue-
green algae (1). These chemicals were also responsible f o r reducing 
n i t r i f i c a t i o n . Evidence from studies of se v e r a l n a t u r a l ecosystems 
suggests that n i t r i f i c a t i o n may be i n c r e a s i n g l y i n h i b i t e d during 
succession, so that climax communities r e t a i n more nitrogen i n the 
reduced form (1). S i m i l a r f a c t o r s can a l t e r n itrogen l e v e l s i n 
a g r i c u l t u r a l f i e l d s . When r i c e (Osiyza Acubiva L.) residue i s l e f t i n 
the f i e l d i n Taiwan and
soybeans [Glycine, max (L.
r e l e a s e of phenolic a c i d s , and perhaps other substances which 
i n h i b i t nodulation and heme production, suppressing a c t i v i t y of the 
n i t r o g e n - f i x i n g b a c t e r i a (45). Although the exact cause of auto-
t o x i c i t y of a l f a l f a (M&dicago Aotivci L.) and s e v e r a l other f i e l d 
legumes has not been determined (46,47) , to some degree i t may r e l a t e 
to a l l e l o p a t h i c i n h i b i t i o n of t h e i r symbiont associates . 

Several i n d i r e c t a l l e l o p a t h i c e f f e c t s have been reported i n 
f o r e s t r y . Walnut (Juglan nigfia L. ) pl a n t a t i o n s i n the Central U.S. 
often have European black alder [A£nuo gùjubino&a (L.) Gaertn.], a 
host f o r nitrogen f i x a t i o n , i n t e r p l a n t e d with walnut as a nurse crop. 
However, i n 8-13 years the alders d ie out on poorly drained s i t e s due 
to juglone t o x i c i t y (4,48). Some of t h i s e f f e c t may be on the 
n i t r o g e n - f i x i n g organisms. Also, there i s growing evidence that an 
important a l l e l o p a t h i c impact may occur on mycorrhizal f u n g i . Brown 
and Mikola (49) reported that reindeer l i c h e n , p a r t i c u l a r l y CZadoviÀCL 
odipQÀtHÂÀ, i n h i b i t e d mycorrhizal symbiont s, r e s u l t i n g i n l e s s 
phosphorus uptake and suppression of pine and spruce seedling growth 
i n Finland f o r e s t s . As pointed out by F i s h e r (50) and Rose et a l . 
(51), a l l e l o p a t h i c suppression of fungal growth and root c o l o n i z a t i o n 
may explain f a i l u r e s of r e f o r e s t a t i o n by c o n i f e r species i n disturbed 
s i t e s . Unfortunately, s i m i l a r influences on mineral n u t r i t i o n of 
agronomic crops have not been assessed. 

D i r e c t Modes of Action. Evaluation of the e f f e c t s of a l l e l o c h e m i c a l s 
on crop plants has generally been i n terms of a l t e r a t i o n s i n germina
t i o n or some aspect of seedling growth. Often seedling growth i s 
diminished by lower l e v e l s of an i n h i b i t o r than germination, and 
long-term growth may r e f l e c t e f f e c t s not evident i n short-term 
bioassays (_35,4_). Neither germination nor seedling growth bioassays 
provides evidence f o r the mechanisms of growth r e g u l a t i o n , and these 
mechanisms are c u r r e n t l y not w e l l understood (11,52). I t appears 
evident that with the many d i f f e r e n t categories of compounds that 
have been i d e n t i f i e d , a v a r i e t y of mechanisms of a c t i o n must e x i s t . 
Another d i f f i c u l t y i n d e f i n i n g mechanisms of a c t i o n i s that a 
s p e c i f i c compound may a f f e c t s e v e r a l metabolic fu n c t i o n s , and as 
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a r e s u l t , i t has been seldom p o s s i b l e to s o r t primary from secondary 
e f f e c t s . 

Reports on p h y s i o l o g i c a l e f f e c t s are most numerous f o r phenolic 
compounds that are d e r i v a t i v e s of cinnamic and benzoic a c i d s , or 
c l o s e l y r e l a t e d compounds with the coumarin skeleton. Two primary 
mechanisms of a c t i o n that have been suggested f o r phenolic acids are 
t h e i r i n t e r a c t i o n s with phytohormones (53,54) and t h e i r e f f e c t s on 
membranes (55). E a r l y work i n d i c a t e d that diphenolic compounds 
synergize IAA-induced growth by counteracting IAA ( i n d o l e - 3 - a c e t i c 
acid) d e s t r u c t i o n , and monophenols stimulate decarboxylation, with 
both actions reducing growth (56). Numerous subsequent i n v e s t i g a 
tions have demonstrated that phenols may i n t e r a c t with the oxidase 
enzyme system and c o n t r o l the l e v e l of IAA (57). A recent study 
reported that o x i d a t i o n of IAA was coupled to the cooxidation of 
phenols through the formation of H2O2 as an intermediate (58). 
Polyphenols may block the a c t i o n of g i b b e r e l l i c a c i d , antagonizing 
growth (59). I n d i r e c t hormonal e f f e c t s on crops, such as elevated 
ethylene l e v e l s i n the s o i
plant residue, have a l s
However, the evidence that phenolic acids and polyphenols cause t h e i r 
e f f e c t through a c t i o n on phytohormones i s not the complete p i c t u r e . 

Phenolic acids are known to a l t e r photosynthetic and r e s p i r a t i o n 
r a t e s , cause stomatal closure, reduce c h l o r o p h y l l content, modify the 
flow of carbon i n t o various metabolic pools, and a l t e r n u t r i e n t up
take i n a f f e c t e d t i s s u e (61-73). A common denominator f o r these 
m u l t i p l e e f f e c t s appears to be the a c t i o n of phenolic compounds on 
membranes. They are s o l u b l e i n membranes, and cause a reduction i n 
ion accumulation i n c e l l s (71-73). Several phenolic acids cause 
membrane d e p o l a r i z a t i o n , e s p e c i a l l y at low pH, i n c r e a s i n g membrane 
permeability to ions (72,73). This a c t i o n undoubtedly impairs the 
proton gradient and ATP-driven ion transport. L o g i c a l l y , the e f f e c t s 
phenolic acids have on membranes could d i s t u r b the water balance and 
mineral n u t r i t i o n of seedlings, and research i n my laboratory has 
e s t a b l i s h e d such a r e l a t i o n s h i p . 

F e r u l i c and p-coumaric acids a l t e r e d the water balance of g r a i n 
sorghum and soybean seedlings (55,74). Even at treatment l e v e l s that 
were below the threshold f o r short-term growth reduction, water 
s t r e s s was evident by the depression of s e e d l i n g water p o t e n t i a l . 
Sorghum treated with 0.25 mM f e r u l i c or p-coumaric acids had midday 
l e a f water p o t e n t i a l s of approximately -10 bars, compared to -5 bars 
f o r the c o n t r o l s . Treatments with phenolic compounds that reduced 
growth a l s o were c o r r e l a t e d with p a r t i a l stomatal closure (55,63,64). 

V i s i b l e symptoms of a l l e l o p a t h i c e f f e c t s are often quite 
s i m i l a r to those found with n u t r i e n t d e f i c i e n c i e s , and i n a few cases 
i n t e r f e r e n c e with n u t r i e n t uptake has been documented. In laboratory 
experiments designed to t e s t the e f f e c t s of f e r u l i c a c i d on the 
mineral content of sorghum, we found lower t i s s u e l e v e l s of phos
phorus, potassium, and magnesium accompanying reduced growth of 
seedlings (75). Whether such growth e f f e c t s can be modified by 
increased f e r t i l i t y i s not c l e a r . Our preliminary work i n d i c a t e d 
that i n h i b i t i o n by f e r u l i c a c i d was not overcome by increased 
n u t r i e n t l e v e l s i n the growth medium, but Stowe and Osborn (76) 
reported n u t r i e n t augmentation could a l l e v i a t e growth reductions 
from phenolic a c i d s . The evidence c i t e d shows that phenolic acids 
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can reduce the uptake of major n u t r i e n t s , yet i n c e r t a i n s i t u a t i o n s 
these same substances may be exuded to b e n e f i t plant n u t r i t i o n . In 
times of s t r e s s , some plants r e l e a s e orthodihydroxyphenols, such as 
c a f f e i c a c i d , i n t o the root medium and thus mediate the movement of 
i r o n i n t o the root by c h e l a t i o n (72,78). Thus, i t i s d i f f i c u l t to 
make g e n e r a l i z a t i o n s about the e f f e c t s of phenolic a l l e l o c h e m i c a l s on 
mineral n u t r i t i o n , even though we know more about the mode of a c t i o n 
of these compounds than any other a l l e l o p a t h i c agents. 

In subsequent d i s c u s s i o n s , other examples w i l l be given which 
support the view that a l l e l o p a t h i c i n t e r f e r e n c e with crops may 
operate through e f f e c t s on water balance and mineral n u t r i t i o n . A 
number of a l l e l o p a t h i c chemicals other than phenolic acids may also 
have t h e i r i n i t i a l e f f e c t s on c e l l u l a r and organelle membranes. A 
d i s r u p t i o n of membranes not only a f f e c t s n u t r i e n t transport, but 
r e s p i r a t o r y coupling, photosynthesis r e a c t i o n s , and other membrane 
associated processes. 

A l l e l o c h e m i c a l Interferenc

A l l e l o p a t h i c Weeds. Weed i n f e s t a t i o n s are a major f a c t o r reducing 
crop y i e l d s , and i t i s not s u r p r i s i n g that a recent estimate of 
costs of weed c o n t r o l and weed-incurred losses was $14 b i l l i o n 
annually i n the U.S. (79). Interference from weedy species i s often 
due both to competition and a l l e l o p a t h y , and f i e l d studies have not 
generally separated these f a c t o r s . However, a l l e l o p a t h i c p o t e n t i a l 
has been reported f o r more than 70 weedy species, and the l i s t of 
weed-crop i n t e r a c t i o n s i s growing. These include some of the tough
est weeds to c o n t r o l , and some causing the greatest economic damage 
i n major crops. Examples of the a l l e l o p a t h i c e f f e c t s of a few weeds 
w i l l i l l u s t r a t e the breadth of t h e i r impact. 

One of the most complete studies of a l l e l o p a t h i c i n t e r f e r e n c e 
has been of VaKthoyiivm kyateAopkosuiA L. , a t r o p i c a l American weed 
which has taken over many c u l t i v a t e d areas of India (80-83). 
A l l e l o c h e m i c a l s i d e n t i f i e d from VaJVtktwium include c a f f e i c , v a n i l l i c , 
f e r u l i c , chlorogenic, and a n i s i c a c i d s , plus the sesquiterpene 
lactone, parthenia. Both a e r i a l plant parts and the roots contribute 
to the problem. F i e l d studies were conducted to a s c e r t a i n a l l e l o 
p a t hic e f f e c t s on y i e l d . Dried PoAtkzvU.Uïïi leaves mixed i n t o the s o i l 
of f i e l d p l o t s reduced the y i e l d of cowpea (Vigna &<in£VU>yU> L . ) , 
tomato (LycopQAAicon QAOJuZzvitum L . ) , r a g i (EXeoo/tne coHRcana Gaertn.), 
and beans (PhaAoZouA VuZgaAsU L . ) , with nodulation a l s o reduced i n 
the legumes. However, growth of b a j r a (VznviiAZtum typko-id&um Rich.) 
was stimulated, i n d i c a t i n g the su b t l e d i f f e r e n c e s among species. 

Corn (Zea may& L.) production systems are an example where a 
number of a l l e l o p a t h i c weeds have been i d e n t i f i e d that can p o t e n t i a l 
l y reduce y i e l d . Corn growth i s i n h i b i t e d by root residues and whole 
plant leachates of giant f o x t a i l {SztcUiia faabQJbLL Herrm.); root 
residues of giant f o x t a i l , yellow f o x t a i l [S. gZauca (L.) Beauv. ] 
and crabgrass [V^igÂXcUvioi &anguinaLU> (L.) Scop. ] ; rhizomes and 
residues of quackgrass \_kg>wpyKOYl KZpQM (L.) Beauv] $ and residues of 
v e l v e t l e a f (Abuutilon tkzophAOAti Medic.) and yellow nutsedge 
(CypQAuA QACuZzntuA L.) (84-88). V e l v e t l e a f residue caused the 
greatest suppression of corn height and weight i n sandy and l i g h t 
textured s o i l , with reductions up to 50%. Yellow nutsedge r e s u l t e d 
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i n greater i n h i b i t i o n as the percentage of sand i n the s o i l mixture 
increased, and when the corn seeds were i n close proximity to the 
residue. These f i n d i n g s confirm the importance of s o i l conditions 
and r e i n f o r c e an e a r l i e r conclusion that the extent of crop damage 
may b e r e l a t e d to the chance encounter of roots with l o c a l i z e d areas 
of high t o x i c i t y (6,89). I n t e r e s t i n g l y , a recent opinion survey 
ranked f o x t a i l s , v e l v e t l e a f , and quackgrass among the f i v e weeds 
causing the most economic damage i n corn (90). Johnsongrass [SokQhum 
kalp(LVU>& (L.) Pers.] was another one of t h i s group, and i t s a l l e l o 
p a t h i c e f f e c t s against s e v e r a l plants are w e l l known (1). 

My own i n v e s t i g a t i o n s have focused on aggressive weeds common to 
the North Centr a l P l a i n s . The weeds i n v e s t i g a t e d are common i n g r a i n 
sorghum and soybean f i e l d s , thus seedlings of these crops have been 
u t i l i z e d i n bioassays. A l l e l o p a t h i c e f f e c t s have been documented 
from c u r l y dock (Rumex οΛΛΛραΔ L . ) , giant ragweed (hnbhObAJL ttvifaida 
L . ) , v e l v e t l e a f , cocklebur (Kantkium bthxmoJiLvm L . ) , Jerusalem a r t i 
choke (HelsiantkuA άώοΛολαλ L . ) , and Kockia [Kockia &copa/iia(L.) 
Schrad.] (55,91-94). Aqueou
i n h i b i t e d the growth of
the e x t r a c t from 1 g fr e s h l e a f weight was incorporated i n 60 ml of 
nut r i e n t medium. Pr o g r e s s i v e l y greater growth reductions and other 
v i s i b l e t o x i c i t y symptoms occurred with higher l e v e l s of ex t r a c t s . 
Species d i f f e r e n c e s were apparent, with some weeds reducing sorghum 
growth at l e s s than 1 g i n 120 ml of medium. When dried-shoot r e s i 
due from Kockia, Jerusalem artichoke, or cocklebur were added to 
s o i l , germination was not modified. However, a f t e r two weeks, both 
shoot and root dry weights of sorghum were l e s s i n s o i l containing 
0.63% (w/w) weed residue, or higher. Based on f i e l d samplings from 
weed-infested areas, these residue l e v e l s could e a s i l y occur i n the 
surface decimeter of the s o i l . 

In s e v e r a l instances, soybeans had a d i f f e r e n t s e n s i t i v i t y to 
these a l l e l o p a t h i c weeds than sorghum. For example, soybean growth 
was s i g n i f i c a n t l y reduced i n extract treatments containing 1 g fr e s h 
weight of Kockia i n 240 ml of the n u t r i e n t medium, i n d i c a t i n g that 
soybeans were more s e n s i t i v e than sorghum to a l l e l o c h e m i c a l s i n the 
Kockia e x t r a c t . In contrast, i n h i b i t i o n of soybeans grown i n s o i l 
containing Kockia required a higher residue l e v e l (2.5%) than the 
i n h i b i t i o n threshold f o r sorghum. The lowest Koc/l/ta-residue amend
ment to s o i l (0.63%) stimulated the growth of soybeans. 

Subsequent t e s t s with v e l v e t l e a f , Kockia, Jerusalem artichoke, 
and cocklebur showed that t h e i r a l l e l o p a t h i c a c t i o n a l t e r e d water 
balance (55,94,95). Growth reductions i n sorghum and soybean seed
l i n g s i n n u t r i e n t s o l u t i o n amended with extracts from these weeds 
c o r r e l a t e d with high d i f f u s i v e r e s i s t a n c e s and low l e a f water poten
t i a l s . Stomatal closure occurred i n plants treated with the more 
concentrated e x t r a c t s . Depressions i n water p o t e n t i a l were due to a 
reduction i n both turgor pressure and osmotic p o t e n t i a l . A lower 
r e l a t i v e water content was also found i n v e l v e t l e a f - t r e a t e d p l a n t s . 
These impacts on water balance were not from osmotic f a c t o r s . 
A l l e l o c h e m i c a l s from these weeds have not been thoroughly ascertained 
but the present evidence shows that some contain phenolic i n h i b i t o r s . 
Lodhi (96) reported that Kockia contains f e r u l i c a c i d , chlorogenic 
a c i d , c a f f e i c a c i d , m y r i c e t i n , and quercetin. As noted e a r l i e r , an 
e f f e c t on plant-water r e l a t i o n s h i p s i s one mechanism associated with 
the a c t i o n of f e r u l i c a c i d . 
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Residue amendments to s o i l changed the water status of seedlings 
i n some treatments. However, the grow t h - i n h i b i t i o n threshold f o r a 
p a r t i c u l a r weed residue i n s o i l was t y p i c a l l y lower than the l e v e l 
required to reduce water p o t e n t i a l and increase d i f f u s i v e r e s i s t a n c e . 
This probably r e s u l t e d from the combined a c t i o n of a number of 
a l l e l o p a t h i c chemicals, with c e r t a i n ones d i s r u p t i n g other aspects 
of metabolism. I t i s too ea r l y to suggest how often a l l e l o p a t h i c 
weed-crop i n t e r a c t i o n s a f f e c t water uptake, but i t i s i n t e r e s t i n g to 
note that a recent report i n d i c a t e d that production losses from 
quackgrass could be overcome by i r r i g a t i o n (97). 

Several a l l e l o p a t h i c weeds a l t e r mineral n u t r i t i o n (98,99), 
and such an a c t i o n on a crop would l i k e l y r e s u l t i n lower y i e l d s . 
Chambers and Holm (100) reported beans took up l e s s phosphorus when 
they were grown i n a s s o c i a t i o n with pigweed (Ama/ianthuA HQÂA0falzxuA 
L . ) . Corn stunted by quackgrass was low i n nitrogen and potassium, 
and yet heavy f e r t i l i z a t i o n d i d not improve y i e l d (86,101). 
S i m i l a r l y , Bhowmik and D o l l (88) reported above-ground residues of 
common lambsquarter (Ckzno
yellow f o x t a i l reduced cor
nitrogen and phosphorus augmentation. Their data d i d not i n d i c a t e 
that growth i n h i b i t i o n was r e l a t e d to n u t r i e n t uptake. Undoubtedly, 
a b e t t e r understanding of mechanism of weed i n t e r f e r e n c e with 
metabolism could lead to avoidance management s t r a t e g i e s . 

Crop-crop I n t e r a c t i o n s . Crop r e l a t i o n s h i p s involve both a u t o t o x i c i t y 
( s e l f - i n h i b i t i o n ) and the e f f e c t s that one crop may have on a d i f f e r 
ent crop. The l a t t e r can be stimulatory as w e l l as i n h i b i t o r y . While 
the knowledge base f o r most of these i n t e r a c t i o n s i s embryonic, a few 
examples i l l u s t r a t e t h e i r p o t e n t i a l . 

Farm operators have recognized f o r q u i t e some time that a drop 
i n production can occur under continuous cropping i n some f i e l d s . 
This has been r e f e r r e d to as s o i l s ickness, or a sod-bound c o n d i t i o n 
f o r grasses. Often, the cause i s unknown, but the problem f o r 
sev e r a l legumes may be due to a l l e l o p a t h y . In s o i l sickness of red 
clover (JtbifaoLLum pficutzyiAZ L . ) , i s o f l a v o n o i d and phenolic a c i d 
toxins have been implicated (102), Katznelson (46) tenuously con
cluded that the problem i n Berseem cl o v e r (Tf atzxandxiviin L.) was 
from disturbances i n phosphorus uptake, but nematodes were the major 
cause of Persian clover (T. h.2Au.pÎYicutum L.) s o i l sickness. Auto
t o x i c i t y i n a l f a l f a appears to occur (47), although the s p e c i f i c 
a l l e l o c h e m i c a l s have not been determined and the extent of the 
problem v a r i e s with s o i l and c l i m a t i c conditions. Another example of 
a u t o t o x i c i t y has been observed f o r the growth of pigeon pea [CajanuA 
cajan (L.) M i l l s p . J , a t r o p i c a l bush legume c u l t i v a t e d i n Puerto 
Rico. Hepperly and Diaz (103) reported instances where y i e l d 
dropped d r a s t i c a l l y under continuous p l a n t i n g and there was l i t t l e 
response to supplemental f e r t i l i t y . They suggested p h y t o t o x i c i t y 
from terpenoids, polyphenols, and other a l l e l o c h e m i c a l s was respons
i b l e f o r the d e c l i n e i n y i e l d of pigeon pea. 

Major c e r e a l crops may s u f f e r s i m i l a r problems. P l a n t i n g of 
wheat (T/UZLcum aOAtivum L.) each year i n the production b e l t s of 
the U.S., A u s t r a l i a , and the U.S.S.R. sometimes r e s u l t s i n d e c l i n i n g 
y i e l d s , e s p e c i a l l y when the straw i s l e f t and a c o o l , wet season 
occurs. Research i n Nebraska i n d i c a t e d that p a t u l i n , an unsaturated 
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lactone produced by s e v e r a l f u n g i , was involved (8,104,105). A major 
source of p a t u l i n was V&YiLcJJUUjum UAticaz B a i n i e r which f l o u r i s h e s 
during decomposition of wheat straw. About 40% of a l l s o i l micro
organisms which they i s o l a t e d produced substances that reduced plant 
growth. Thus, other m i c r o b i a l toxins may als o be involved. Kimber 
(106) found that both immobilization of nitrogen and phytotoxic 
e f f e c t s were important i n suppression of wheat germination by wheat 
straw. S t a t i s t i c s on corn f o l l o w i n g corn the previous year show that 
y i e l d i s about 10 bu/acre l e s s than corn f o l l o w i n g soybeans, and t h i s 
i s not due to f e r t i l i t y (107). The d i f f e r e n c e i n y i e l d may be due to 
i n h i b i t i o n from corn residue (108), s t i m u l a t i o n from soybean residue, 
or a combination of both. C e r t a i n l y the y i e l d d i f f e r e n t i a l i n d i c a t e s 
that the h i s t o r i c a l p r a c t i c e of crop r o t a t i o n was b e n e f i c i a l . 

Crop impact on a subsequent p l a n t i n g of a d i f f e r e n t species was 
alluded to p r e v i o u s l y i n the d i s c u s s i o n of y i e l d reductions i n soy
beans f o l l o w i n g r i c e . E a r l y work of P a t r i c k and colleagues demon
s t r a t e d extensive p h y t o t o x i c i t y from a v a r i e t y of decomposing crop 
residues (6,89). Guenzi
sorghum, and corn residue
i n c l u d i n g f e r u l i c , p-coumaric, s y r i n g i c , v a n i l l i c , and p-hydroxy-
benzoic a c i d s , which a f f e c t e d the germination and growth of wheat, 
corn, and sorghum. They a l s o found much higher l e v e l s of these 
phenolic acids under farm operations that l e f t s i g n i f i c a n t residues 
on the surface (29,109), Other examples demonstrate that crop 
a l l e l o p a t h i c problems encompass a range of s i t u a t i o n s , from veget
ables to f o r e s t r y . Asparagus (A6pa/iaguA 0^IdÎYiaJUA L.) i s autotoxic 
as w e l l as a l l e l o p a t h i c to other vegetables, and part of the t o x i c 
e f f e c t s may r e s u l t from i n t e r a c t i o n s with pathogenic TuACUbium spp. 
(110). Walters and Gilmore (111) found that fescue (ïtetuca 
CUuiyidinacza Shreb.) i n t e r f e r e d with establishment and growth of 
sweetgum (LiquidambaA Atysiaciuùia L , ) . Studies where comparative 
e f f e c t s were eliminated through use of a s t a i r s t e p apparatus i n d i 
cated an a l l e l o p a t h i c mechanism caused the growth reductions. 
Chemical a n a l y s i s of sweetgum seedlings treated with fescue leachates 
showed that growth i n h i b i t i o n was associated with an impaired absorp
t i o n of phosphorus an nitrogen. Obviously, conditions of decomposi
t i o n , a l l e l o c h e m i c a l enhancement of disease, the nature of the 
secondary products from m i c r o b i a l a c t i v i t y , and i n t e r a c t i o n s among 
al l e l o c h e m i c a l s are a l l s i g n i f i c a n t v a r i a b l e s i n i n t e r c r o p a l l e l o 
pathy. The uniqueness of the chemical environment f o r each crop 
sequence and s i t u a t i o n w i l l continue to confound p r e c i s e analyses 
of e f f e c t s on y i e l d . 

Reinforcement needs to be given to the f a c t that c e r t a i n crop 
residues may be stimulatory. In 1975, i t was reported that small 
amendments of chopped a l f a l f a to the s o i l stimulated the growth of 
tomato, cucumber (Cucuma> Acutivum , l e t t u c e (LacXaca Acutiva L . ) , 
and s e v e r a l others. T r i a c o n t a n o l , a long-chain a l c o h o l which i s a 
component of the waxy coat of some leaves, was i s o l a t e d as the 
e f f e c t i v e compound (112). Unfortunately, numerous f i e l d t e s t s with 
t r i a c o n t a n o l have not c o n s i s t e n t l y given growth s t i m u l a t i o n , 
Agrostemmin was i s o l a t e d from corn cockle (AgfLOAtowma gÂjtkougo L , ) , 
and strong claims have been made about i t s c a p a b i l i t y f o r enhancing 
wheat y i e l d (113). B r a s s i n o l i d e , a s t e r o i d that has growth stimula
tory c a p a b i l i t i e s i n exceedingly small amounts, was i s o l a t e d from 
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rape p o l l e n . Commercial analogues, c a l l e d b r a s s i n o s t e r o i d s , have 
been synthesized and some suggest these are a prototype of a new 
group of plant growth regulators (114). Whatever the future holds, 
c e r t a i n crop sequences may improve y i e l d s even when the d e t a i l s of 
a l l e l o c h e m i c a l involvement remain a mystery. 

Crop I n h i b i t i o n of Weeds. The a l l e l o p a t h i c capacity of crops to 
suppress weed growth has immediate u t i l i t y f o r management s t r a t e g i e s 
and, i f h e r i t a b l e f a c t o r s f o r a l l e l o c h e m i c a l s can be i d e n t i f i e d , 
these could be incorporated i n t o commercial c u l t i v a r s . The s e v e r a l 
thrusts of research on weed c o n t r o l have been to (a) i d e n t i f y c u l t i 
vars and accessions with high a l l e l o p a t h i c p o t e n t i a l , (b) i s o l a t e 
primary a l l e l o c h e m i c s , and (c) develop f i e l d p r o t o c o l f o r c a p i t a l i z 
ing on a l l e l o c h e m i c a l s from crop p l a n t s . 

Putnam and Duke (115) screened f o r p h y t o t o x i c i t y i n seed sources 
from 526 accessions of cucumber and found 3% of the accessions 
i n h i b i t e d the i n d i c a t o r species  proso m i l l e t (Panicum miLiac2.um L.) 
and white mustard (B/LO64/CC0
f i e l d , some accessions reduce
l e s s weed suppression occurred under periods of increased r a i n f a l l 
(116) . Fay and Duke (23) approached the question of a l l e l o p a t h i c 
expression from oats i n a d i f f e r e n t way. They screened 3,000 
accessions of Avtna spp. germ plasm f o r output of s c o p o l e t i n , a known 
i n h i b i t o r from oats. Some exuded up to three times as much 
s c o p o l e t i n as a standard c u l t i v a r , and these were the most a c t i v e i n 
suppressing w i l d mustard [BHOAAica kabOA (D.C.) L.C. Wheeler] i n 
sand c u l t u r e . However, i n loamy-sand s o i l t h i s a c t i v i t y was l o s t . 

The capacity f o r weed suppression also has been shown f o r 
soybeans and sunflowers (HoJiiantkuA annuuA L . ) . Greenhouse evalua
t i o n of 141 accessions of soybeans on two weeds, [HfLÙYiWVtiriUL 
(LchioldQA (L.) Gaertner] and Alop&CUSuM myobuJioidte Huds. , i l l u s t r a t e d 
that some l i n e s stimulated these weeds, whereas others were i n h i b i 
tory, and the s e n s i t i v i t y of the two t e s t species was quite d i f f e r e n t 
(117) , Leather (24,118) reported allelopathic-mediated weed suppres
s i o n i n a f i v e year f i e l d study using a sunflower-oat-sunflower 
r o t a t i o n . Weed density increased i n a l l p l o t s during the study, but 
i n the r o t a t i o n with sunflowers the increase i n weed density was 
s i g n i f i c a n t l y l e s s than i n p l o t s without sunflowers. Work i s now i n 
progress on i s o l a t i o n and c h a r a c t e r i z a t i o n of the chemicals involved. 
Unfortunately, sunflowers may also be d e l e t e r i o u s to other crops. 
Lower y i e l d s than expected have been reported f o r crops f o l l o w i n g 
sunflowers i n South Dakota, and our laboratory t e s t s showed that 
sorghum grown i n s o i l amended with sunflower residue was stunted 
and e x h i b i t e d water s t r e s s (119). 

The p o t e n t i a l f o r using a l l e l o p a t h i c crop residues i n weed 
c o n t r o l has been evaluated i n Michigan over the l a s t decade. Putnam 
and DeFrank (120) reported that residues of barley (Hotiddum vuZgaAQ. 
L . ) , oats, wheat, rye (Szcatd C2A<LaJL<L L.) and sorghums were very 
e f f e c t i v e i n reducing weed populations i n s e v e r a l vegetable crops. 
These grass cover crops were desiccated by f r e e z i n g , glyphosate, 
or paraquat. Sorghum residues were the most e f f e c t i v e , suppressing 
some weeds more than 90%. The l a r g e r seeded vegetables, p a r t i c u l a r l y 
legumes, grew normally or were stimulated by the residues, whereas 
some of the smaller seeded vegetables were i n j u r e d . P a r a l l e l 
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approaches i n orchards and vineyards have shown that interspace 
p l a n t i n g with rye or wheat i n the f a l l does not i n t e r f e r e with tree 
growth, yet provides e x c e l l e n t weed c o n t r o l (121). There i s some 
i n d i c a t i o n that the long-term studies now i n progress may demonstrate 
an a c t u a l increase i n orchard production from t h i s p r a c t i c e , compared 
to conventional weed c o n t r o l . Cover crop residues l e f t on the s o i l 
surface leach a l l e l o c h e m i c a l s , are a source f o r production of microb
i a l phytotoxic products, and provide a number of p h y s i c a l modifica
tions that help suppress weed seed germination. 

E x p l o i t i n g A l l e l o p a t h y and A l l e l o c h e m i c a l s 

Knowledge of a l l e l o p a t h y and a l l e l o c h e m i c a l functions obviously 
o f f e r s s e v e r a l a t t r a c t i v e p o s s i b i l i t i e s f o r a g r i c u l t u r a l p r a c t i c e s . 
I a n t i c i p a t e that the immediate future w i l l i nvolve a t r a n s i t i o n 
from research evidence to management recommendations. The hope i s 
that s t r a t e g i e s can be devised to increase crop y i e l d s  reduce 
production expenses, or
that sometimes occurs i
E f f o r t s to c a p i t a l i z e on a l l e l o p a t h y include ways to (a) avoid 
negative impacts; (b) b e n e f i t from stimulatory e f f e c t s ; (c) 
u t i l i z e a l l e l o p a t h i c crops f o r weed c o n t r o l , i n c l u d i n g enhancement 
of t h e i r genetic capacity to t h i s end; and (d) i d e n t i f i c a t i o n and 
production of allelochemics or t h e i r d e r i v a t i v e s as he r b i c i d e s and 
growth r e g u l a t o r s . Several s c i e n t i s t s have speculated on such 
opportunities to u t i l i z e a l l e l o p a t h y (2,3,122-125), and at the 
present time some of these goals are f e a s i b l e . Fortunately, not a l l 
allelopathy-based management s t r a t e g i e s require a p r e c i s e i d e n t i f i c a 
t i o n of a l l e l o c h e m i c a l s and t h e i r mechanisms of a c t i o n . 

T i l l a g e Scenarios. A d e f i n i t e complementary r e l a t i o n s h i p i s 
apparent between recent t i l l a g e trends and c a p i t a l i z a t i o n on 
a l l e l o p a t h y . N o - t i l l and l o w - t i l l a g e p r a c t i c e s are becoming more 
widespread, with nearly 25% of the U.S. crop acreage under some 
form of conservation t i l l a g e (126). Minimum t i l l a g e operations 
reduce cos t , are energy e f f i c i e n t , and have conservation advantages 
that include decreased erosion, increased water i n f i l t r a t i o n and 
reduced runoff, surface p r o t e c t i o n from the impact and compaction 
of r a i n , reduced evaporation, and improvement of binding of s o i l 
p a r t i c l e s . These conservation advantages occur from l e a v i n g crop 
residues on the surface, a f a c t o r that i s also often associated with 
an increase i n a l l e l o c h e m i c a l a c t i v i t y . 

P reviously c i t e d examples i l l u s t r a t e d that d e s i c c a t i o n of an 
a l l e l o p a t h i c cover crop or nurse crop p r i o r to p l a n t i n g provides 
considerable weed c o n t r o l (120,121,127). S i m i l a r l y , experiments i n 
North C a r o l i n a have shown weed c o n t r o l from p l a n t i n g corn, tobacco 
(Nyicotiana tabacum L . ) , sunflower, and f u l l - s e a s o n and double-crop 
soybeans i n t o the previous crop residue or i n a h e r b i c i d e - k i l l e d 
cover (128-129). For example, corn planted i n t o a desiccated green 
wheat cover crop had 79% le s s Jpomoza spp. compared to non-mulched, 
t i l l e d treatment. Biomass of common lambsquarter, common ragweed 
(AmbtLOAsia aÂtmiA^fioLLa L . ) , and redroot pigweed were reduced over 
90% by p l a n t i n g i n t o desiccated green rye. A l l e l o c h e m i c a l suppres
s i o n was implicated as a causative f a c t o r reducing weeds i n these 
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s t u d i e s . Two compounds from rye not p r e v i o u s l y implicated i n a l l e l o 
pathy were i s o l a t e d , β-phenyllactic and β-hydroxybutyric a c i d . Wheat 
extracts y i e l d e d f e r u l i c a c i d , and t h i s was found to be decarboxy-
l a t e d by microorganisms to a more phytotoxic styrene, 2-methyl-4-
ethenylphenol. P h y s i c a l f a c t o r s associated with minimal disturbance 
and surface residues are a l s o important, since seeds are not r e p o s i 
tioned i n a germination horizon and the l i g h t stimulus required by 
some may be absent. 

A l l e l o p a t h i c e f f e c t s d i f f e r s i g n i f i c a n t l y according to edaphic 
f a c t o r s , c l i m a t i c c o n d i t i o n s , species s e n s i t i v i t y , e t c . , and reduced 
t i l l a g e and a l l e l o p a t h i c mulches c e r t a i n l y cannot be considered a 
panacea f o r e i t h e r weed c o n t r o l or conservation measures. In double-
crop systems of Southern U. S., leaving plant residues from the f i r s t 
crop on the s o i l surface has been reported to reduce soybean y i e l d , 
j u s t as has been documented from r i c e straw i n Taiwan (45). L i k e 
wise, stubble-mulch farming sometimes has r e s u l t e d i n suppression 
of crop y i e l d s 08). In wet years i n South Dakota  current reports 
i n d i c a t e wheat f i e l d s plante
had lower y i e l d s than wit
the y i e l d s under these two systems have been comparable. Thus, i n 
some s i t u a t i o n s r i c e and wheat straw removal may be necessary to 
avoid a l l e l o p a t h i c e f f e c t s on a crop, and the weed c o n t r o l value of 
residues maintained on the s o i l surface cannot be the only concern. 
These d i f f e r e n c e s suggest the necessity for matching t i l l a g e 
p r a c t i c e s with l o c a l observations and f i e l d t e s t s . When t h i s i s 
done, s t r a t e g i e s can be developed that consider a spectrum of 
o b j e c t i v e s . 

Allelochemic and Herbicide I n t e g r a t i o n . I expect that future 
planning w i l l involve the coordinated use of a l l e l o p a t h i c residues 
and h e r b i c i d e s . One n e c e s s i t y f o r such an i n t e g r a t i o n i s that 
a l l e l o p a t h i c mulches suppress c e r t a i n weeds while having l i t t l e 
a c t i o n on others, i n d i c a t i n g a d d i t i o n a l chemical weed c o n t r o l may 
be necessary. For example, weed c o n t r o l i s a problem without the 
use of t i l l a g e between crops i n continuous winter wheat production 
systems i n Oklahoma, Herbicides have been used to m i t i g a t e t h i s 
weed problem i n n o - t i l l wheat, but adequate h e r b i c i d e e f f i c a c y has 
not been obtained i n a l l cases (130). 

Another example of the coordinated use of h e r b i c i d e s and 
a l l e l o p a t h i c residues i s the s i t u a t i o n where a h e r b i c i d e i s used to 
desiccate a cover crop, Lehle and Putnam (131) recognized that the 
a l l e l o c h e m i c a l content of a residue, such as sorghum, was dependent 
on the stage of growth at the time of d e s i c c a t i o n . However, no 
studies have been undertaken on other f a c t o r s that may c o n t r o l the 
a l l e l o c h e m i c a l content of the residue. I t i s p o s s i b l e that the 
quantity and type of a l l e l o c h e m i c a l s i n a cover crop can be manipu
l a t e d by a d j u s t i n g the formulation and a p p l i c a t i o n r a t e of the 
h e r b i c i d e s used f o r d e s i c c a t i o n . Evidence i n the l i t e r a t u r e demon
st r a t e s that c e r t a i n h e r b i c i d e treatments and other s t r e s s f a c t o r s 
can r e s u l t i n elevations of s e v e r a l coumarins and phenolic compounds 
(14-19,21). Thus, i t may be reasonable to assume that a h e r b i c i d e 
used to k i l l a cover crop can also be used as a stimulus f o r the 
synthesis of a l l e l o c h e m i c a l s p r i o r to senescence. 
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A l t e r n a t i v e l y , i f a residue i n t e r f e r e s with the next crop i t 
may be p o s s i b l e to minimize t h i s a l l e l o p a t h i c e f f e c t by suppressing 
the content of i n h i b i t o r s . Duke (132) summarized evidence showing 
that glyphosate blocks the shikimic a c i d pathway and i n h i b i t s 
synthesis of chlorogenic a c i d , r u t i n , procyanidin, anthocyanin, and 
other phenolics that may be a c t i v e i n a l l e l o p a t h y . This i n d i c a t e s 
that the production of c e r t a i n a l l e l o c h e m i c a l s can be suppressed. 
Maintenance of a reduced r a t e of b a c t e r i a l decomposition of a r e s i 
due, and thus a lower concentration of substances released, may also 
be a method f o r circumventing a l l e l o p a t h i c i n h i b i t i o n of the next 
crop. A l l e l o c h e m i c a l e f f e c t s are concentration dependent and gener
a l l y i n t e r f e r e n c e with crop growth i s l e s s a f t e r the seedling stage. 
Therefore, keeping the released toxins and m i c r o b i a l o r i g i n toxins 
below the threshold f o r i n h i b i t i o n may only require a short-term 
delay. P r e s e n t l y , chemicals are a v a i l a b l e to suppress n i t r i f y i n g 
b a c t e r i a , suggesting that i t i s reasonable to attempt to modify the 
a c t i v i t y of microorganisms involved with the release and transforma
t i o n of a l l e l o p a t h i c chemical
out that where organic acid
c o n d i t i o n s , even an a l t e r a t i o n i n m i c r o b i a l metabolism toward pro
duction of a c e t i c a c i d , compared to the more t o x i c b u t y r i c a c i d , 
could reduce t o x i c i t y . 

Crop Sequence S t r a t e g i e s . A b a s i c axiom of a l l e l o p a t h y i s that 
plants are not equally s e n s i t i v e to a l l e l o c h e m i c a l s . Thus, i t i s 
probable that crop r o t a t i o n s w i l l be u s e f u l i n avoiding negative 
impacts from a l l e l o c h e m i c a l s and c a p i t a l i z i n g on stimulatory aspects. 
Considerations i n v o l v i n g s o i l conservation, s o i l f e r t i l i t y , and pest 
and disease c o n t r o l , interwoven with economic f a c t o r s , are also pro
v i d i n g pressures that w i l l f o r c e a trend toward more extensive use 
of r o t a t i o n s . Unfortunately, adding a l l e l o p a t h y i n t o the d e c i s i o n 
making process w i l l o ften r e q u i r e more information than i s 
presently a v a i l a b l e . 

I t was noted i n t h i s manuscript that a l l e l o p a t h y has been 
implicated i n y i e l d depressions that may occur i n crops f o l l o w i n g 
sunflower (119) , when corn follows corn (107), soybeans following 
r i c e (45), continuous crop a l f a l f a (47), and s e v e r a l others. 
P o s s i b l y p i c k i n g the r i g h t crop sequence can r e s u l t i n y i e l d 
s t i m u l a t i o n , as suggested f o r corn f o l l o w i n g soybeans. While the 
l i s t of observations on i n h i b i t o r y and stimulatory e f f e c t s can be 
extended, l i t t l e documented evidence on causative f a c t o r s or the 
a c t u a l impact on p r o d u c t i v i t y i s a v a i l a b l e . 

Dzyubenko et a l . (133) found that monoculture growth f o r a 
number of crop plants r e s u l t e d i n an accumulation of toxins i n both 
the roots and s o i l , and t h i s c o r r e l a t e d with a decrease i n crop 
production. Work of Soviet s c i e n t i s t s on mixed cul t u r e s i l l u s t r a t e d 
that i n t e r a c t i o n s i n these s i t u a t i o n s are hard to p r e d i c t . In mixed 
c u l t u r e , root releases from barley and oats reduced the uptake of 
n u t r i e n t s by pea (PsUum sativum L.) and h a i r y vetch {ΜΙολα. vWLoba. 
Roth), while these two legumes released compounds that stimulated 
the uptake of s e v e r a l n u t r i e n t s i n the cereals (134). Petrova (135) 
found that coplanting of s e v e r a l legumes with corn stimulated y i e l d 
of corn, and the evidence suggested that v o l a t i l e compounds from 
the legume shoots and roots were involved. Rice (1) summarized more 
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extensive evidence from the Soviet l i t e r a t u r e that demonstrates 
c e r t a i n advantages to r o t a t i o n s and mixed p l a n t i n g s , but also 
i l l u s t r a t e s that an understanding of each of the i n t e r a c t i o n s between 
any two crops merits separate consideration. 

Breeding f o r Weed Con t r o l . Breeding crops capable of producing t h e i r 
own h e r b i c i d e s i s a longer-term c o n s i d e r a t i o n than cover crop and 
crop r o t a t i o n s t r a t e g i e s . However, the proven successes of breeding 
programs f o r pest and disease r e s i s t a n c e suggest a s i m i l a r p o t e n t i a l 
as one way to c a p i t a l i z e on a l l e l o p a t h y . Work by Fay and Duke (23) 
showing decided d i f f e r e n c e s i n s c o p o l e t i n production among oat germ 
plasm i l l u s t r a t e s that there i s genetic d i v e r s i t y that could be 
u t i l i z e d . Obvious major stumbling blocks are that (a) a u t o t o x i c i t y 
must be avoided, (b) a l l e l o p a t h i c e f f e c t s are generally due to a 
complex of compounds, (c) c l a s s i c a l breeding programs involve 
m u l t i p l e generations, and (d) crop breeders may have numerous other 
goals of higher p r i o r i t y . The future f o r breeding crops that have 
enhanced h e r b i c i d e a c t i v i t
l i n k e d to advancements i
recent summary, attempts by biotechnology to produce glyphosate 
r e s i s t a n c e and other h e r b i c i d e r e s i s t a n c e i n crops are now i n pro
gress, suggesting that genetic manipulation of crop metabolism may 
be c l o s e (136), 

A l l e l o c h e m i c a l s i n the Marketplace. The array of a l l e l o c h e m i c a l s i n 
plants i s l a r g e , and some should be adaptable as h e r b i c i d e s and 
plant growth r e g u l a t o r s . S h e t t e l and Balke (137) have demonstrated 
that even the common phenolic acids and coumarins can be applied as 
h e r b i c i d e s . S a l i c y l i c a c i d , p-hydroxybenzoic a c i d , hydroquinone, 
and umbelliferone were evaluated on s e v e r a l crop and weed species 
i n greenhouse experiments. These chemicals e f f e c t i v e l y suppressed 
the growth of s e v e r a l weeds when applied preplant incorporated, 
preemergence, or postemergence. Unfortunately, the a p p l i c a t i o n r a t e 
required to reduce weed growth was q u i t e high and some reduction i n 
the growth of crop seedlings occurred. The hope i s that some 
al l e l o c h e m i c a l s w i l l have h e r b i c i d a l a c t i v i t y at concentrations that 
make them amenable f o r economic consideration, 

Allelochemics have pre v i o u s l y served as s t r u c t u r a l models f o r 
h e r b i c i d e development, and n a t u r a l compounds w i l l undoubtedly be 
used as prototypes f o r new h e r b i c i d e s . Banvel Τ (Tricamba), 
t r i c h l o r o b e n z o i c a c i d (2,3,6-TBA), 2,3,5-triiodobenzoic a c i d (TIBA), 
and other d e r i v a t i v e s of benzoic a c i d have been s u c c e s s f u l l y 
marketed. The chemical skeleton of picloram (Tordon) i s the 
m i c r o b i a l a l k a l o i d <*-picolinic a c i d . In a recent symposium, van 
A l l e r et a l . (138) presented data on oxygenated f a t t y acids 
extracted from aquatic plants that they suggested had p o t e n t i a l 
use f o r c o n t r o l of blue-green algae growth. Martin and Dooris (139) 
proposed that n a t u r a l products i s o l a t e d from cypress {Tcixodium 
dibtickum (L.) Rich.] may be f e a s i b l e f o r c o n t r o l of Hyd/billa 
V2AsticJJila£a (Royal), a serious problem i n waterways and lakes of 
F l o r i d a , However, the a c t u a l t e s t i n g of these compounds has not 
been done. 

C l e a r l y , a good b i t of chance i s involved i n f i n d i n g a compound 
that may be u s e f u l . One approach i s to thoroughly e x t r a c t and 
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analyze f r a c t i o n s from microorganisms and higher plants that are known 
to cause a l l e l o p a t h i c i n h i b i t i o n . Several of the most t o x i c com
pounds previously i s o l a t e d , such as p a t u l i n , are from m i c r o b i a l 
metabolism. Cutler et a l . (140) have i s o l a t e d s e v e r a l fungal pro
ducts, i n c l u d i n g cladosporin and p e r g i l l i n , and pursued making more 
a c t i v e d e r i v a t i v e s of these(e.g., cladosporin d i a c e t a t e , dihydro-
p e r g i l l i n ) , Also note C u t l e r ' s presentation at t h i s conference. 
C e r t a i n l y , many s o i l organisms appear to produce substances that 
have h e r b i c i d a l a c t i v i t y (141), A l l e l o p a t h i c weeds pre v i o u s l y noted 
might also be good targets f o r success i n i s o l a t i n g chemicals that 
can be u t i l i z e d as h e r b i c i d e s . However, there i s no way to p r e d i c t 
the best plant prospects. I s o l a t i o n and i d e n t i f i c a t i o n procedures 
are time consuming, t y p i c a l l y very small q u a n t i t i e s of a compound are 
obtained, and the evaluation of b i o l o g i c a l a c t i v i t y i s dependent on 
the bioassay u t i l i z e d . Using duckweed (L&rrnCL spp.), we have devel
oped a bioassay that i s quite s e n s i t i v e and requires minimal 
q u a n t i t i e s of an unknown (142). Current high r e s o l u t i o n separation 
techniques and improved bioassay
t i o n and evaluation of allelochemic
rewarding. 

Finding a l l e l o c h e m i c a l s that can stimulate crop y i e l d i s 
probably even more d i f f i c u l t than looking f o r h e r b i c i d a l a c t i v i t y . 
M o d i f i c a t i o n of metabolism i n t h i s way i s complicated by the 
d i f f i c u l t i e s of h i t t i n g j u s t the r i g h t p h y s i o l o g i c a l s t a t e , yet not 
overdosing. Whereas t r i a c o n t a n o l , b r a s s i n o l i d e , and agrostemmin 
have a l l shown y i e l d enhancement p o t e n t i a l on major crops, incon
s i s t e n c y between l o c a t i o n s , genotypes, and spraying dates, plus 
d i f f i c u l t i e s i n formulation, have hindered t h e i r commercial use. 
A p p l i c a t i o n s of s y n t h e t i c products, such as the use of 2-sec-butyl-
4, 6-dinitrophenol (dinoseb) on corn, have s u f f e r e d s i m i l a r problems 
(143). However, the future portends more extensive evaluation of 
a l l e l o c h e m i c a l s as y i e l d stimulants, and i t i s e x c i t i n g to think that 
breakthroughs may occur. 

Conclusions 

It i s my p o s i t i o n that we are on the threshold of e f f e c t i v e e f f o r t s 
to manipulate and use a l l e l o c h e m i c a l s , and i t i s going to be done. 
Some s t r a t e g i e s i n a g r i c u l t u r e may p r o f i t from the regulatory 
functions of a l l e l o p a t h i c chemicals without exhaustive i d e n t i f i c a t i o n 
of the compounds involved or t h e i r mechanisms of a c t i o n . The f i r s t 
p r a c t i c e s to avoid negative impacts on crops, provide y i e l d stimu
l a t i o n , or u t i l i z e a l l e l o p a t h y f o r weed c o n t r o l , involve management 
of crop sequences and u t i l i z a t i o n of residues. C a p i t a l i z i n g on 
a l l e l o p a t h y may be approached by removing or providing residues and 
mulches, p l a n t i n g an a l l e l o p a t h i c crop i n a r o t a t i o n , or using com
panion plantings where one crop e i t h e r stimulates the other or y i e l d s 
products that are a c t i v e i n weed c o n t r o l . C e r t a i n l y , c o n s i d e r a t i o n 
f o r the a c t i v i t y of a l l e l o c h e m i c a l s w i l l be only one of s e v e r a l goals 
recognized i n making these d e c i s i o n s . The p o t e n t i a l f o r using 
h e r b i c i d e s to complement management s t r a t e g i e s that attempt to 
u t i l i z e a l l e l o p a t h y should not be overlooked. E f f o r t s to chemically 
c o n t r o l the biochemical pathways of a crop f o r an increase or de
crease i n production of s p e c i f i c a l l e l o p a t h i c components, or to 
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control microorganism activity to avoid the build up of allelochemi
cals in the rhizosphere seem feasible, but research in this area has 
hardly begun. Likewise, enhancement of the genetic capacity of crop 
plants to produce their own herbicides, either through traditional 
breeding programs or biotechnology, is a long-term goal. 

The search is on for herbicide activity and yield stimulants 
from plant compounds. Marketing allelochemicals in the interest of 
benefiting crop production will require continued attention toward 
screening and testing of the many biologically active secondary 
compounds extant. The continued study of allelochemicals should 
result in some of them serving as the basis of new, unique, and 
more biodegradable herbicides. Undoubtedly, the timetable for 
success is integrally tied to the intensity of the search among 
natural products for a l l types of plant growth regulators. 
Utilization of allelochemicals is a new and challenging frontier 
that has positive implications for aiding crop productivity. 
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9 
Use of Transition-State Theory in the Development 
of Bioactive Molecules 

YEHIA A. I. ABDEL-AAL1 and BRUCE D. HAMMOCK 

Departments of Entomology and Environmental Toxicology, University of California, Davis, 
CA 95616 

The application of transition s t a t e theory to enzyme 
catalysis is presente
energetic approaches
rationale of using transition s t a t e analogs as bio
active molecules. Included in this chapter are some 
criteria f o r determining if a compound is a transition 
state analog. A hypothesis is then presented that the 
initial binding of some insecticidal carbamates and 
organophosphates to acetylcholinesterase is dependent 
in part upon their mimicking the transition state con 
figuration of acetylcholine. As an indication of how 
transition state theory could be applied to problems in 
agricultural chemistry, we present data from t h i s labo
ratory that some trifluoromethylketone inhibitors of 
i n s e c t j u v e n i l e hormone esterase(s) are transition 
state mimics and extend t h i s argument by applying a 
q u a n t i t a t i v e structure-activity relationship approach 
to these analogs. 

There has been an obvious d e c l i n e i n the number of commercial a g r i 
c u l t u r a l and pharmaceutical chemicals during the l a s t decade. There 
are two major reasons f o r t h i s d e c l i n e . F i r s t , there are i n 
cr e a s i n g l y t i g h t e r requirements f o r market development. To use 
a g r i c u l t u r a l chemicals as an example, we see an i n c r e a s i n g l y narrow 
margin of p r o f i t f o r farmers and i n c r e a s i n g concern over environ
mental health e f f e c t s . The cost of r e g i s t r a t i o n , production and 
marketing als o continues to increase. Secondly, the cost of d i s 
covery has increased d r a m a t i c a l l y . There are numerous components to 
t h i s observation as w e l l , but s i m p l i s t i c a l l y one can see that to 
meet the t i g h t requirements f o r market development, more complex and 
expensive syntheses and bioassays are required. Random screening 
with the a i d of some s e r e n d i p i t y served e f f e c t i v e l y i n the past f o r 
the discovery of new b i o l o g i c a l a c t i v i t i e s , yet we have reached the 
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Assiut, A . R . Egypt. 
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point of diminishing returns with regard to i t s a p p l i c a t i o n to 
future problems. Therefore, a theme of s e v e r a l of the manuscripts 
from t h i s meeting r e l a t e s to the development of new paradigms f o r 
the discovery of b i o l o g i c a l a c t i v i t y . 

Molecules can react with a b i o l o g i c a l matrix i n many ways. At 
l e a s t some b i o l o g i c a l a c t i v i t y i s common among chemically r e a c t i v e 
species. For instance, Michael acceptors and a c e t y l a t i n g agents are 
commonly i r r i t a t i n g agents or general cytotoxins. Molecules may 
r e v e r s i b l y react with b i o l o g i c a l systems based upon only s o l u b i l i t y 
or weak molecular i n t e r a c t i o n s with b i o l o g i c a l depressants as prime 
examples. However, these molecules lack the s p e c i f i c i t y desired f o r 
f i e l d a p p l i c a t i o n and the potency needed f o r economic f e a s i b i l i t y . 
However, i f an a l k y l a t i n g agent has a high a f f i n i t y f o r n u c l e i c 
a c i d s , i f an a c e t y l a t i n g agent binds w e l l to an enzyme a c t i v e s i t e , 
or i f an i n e r t molecule can form s e v e r a l weak molecular i n t e r a c t i o n s 
with a receptor s i t e , these molecules may d i s p l a y very high b i o l o g i 
c a l a c t i v i t y indeed. 

During the l a s t s e v e r a
u t i l i t y of t r a n s i t i o n s t a t
the discovery of b i o l o g i c a l l y a c t i v e s t r u c t u r e s . E m p i r i c a l 
approaches i n d i c a t e that a mimic of an enzyme-substrate t r a n s i t i o n 
s t a t e could have a K j below 1 0 - 1 ^ M (±92) · Although one i s not 
l i k e l y to p r e c i s e l y mimic a t r a n s i t i o n s t a t e , even a vague mimic 
could s t i l l be a very potent i n h i b i t o r . Therefore, we f e e l that 
t r a n s i t i o n s t a t e theory i s l i k e l y to be one of s e v e r a l approaches 
u s e f u l i n a g r i c u l t u r a l chemistry. Thus i n the f o l l o w i n g pages we 
present a b r i e f review of the a p p l i c a t i o n of t r a n s i t i o n s t a t e theory 
i n enzyme c a t a l y s i s i n terms of both mechanistic and energetic 
treatments. These treatments introduce the r a t i o n a l e of using 
t r a n s i t i o n state analogs as b i o a c t i v e molecules. Data from t h i s 
laboratory were presented as an example of the use of t r a n s i t i o n 
s t a t e theory i n the development of potent i n h i b i t o r s of i n s e c t 
j u v e n i l e hormone e s t e r a s e ( s ) . 

T r a n s i t i o n State Theory 

I t i s w e l l known from s t r u c t u r a l and k i n e t i c studies that enzymes 
have well-d e f i n e d binding s i t e s f o r t h e i r substrates 03), sometimes 
form covalent intermediates, and g e n e r a l l y involve a c i d i c , basic and 
n u c l e o p h i l i c groups. Many of the concepts i n c a t a l y s i s are based on 
t r a n s i t i o n s t a t e (TS) theory. The f i r s t q u a n t i t a t i v e formulation of 
that theory was e x t e n s i v e l y used i n the work of H. E y r i n g (4,_5) · 
Noteworthy contributions to the b a s i c theory were made by others 
(see (6) f o r review). As an elementary i n t r o d u c t i o n , we w i l l apply 
the fundamental assumptions of the TS theory i n simple enzyme 
c a t a l y s i s as f o l l o w s . 
(a) In every chemical r e a c t i o n the reactants are i n e q u i l i b r i u m 
with an unstable a c t i v a t e d complex, the t r a n s i t i o n state complex, 
which decomposes to give products. In t h i s complex chemical bonds 
are i n the process of being formed or broken. Therefore, i t occurs 
at the peak of the r e a c t i o n coordinate diagram, i . e . at the saddle 
points of p o t e n t i a l energy surfaces (_7). In contrast, i n t e r 
mediates, whose bonds are f u l l y e s t a b l i s h e d , occupy the troughs i n 
the diagram (Figure 1). These intermediates can e i t h e r be t r a n s i e n t 
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or a c t u a l i s o l a t a b l e intermediates such as an a c y l enzyme, 
(b) I t i s postulated that the s t a r t i n g materials ( i n case of enzyme 
c a t a l y s i s the enzyme (E) and i t s substrate (S)) are i n e q u i l i b r i u m 
with a l l complexes which occur before the a c t i v a t e d complex (ES ) 
and a l s o with the a c t i v a t e d complex i t s e l f "Equation 1". 

Km kcat kT/h 
Ε + S ^ E S >ES* > E + Products (1) 

ι t 
*2 

(c) The important postulate i s made that i n t h i s theory a l l the 
a c t i v a t e d complexes decompose to products at exactly the same rate 
f o r a given temperature. This means that the rate i s p r o p o r t i o n a l 
to the concentration of ES* with a u n i v e r s a l p r o p o r t i o n a l i t y con
stant (kT/h) where k i s the Boltzmann's constant  Τ i s the absolute 
temperature and h i s th
6.212xl0 1 2 s e c " 1 . 

rate - kT [ES*] (2) 

However ES* i s i n e q u i l i b r i u m with Ε and S and i s governed by the 
e q u i l i b r i u m constant K t as f o l l o w s : 

[ES*] = Κ* (3) 
[EUS] 

S u b s t i t u t i o n f o r the value of [ES*] i n "Equation 2" from 
"Equation 3" r e s u l t s i n the f o l l o w i n g equation: 

rate = [E] [ S J K ^ k T j (4) 
h 

However, from "Equation 1" the rate a l s o should be p r o p o r t i o n a l to 
[E] and [S] and a second order rate constant (k2): 

rate - k 2 [ E ] [ S ] (5) 

Comparing "Equation 5" with "Equation 4" i n d i c a t e s that: 

k 2 - kT K £ (6) 

(d) A s p e c i a l property of the a c t i v a t e d TS complex i s that i t has a 
unique, very loose i n t e r n a l mode of v i b r a t i o n , which i s unstable 
with respect to d i s s o c i a t i o n i n t o products. This " v i b r a t i o n " occurs 
along the r e a c t i o n coordinate (Figure 1). Therefore we w i l l con
s i d e r the TS complex as the end point on the energy p r o f i l e f o r 
s i m p l i c i t y . 

Free Energy Change and TS Theory. We w i l l now express the mechanism 
of enzyme c a t a l y s i s "Equation 1" i n terms of the change i n the free 
energy as f o l l o w s : 
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-7 ES* (7) 

By applying the well-known r e l a t i o n s h i p between the Gibbs-energy 
change and the e q u i l i b r i u m constant (8) to the above scheme, one 
f i n d s : 

AG* = -RT In K* (8) 

where K* i s the e q u i l i b r i u m constant between the reactants and the 
TS. Analogous equations r e l a t e the e q u i l i b r i u m constant of any step 
and the corresponding free energy change. JJpon rearrangement of 
"Equation 8" and introducin
i n t o "Equation 6", the followin

-AG*/RT 
k 2 = kT . e (9) 

h 

E+S 4-
AG„ 

ES 
AG 

• AG*. 

Usigg the f a m i l i a r r e l a t i o n s h i p between gibbs f r e e energy change 
(AG t) and the change i n the enthalpy (AHfc) and entropy ( AS t), 

AG* =ΔΗ* -TAS* (10) 
* ic 

"Equation 9" can be expressed i n terms of AHt and AS t as 
follows: 

-AHt/RT ASt/R 
k 2 - kT . e e (11) 

h 

"Equation 11" i n d i c a t e s , from the t h e o r e t i c a l point of view, that k 2 

f o r a p a r t i c u l a r enzyme can be accelerated by e i t h e r a decrease i n 
the enthalpy and^or an increase i n the entropy of t h e ^ o v e r a l l r e 
a c t i o n E+S — * ES so that t&t w i l l be negative and ^ t w i l l 
be p o s i t i v e i n the above equation. The r o l e of entropy change i n 
terms of d i f f e r e n t entropy vectors, t r a n s l a t i o n a l , r o t a t i o n a l and 
i n t e r n a l entropies i n enzyme c a t a l y s i s i s not an easy task and the 
reader should r e f e r to s p e c i a l textbooks i n p h y s i c a l organic chemis
t r y (see (8^ and references t h e r e i n ) . T h e o r e t i c a l l y forming a TS 
complex (ES ) from an enzyme and substrate (2 +1 reaction) would 
lead to a l o s s of the entropy of three degrees of t r a n s l a t i o n a l 
freedom. However, a loose t r a n s i t i o n s t a t e with a high p o t e n t i a l 
energy may, perhaps, be considered as two molecules i n close j u x t a 
p o s i t i o n but r e t a i n i n g considerable entropy freedom. Furthermore, 
enzymic reactions are d i f f e r e n t from pure organic chemical reactions 
since the former r e a c t i o n takes place i n the confines of the enzyme 
substrate complex. Therefore, the remarkably high c a t a l y t i c 
a c t i v i t y of enzymes could be a t t r i b u t e d to l o c a l i z a t i o n of S or S 
wi t h i n the a c t i v e s i t e with s u s c e p t i b l e bonds of the substrate or 
i t s TS c o n f i g u r a t i o n optimally oriented to the appropriate c a t a l y t i c 
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moieties of the enzyme (3). Due to t h i s l o c a l i z a t i o n and o r i e n 
t a t i o n , the substrate would be roughly considered as part of the 
same molecule as the c a t a l y t i c group so there i s no extensive lo s s 
i n entropy as the r e a c t i o n would be assumed to be intramolecular. 
I f there i s a gre^t loss of entropy, i t would be on forming the 
ES rather than ES complex which r e s u l t s i n i n c r e a s i n g 1^ ( 8 ) . The 
entropy change i n terms of t r a n s l a t i o n a l , r o t a t i o n a l and i n t e r n a l 
r o t a t i o n a l entropy has been discussed i n more d e t a i l (9,10) i n favor 
of c o n t r i b u t i o n to the binding of Ε and S* rather than S. However, 
the Van der Waals a t t r a c t i o n (hydrophobic bonding) i n enzyme-sub
s t r a t e i n t e r a c t i o n s might increase the entropy of e i t h e r ES or ES 
as compared to that of the reactants by e j e c t i n g water molecules 
formerly bound to the c a t a l y t i c s i t e ( s ) (11). As i l l u s t r a t e d i n the 
above d i s c u s s i o n , S* binds more t i g h t l y to the enzyme than S. Thus 
more molecules of s o l v a t i n g water would be released upon the f o r 
mation of ES* r e s u l t i n g i n an a d d i t i o n a l entropie advantage f o r i t s 
formation. Such hydrophobic bonding and entropy change i n the r e 
a c t i o n of enzyme with substrat
plained i n the next s e c t i o n

T r a n s i t i o n State and Binding Energy. There are at l e a s t two major 
f a c t o r s which account f o r enzyme c a t a l y s i s . The f i r s t one i s a 
combination of entropie, a c i d base c a t a l y s i s and e l e c t r o s t a t i c 
e f f e c t s . The second one depends mostly on the enzyme substrate 
complementarity which r e s u l t s i n a large amount of binding energy 
which may be used to d i s t o r t the substrate to the s t r u c t u r e of the 
products (12). The l a t t e r f a c t o r seems to be of high importance i n 
lowering the a c t i v a t i o n energy of the o v e r a l l r e a c t i o n and subse
quently i n c r e a s i n g the magnitude of k 2 which i s defined as k c a t / K m 

i n the simple Michaelis-Menten mechanism where K s=K m. Let us now 
put the simple scheme f o r enzyme c a t a l y s i s i n terms of both mecha
n i s t i c and energetic e n t i t i e s . 

Km ^ kcat w . 
E+S ν N E S — >ES* 

^cat 

AG (12) 

A G t 

The above scheme can be seen c l e a r l y from Figure 2 i n which A G S i s 
a l g e b r a i c a l l y negative, i . e . favorable r e a c t i o n due to the r e a l i 
z a t i o n of binding energy. However, A G * i s p o s i t i v e (unfavorable 
reaction) due to the a c t i v a t i o n energy of bond rearrangement i n the 
a c t i v a t e d TS complex. Jhat i s the a c t i v a t i o n energy A G t f o r the 
whole process (E+S * ES ) would be 

A C AG + AG, s (13) 

S u b s t i t u t i o n f o r the value of A G * i n "Equation 9" by AG* + A G g 

"Equation 13" r e s u l t s i n the f o l l o w i n g equation: 
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ES* 

Figure 1. Schematic representation of the free energy changes 
i n an enzyme-catalyzed r e a c t i o n . 

*G*=ûG s+ A(f (—) 
= û G s + A d + A G b ( ) 

R E A C T I O N C O O R D I N A T E 

Figure 2. Schematic representation of the free energy changes 
i n an enzyme-catalyzed r e a c t i o n where the enzyme i s comple
mentary to e i t h e r the substrate (broken l i n e s ) or to i t s 
t r a n s i t i o n state c o n f i g u r a t i o n ( s o l i d l i n e s ) . 
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-AG*/RT -AG /RT 
k2 = kcat/Km " kT e e e (14) 

h 

From the above equation i t can be shown that the binding energy of 
ES complex and/or of ES* complex can play a c r u c i a l r o l e i n lowering 
AG g or AG r e s p e c t i v e l y and eventually i n c r e a s i n g the c a t a l y t i c 
a c t i v i t y ( k c a t / K m ) . However, since the st r u c t u r e of the substrate 
(based on TS theory) changes throughout the r e a c t i o n , i t i s l i k e l y 
that the undistorted enzyme can have maximum complementariness to 
only one species (S or S ) of the substrate (8). At t h i s point an 
important question a r i s e s regarding which form of substrate would 
have the highest complementarity and the highest binding energy i n 
i t s r e a c t i o n with the enzyme. The importance of the above question 
comes from the f a c t that i t s answer i s considered to be the main 
r a t i o n a l e f o r the development of TS-analogues (TSA) as enzyme i n 
h i b i t o r s . The q u a l i t a t i v
by Haldane (12) and Paulin
would be between the enzyme and the t r a n s i t i o n s t a t e p o r t i o n (S ) of 
the substrate rather than between the enzyme and the substrate 
i t s e l f . In supporting the great i n s i g h t of Haldane and Pauling, 
Fersht (8) proved c o l l e c t i v e l y that the i n t r i n s i c binding energy i n 
d r i v i n g k c a t / K m would be i n favor of the t r a n s i t i o n s t a t e . In the 
fol l o w i n g paragraphs we w i l l s l i g h t l y modify Fersht's approach to 
show that i t i s e n e r g e t i c a l l y expensive f o r enzyme catalyzed r e 
actions to have maximum binding i n t e r a c t i o n s with the substrate 
rather than i t s TS c o n f i g u r a t i o n . 

Assume that the extra binding energy r e s u l t i n g from complemen
t a r i t y to the substrate or to i t s TS equals AGfc. I f t h i s extra 
binding energy i s i n the enzyme substrate complex, i t w i l l decrease 
the value of K m and reduce i t s free energy change to become uGq-uG^. 
However, since the formation of TS complex w i l l lead to a reduction 
i n binding energy as the substrate geometry changes to give poorer 
f i j and eventually t h i s w i l l increase AG f o r k c a t to be 
AG +2AG b«AGç f o r the o v e r a l l r e a c t i o n ( k c a t / K m ) can be 
ca l c u l a t e d (see Figure 2) to be the sum of AG values f o r the 
preceding steps as foll o w s : 

(15) 

AG +AG +AG 

S u b s t i t u t i o n f o r the components 
"Equation 9": 

of AG?! ("Equation 15") i n t o 

-AG*/RT 
k 2 3 8 kcat/Km = kT . e 

-AG8/RT -AGb/RT 
e e (16) 

h 

Comparing "Equation 16" with "Equation 14" where i n the l a t t e r the 
maximum i n t r i n s i c binding energy was assumed to be i n the a c t i v a t e d 
TS complex and taking i n t o c o n s i d e r a t i o n AG b to be o r i g i n a l l y 
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p o s i t i v e i n "Equation 16" one f i n d s that the favorable maximum f i t 
i s l i k e l y to be with the t r a n s i t i o n state c o n f i g u r a t i o n rather than 
the substrate i t s e l f . In f a c t the enzyme can have an extra 

AGfc/RT 
c a t a l y t i c a c t i v i t y by a f a c t o r of e (by d i v i d i n g "Equation 14" 
over "Equation 16") j u s t by using the same amount of binding energy 
i n i n t e r a c t i o n with S* rather than with S. I t i s not hard to 
r e a l i z e the above arguments since ^cat/^m * s independent of the 
i n t e r a c t i o n s i n the i n i t i a l enzyme-substrate complex (Figure 2 ) . 

Although the o v e r a l l c a t a l y t i c a c t i v i t y of an enzyme catalyzed 
r e a c t i o n can be accounted f o r both by the a f f i n i t y of the substrate 
to the enzyme (1^ or more accu r a t e l y l/î^) and the substrate r e 
a c t i v i t y ( k c a t ) , the l a t t e r value seems to be more important i n 
r e f l e c t i n g the extra binding energy i n the ES* complex. This 
binding energy, as mentioned before, w i l l decrease the energy of 
a c t i v a t i o n f o r the r e a c t i v i t y process ( k c a t ) . 

This hypothesis has been supported with some s e r i n e proteases 
where i n c r e a s i n g the lengt
chymotrypsin (13,14) or
chain of the substrate increased k c a t f o r e l a s t a s e (15). The 
c a t a l y t i c rate constant ( k c a t ) f o r j u v e n i l e hormone esterase from 
the l a r v a l hemolymph of T r i c h o p l u s i a n i using J H j , J H u i (16) and 
JHJI (17) as substrates was k i n e t i c a l l y measured to be r e s p e c t i v e l y 
37.1, 19.4 and 31.8 min" 1. Mumby and Hammock (18) reported the 
p a r t i t i o n c o e f f i c i e n t ( l o g Ρ values) f o r 3 s e r i e s of geranyl de
r i v a t i v e s and J H j . The l o g Ρ value f o r the l a t t e r compound was 
3.71. Log Ρ values f o r the 2,3-unsaturated-6,7-epoxides, as the 
c l o s e s t s e r i e s to the structure of JH homologs, were subjected to 
Hansen's approach (19,20) to measure the substituent hydrophobicity 
(π). The % value f o r CH3 was c a l c u l a t e d from d i f f e r e n t com
parisons to be 0.47, 0.49, 0.54 with an average value of 0.5 i n an 
e x c e l l e n t agreement with the reported values f o r CH3 (0.49-0.56) 
c a l c u l a t e d from the octanol/water p a r t i t i o n c o e f f i c i e n t s of four 
d i f f e r e n t systems (21). Therefore i t i s reasonably accepted to 
c a l c u l a t e the expected l o g Ρ values f o r J H u and J H m from that 
of J H j using the π value f o r CH3 group. I n t e r e s t i n g l y a good 
c o r r e l a t i o n between l o g Ρ and k c a t f o r the three homologs was 
obtained (Figure 3 ) . This c o r r e l a t i o n might i n d i c a t e that the 
binding energy through hydrophobic i n t e r a c t i o n s i s l i k e l y to be 
involved i n the TS complex (ES ). Since values of k

c a t were 
obtained from d i f f e r e n t hemolymph pools, the a c t i v i t y of the enzyme 
from one s i n g l e hemolymph pool was measured towards the three 
homologs at a f i n a l molar concentration of 5x10"^ and the data were 
p l o t t e d against l o g P. The same r e l a t i o n was obtained as with k c a t 

which i s expected since at the substrate concentration used 
(~two orders of magnitude greater than the values of K m for the 
three homologs), the v e l o c i t y would approximate Vmax and the 
l a t t e r equals k C a t [ E t ] ' An e x c e l l e n t l i n e a r f u n c t i o n r e l a t i o n s h i p 
(r 2»0.999) between the v e l o c i t y and k c a t (Figure 3, i n s e t ) was 
obtained and supports the above d i s c u s s i o n . One of the advantages 
of the above approach i s that one can estimate the molar equivalency 
of a s p e c i f i c enzyme i n crude preparations. Since at enzyme-
substrate s a t u r a t i o n conditions v ^ V ^ ^ k Q ^ t E ^ ] , the above 
r e l a t i o n (Figure 3, i n s e t ) enables the c a l c u l a t i o n of [ E t ] from the 
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slope of the Inset (1.22 nmoles/ml plasma) which i s equivalent to 
1.22xlO""6M of j u v e n i l e hormone esterase i n the hemolymph of T. n i . 
In f a c t t h i s average number i s i n cl o s e agreement with that c a l c u 
l a t e d from using each substrate separately using d i f f e r e n t hemolymph 
pools (16). The a b i l i t y to determine the molarity of a c a t a l y t i c 
s i t e i n s i t u i s of tremendous b e n e f i t i n the e l u c i d a t i o n of 
p h y s i o l o g i c a l or pharmacokinetic parameters. 

T r a n s i t i o n State Analogs (TSA) 

The q u a l i t a t i v e d e s c r i p t i o n of enzyme c a t a l y s i s i n terms of the TS 
theory (Pauling, 1_,2) that the enzyme i s complementary to an un
sta b l e molecule with only t r a n s i e n t existence; namely, the a c t i v a t e d 
complex (ES*) f o r which the power of a t t r a c t i o n by the enzyme i s 
much greater than that of the substrate i t s e l f has been discussed 
e n e r g e t i c a l l y (8) and m e c h a n i s t i c a l l y (10,22-25). Pauling's as
s e r t i o n has opened a new era i n enzymology  and relevant to our 
d i s c u s s i o n i s the s t a b i l i z a t i o
powerful enzyme i n h i b i t o r s
m a t i c a l construction (with a t y p i c a l h a l f - l i f e of l O " ^ msec, 
(22)), i t s s t r u c t u r e cannot be defined i n common chemical sign 
language. In f a c t d i f f i c u l t y i n i s o l a t i n g and d e f i n i n g t r a n s i t i o n 
s t a t e complexes was the major reason behind the r e c r e a t i o n of 
Pauling's concept to design stable analogs approaching the str u c t u r e 
of the a l t e r e d substrate i n the t r a n s i t i o n s t a t e without undergoing 
c a t a l y t i c conversion. Eventually these TSA are expected to be 
s t a b i l i z e d upon the r e a c t i o n with the enzyme to such a degree that 
they approach ground s t a t e energy minima (Figure 4). This s t a b i 
l i z a t i o n would i n f a c t enable i n d i r e c t observation of the structure 
of the enzyme-TS by using the a v a i l a b l e techniques. Furthermore, i f 
a TSA takes advantage of the a d d i t i o n a l , favorable binding i n t e r 
a ctions that are inherent i n ES* i n t e r a c t i o n s , i t could be an 
extremely powerful i n h i b i t o r to the l i m i t of s t o i c h i o m e t r i c r e 
a c t i o n . T h e o r e t i c a l l y a perfect TSA would have the same a f f i n i t y 
f o r the enzyme as the t r a n s i t i o n s t a t e of the substrate (Figure 4 ) . 
The question at issue now i s : what i s the magnitude of enzyme-TS 
a f f i n i t y as compared to enzyme substrate a f f i n i t y ? This question 
has been f u l l y declared by sev e r a l workers (10,22,23,25). In the 
fo l l o w i n g paragraphs we w i l l summarize t h e i r mathematical approach 
i n a simple way. Note that i n t h i s s e c t i o n a l l e q u i l i b r i a are 
defined as a s s o c i a t i o n constants. 

The two reactions to be compared are: 

KES ^ 
E+S ^ — ^ E S (17) 

where K ŝ i s the e q u i l i b r i u m a s s o c i a t i o n constant (= 1/K m) between 
the enzyme and substrate. 

E+S* ν ES* (18) 

However, there should be a h y p o t h e t i c a l step that precedes "Equation 
18" as follows: 
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Log ρ 

Figure 3. P l o t of JH-hydrophobicity and JH-esterase h y d r o l y t i c 
a c t i v i t y of JH I, JH II and JH I I I . 

R E A C T I O N COORDINATE 

Figure 4. Schematic representation of the free energy changes 
i n non-enzymatic and enzymatic reactions and i n the r e a c t i o n 
of a hyp o t h e t i c a l t r a n s i t i o n s t a t e analog (TSA) with the enzyme. 
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£ Vne 
E+S ν S E + S * (19) 

In order to quantitate the r e l a t i v e a f f i n i t y of the enzyme to 
S and S, a reasonable assumption i s made that "Equation 19" stems 
from non-enzymatic r e a c t i o n of the substrate, i . e . the mechanism of 
nonenzymatic r e a c t i o n i s the same as enzyme catalyzed r e a c t i o n . I t 
i s u s e f u l to combine the above three reactions i n a thermodynamic 
box as follows: 

(20) 

In the fo l l o w i n g t a b l e , a summary of the e q u i l i b r i u m constants (K) 
i n r e l a t i o n to the changes of f r e e energy of a c t i v a t i o n (-RT InK) 
and the corresponding rate constants i s displayed. 

Table I. E q u i l i b r i u m Constants and Free Energy Changes f o r Non-
Enzymatic and Enzymatic Catalyzed Reactions 

E q u i l i b r i u m constant (K) 

K* 
*ne 

[S ]/[S] 

K E S - [ES]/[E][S] 

* 
• [ES*]/[E][S*] 

[ES*]/[ES] 

[ES*]/[E][S] 

«5 Rate constant (k) 

k 

^cat 

^cat 

( t ^ ) 

^ S ^ c a t ^ 

0Γ1 t " 1 ) 

From the above table an energy p r o f i l e can be drawn f o r enzymatic 
vs. non-enzymatic r e a c t i o n (Figure 4). From t h i s f i g u r e , one 
e a s i l y can see how important i t i s that the enzyme should have un-
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usual a f f i n i t y f o r the a l t e r e d substrate to make the t r a n s i t i o n 
s t a t e e a s i e r to reach, i . e . by decreasing the a c t i v a t i o n energy or 
the energy b a r r i e r of the o v e r a l l r e a c t i o n by a f r a c t i o n equivalent 
to A G x x « This amount of energy change must be due to the ad
d i t i o n a l , favorable binding i n t e r a c t i o n s that are i n h e r i t e d i n the 
t h e o r e t i c a l i n t e r a c t i o n between Ε and S* ("Equation 18") and used 
to decrease the a c t i v a t i o n energy of the r e a c t i o n as the c o l l i s i o n 
complex or groung s t a t e complex (ES) approaches i t s t r a n s i t i o n s t a t e 
conformation (ES ). Since i s rather h y p o t h e t i c a l , i n order 
to make a p r e d i c t i o n of i t s magnitude as compared with Kgg, the 
rate constants of the corresponding reactions (Table I) can be used 
according to the general r e l a t i o n s h i p which i s generated from the TS 
theory: 

4-kT/h-k^ (21) 

K*.kT/h - k  (22) 

K*.kT/

However, since ES* i s i n e q u i l i b r i u m with the whole thermodynamic 
box, that i s the o v e r a l l Κ of the r e a c t i o n between E, S and ES 
must be the same regardless of the path, i . e . 

Kne'KTX = K E S * K e = K t ( 2 4^ 

These r e l a t i o n s can a l s o be reached from the f i r s t column of 
Table I . 

"Equation 24" i s considered to be a cornerstone to the under
standing of enzyme c a t a l y s i s i n terms of the magnitude of enzyme-
substrate a f f i n i t y i n the t r a n s i t i o n s t a t e and how t h i s a f f i n i t y 
a f f e c t s the energy of a c t i v a t i o n i n favor of enzymatic c a t a l y s i s 
rather than non-enzymatic r e a c t i o n . 

The r e l a t i v e a f f i n i t y of Ε to S* and to S can be c a l c u l a t e d 
from "Equation 24" to be 

K T X ^ E S -
 KXe <25> 

S u b s t i t u t i n g f o r K* and K* by t h e i r corresponding r a t e con
stants ("Equations 21 and 22") r e s u l t s i n the f o l l o w i n g equation: 

K T X / K E S = k c a t / k n e (26) 

Thus "Equation 26" shows that the t i g h t e r binding of S* than S to 
the enzyme as expressed by Κτχ/Kgg must be equivalent to the rate 
constant r a t i o ( k c a t / k n e ) . Since the l a t t e r r a t i o i s t y p i c a l l y 
1 0 1 0 or more (10, 23,26), the binding of the enzyme to the t r a n 
s i t i o n s t a t e c o n f i g u r a t i o n of the substrate should be at l e a s t 10 
orders of magnitude t i g h t e r than the binding of the enzyme to the 
substrate i t s e l f . On the other hand by applying the f r e e energy 
r e l a t i o n s h i p (AG = -RT InK) to "Equation 24", the changes i n the 
free energy f o r the thermodynamic box, "Equation 20", would be c a l 
culated as follows: 
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A G * e + Δ Ο ρ χ = A G S + A G * - A G * (27) 

* * 4c 

where A G n e , A G e and A G t are a l g e b r a i c a l l y p o s i t i v e and A G ^ and 
AGg are negative (Figure 4). From the above equation one can see 
that the a c t i v a t i o n energy f o r the r e a c t i o n i s l e s s i n the presence 
of enzyme ( A G t ) than i n i t s absence ( A G n e ) by an amount of energy 
equivalent of AG-JX due to the greatest power of a t t r a c t i o n between 
the enzyme and the TS c o n f i g u r a t i o n of the substrate. Accordingly 
the enzyme would speed the r e a c t i o n . This p i c t u r e explains the main 
concept of TSA as e x t r a o r d i n a r i l y powerful enzyme i n h i b i t o r s . The 
r a t i o n a l e f o r t h i s approach i s to design molecules which are 
str u c t u r e d i n such a way that they resemble the t r a n s i t i o n s t a t e 
c o n f i g u r a t i o n of the substrate to the extent that they can take ad
vantage of the binding i n t e r a c t i o n s s i m i l a r to AG^x without under
going c a t a l y t i c conversion, and therefore would e x h i b i t t i g h t e r 
binding to the enzyme tha
ever, i t would be u n r e a l i s t i
p e r f e c t l y resembling the substrate i n i t s t r a n s i t i o n s t a t e can ever 
be synthesized so that Kj/K^ would be i n the same order as k n e / k c a t 
( 1 0 ~ l n or lower). This i s an important point from the p r a c t i c a l 
point of view since i t r a i s e s the question of which c r i t e r i a one can 
use to d i f f e r e n t i a t e between substrate analogs and TSA as i n h i b i t o r s 
of a p a r t i c u l a r enzyme. In general TSA should e x h i b i t abnormally 
low d i s s o c i a t i o n constants with the enzymes when compared with 
t h e i r 1^ values (3). E x p l o i t a t i o n of t h i s approach has been r e 
viewed (10,22-25,27). The simple numerical comparison of with 
KM f a i l s to d i s t i n g u i s h between e i t h e r a TSA and a substrate analog 
f o r at l e a s t two reasons. F i r s t , no i n h i b i t o r w i l l be a p e r f e c t 
mimic of e i t h e r the substrate or i t s TS c o n f i g u r a t i o n (28). Second, 
most enzymes show overlapping s p e c i f i c i t y to d i f f e r e n t substrates 
and one enzyme can have a range of K m values over s e v e r a l orders of 
magnitude. For example K m values f o r the h y d r o l y s i s of N-acyl-L-
amino a c i d e s t e r s by oc-chymotrypsin (29) v a r i e d from 0.018 mM f o r 
benzoyl t y r o s y l methyl ester to 862 mM f o r a c e t y l g l y c y l methyl 
ester i n d i c a t i n g a d i f f e r e n c e of about f i v e orders of magnitude. 
Fortunately, enzymes with overlapping substrate s p e c i f i c i t y can be 
of great help i n d i s t i n g u i s h i n g TSA from substrate analogs i f a 
s e r i e s of r e l a t e d i n h i b i t o r s can be compared with the corresponding 
members of a s e r i e s of r e l a t e d substrates. By taking the l o g of 
both sides of "Equation 26" and rearranging the log values, 

- l o g Κχχ = - l o g K E S - l o g k c a t +log k n e (28) 

However, - l o g Kgg « log K M and - l o g Κ Τ χ can be s u b s t i t u t e d by l o g K j 
i n the case of TSA, where K j i s the enzyme-inhibitor d i s s o c i a t i o n 
constant. 

lo g K X - l o g ( K M / k c a t ) +log k n e (29) 

I f one assumes that the r a t e of the nonenzymatic r e a c t i o n does not 
vary among the substrates used, a p p l i c a t i o n of "Equation 29" can be 
a rigorous c r i t e r i o n f o r j u s t i f y i n g the TSA since a l i n e a r f u n c t i o n 
r e l a t i o n s h i p would be obtained between .log K * / o r these i n h i b i t o r s 
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and l o g ( K M / k c a t ) f o r the corresponding p a r a l l e l substrates. In case 
of using the same enzyme preparation the s u b s t r a t e s 1 l o g (Κ^/ν^χ) 
can be used i n the above r e l a t i o n s h i p . C o r r e l a t i o n s of t h i s kind 
have been reported f o r TSA of d i f f e r e n t enzymes (28,30-33). On the 
other hand, i f a b e t t e r c o r r e l a t i o n between log Κχ and log were 
obtained, the i n h i b i t o r s would l i k e l y be a c t i n g as substrate 
analogues· 

A p p l i c a t i o n of TS Theory to Organophosphate and Carbamate I n s e c t i 
cides 

I t i s w e l l known that organophosphates, carbamates and sulfonates 
are a c i d - t r a n s f e r - i n h i b i t o r s of s e r i n e hydrolases because they 
t r a n s f e r the a c i d moiety of the i n h i b i t o r to the serine hydroxyl of 
the enzyme a c t i v e s i t e (34). Extensive evidence i n d i c a t e s that the 
r e a c t i o n of these i n h i b i t o r s with a c e t y l c h o l i n e s t e r a s e s (AChE) 
appears to involve the same r e a c t i o n pathway as that f o r the esters 
of c a r b o x y l i c a c i d s , i . e
i n f a c t these i n h i b i t o r
AChE (36), e s p e c i a l l y the carbamic a c i d esters ("Equation 30"). 

8, H K d 8 H k 2 0 ^ 
E-OH + ROCl^ - 4L ^ E-OH · ROCl^ ^ E-OCI^ 

. CH 3 CH 3 CH 3 

I k i — — 

Therefore, i t i s not s u r p r i s i n g that the b a s i c k i n e t i c s ("Equation 
31") f o r the i n h i b i t i o n by these compounds (37,38) has p r e c i s e l y the 
same form as the Michaelis-Menten rectangular 

ρ - k 2 l / ( K d + I ) (31) 

hyperbolic equation • _ max χ by r e p l a c i n g p, the f i r s t order 
Kn+S 

i n h i b i t i o n rate constant, with v, k 2 with V m a x , with K m and I 
with S (39). In t h i s respect i t came to us that these compounds 
might i n f a c t resemble the t r a n s i t i o n s t a t e c o n f i g u r a t i o n of the 
substrate and accordingly part of t h e i r e f f e c t might be due to 
a c t i n g as TSA somewhere along the r e a c t i o n coordinate of the c a t a 
l y t i c r e a c t i o n . Recently i t has been found that the N-hydroxy (40), 
and N-methoxy (40,41) i n contrast to N-methyl, and N,N-dimethyl-
carbamates i n h i b i t AChE r e v e r s i b l y i n a complete competitive manner. 
These f i n d i n g s stimulated our hypothesis that N-methyl and N,N-
dimethylcarbamates, as carbamylating agents of AChE (36), can be 
considered poor substrates and the corresponding N-hydroxy N-methyl 
or N-methoxy N-methylcarbamates may be t r u l y TSA. Supportive to our 
hypothesis i s that m-trimethylammonium phenyl N-methyl N-methoxy-
carbamate, the most a c t i v e r e v e r s i b l e competitive i n h i b i t o r among 
the whole s e r i e s (41) has a d i s s o c i a t i o n constant (Kj) of about 
three orders of magnitudes lower than the K m values of the three 
tested enzymes. To t e s t the above hypothesis "Equation 29" was 
applied to the i n h i b i t i o n of housefly head AChE by s u b s t i t u t e d 
phenyl N-methyl-carbamates using the I 5 0 values reported by Metcalf 

+ ROH (30) 

1 
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(42) and the Κχ values of the corresponding N-methyl-N-methoxy-
carbamates measured by Wustner et a l . (41). The equivalent values 
of substrate (Km/k^O would be the r e c i p r o c a l of the bimolecular 
r e a c t i o n constant ( l / k ^ ) since k^ equals ^2^à (37). k^ values 
were c a l c u l a t e d from the I 5 0 values and 15 minute preincubation 
time ( t ) from the f o l l o w i n g r e l a t i o n s h i p (43): 

k s 0.693 (32) 
i l 5 0 t 

A p l o t of log Κχ against log 1/k^ (Figure 5) c l e a r l y reveals an 
e x c e l l e n t l i n e a r r e l a t i o n s h i p (r»0.97) i n d i c a t i n g that these N-
methoxy N-methylcarbamates may i n f a c t act as TSA, and the c o r r e 
sponding N-methylcarbamates are poor substrates and part of t h e i r 
i n h i b i t o r y potency i s l i k e l y to be due to t h e i r resemblance to the 
TS complex i n the r e a c t i o n of the enzyme with i t s carboxy ester 
substrate. A d d i t i o n a l supportive evidence i s that when Wustner et 
a l . (41) t r i e d to prov
of compounds i n t e r a c t s i m i l a r l
a c t i v e s i t e they found a disappointing c o r r e l a t i o n between Κχ and 
Κ<ι and a better c o r r e l a t i o n between Κχ and k^ r e s p e c t i v e l y f o r 
N-methoxy N-methyl and N-methylcarbamates. 

A s i m i l a r but i n t u i t i v e argument can be made that the binding 
of organophosphorous compounds to the a c e t y l c h o l i n e s t e r a s e may i n 
volve some aspects of TS theory. In the development of organophos
phorous toxins, we c l a s s i c a l l y assume that one i s attempting to 
synthesize a molecule which mimics the substrate a c e t y l c h o l i n e . 
With VX gas as an example one can assume that back bonding between 
oxygen and phosphorous leads to an e l e c t r o p h i l i c center mimicking 
the carbonyl carbon and that the t e r t i a r y amine mimics the 
quaternary ammonium of a c e t y l c h o l i n e . However, one could argue that 
the t e t r a h e d r a l phosphorous mimics the t e t r a h e d r a l intermediate 
formed during h y d r o l y s i s of a c e t y l c h o l i n e . I t should be pointed out 
that such t e t r a h e d r a l " t r a n s i t i o n s t a t e s " often mentioned i n the 
h y d r o l y s i s of esters are r e a l l y t r a n s i e n t intermediates occupying a 
s l i g h t dip near the peak of the r e a c t i o n coordinates. The true 
t r a n s i t i o n states occur during the formation and breaking of the 
bonds of the t e t r a h e d r a l intermediate. Thus, i t i s not s u r p r i s i n g 
that some t e t r a h e d r a l organophosphorous compounds can d i s p l a y an 
apparent a f f i n i t y f o r an esterase which i s even higher than that 
shown by the t r i g o n a l substrate. Perhaps an a p p r e c i a t i o n of TS 
theory may lead to better optimization of such organophosphorous and 
carbamate s t r u c t u r e s . 

TSA as I n h i b i t o r s of J u v e n i l e Hormone Esterase(s) 

Background. The j u v e n i l e hormones (JHs) regulate a myriad of 
developmental and reproductive events i n i n s e c t s , and metamorphosis 
c e r t a i n l y i s among the most s t r i k i n g of these events (44). The r e 
duction i n JH t i t e r to i n i t i a t e metamorphosis i n Lepidoptera 
examined appears to be caused by degradative metabolism as w e l l as 
reduction i n the rate of biosynthesis (44,45). Es t e r cleavage of 
JHs i s apparently the major route of metabolism. In the cabbage 
looper, T r i c h o p l u s i a n i (T. n i ) h y d r o l y s i s of JH i s due l a r g e l y to a 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



150 BIOREGULATORS FOR PEST CONTROL 

si n g l e enzyme (JH esterase) mainly present i n the hemolymph and f a t 
body (46-49). Although the s p e c i f i c a t i o n of the p r e c i s e binding 
mode through c r y s t a l l o g r a p h i c or other means i s eagerly awaited f o r 
JHEs, i n h i b i t i o n k i n e t i c s i n d i c a t e i n d i r e c t l y that JHEs from T. n i 
(50) and Manduca sexta (51) are l i k e l y to be serine hydrolases. 
T y p i c a l l y , drug metabolizing carboxylesterases are s e r i n e hydrolases 
(EC 3.1.1.1.) and as such a s s o c i a t e with the e l e c t r o p h i l i c moieties 
of esters or amides, organophosphates (52) and halomethyl ketones 
(53). Based on these i n d i r e c t l i n e s of evidence h y d r o l y s i s of the 
JHs by JHEs i s thought to proceed with a change i n the bond order of 
the substrate (54) to form t e t r a h e d r a l adduct with the enzyme from 
the t r i g o n a l s t r u c t u r e of the e s t e r . The mode of operation of 
serine proteases i s now f a i r l y w e l l understood i n terms of t h e i r 
three dimensional geometries down to the l e v e l of i n d i v i d u a l atomic 
p o s i t i o n (55). There appears to be a general agreement on the r o l e 
of the charge r e l a y system (proton r e l a y system) i n the c a t a l y t i c 
a c t i v i t y of serine proteases with some l i t t l e confusion i n the 
d e t a i l e d mechanism or th
t r a n s f e r (see (55) f o r review)
p o l a r i z e d at the carbonyl of the methyl esters due to the lack of 
e l e c t r o n withdrawing properties of the JH acids, one expects with 
caution a s i m i l a r proton r e l a y system i s l i k e l y to be evolved i n 
i n c r e a s i n g the n u c l e o p h i l i c i t y of the serine oxygen to be r e a c t i v e 
toward the l e s s p o l a r i z e d carbonyl of the JH e s t e r . T h i s , of 
course, does not exclude the importance of the bulk of the long 
chain a c i d moiety and the methyl group of the a l c o h o l moiety i n the 
binding s i t e s f o r the s t a b i l i z a t i o n of the t e t r a h e d r a l adduct. 
Based on the above d i s c u s s i o n i t was thought that the t r i f l u o r o -
methyl ketones would be more p o l a r i z e d and thus create a great 
e l e c t r o p h i l i c i t y on the carbonyl carbon which f a c i l i t a t e s -OH 
attack by the s e r i n e residue. Yet there i s no carbon-oxygen bond 
to be cleaved i n the ketone moiety, and therefore the enzyme-
t r i f l u o r o m e t h y l ketone t r a n s i t i o n s t a t e complex does not undergo 
c a t a l y t i c conversion. The above r a t i o n a l e seems reasonable as 
t r i f l u o r o m e t h y l ketones were found to be extraordinary s e l e c t i v e and 
potent i n h i b i t o r s of cholinesterases (56) of JHE from T. n i (57) and 
of meperidine carboxylesterases from mouse and human l i v e r s (58). 
Since JH homologs are alpha-beta unsaturated e s t e r s , a s u l f i d e bond 
was placed beta to the carbonyl i n hopes that i t would mimic the 
2 , 3 - o l e f i n of JHs and y i e l d more powerful i n h i b i t o r s (54). This 
e m p i r i c a l approach was extremely s u c c e s s f u l since i t r e s u l t e d i n 
compounds that were extremely potent i n h i b i t o r s of JHEs from 
d i f f e r e n t species (51,54,59). 

Qua n t i t a t i v e S t r u c t u r e - A c t i v i t y Relationships (QSAR) of T r i f l u o r o -
ketones as JHE I n h i b i t o r s . The great s t r u c t u r a l v a r i e t y of t r i -
fluoromethyl ketones, and the reported b i o l o g i c a l response against 
JHE from T̂ . n i (54,57) makes these r e s u l t s p a r t i c u l a r l y w e l l s u i t e d 
f o r a QSAR i n v e s t i g a t i o n . Except f o r the values of molar r e f r a c -
t i v i t y (MR), a l l the physicochemical parameters used i n the present 
work were from the recent compilation of Hansch and Leo (21). To 
the best of our knowledge t h i s w i l l be the second QSAR study f o r the 
i n h i b i t i o n of JHE. The f i r s t one was done by Magee (60) i n 
analyzing the data of Hammock et a l . (61) f o r the I n h i b i t i o n of JHEs 
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from cockroach (Blaberus giganteus) by some phosphoramidothioates. 
In the f i r s t approach the a c t i v i t y of 3 - a l k y l and 3 - a l k y l t h i o 

1,1,1-trifluoro-propan-2-ones was considered f o r t h e i r 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 (SAR) with MR. MR was used i n the present 
study to model the enzyme-inhibitor a t t r a c t i o n forces since MR i s 
r e l a t e d to London d i s p e r s i o n forces (21,62,63) and has been a l s o 
proposed to be r e a l l y a corrected form of the molar volume (21). 
Figure 6 shows a c l e a r p a r a b o l i c r e l a t i o n between the molar I 5 0 

M 
value and MR values f o r R groups i n the general s t r u c t u r e R C C F 3 . 
I t i s worth noting that both s e r i e s show an optimum MR value f o r 
strong i n h i b i t o r y a c t i v i t y and that a c t i v i t y decreases when MR 
values are e i t h e r l a r g e r or smaller than t h i s value. This para
b o l i c r e l a t i o n i n d i c a t e s that the compounds with an MR value smaller 
than the optimum value might have a p o s i t i v e c o e f f i c i e n t f o r s i g 
n i f i c a n t MR term which would i n d i c a t e productive binding f o r JHE 
i n h i b i t i o n . However th t f th  compound d t  hav
negative c o e f f i c i e n t whic
binding to the enzyme a c t i v
seems reasonable since a considerable c o l l i n e a r i t y between MR and 
Hancock's s t e r i c parameter (64) was found by Dunn (63), the a t 
t r a c t i o n by d i s p e r s i o n forces f o r another region beyond the cata 
l y t i c s i t e of the enzyme could be inv o l v e d . In general, i t can be 
concluded that the a f f i n i t y of these compounds f o r the enzyme i s a 
l i n e a r l y decreasing f u n c t i o n of the sum of non-overlappable volumes 
of the i n h i b i t o r molecule and a receptor c a v i t y on the enzyme a c t i v e 
s i t e . Since MR i s an a d d i t i v e and c o n s t i t u t i v e property of the 
molecules (21), i t was c a l c u l a t e d from the fragment values of the 
atoms (C β 2.418, Η = 1.1; ethereal oxygen - 1.643 and an increment 
f o r C - C double bond of 1.733) f o r both s e r i e s except that the 
experimental MR value f o r C4H9S-(31.5) as quoted by Balaban et a l . 
(65) was used as a basic group f o r the s u l f i d e s e r i e s . In an a t 
tempt to r e l a t e the MR value f o r these i n h i b i t o r s with that of the 
corresponding s t r a i g h t chain of JHs, values of 47.1 and 52, 
r e s p e c t i v e l y , f o r JH I I I and JH I were c a l c u l a t e d . Considering the 
o p t i c a l e x a l t a t i o n due to the conjugated double bond to be 2.85 
(AMR between the enol and keto forms of e t h y l acetoacetate) (66), 
the c a l c u l a t e d value f o r the above JH homologs would be 50 and 54.9 
r e s p e c t i v e l y . When the above values scaled by 0.1 as i n Figure 6, 
the optimum MR value f o r the most a c t i v e compound i n each s e r i e s i s 
i d e n t i c a l with that of JH I and s l i g h t l y l a r g e r than that of JH I I I . 
I f one assumes that the o c t y l s u l f i d e compound, as the most a c t i v e 
compound i n both s e r i e s , i s p r a c t i c a l l y and roughly a pe r f e c t TSA i t 
would be expected to have most of the a v a i l a b l e binding energy to 
the enzyme and eventually would behave as a t i g h t binding i n h i b i t o r 
and can be used to t i t r a t e the a c t i v e s i t e of JHE. In f a c t t h i s 
compound was found k i n e t i c a l l y to act as a slow t i g h t binding (16) 
and was used to evaluate the molar equivalency of JHE from T̂ . n i to 
be 1.6 χ 10""̂ M i n the hemolymph. Since i n our laboratory a 1:500 
d i l u t e d hemolymph i s always used and i f the above mol a r i t y i s 
c o r r e c t , t h i s means that a molar equivalency of 3.2 χ 10"^ i s used 
i n the i n h i b i t i o n assay. The molar I 5 0 value of t h i s compound was 
found to be consistent i n at l e a s t f i v e measurements (2.3 χ 10~^M) 
and almost i d e n t i c a l with h a l f the enzyme concentration, a behavior 
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Figure 5. Relationship between the bimolecular i n h i b i t i o n 
r e a c t i o n constant (k^) of sub s t i t u t e d phenyl N-methylcarbamates 
and the i n h i b i t i o n d i s s o c i a t i o n constant (Κχ) of the co r r e 
sponding N-methyl N-methoxycarbamates i n t h e i r r e a c t i o n with 
house f l y a c e t y l c h o l i n e s t e r a s e , k^ Values were r e c a l c u l a t e d 
from (42) and Κχ values were from (41). 
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Figure 6. Relation s h i p between the i n h i b i t o r y a c t i v i t y of 
trifluoromethylketones against JH-esterase from T r i c h o p l u s i a 
n i and the molar equivalents of these i n h i b i t o r s . 
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of t i t r i m e t r i c and s t o i c h i o m e t r i c enzyme i n h i b i t o r . A d d i t i o n a l 
supportive evidence f o r considering these compounds or more accu
r a t e l y the most a c t i v e ones of the s e r i e s to be TSA i s that JH I 
which has the same MR as the o c t y l s u l f i d e compound showed f a s t e r 
turnover number than JH I I I , with smaller MR than optimum, i n con
si s t e n c e with the d i s c u s s i o n mentioned before f o r the binding energy 
of the TS complex. The above r e l a t i o n i s not consistent with Yi^ 
values f o r both homologs which excludes the p o s s i b i l i t y that these 
compounds act as substrate analogs. Therefore the unusually high 
a c t i v i t y of these compounds can be explained by forming hemiketal 
structures which mimic a t r a n s i t i o n s t a t e near the t e t r a h e d r a l 
intermediate complex i n ester h y d r o l y s i s (Figure 7). In moving 
from SAR to QSAR,log MR was used instead of 0.1 MR where the l a t t e r 
was used to generate Figure 6. This was done f o r at l e a s t two 
reasons. F i r s t , better c o r r e l a t i o n was obtained when log MR was 
used. Second, almost a l l the physicochemical parameters used f o r 
QSAR are o r i g i n a l l y from l o g terms i n order to be l i n e a r f r e e energy 
parameters. The a l k y l an
separately at f i r s t and th
r e s p e c t i v e l y f o r the f o l l o w i n g s t r u c t u r e s : 

RCCX3 ( s e r i e s no. 1) 

where R • a l k y l , X a H or F 

0 
11 

and RSCH2CCF3 ( s e r i e s no. 2) 

P I 5 0 - -140.5 + 167.7 log MR + 2.5 E F x 3 - 48.9 ( l o g MR) 2 (33) 

η r s 
9 0.95 0.6 

P I 5 0 - -226.6 + 269.9 log MR - 77.5 ( l o g MR) 2 (34) 

η r s 
6 0.94 0.44 

where η represents the number of data p o i n t s , r i s the c o r r e l a t i o n 
c o e f f i c i e n t and s i s the standard d e v i a t i o n from the r e g r e s s i o n . I t 
i s rather i n t e r e s t i n g that the F term (polar e f f e c t ) has a p o s i t i v e 
c o e f f i c i e n t i n "Equation 33" i n agreement with our b e l i e f that the 
a c t i v i t y of these compounds might be due to the p o l a r i z e d ketone 
induced by the f l u o r i n e atoms on the α-carbon which f a c i l i t a t e s 
the e l e c t r o p h i l i c i t y towards lone p a i r electrons on the oxygen atom 
of s e r i n e hydroxyl i n the enzyme c a t a l y t i c s i t e . On the other hand, 
using the continuous v a r i a b l e s MR, F i n the above equations leaves a 
r e l a t i v e l y large amount of variance i n the data unaccounted f o r 
which might i n d i c a t e that the b a s i c group i n the two s e r i e s 
( t r i f l u o r o m e t h y l ) has the key s t r u c t u r a l requirement f o r t h e i r 
potency. At t h i s p o i n t, s t r u c t u r a l m o d i f i c a t i o n of t h i s group using 
d i f f e r e n t congeners might y i e l d i n s i g h t s i n t o whether the f l u o r i n e 
atoms act mainly through e l e c t r o n i c transmission and/or s t e r i c 
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i n t e r a c t i o n with the c a t a l y t i c s i t e . In comparing members of the 
s u l f i d e s e r i e s with those l a c k i n g s u l f i d e of the same M R , the former 
seems to have an average bestowed potency of 67.5. Therefore an 
i n d i c a t o r v a r i a b l e (X) was used to analyze both s e r i e s i n one 
regression, "Equation 35". X - 1.83 f o r the s u l f i d e s e r i e s and - 0 
f o r the s e r i e s l a c k i n g the s u l f i d e bond i s simply a device f o r 
merging the above two equations. To t h i s point i t i s not c e r t a i n 
how the s u l f u r increases the i n h i b i t o r y potency of these compounds. 
The c r y s t a l l o g r a p h i c study of a pure enzyme might o f f e r c l e a r oppor
t u n i t y to know whether the s u l f u r mimics the o l e f i n s t r u c t u r e of JH 
homologs or i t contributes to the binding forces f o r example through 
hydrogen bonding since the extra bestowed a c t i v i t y i s equivalent of 
about 2.54 Kcal/mole. 

P I 5 0 - -143.4 + 170.0 log MR + 2.39 £F x 3-49.1 ( l o g M R ) 2 + 0.89X 

η r s 
15 .96

I f the above equations represent a r e a l model of q u a n t i t a t i o n to the 
i n t e r a c t i o n s of these compounds with JHE, which seems to be the case 
since "Equation 35" holds f o r two s e r i e s from two separate studies, 
one can assume that MR which dominates the above equations can ex
p l a i n more than 90% of the v a r i a t i o n i n the a c t i v i t y of members of 
both s e r i e s . I n t e r e s t i n g l y , the hydrophobicity (π term) d i d not 
give b e t t e r c o r r e l a t i o n when used instead of log MR i n the above e-
quations. Since the f i r s t use of MR f o r c o r r e l a t i o n of substituent 
e f f e c t s (62), greater e f f o r t has been made to discuss the theory 
behind the use of t h i s parameter i n c o r r e l a t i n g l i gand i n t e r a c t i o n s 
(67) and to discuss the nature of i n t e r a c t i o n i n which e i t h e r MR 
and/or π model such i n t e r a c t i o n (68,69). Generally, MR r e f l e c t s 
apolar as w e l l as polar i n t e r a c t i o n s where desolvation i s not the 
main d r i v i n g f o r c e . However, when π and not MR models the i n t e r 
a c t i o n , desolvation appears to play the dominant r o l e (69). In 
r e l a t i n g the regression equations with the above working hypothesis, 
desolvation i n the i n t e r a c t i o n of the above compounds with JHE 
appears not to be the d r i v i n g f o r c e i n the i n t e r a c t i o n process. 
Whether the i n t e r a c t i o n i s apolar or polar needs f u r t h e r study i n 
which π and MR should be orthogonal so that one can see exactly the 
r o l e of each parameter i n the i n t e r a c t i o n without being so 
c o l l i n e a r . Figure 8 shows the r e l a t i o n between the observed PI50 
values vs. the expected values according to "Equation 35". 

The a c t i v i t y of 1 , 1 , 1 - t r i f l u o r o 3-mercapto s u b s t i t u t e d phenyl 
propan-2-ones was not simply c o r r e l a t e d with MR alone, therefore, a 
combination of Hammett a constant, T a f t s t e r i c parameter ( E g ) and 
Hansch hydrophobic constant (π) was included i n the regression 
a n a l y s i s . "Equation 36" was found to be of the best f i t f o r com
pounds s u b s t i t u t e d i n the meta and para p o s i t i o n s . 

P I C Q = 5.15 +1.07 Σπ+1.23 Σ l o g MR - 1.08 Σσ+0.59 ( Σ σ ) 2 + 0.35 ΣΕ 

η 
13 

r 
0.951 

s 
0.39 

(36) 
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Figure 7. Propose
with JH homologs (A) and with trifluoromethylketones (B). 
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Figure 8. Relationship between the observed P I 5 0 values and 
the P I 5 0 values c a l c u l a t e d from "Equation 3 5 " . 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



156 BIOREGULATORS FOR PEST CONTROL 

From the slope of the physicochemical parameters i n "Equation 36" i t 
appeared that π, MR and σ have about the same weight i n modeling the 
a c t i v i t y of the 13 meta and para s u b s t i t u t e d compounds. The im
portance of Ε and cT seems to be l e s s although high covariance 
between E s and both π and MR i s a serious obstacle preventing the 
true d e l i n e a t i o n of E s e f f e c t s . Meanwhile the equation reveals 
that hydrophobic substituents ( p o s i t i v e π term) with large MR and e-
l e c t r o n donating properties (negative σ term) would enhance the 
i n h i b i t o r y potency of the trifluoromercaptophenylacetone as a parent 
compound. In f a c t t h i s was the r a t i o n a l e behind s y n t h e s i z i n g the 
para t - b u t y l analog, and i t came out to be the most a c t i v e congener 
among the tested compounds. Since covariance between MR and π i s 
low ( r ^ « 0.46), they are considered to be orthogonal and have 
d i f f e r e n t substituent e f f e c t s . As discussed e a r l i e r f o r the a l k y l 
compounds, these substituent e f f e c t s might e s t a b l i s h d i f f e r e n t type 
of i n t e r a c t i o n s , i . e . polar and apolar i n t e r a c t i o n s . Since these 
compounds are s u b s t i t u t e d i n the same p o s i t i o n s , i t i s not c l e a r 
whether those types of i n t e r a c t i o n
enzymic spaces or one spac
In any case t h i s leads to f u r t h e r research i n which c r y s t a l l o g r a p h i c 
s t r u c t u r e of JHE might shed some l i g h t on the binding space(s) and 
the r o l e of desolvation i n t h e i r i n t e r a c t i o n with these novel i n 
h i b i t o r s . At t h i s moment, the c o e f f i c i e n t of near 1 with % i n 
"Equation 36" should not be ignored and as has been discussed before 
(70) f o r papain l i g a n d i n t e r a c t i o n s , brings out the c l o s e p a r a l l e l 
between binding to JHE and p a r t i t i o n i n g i n t o o c t a n o l . This i n 
di c a t e s that there might be a true hydrophobic pocket on the enzyme 
a c t i v e surface where i n t e r a c t i o n i s driven by desolvation and the 
i n t e r a c t i o n i s l i k e l y to be entropie i n nature. This conclusion 
should not be o v e r s i m p l i f i e d since extensive thermodynamic studies 
c e r t a i n l y are required to shed some l i g h t on the r o l e of both 
entropy and enthalpy changes f o r the i n h i b i t i o n process by these 
compounds. 

The s e l e c t i v e i n h i b i t i o n of JHE and ornaphthyl acetate 
esterase(s) by ortho, meta and para s u b s t i t u t e d compounds showed 
that meta and para s u b s t i t u t i o n o f f e r e d s e l e c t i v i t y towards JHE, 
however, the ortho s u b s t i t u t e d compounds favored i n h i b i t i o n of 
ce-naphthyl acetate esterases (54). I t was thought that s u b s t i t u t i o n 
i n the ortho p o s i t i o n might be detrimental f o r i n h i b i t i o n of JHE. 
Therefore we decided to add E s value f o r the ortho substituents i n 
the regression a n a l y s i s to merge the ortho compounds with t h e i r 
meta and para analogs i n the same regression, "Equation 37". 

PI 5 0=5.05 + 0.74 Σπ + 1.14 Σ l o g MR - 0.61 Σσ-0.11 ( Σ σ ) 2 + 0.61 E g 

(ortho) 

η r s 
18 0.92 0.45 (37) 

By comparing "Equations 36 and 37" one can see that the c o e f f i c i e n t s 
of π and MR are more st a b l e to the a d d i t i o n of the ortho compounds 
to the regression a n a l y s i s . However, the c o e f f i c i e n t s of σ terms 
became small upon the a d d i t i o n of E s ortho. The s t a b i l i t y of the 
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c o e f f i c i e n t s of π and MR i n a d d i t i o n to the f a c t that the i n t e r c e p t s 
i n both equations are so s i m i l a r to the observed P I 5 0 value (5.08) 
f o r the parent unsubstituted compound might suggest the v a l i d i t y of 
these equations and support the above d i s c u s s i o n i n modeling the 
i n t e r a c t i o n of these compounds with JHE i n terms of t h e i r hydro-
ph o b i c i t y and molar r e f r a c t i v i t y . Figure 9 shows the r e l a t i o n be
tween the observed P I 5 0 values f o r the members of the aromatic 
s e r i e s and the P I 5 0 values c a l c u l a t e d from "Equation 37". 

In conclusion, although our QSAR f o r the i n h i b i t i o n of JHE with 
t r i f l u o r o m e t h y l ketones does not o f f e r an e x c e l l e n t and sharp f i t 
of the data to the regression ("Equations 33-37"), i t might provide 
the chemist with a model and rough base l i n e f o r t e s t i n g new com
pounds. In general the i n t e r a c t i o n s of these compounds with JHE are 
l i k e l y to be hydrophobic and nonhydrophobic. Whether the l a t t e r 
type i s separable from the former or i n f a c t i t i s hydrophobic with
out being dependent on desolvation i s not c l e a r . Nevertheless, as 
these compounds are considered t  b  s t a b l  TSA  the  o f f e
valuable t o o l i n studyin
TS complex from which valuabl
QSAR study and would g r e a t l y increase our understanding of JH-JHE 
i n t e r a c t i o n . I t i s worth re p o r t i n g that one of these analogs was 
attached to i n s o l u b l e support and proved to be an e x c e l l e n t l i g a n d 
f o r the p u r i f i c a t i o n of JHE by a f f i n i t y chromatography (51). This 
i s the f i r s t step i n approaching the three dimensional s t r u c t u r e of 
JHE and J H E - i n h i b i t o r complex. 

9h 

PIso (Calc'd) 

Figure 9. Relationship between the observed P I 5 0 values and 
the P I 5 0 values c a l c u l a t e d from "Equation 37". 
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Role of Mixed-Function Oxidases in Insect Growth 
and Development 

C . F. W I L K I N S O N 

Department of Entomology, Cornell University, Ithaca, NY 14853 

In addition to their well established role in cataly
zing the metabolis
occurring and syntheti
mediated mixed-functio  oxidases are o  critical 
importance in the biosynthesis and regulation of the 
major hormones (ecdysteroids and juvenile hormone) that 
control insect growth and development. The character
istics of the mixed-function oxidases involved in the 
synthesis of insect hormones are described and the 
possibility that the enzymes might represent potential 
targets for insect control is discussed. 

Mixed-function oxidases constitute a group of evolutionarily 
ancient metalloproteins capable of catalyzing a wide variety of 
oxidative reactions in which one atom of molecular oxygen is 
inserted into an appropriate substrate and the other reduced to 
water (1). The Overall reaction typically involves the transfer of 
two electrons from a suitable reducing agent, often a reduced 
pyridine nucleotide (e.g., NADPH, NADH), and the formation of a 
highly reactive, electrophilic species of oxygen that is subse
quently transferred to the substrate. Consequently, the main 
catalytic function of the enzymes is to activate molecular oxygen; 
the substrate to be oxidized plays a relatively passive role in the 
process (2). 

Mixed-function oxidases are ubiquitously distributed through
out the plant and animal kingdoms as well as in many aerobic 
procaryotes (3). They play a number of important biological roles 
and, indeed, are biochemically unique in their ability to catalyze 
the activation of non-activated carbon-hydrogen bonds. 

The following discussion will center on mixed-function oxidases 
involving the hemoprotein cytochrome P-450, the active center of 
which consists of protoporphyrin IX. Mixed-function oxidases based 
on cytochrome P-450 are perhaps best known for their role in the 
primary metabolism of lipophilic xenobiotics in mammals, birds, 
fish and many invertebrates including insects. While this function 
is often critical in determining the survival of an organism 
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following exposure to toxic chemicals and is frequently involved in 
insect resistance to insecticide chemicals (4), it will be dis
cussed only briefly in this presentation. Most of the discussion 
will focus on the physiological role of cytochrome P-450-mediated 
mixed-function oxidases in the biosynthesis and regulation of the 
hormones controlling insect growth and development. 

Xenobiotic Metabolism 

The oxidative enzymes involved in xenobiotic metabolism in insects 
are associated mainly with the microsomal fractions of the midgut 
and fat body, that are derived from the endoplasmic reticulum of 
the intact tissues (4-8). They catalyze the oxidative metabolism 
of a remarkable range of lipophilic compounds through reactions 
involving numerous functional groups; these reactions include 
aromatic, alicyclic and aliphatic hydroxylation reactions, dealkyla-
tion of ethers and substituted amines, epoxidation of double bonds 
and desulfuration of phosphorothionates. While the majority of 
these reactions constitut
can lead to enhanced biological activity through formation of 
reactive intermediates or products (9). All require NADPH and 
oxygen. 

The system depends on an electron transport pathway that 
transfers electrons from NADPH through a flavoprotein (NADPH 
cytochrome P-450 reductase) to cytochrome P-450 that is the terminal 
oxidase of the chain (10). The xenobiotic first forms a complex 
with the oxidized form of cytochrome P-450 which is reduced by an 
electron passing down the chain from NADPH. The reduced cytochrome 
P-450/substrate complex then reacts with and activates molecular 
oxygen to an electrophilic oxene species (an electron deficient 
species similar to singlet oxygen) that is transferred to the 
substrate with the concommitant formation of water. Cytochrome 
P-450 thus acts primarily as an oxene transferase {2). Substrate 
binding is a relatively nonspecific, passive process that serves to 
bring the xenobiotic into close association with the active center 
and provide the opportunity for the oxene transfer to occur. 

The unusual degree of nonspecificity of the xenobiotic-metabo-
lizing cytochrome P-450 system results in part from the generally 
low level of specificity of the substrate binding sites at the 
active center of the cytochrome and in part from the existence of a 
number of isozymes of cytochrome P-450 each catalyzing a limited, 
perhaps overlapping spectrum of oxidative reactions with a variety 
of substrates (11). This has led to the development of the "cyto
chrome P-450 family" concept where the blend of isozymes may differ 
not only between different species but also between the different 
tissues of a single species (3,4). 

It is now generally believed that the cytochrome P-450 system 
that metabolizes xenobiotics has evolved specifically in response 
to selection pressure from the many naturally-occurring materials 
to which organisms are exposed in their diets or otherwise encounter 
in the environment (12). The ability of the enzymes to metabolize 
modern synthetic organic chemicals such as pesticides is simply a 
reflection of the evolutionary success that has been achieved in 
the development of a highly versatile system that is fully prepared 
for any eventuality (3,4,12). 
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The mixed-function oxidases of mammals, insects and other 
organisms are remarkably well adapted for their role in biochemical 
defense. In addition to their metabolic versatility resulting from 
nonspecificity and the presence of numerous isozymes, the enzymes 
are located in those tissues that represent the major routes of 
entry of xenobiotics into the body. Furthermore, the ability of 
the enzymes to be induced enables organisms to make temporary 
qualitative and quantitative adjustments in the isozyme composition 
of their tissues to meet the ever changing challenges of their 
external chemical environment; this is clearly energetically 
advantageous since it precludes the necessity of maintaining high 
titers of enzyme protein at all times. It is particularly impor
tant to polyphytophagous insects since it allows them to adjust the 
composition of their protective enzymes depending on the host plant 
on which they are feeding (12). 

Role of Mixed-function Oxidases in Steroidogenic Reactions 

In addition to their obviou
defense against a large variety of naturally occurring and synthe
tic lipophilic xenobiotics, mammalian mixed-function oxidases play 
a critical physiological role in the production and regulation of 
steroid hormones; it is becoming increasingly apparent that this is 
also true in insects. Since in comparative biochemistry, it is 
often the similarities rather than the differences that exist 
between organisms that are the most striking, a brief review of 
mammalian steroid hormone biosynthesis might be of both interest 
and relevance in interpreting the rather sparse information avail
able with insects. 

The major sites of steroid hormone production in mammals are 
the adrenal cortex and the gonads, ( i .e . , the testis and the 
ovary). The major hormones synthesized and secreted by the adrenal 
cortex are the corticosteroids. These are of two types, the 
mineralocorticoids (e.g., aldosterone) that regulate fluid and ion 
balance, and the glucocorticoids (e.g, Cortisol) that control 
carbohydrate, fat and protein metabolism (Figure 1). The major 
hormones produced by the gonads are, of course, the sex hormones, 
androgens (primarily testosterone) in the male testis, and estro
gens (e.g., estradiol) in the female ovary (Figure 1) (13). 

Since the major precursor of all of these hormones is choles
terol it becomes clear that, while the total biosynthetic routes 
are quite complex, they all involve a number of specific hydroxyla-
tion reactions involving both the steroid nucleus and the side 
chain at C-17. Most of these are catalyzed by mixed-function 
oxidases involving cytochrome P-450 (Figure 1) (13-15). 

The cytochome P-450 systems of the steroid producing tissues 
have many characteristics in common with those of the liver and 
other xenobiotic-metabolizing tissues. They require NADPH and 
molecular oxygen, and contain a flavoprotein, NADPH cytochrome 
P-450 reductase. Unlike the systems in the liver, however, the 
steroid hydroxylases are associated with both the endoplasmic 
reticulum and the mitochondria and are quite specific for the 
different reactions that they catalyze. Thus, adrenal microsomes 
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Figure 1. Cytochrome P-450-mediated hydroxylation reactions 
in biosynthesis of major mammalian steroid hormones. (MIT) 
= mitochondria; (ER) = endoplasmic reticulum. 
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contain 17a- and 21-hydroxylases while adrenal mitochondria cata
lyze 11β- and 18-steroid hydroxylations as well as cholesterol side 
chain cleavage that is considered to be the primary rate-limiting 
step in mammalian steroidogenesis (14,16). The mitochondrial 
system differs markedly from that in adrenal microsomes in that the 
former contains an iron-sulfur protein (adrenodoxin) between the 
reductase and cytochrome P-450 and in that the adrenal flavoprotein 
is immunochemically distinct from that in the microsomal system; 
the latter appears identical with that in liver microsomes. In 
passing, it is interesting to note that the mitochondrial steroid 
hydroxylases of the mammalian endocrine system are remarkably 
similar to many of the procaryotic hydroxylases such as that in 
Pseudomonas putida that also contain iron-sulfur proteins (e.g., 
putidaredoxin) similar to adrenodoxin (13). 

As with the mixed-function oxidases involved in xenobiotic 
metabolism, the substrate specificity of the steroid hydroxylases 
is dictated, in part, by the existence of multiple forms of both 
microsomal and mitochondria
tunities for specificit
of the various enzymes in either the mitochondria or the endoplas
mic reticulum. 

While the hydroxylases of the adrenals and other steroid 
producing tissues show some (variable) catalytic activity towards 
xenobiotics (e.g., benzo[a]pyrene) (17) this is probably fortuitous 
in nature and it seems that, in general, the enzymes are quite 
specific for their respective steroid substrates. Furthermore, the 
steroid hydroxylases of the endocrine system are not susceptible to 
the inductive effects of xenobiotics as are the cytochrome P-450-
mediated oxidases of the liver and other tissues (17,18); indeed, 
this is not unexpected, since if they responded to the external 
environment in this way their critical homeostatic role would 
rapidly be compromized. 

In keeping with this role, the activity of the mixed-function 
oxidases in the mammalian producing steroid tissues is regulated 
primarily by a series of hormones that are released from the 
anterior pituitary in response to hormone releasing factors origi
nating in the hypothalamus of the brain (Figure 2). The hormones 
controlling enzyme activities in the adrenal cortex, testis and 
ovary are the adrenal corticotropin hormone (ACTH), the fol l icle 
stimulating hormone (FSH) and the luteinizing hormone (LH), respec
tively. The arrival of these hormones at their appropriate endoc
rine tissues serves to trigger the enzymes involved in steroid 
hydroxylation and in each case the metabolic process is initiated 
by the side chain cleavage of cholesterol that is stored in the 
tissues in the form of cholesterol esters (16). 

Steroidogenesis in Insects 

The steroids known to play major regulatory roles in insect develop
ment and metamorphosis all fall into the class of polyhydroxylated 
ketosteroids called ecdysones (19-22). With the exception of 
Makisterone A (a C 2 g ecdysteroid identified from the milkweed bug 
Oncopeltus fasciatus) the known insect ecdysteroids constitute a 
group of eight or nine C ? 7 steroids that differ from one another 
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C E N T R A L N E R V O U S S Y S T E M 

H Y P O T H A L A M U S 

/ 
A d r e n a l c o r t i c o t r o p i n F o l l i c l e Lu te in i z i ng 

( A C T H ) s t imu la t ing hormone (LH) 

hormone ( F S H ) 
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T E S T I S 
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\ 
O V A R Y 

A D R E N A L C O R T I C O I D S A N D R O G E N S E S T R O G E N S 

Figure 2. Hypothalamic-anterior pituitary regulation of 
mammalian steroidogenesis (see text for explanation). 
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primarily in the number and position of the hydroxyl groups they 
contain; several others have been isolated but not yet fully 
identified. 

To date, interest in the ecdysteroids has focused primarily on 
their role in insect molting and metamorphosis and it is perhaps 
somewhat unfortunate that bioassays for ecdysteroid activity have 
been restricted almost exclusively to evaluating their effect on 
the molting process. It now appears probable that molting is just 
one of several important regulatory functions (e.g., embryogenesis, 
reproduction) performed by the ecdysteroids and that we are only 
just beginning to scratch the surface of an insect steroid system 
that is equally as complex as that in vertebrate species. 

The major ecdysteroids known to play a role in insect molting 
and/or metamorphosis are ecdysone, 20-hydroxyecdysone, and 20,26-
dihydroxyecdysone (Figure 3); 20-hydroxyecdysone (β-ecdysone) is 
the most active in terms of molting hormone activity. Ecdysones 
have been extracted in varying amounts from late larval and pupal 
stages of several lepidoptera
Manduca sexta (19-22)
stages of several Fimimetabola such as Locusta migratoria (24), 
Schistocerca gregaria (25) and other species. 26-Hydroxyecdysone 
(Figure 3) has been identified as the major ecdysteroid (about 80% 
of total) present in embryonated eggs of Manduca, although it is 
devoid of molting hormone activity (20). This suggests that it 
might have an important embryogénie function or that it represents 
a metabolic degradation product of ecdysone. 

It is now well established that the predominant, perhaps only, 
source of ecdysone in larval insects is the prothoracic glands 
(19,20). Since, unlike mammals, insects are incapable of de novo 
synthesis of the steroid ring, the precursors of ecdysone must be 
one or more of several compounds, such as phytosteroids ingested in 
the diet (19-21). The precise pathway of ecdysone synthesis from 
precursors such as cholesterol remains unknown but clearly involves 
a number of steps including C 7 desaturation (e.g., to dehydrocho-
lesterol), C& saturation, keto formation at C^, ci s fusion of the 
A/B rings, and a variety of hydroxylations at u , C,* C 2o and C p r . 
While dehydrocholesterol has not been detected in extracts from 
whole Manduca larvae, it has been extracted from the protharacic 
gland and may constitute 50% of the total steroids present in this 
organ (26). Although the exact sequence in which these ring 
hydroxylations take place is not clear and the enzymes responsible 
have not yet been characterized, it is generally thought that the 
last two reactions are at the 25- and 22- positions, respectively 
(Figure 4); another suggested pathway indicates the hydroxylation 
of 2-deoxyecdysone as the final step. The enzymes catalyzing these 
reactions have not yet been identified. It is probable, however, 
that they are cytochrome P-450 mediated and that they will be found 
to exhibit a good deal of regiospecificity with respect to the site 
of attack on the sterol molecule. One of these may be rate limit
ing as is the side-chain cleavage of cholesterol in mammalian 
steroidogenesis. 

The synthesis of ecdysone, the only ecdysteroid formed by the 
prothoracic glands, is under the control of the prothoracicotropic 
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Figure 4. Possible biosynthetic pathway from dietary 
steroids to a-ecdysone. 
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hormone (PTTH) a peptide hormone that is produced by the neurosecre
tory cells of the brain and released by the corpora cardiaca (21). 
The fact that ecdysone synthesis can be initiated rapidly in 
response to PTTH suggests that the prothoracic gland may have the 
ability to sequester an appropriate ecdysone precursor (possibly 
7-dehydrocholesterol or a conjugate) in a manner similar to the 
storage of cholesterol esters in the tissues of the mammalian 
endocrine system. It is not established whether ecdysone itself 
exerts any feedback control on the release of PTTH by the corpora 
cardiaca (21). 

While ecdysone, i tself , may el ici t a general hormonal response 
affecting many tissues, i t is now well established that ecdysone is 
further metabolized to other, perhaps more active, ecdysteroids 
such as 20-hydroxyecdysone, 20,26-dihydroxyecdysone and 26-hydroxy-
ecdysone in a number of specific tissues peripheral to the protho
racic gland. In this sense, ecdysone may be serving as a prohor
mone that can be metabolically activated to a variety of deriva
tives each regulating th
more target organs. Indeed
general precursor for the synthesis of other ecdysteroids and may 
be sequestered in specific target tissues in inactive form until 
required. 

Balance between the active and inactive forms of ecdysone 
and/or other ecdysteroids may be accomplished by the formation of 
conjugates such as sulfate esters or glucosides (20,27). The 
sulfation of phenols and a variety of sterols has beenTemonstrated 
in insect tissues and this, in close association with an appropri
ate sulfatase, would constitute a readily reversible mechanism 
whereby the required balance between active and inactive forms of 
ecdysteroids could be regulated (27). 

The further metabolism of ecdysone to other more active or 
less active ecdysteroids constitutes another potential mechanism 
for hormone regulation and it is likely that many of the hydroxyla
tion reactions involved are catalyzed by cytochrome P-450-mediated 
mixed function oxidases (Figure 5). Since the enzyme ecdysone 
20-hydroxylase catalyzes the conversion of ecdysone to the more 
potent molting hormone 20-hydroxyecdysone (Figure 5), it has 
received considerable attention in recent years. Ecdysone 20-hydr
oxylase activity has been measured in the tissues of a number of 
insect species; these include the fat body and several other 
tissues of lepidopterous larvae such as Manduca sexta (19,20,28,29) 
and the midgut, fat body and Malpighian tubules of penultimate 
nymphal instars of Locusta migratoria (24,30) and Schistocerca 
gregaria (25). 

Most of these studies have established that the enzyme is 
located in the mitochondrial fraction of tissue homogenates, 
although the enzyme in the fat body and Malpighian tubules of 
Locusta is reportedly associated with the microsomal fraction (30). 
All studies concur that the enzyme is a cytochrome P-450-mediated 
mixed-function oxidase and its requirements for NADPH and 0 2 and 
sensitivity to inhibitors such as carbon monoxide, metyrapone, 
etc. , support this conclusion. As yet, there are no reports as to 
whether the enzyme is associated with an iron sulfur protein 
similar to the adrenodoxin of the mammalian mitochondrial steroid 
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synthesis system although it is entirely probable that such a 
component will eventually be identified. 

It is generally assumed that the cytochrome P-450s involved in 
steroidogenesis exhibit a considerably greater degree of substrate 
specificity than their counterparts involved in xenobiotic metabo
lism and certainly this is true for the mammalian enzymes. From 
the results of limited studies based on the ability of various 
ecdysteroids to competitively inhibit the conversion of ecdysone to 
20-hydroxyecdysone in vitro by the Manduca fat body mitochondrial 
enzyme, it has been concluded that the enzyme is not highly speci
f ic for ecdysone {19). However, this is not a conclusive test for 
substrate specificity and may have l i t t le or no relevance to the 
situation occurring under physiological conditions in the intact 
cel l . 

At the present time, ecydsone 20-hydroxylase is the only major 
ecdysteroid synthesizing enzyme that has been isolated and charac
terized to any extent from insect tissues and its regulatory role, 
i f any, has not been established. 

While the prothoraci
capable of synthesizing ecdysone in immature insects, ecdysone and 
several other ecdysteroids are also produced by the ovary in adult 
female insects (31). In most species this occurs at the end of 
oocyte maturation and seems to be controlled by a foiliculotropic 
factor released by the corpara cardiaca. Ecdysone synthesis 
appears to occur de novo from cholesterol and ecdysone and possibly 
other ecdysteroids are stored in the oocyte tissue as polar conju
gates rather than being released into the blood {31). It seems 
probable that ovarian synthesis of ecdysone is the major source of 
the various ecdysteroids (20-hydroxyecdysone, 26-hydroxyecdysone, 
20,26-di hydroxyecdysone, 2-deoxyecdysone and 3-dehydroecdysone) 
that have been identified in insect eggs and developing embryos. 
These hormones derived from the adult female may well control 
critical events in the early stages of embryonic development prior 
to the development of the embryonic prothoracic gland. At least, 
one of the functions of embryonic ecdysteroids may be the control 
of cuticulogenesis (31). 

Insect ecdysteroids may also play an important role in the 
hormonal control of reproduction (31,34). Thus, in the case of the 
mosquito, Aedes aegypti, ecdysone appears to be responsible for 
stimulating the synthesis of vitellogenin (egg protein) by the fat 
body (32,33). The source of the ecdysone in this case is again the 
ovary and ecdysone biosynthesis is initiated in response to a 
neurosecretory hormone (EDNH, egg development neurosecretory 
hormone) released following ingestion of the blood meal (34). As 
in the case of the ecdysone sequestered in the eggs, the mosquito 
ovary appears to synthesize ecdysone de novo from cholesterol. In 
the latter case, however, the ecdysone is released into the blood, 
and passed to the fat body where it is converted into 20-hydroxy
ecdysone and possibly other ecdysteroids before stimulating vitel
logenin synthesis. While not yet studied at the enzymatic level, 
i t is almost certain that one or more cytochrome P-450-mediated 
monooxygenases are involved in the ovarian synthesis of ecdysone 
and may thus play an important regulatory role in reproductive 
maturation in adult female insects. It is possible that ecdysone 
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also plays a role in the reproductive maturation in male insects 
since the testes of last-instar larvae of the tobacco budworm 
effect the synthesis and release of several ecdysteroids (35). 

The similarities between ecdysone synthesis in the insect 
prothoracic gland and the ovary are obvious and in each case 
synthesis is initiated in response to a hormone originating in the 
brain* Both bear a striking resemblance to the mammalian system 
where steroid hormone synthesis in the various endocrine tissues is 
initiated in response to the release of appropriate hormones from 
the anterior pituitary. 

Juvenile Hormone 

The molting and other hormonal activities of the ecdysteroids are, 
of course, modulated by the titer of the insect juvenile hormone 
and the two materials typically function in close concert with one 
another in dictating insect molting and metamorphosis as well as in 
reproductive maturation

The three major, know
and JH III) (Figure 6) are all methyl esters of terminally epoxi-
dized homologs of farnesoic acid. They are present in varying 
amounts in different insects at different stages of development and 
it has been suggested, though not determined, that they may play 
different hormonal roles. 

The juvenile hormones are synthesized and rapidly released 
into the hemolymph from the neuroendocrine glands known as the 
corpora allata; synthesis appears to be under control of a hormone 
originating in the brain. 

The farnesoic acid precursors of the juvenile hormones are 
synthesized by appropriate isoprenoid routes from acetyl CoA and/or 
propionyl CoA and subsequently undergo 10,11-epoxidation and 
methylation of the carboxylic acid group by ^-methyl transferase 
(36) (Figure 7). It is not yet fully ascertained whether in vivo 
farnesoic acid is epoxidized prior to methylation or whetfïër the 
order of these two terminal reactions is reversed. 

The epoxidase catalyzing the 10,11-epoxidation of methyl 
farnesoate in homogenates of corpora allata from Locusta migratoria 
has been studied in detail and has been shown to be a cytochrome 
P-450-mediated monooxygenase associated with the microsomal frac
tion. The enzyme is strictly dependent on NADPH and requires 
oxygen (36). It is sensitive to inhibition by carbon monoxide (36) 
and to other compounds such as methylenedioxyphenyl compounds and 
imidazoles that are well established inhibitors of the cytochrome 
P-450-mediated monooxygenases involved in xenobiotic metabolism 
(37-39). 

In recent years, considerable attention has been given to the 
possibility of developing synthetic inhibitors of juvenile hormone 
synthesis (anti-juvenile hormones) that would result in a lethal 
block of JH synthesis. Although a large number of compounds have 
been screened as potential anti-juvenile hormone agents and several 
have been found to be effective inhibitors j m vitro, few have 
exhibited significant jn. vivo morphogenetic activity. The possi
bility of causing premature metamorphosis and lethality through 
chemical allatectomy has been given further impetus, however, by 
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20-HYDROXYECDYSONE 20.26-DIHYDROX YECD YSONE 

Figure 5. Further hydroxylative metabolism of ecdysone. 

JH-III 

Figure 6. Insect juvenile hormones. 
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the finding that, in sensitive species, the anti-allatal precocenes 
(40) are bioactivated by the cytochrome P-450 system of the corpora 
allata to potent cytotoxins that result in irreversible necrosis of 
the corpora allata. The mechanism of bioactivation appears to be 
the formation of a highly reactive electrophilic 3,4-epoxide that 
immediately alkylates critical macromolecular site(s) in the 
corpora allata (42) (Figure 8). 

The suicidal bioactivation of the precocenes clearly suggests 
the possibility that, while the cytochrome P-450 system involved in 
JH synthesis may be quite specific with respect to the substrates 
it will accept, it represents a potentially important and viable 
target for future pest control agents. 

Summary 

In conclusion, mixed-function oxidases based on cytochrome P-450 
are extremely important to insects, not only in providing a measure 
of protection against a wide variety of naturally occurring and 
synthetic xenobiotics, but also in the biosynthesis of the hormones 
that determine the complex patterns of insect growth, development 
and sexual maturation. 

While the mixed-function oxidases involved in hormone biosyn
thesis have not yet been characterized in any detail, it is prob
able that like the enzymes involved in mammalian steroidogenesis, 
they will be found to differ from those involved in xenobiotic 
metabolism in both substrate specificity and in the regulatory 
mechanisms through which they are controlled. It seems inconceiv
able, for example, that the enzymes involved in hormone synthesis 
are inducible by xenobiotics since this would destroy homeostatic 
control and in effect would open up critical physiological develop
ment to the whims of the external environment; clearly, this does 
not occur. Instead, the enzymes are undoubtedly regulated by a 
variety of endogenous factors (hormones) released from the central 
neuroendocrine system in response to a variety of endogenous and 
exogenous stimuli. 

In view of their critical importance in regulating the growth 
and development of insects, the enzymes should continue to be 
viewed as potentially valuable targets around which to develop new 
pest control agents. This possibility is likely to become more 
realistic as the enzymes are further characterized and the full 
extent of their many roles in insect development are more fully 
understood. 
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Figure 7. Biosynthesis of insect juvenile hormone III. 
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Figure 8. Bioactivation of precocene I. 
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Inhibition of Reproduction in Insect Control 

ALEXEJ B. BOŘKOVEC 

Insect Reproduction Laboratory, Agricultural Research Service, U.S. Department of Agriculture, 
Beltsville, MD 20705 

Sexual sterilization is now one of the accepted 
insect control strategies but i t s limitations invite 
a fresh look at othe
that reduce reproduction
of insect growth regulators (IGRs) sometimes include 
the disruption of reproduction but the significance 
of this effect and i t s contribution to the overall 
population reduction is variable. Juvenoids, chitin 
synthesis inhibitors, and other IGRs with as yet 
unknown mode of action are examples of compounds with 
different activities in immature stages and in adults. 
However, current research on neurochemical regulation 
of growth and reproduction offers challenging 
opportunities for the development of entirely new 
types of insect control agents. 

Some of the developments o u t l i n e d b r i e f l y here have been already 
mentioned i n more d e t a i l by others at t h i s Conference but my 
purpose i s to discuss the h i s t o r i c a l background that led to changes 
i n our concept of u t i l i z i n g chemically induced sexual s t e r i l i t y i n 
the c o n t r o l and management of insect populations. The conclusion 
reached by K n i p l i n g (1) i n h i s comprehensive t r e a t i s e on t h i s 
subject remain v a l i d . The s t e r i l e insect release technique i s now 
a generally accepted procedure even i f i t s p r a c t i c a l a p p l i c a t i o n 
has been so f a r l i m i t e d to the screwworm, Cochliomyia hominivorax 
(Coquerel), Mediterranean f r u i t f l y , C e r a t i t i s c a p i t a t e 
(Wiedemann), and b o l l weevil, Anthonomus grandis grandis Boheman. 
On the other hand, the d i r e c t s t e r i l i z a t i o n of insects i n t h e i r 
n a t ural environment (2) has found only marginal u t i l i t y because the 
chemosterilants s u i t a b l e for t h i s a p p l i c a t i o n are e f f e c t i v e only i n 
females. From the standpoint of a population, a s t e r i l e female i s 
equivalent to a dead female even i f she remains capable of mating. 
In contrast, a s t e r i l e male i s much more important because h i s 
mating may inc a p a c i t a t e several females (the so c a l l e d bonus 
e f f e c t ) . Therefore, a female chemosterilant i s at i t s best no more 
e f f e c t i v e than an i n s e c t i c i d e , whereas a male chemosterilant can be 
considerably more e f f e c t i v e than an i n s e c t i c i d e of comparable 
a c t i v i t y . 

This chapter not subject to U.S. copyright. 
Published 1985 American Chemical Society 
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It should be noted at t h i s point that the f i r s t highly a c t i v e 
chemosterilants were developed as a l t e r n a t i v e s to the r a d i a t i o n -
induced mutagenesis employed i n the s t e r i l e male release method. 
For t h i s a p p l i c a t i o n , an acceptable compound had to be h i g h l y 
s p e c i f i c i n i t s a c t i o n on the gametes or gonads; any s i d e - e f f e c t s 
were undesirable because of t h e i r p o s s i b l e i n t e r f e r e n c e with mating, 
locomotion, pheromone production, or longevity . Mutagens, and 
p a r t i c u l a r l y a l k y l a t i n g agents derived from a z i r i d i n e (3), were 
almost i d e a l i n t h i s regard and they s t e r i l i z e d males or both sexes 
of numerous insect species. Unfortunately, these successful 
developments created a f a l s e impression that a l l chemosterilants 
were mutagenic and that a safe a p p l i c a t i o n of s t e r i l i z i n g chemicals 
in the f i e l d was impossible. That t h i s impression was indeed f a l s e 
w i l l become c l e a r l a t e r i n t h i s review but l e t us turn to another 
point that was responsible for reexamining the scope of the f i e l d 
s t e r i l i z a t i o n techniques. 

The requirement for a high a c t i o n s p e c i f i c i t y of a 
chemosterilant i s f u l l y
for s t e r i l i z i n g i n s e c t s
s t e r i l a n t that i s to be a p p l i e d i n the f i e l d where i t may contact 
not only adults but a l s o a l l the immature stages of the insect does 
not have to be s p e c i f i c ; i n f a c t , i t s e f f e c t i v e n e s s would 
d r a s t i c a l l y increase i f i t would s t e r i l i z e the adults and k i l l or 
otherwise incapacitate the immature. To turn around t h i s argument, 
one can a l s o say that a s t e r i l i z i n g a c t i v i t y i n adults i s a most 
de s i r a b l e property of any o v i c i d e or l a r v i c i d e that i s used i n 
s i t u a t i o n s where a l l stages of the pest are present simultaneously 
or i n short succession. 

S t r i c t l y speaking, compounds that possess t h i s type of 
m u l t i f a r i o u s a c t i v i t y cannot be any longer c l a s s i f i e d as j u s t 
chemosterilants or t o x i c a n t s . They are population c o n t r o l l i n g 
agents that i n t e r f e r e with several c r i t i c a l p h y s i o l o g i c a l processes 
at d i f f e r e n t stages of the i n s e c t ' s development. In some instances, 
for example when only c e r t a i n developmental stages of the insect are 
a v a i l a b l e for contact with the compound or when a c e r t a i n kind of 
e f f e c t s require much smaller doses of the agent than others, the 
a c t i o n may be p r i m a r i l y s t e r i l i z i n g or t o x i c ; nevertheless, the 
p o t e n t i a l for the m u l t i f a r i o u s a c t i v i t y remains the d e c i s i v e 
c r i t e r i o n . From the standpoint of reproduction, two classes of such 
agents are known today: (1) compounds that i n t e r f e r e with the 
development and/or function of the gonads and (2) compounds that 
prevent the development of o f f s p r i n g . 

Compounds that I n t e r f e r e with the Development and/or Function of the 
Gonads 

In t h i s c l a s s the prominent mode of ac t i o n i s the induced v a r i a t i o n 
of the normal j u v e n i l e hormone (JH) or molting hormone (MH) t i t r e s . 
Although the d e t a i l e d processes by which these hormones regulate 
ovarian development, oogenesis, and e a r l y embryogenesis are s t i l l 
unclear, there are c r i t i c a l periods during which any major d e v i a t i o n 
from the normal JH or MH t i t e r r e s u l t s i n p a t h o l o g i c a l developments 
and eventually i n decreased f e r t i l i t y . JHs themselves (4-7) as w e l l 
as t h e i r analogs (JHAs) such as methoprene (7-12) function as 
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s t e r i l a n t s i n many species. S i m i l a r l y , the ecdysteroids and t h e i r 
analogs (9,13,18) may induce s t e r i l i t y by i n t e r f e r i n g with 
v i t e l l o g e n e s i s and e a r l y embryogenesis i n a manner seemingly not 
very d i f f e r e n t from that of JHs and JHAs. The t o x i c i t y of these 
agents i s a consequence of morphogenetic e f f e c t s that are expressed 
i n immature stages and frequently at doses that are much lower than 
those required for the induction of s t e r i l i t y . As a r e s u l t , the 
s t i l l rather r e s t r i c t e d p r a c t i c a l use of compounds i n t h i s c l a s s i s 
l i m i t e d to t h e i r l a r v i c i d a l and o v i c i d a l a c t i v i t y . However, a 
notable exception to t h i s g e n e r a l i z a t i o n w i l l be described l a t e r i n 
t h i s Conference (19). 

The t i t e r of JHs can be manipulated by other means than by the 
a c t i o n of t h e i r s t r u c t u r a l analogs. The biosynthesis as well as the 
d e a c t i v a t i n g metabolism of JH i s now s u f f i c i e n t l y w e l l understood 
so that s p e c i f i c i n h i b i t o r s of e i t h e r process can be designed (20-
22). Although i n theory t h i s type of manipulation of the n a t u r a l JH 
t i t e r could lead to s t e r i l i t y  s p e c i f i c examples are l a c k i n g i n the 
l i t e r a t u r e . In c o n t r a s t
s t e r i l i t y i n females of
precocene (23-35). This n a t u r a l product derived from Ageratum 
houstonianum (36) s e l e c t i v e l y destroys the t i s s u e s of corpora 
a l l a t a , the organ that produces JH. 

Compounds that Prevent the Development of Progeny 

It may be argued that s t e r i l i t y , i . e . , the i n a b i l i t y to reproduce, 
does not properly describe s i t u a t i o n s in which the development 
proceeds beyond the egg stage. Consequently, compounds that are 
a p p l i e d to adult females and reduce the h a t c h a b i l i t y of t h e i r eggs 
or the s u r v i v a l of t h e i r larvae could be c a l l e d o v i cides or 
maternally applied l a r v i c i d e s rather than s t e r i l a n t s . Because t h i s 
d i s t i n c t i o n appears p r i m a r i l y cosmetic rather than substantive, i t 
w i l l be disregarded here. The d i s t i n c t i v e feature of these 
compounds i s t h e i r accumulation in the eggs p r i o r to t h e i r 
d e p o s i t i o n . Perhaps the best understood examples are the 
d e r i v a t i v e s of phenyl benzoyl urea (37). These m a t e r i a l s , 
exemplified by diflubenzuron (38), i n h i b i t the biosynthesis of 
c h i t i n and thus disrupt the formation and reformation of i n s e c t ' s 
exoskeleton (39,40). In the female house f l y , Musca domestica L., 
unmetabolized diflubenzuron i s translocated to the eggs and when i t s 
accumulation i s s u f f i c i e n t l y high, malformed embryos that do not 
hatch are produced (41). S i m i l a r s t e r i l i z i n g e f f e c t s of 
diflubenzuron or i t s analogs were confirmed i n over 50 species of 
Diptera, Coleoptera, Hemiptera, and Lepidoptera. 

Another c l a s s of compounds that prevent reproduction by 
i n t e r f e r i n g with the s u r v i v a l of o f f s p r i n g are the d e r i v a t i v e s of 
jî-triazine (42). 2,4-Diamino-6-(2-furyl)-£-triazine, one of the 
most a c t i v e chemosterilants of female house f l i e s , was i n v e s t i g a t e d 
i n considerable d e t a i l (43,44) but i t s mode of a c t i o n remains 
unknown. Like diflubenzuron, t h i s t r i a z i n e i s transported through 
the hemolymph to the eggs where i t disrupts embryogenesis and 
reduces the s u r v i v a l of larvae that do hatch. Unlike diflubenzuron, 
however, i t has no demonstrable e f f e c t s on c h i t i n synthesis (45,46). 
In house f l y larvae, t h i s and r e l a t e d t r i a z i n e s e x h i b i t strong 
t o x i c i t y (47) that i s remarkable by i t s delayed onset (44). 
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Cl o s e l y r e l a t e d l a r v i c i d e s CGA 19255 (o-azido-N-cyclopropyl-N'-ethyl-
js-triazine-2,4-diamine) and CGA 72662 ( N - c y c l o p r o p y l - s - t r i a z i n e -
2,4,6-triamine) do not function as s t e r i l a n t s of adult house f l i e s 
but they were reported a c t i v e c h i t i n synthesis i n h i b i t o r s i n the 
cockroach leg regenerate system (48). However, since the l a t t e r 
a c t i v i t y could not be confirmed i n another c h i t i n synthesis bioassay 
(46) i t may be p o s s i b l e that a l l the l a r v i c i d a l £-triazines have a 
common mode of a c t i o n and that the d i f f e r e n c e s i n t h e i r s t e r i l i z i n g 
p r operties depend on the ease of t h e i r metabolism and d e a c t i v a t i o n . 

S t e r i l i z a t i o n by Neuroregulators 

Recent advances i n insect neurochemistry (49) are opening new 
approaches to d i s r u p t i n g reproduction. The existence of a 
neuropeptide that a f f e c t s oogenesis has already been confirmed and 
intensive e f f o r t s are underway for i t s i s o l a t i o n and s t r u c t u r a l 
i d e n t i f i c a t i o n . The egg development neurosecretory hormone (EDNH, 
50,51) regulates v i t e l l o g e n e s i
r e s u l t s i n i n f e c u n d i t y
p h y s i o l o g i c a l processes, p a r t i c u l a r l y those occurring i n immature 
stages remain to be determined but i n d i c a t i o n s of i t s 
c r o s e r e a c t i v i t y with the p r o t h o r a c i c o t r o p i c hormone (52) suggest the 
p o s s i b i l i t y of a m u l t i f a r i o u s a c t i v i t y that would include 
s t e r i l i z i n g e f f e c t s i n adults and toxic e f f e c t s i n immature stages. 

Neuroregulation may indeed be the l a s t f r o n t i e r of chemical 
insec t c o n t r o l since the multitude of suspected neurohormones, 
estimates range from tens to hundreds, cover a l l important aspects 
of insect physiology and behavior. It i s tempting to speculate 
whether the hardest problem of insect s t e r i l i z a t i o n , the 
i n t e r f e r e n c e with male reproduction, could a l s o y i e l d to the 
neurochemical approach. Thus f a r , the r e g u l a t i o n of inse c t 
spermatogenesis remains one of the darkest mysteries of reproductive 
physiology. However, recent work (53,55) in d i c a t e s that various 
f a c t o r s , some o r i g i n a t i n g i n the b r a i n , may be the sought for 
r e g u l a t o r s . Once these materials are i s o l a t e d and c h a r a c t e r i z e d , 
the p o s s i b i l i t y of developing a nonmutagenic and h i g h l y e f f e c t i v e 
male chemosterilant may become r e a l i t y . Neurochemistry o f f e r s new 
opportunities for developing insect c o n t r o l agents that are s p e c i f i c 
and narrow i n t h e i r e f f e c t s but i t also provides a way for f i n d i n g 
h ighly a c t i v e materials that are from a developmental standpoint 
n o n s p e c i f i c . The h i s t o r i c a l example of choline esterase i n h i b i t o r s 
i s too w e l l known to require e l a b o r a t i o n but i t i s to be hoped that 
the growing understanding of neuroendocrinology w i l l f a c i l i t a t e an a 
p r i o r i s e l e c t i o n of processes s p e c i f i c to i n s e c t s with a s i m i l a r 
c o n t r o l p o t e n t i a l . I have l i t t l e doubt that reproduction w i l l be 
one of these processes. 

Literature Cited 

1. Knipling, E. P. "Basic Principles of Insect Population 
Suppression and Management"; USDA Agric. Handbook 512, 
Washington, DC, 1979; pp. 281-314. 

2. Bořkovec, A. B. Environ. Letters 1975, 8, 61-9. 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



11. BORKOVEC Reproduction Inhibition in Insect Control 181 

3. Bořkovec, A. B.; Woods, C. W. Israel J. Entomol. 1976, 
11, 53-9. 

4. Morgan, P. B.; LaBrecque, G. C. J. Econ. Entomol. 1971, 
64, 1479-81. 

5. Abdallah, M. D.; Zaazou, Μ. Α.; El-Tantawi, M. Ζ. Angew. 
Entomol. 1975, 78, 176-81. 

6. Schooneveld, H.; Abdallah, M. D. J. Econ. Entomol. 1975, 
68, 529-33. 

7. Judson, C. L.; De Lumen, H. Z. J. Med. Entomol. 1976, 
13, 197-201. 

8. Rohdendorf, E. P. Acta Entomol. Bohemoslov. 1975, 72, 209-20. 
9. Denlinger, D. L. Nature 1975, 253, 347-8. 
10. Marzke, F. O.; Coffelt, J. Α.; Silhacek, D. L. Entomol. Exp. 

Appl. 1977, 22, 294-300. 
11. Martinez-Pardo, R.; Ribo, J.; Primo-Yufera E. J. Econ. 

Entomol. 1979, 72, 537-540. 
12. van Sambeek, J. W.; Bridges, J. R. J. Georgia Entomol. Soc. 

1981, 16, 83-90. 
13. Robbins, W. E.; Kaplanis,

T. J. ; Cohen, C. F.; Joyner, S. C. Science 1968, 161, 
1158-60. 

14. Robbins, W. E.; Kaplanis, J. N.; Thompson, M. J.; Shortino, 
T. J.; Joyner, S. C. Steroids 1970, 16, 105-25. 

15. Řežábová, B.; Hora, J.; Landa, V.; Černý, V.; Šorm,, F. 
Steroids 1968, 11, 475-96. 

16. Wright, J. E.; Kaplanis, J. N. Ann. Entomol. Soc. Amer. 1970, 
63, 622-3. 

17. Wright, J. E.; Chamberlain, W. F.; Barrett, C. C. Science 
1971, 172, 1247-8. 

18. Dorn, Α.; Buhlman, K. J. J. Econ. Entomol. 1982, 75, 935-8. 
19. Staal, G. B., this Conference. 
20. Monger, D. J.; Lim, W. Α.; Kerzdy, F. J.; Law, J. H. Biochem. 

Biophys. Res. Commun. 1982, 4, 1374-80. 
21. Quistad, G. B.; Cerf, D. C.; Schooley, D. Α.; Staal, G. B. 

Nature 1981, 289, 176-7. 
22. de Kort, C. A. D.; Granger, N. A. Ann. Rev. Entomol. 1981, 

26, 1-28. 
23. Bowers, W. S.; Martinez-Pardo, R. Science 1977, 197, 1369-71. 
24. Pener, M. P.; Orshan, L.; De Wilde, J. Nature 1978, 272, 

351-3. 
25. Judson, P.; Rao, B. K.; Thakur, S. S.; Revathy, D. Indian J. 

Exp. Biol. 1979, 17, 947-9. 
26. Pound, J. M.; Oliver, Jr., J. H. Science 1979, 206, 355-7. 
27. Rankin, M. A. J. Insect Physiol. 1980, 26, 67-73. 
28. Belles, X.; Messeguer, A. Dev. Endocrinol. (Amsterdam) Juv. 

Horm. Biochem. 1981, 15, 421-4. 
29. Fagoone, I.; Umrit, G. Insect Sci. Applic. 1981, 1, 373-6. 
30. Feldlaufer, M. F.; Eberle, M. W.; McCelland, G. A. H. Insect 

Sci. Applic. 1981, 1, 389-92. 
31. Matolcsy, G.; Farag, A. I.; Varjas, L.; Belai, I.; Darwish, 

Y. M. Dev. Endocrinol. (Amsterdam) Juv. Horm. Biochem. 1981, 
15, 393-402. 

32. Samaranayaka-Ramasamy, M.; Chaudhury, M. F. B. Experientia 
1981, 37, 1027-9. 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



182 BIOREGULATORS FOR PEST CONTROL 

33. Samaranayaka-Ramasamy, M.; Chaudhury, M. F. B. J. Insect 
Physiol. 1982, 28, 559-69. 

34. Bowers, W. S.; Evans, P. H.; Marsella, P. Α.; Soderlund, D. M. 
Science 1982, 217, 647-8. 

35. Tarrant, C.; Cupp, E. W.; Bowers, W. S. Amer. J. Trop. Med. 
Hyg. 1982, 31, 416-20. 

36. Bowers, W. S.; Ohta, T.; Cleere, J. S.; Marsella, P. A. Science 
1976, 193, 542-7. 

37. Wellinga, K. R.; Mulder, R.; van Daalen, J. J. J. Agric. Food 
Chem. 1973, 21, 993-8. 

38. Anonymous. Technical information, TH6040 insect growth 
regulator. Thompson-Hayward Chem. Co., Kansas City, KS, 
1974, 25 pp. 

39. Post, L. C.; Vincent, W. R. Naturwissenschaften 1973, 9, 
431-2. 

40. Cohen, E.; Casida, J. E. In "Pesticide Chemistry; Human 
Welfare and the Environment"; Miyamoto, J.; Kearney, P. C.; 
Matsunaka, D. H.; Murphy,
Vol. III, pp. 25-32. 

41. Chang, S. C.; Bořkovec, A. B. J. Econ. Entomol. 1980, 73, 
285-7. 

42. Bořkovec, A. B.; DeMilo, A. B.; Fye, R. L. J. Econ. Entomol. 
1972, 65, 69-73. 

43. Matolín, S.; Landa, V. Acta Entomol. Bohemoslov. 1971, 
68, 1-5. 

44. Pessah, I. N. Ph.D. Thesis, University of Maryland, College 
Park, MD, 1983. 

45. Marks, E. P., personal communication. 
46. Gelman, D. Β., unpublished data. 
47. DeMilo, A. B.; Bořkovec, A. B.; Cohen, C. F.; Robbins, W. E. 

J. Agric. Food Chem. 1981, 29, 82-4. 
48. Miller, R. W.; Corley, C.; Cohen, C. F.; Robbins, W. E.; Marks, 

E. P. Southwest. Entomol. 1981, 6, 272-8. 
49. Bořkovec, A. B.; Kelly, T. J., Eds. "Insect Neurochemistry and 

Neurophysiology"; Plenum Press: New York, 1984; 523 pp. 
50. Lea, A. Gen. Comp. Endocrinol. 1972, Suppl. 3, 602-8. 
51. Masler, E. P.; Hagedorn, H. H.; Petzel, D.; Bořkovec, A. B. 

Life Sci. 1983, 33, 1925-31. 
52. Hagedorn, H. H.; Shapiro, J. P.; Hanaoka, K. Nature 1979, 

282, 92-4. 
53. Dumser, J. B. Ann. Rev. Entomol. 1980, 25, 341-69. 
54. Friedlander, M. J. Insect Physiol. 1982, 28, 1009-12. 
55. Loeb, M. J.; Woods, C. W.; Brandt, E. P.; Bořkovec, A. B. 

Science 1982, 218, 896-8. 

RECEIVED November 8, 1984 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



12 

Potent Insect Antifeedants from the African Medicinal 
Plant Bersama abyssinica 

ISAO KUBO and TAKESHI MATSUMOTO 

Division of Entomology and Parasitology, College of Natural Resources, University of California, 
Berkeley, C A 94720 

The chemical investigatio
agents from the Eas
abyssinica (Melianthaceae) has led us to the 
isolation and characterization of four new 
bufadienolide steroids; abyssinin, abyssinol-A, -B, 
and -C. One of these, abyssinin, exhibits very 
strong antifeedant activity (PC95=5µg/disk) against 
the cotton pest insect, Heliothis zea. This is one 
of the most potent antifeedants isolated from 
botanical sources so far. 2D-COSY NMR was very 
useful in the structural assignment of these insect 
antifeedants. 

In the course of our search for pest insect control agents based 
on natural products our interests have focused upon plants which 
are not attacked by insects as these plants may produce defensive 
chemicals for deterring herbivory. An example i s the East African 
medicinal plant Bersama abyssinica (Melianthaceae), which is 
widely used for various diseases such as dysentery, epilepsy and 
hemorrhoid. The extract from young twigs i s also drunk for the 
treatment of roundworm (1). In a preliminary experiment, using 
the leaf disk bioassay wTth a glandless cotton cul t ivar (2), the 
root bark extract of EL abyssinica exhibited potent insect 
antifeedant act iv i ty against the important North American cotton 
insect pest Heliothis zea. The isolat ion of the active pr inciples, 
guided by a leaf disk TSToassay, produced the four bufadienolides 
abyssinin, abyssinol-A, - B , and -C as insect antifeedants. Their 
structures were established as (I), (II), (III) and (IV), 
respectively. The chemical components of abyssinica were 
previously examined by Kupchan (2). By monitoring the cytotoxic 
act iv i ty against KB tissue cultures four bufadienolides, 
(bersaldegenin 3-acetate (V), bersaldegenin 1,3,5-orthoacetate 
(VI), hellebrigenin 3-acetate (VII) and hellebrigenin 3,5-diacetate 
(VIII)) were isolated as active pr inciples. However, none of these 
were detected by the bioassay methods used in the present study. 

0097-6156/85/0276-O183$06.00/0 
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Isolation 

The fresh root bark (2 kg) of j * . abyssinica was collected 
near Kakamega, Kenya, in 1981, and extracted with aqueous methanol. 
The isolat ion scheme is depicted in Figure 1. The crude extract 
was concentrated, and the residue was extracted with hexane, 
methylene chloride, and ethyl acetate. The bioactive methylene 
chloride extract was chromatographed on s i l i c a ge l . A 
CHCI3-CH3OH (20 : 1) elution gave crude abyssinin (200 mg). 
Further elution with CHCI3-CH3OH (10 : 1) gave a mixture of 
crude abyssinol A, B, and C (20 mg). This mixture was further 
separated by TLC (S i0 2 , CHCI3-CH3OH; 10 : 1) into the three 
fractions composed of crude abyssinol A, B, and C., respectively. 
Each of the crude fractions of abyssinin, abyssinol A, B, and C 
s t i l l showed two spots with a ca. 1 : 1 ratio on TLC. The *H 
NMR spectra of these crude fractions indicated that each fraction 
contained two structurally similar compounds epimeric at C-17. 
The separation of these
these were convertible to each other gradually under both normal-
and reversed-phase chromatographic conditions with a protic solvent 
such as methanol. Final purif icat ion of the crude of abyssinin 
was performed by f lash chromatography on s i l i c a gel using ether to 
give pure crysta l l ine abyssinin and 17-epiabyssinin. Simi lar ly , 
pure abyssinol A, B, and C were separated from their C-17 epimers 
by s i l i c a gel TLC without the use of protic solvents. The ethyl 
acetate fract ion, which exhibited antimicrobial act iv i ty against 
Bad lus subtil is other than antifeedant ac t iv i ty , was subjected to 
droplet counter current chromatography (DCCC) to give, as the major 
compounds, g a l l i c acid (72 mg) and methylgallate (45 mg) as shown 
in Figure 2. 

Structure of abyssinin 

Abyssinin (I), M.P. 2 7 8 ° C (from EtOH), C27H30O8 
(elemental analysis) , possess the following physical constants: 
Ε I - M S , m/z 482(M+), 454(M-C0), 439(M-C0CH3) and 422 
(M-CH3CÏÏC)rT); UV (EtOH) 228(ε 7700, sh . ) , 256 (ε 13400) and 296 
nm (ε 7100, sh. ); CD (EtOH) 330(Δε+3.4) and 335 nmU e+3.2, s h . ); 
IR (CHCI3) 2850, 1735, 1724, 1710, 1643, 1630, 1545 and 1250 
cm" 1 . The 1 3 C NMR data summarized in Figure 3a shows the 
presence of three CH3, six CH2, f ive CH, three quaternary, six 
o l e f i n i c , and four carbonyl carbons. These results were based on 
a combination of; proton-noise decoupling (PND), continuous wave 
decoupling (CWD), and par t ia l ly relaxed Fourier transform (PRFT) 
techniques (4). The 400 MHz *H NMR data shown in Figure 3b were 
obtained mainly by 2D COSY techniques and by LIS experiments using 
Eu(fod)3. These spectral data showed abyssinin to be a 
bufadienolide type steroid (5-8) containing the following 
groups: an acetate ester (g), an aldehyde (b), and epoxide (c) , a 
quaternary methyl (d), a fu l l y substituted α-methoxy enone moiety 
(e), and an α-pyrone group (f , xmax 296 nm, v m a x 1710, 1630, 
1545 cm"1) (see Figure 4) . 

The 2D NMR spectrum shown in Figure 5 indicates the three low 
f i e l d proton signals (7.30, 7.04 and 6.33 ppm) are coupled to each 
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F i g u r e 2. DCCC o f t h e e t h y l a c e t a t e e x t r a c t (1.2 g) o f B. 
a b y s s i n i c a w i t h CHC1 3-CH 30H-H 20 (7:13:8 v / v ) by t h e 
a s c e n d i n g method; 5 m l / f r a c t i o n . 
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I l i a 
[ 1 3 C NMR In CDCI3] 

7.04(dd,9.8,2.5) 

I e.33(dd,e.e,0.8) 

I l l b 
[ 1 H MNR In CDCI 3 ] 

13 1 ure 3. C NMR (a) and H NMR (b) data f o r a b y s s i n i n . 
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F i g u r e 4. Groups c o n t a i n e
d a t a . 

8 7 6 8 7 6 PPM 
stacked plot contour plot 

F i g u r e 5. T w o - d i m i n s i o n a l NMR s p e c t r u m . 
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other, and these signals were assigned to the protons on the 
α-pyrone moiety. The high f i e l d sh i f t of 22-H in comparison with 
those of a l l known bufadienolides (6) i s probably due to a 
diamagnetic anisotropic effect caused by the C-16 carbonyl group. 
The broad singlet proton signal at 3.00 ppm was identi f ied as 17-H 
by the presence of an a l l y l i c coupling (0.5 Hz) with 21-H (7.30 
ppm). The contour plot shown in Figure 6 also showed the presence 
of this a l l y l i c coupling. Similar ly, a long-range coupling 
between the methyl sh i f t at 0.93 ppm and 17-H was observed in the 
2D COSY spectrum shown in Figure 7, indicating their trans 
relat ionship, and locating this CH3 group at C-13. This 
relationship also confirmed the configuration of the α-pyrone ring 
to be β , and c i s to the I3-CH3. Upon catalyt ic h y d r o g é n a t i o n 
(over 5 Pd/C in ethanol), abyssinin absorbed two moles of 
hydrogen to give tetrahydroabyssinin (IX). Tetrahydroabyssinin 
(IX), C97H34O8,possessed the following physical properties: 
UY(EtOH), 248 nmU 9700); C0(10 dioxane/EtOH) 353Ue+3.4), 349 nm 
(Δε+3.2, sh . ) ; Ε Ι - M S m/
19-H), 4.62 (1H, t , J=l
21-Hp), 3.78(3H, s , OCH3), 3.49(1H, d, J=3.5 Hz, 4-H), 
3.41UH, b r . s , 3-H), 3.09(lH,dt,J=12, 4 Hz,6-H e ) , 3.02(1H, td , 
J=10, 4Hz, 8-H), 2.74UH, ddd, J=15, 9, 6 Hz, 23-H a) , 2.64(1H, 
dq, J=12, 4 Hz, 7-H e ) , 2.48(1H, dt , J=15, 6 Hz, 23-H e ) , 2.32 
(1H, m, 20-H), 2 . 1 7 Î 1 H , ddd, J=12, 6, 3 Hz, 2-H e ) , 2.08 (1H, m, 
6-H a ) , 2.03(3H, s , OCOCH3), 1.87(1H, d, 3 Hz, 17-H), 1.15(3H, 
s , I3-CH3). 
The low f i e l d sh i f t U+0.22 ppm) of the I3-CH3 signal in going 
from I to IX, without any other group sh i f t ing , supports the 
B-configuration of the pyrone group. A molecular model of I shows 
that the I3-CH3 group i s situated over the pyrone r ing, and the 
sh i f t i s probably due to an anisotropic ef fect induced by a ring 
current of the pyrone moiety. The stereochemistry at position 17 
in I i s consistent with those of a l l bufadienolides known to date. 

The α-methoxy enone moiety (x m a x 256 nm, v m a x 2850, 1770, 
1643, and 1250 c n r 1 ) , isolated from the contiguous proton 
systems, i s positioned on the D ring on the basis of biogenetic 
considerations of this class of steroids. The unusually low 
chemical sh i f t of the equatorial proton signal (2.70 ppm) at C-7 
is due to deshieldino by a through space effect of the methoxy 
group. Abyssinin (I) i s unstable in a protic solvent such as 
ethanol, and epimerizes at C-17 to give a mixture of I and 
17-epiabyssinin (X) (3:2). A signif icant low f i e l d sh i f t U+0.41 
ppm) of the C-13 CH3 signal in X vs I c lear ly shows that the 
configuration of the α-pyrone ring i s a. 17-Epiabyssinin (X) was 
also isolated, and i t also epimerized to give an equilibrium 
mixture of X and I (2:3) in ethanol. It i s presumable that X i s 
an a r t i f ac t . The aldehyde group and the acetate group must be 
located on the remaining quaternary carbons, C-10(51.3 ppm) and 
C-4(80.2 ppm) respectively. The addition of Eu(fod)3 to the 
CDCI3 solution spread out the congested spectrum, and induced 
large changes of in the absorption due to proton 4-H. Since these 
shi f ts showed complexation of the lanthanide reagent with the 
acetate oxygen, the configuration of the epoxide was established 
as a. 
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Figure 6. Contour p l o t . 
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Figure 7. Two-dimensional COSY spectrum. 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



12. KUBO AND MATSUMOTO Insect Antifeedants 193 

The absolute configuration of abyssinin (I) was determined from CD 
studies of the tetrahydroabyssinin (IX) and i t s 3,4-bis 
( £ - J M - d i m e t h y l a m i n o b e n z o a t e ) (XIII). Acid catalyzed epoxy-
hydrolysis of abyssinin (I) (7N H2SO4/THF, 5 0 ° C ) , followed by 
h y d r o g é n a t i o n (5 Pd/C., EtOH) afforded the tetrahydroglycol (XI) 
and i t s C-17 epimer (XII). In general, £ - N , N - d i m e t h y l a m i n o -
benzoates are prepared from by £-N^,h [ -d imetT iyTaminobenzoy l chloride 
in pyridine. Because the preparation and storage of this reagent 
i s troublesome due to i t s react ivi ty with water, we prepared the 
more stable reagent £ - J Y , N - d i m e t h y l a m i n o b e n z o y l n i t r i l e , which 
reacts easi ly with most alcohols but not water (9). A solution of 
p-N,N-dimethylaminobenzoyl n i t r i l e in dry CH3CN was added to a 
UKJCTT solution of tetrahydroglycol (XI), containing a catalyt ic 
amount of quinuclidine and st i rred at room temperature for 17 hr . 
3 , 4 - B i s ( £ - ] M - d i m e t h y l a m i n o b e n z o a t e ) (XIII) was purif ied direct ly 
from the reaction mixture by preparative TLC. The configuration 
of (XIII) was assigned by the *H NMR coupling constant (J=10 Hz) 
of the protons on carbo
f i r s t Cotton effect at 324.
absolute stereochemistry of abyssinin to be that as indicated in 
structure (I) . This also establishes the absolute configuration 
of the bufadienolides that were isolated from the same source as 
antitumor agents: bersaldegenin 3-acetate (V), bersaldegenin 
1,3,5-orthoacetate (VI), hellebrigenin 3-acetate (VII), and 
hellebrigenin 3,5-diacetate (VIII). 

Structure of Abyssinol A, B, and C 

The structures of these antifeedants were established mainly 
through the comparison of their spectroscopic data with those of 
abyssinin (I). *H NMR data (400 MHz) of these bufadienolides, 
summarized in Table I, showed the characterist ic signals of an 
α-pyrone ring and of a proton adjacent to an unsaturated carbonyl 
l i ke abyssinin. The signals (0.86-0.99 ppm) of their C-13 methyl 
group suggest a β pyrone ring in a l l three compounds, in contrast 
to the chemical shi f t of the C-13 methyl group in 17-epiabyssinin 
(1.34 ppm). 

Abyssinol A (II), m.p. 146°C (amorphous) has the following 
physical constants: IBEI-MS m/z 410(M+), 392(M +-H 20), 364, 
346 and 336, DCI-MS(NH3) 428Tl^+NH4) and 411(M++H), 
IR(CHC13) 3530, 2860, 1745, 1720, 1700, 1638, 1610, 1535, 1450, 
1375 and 1305 cirr i , UV(EtOH) 227U 12000) and 292U 7700) nm. 
The *H NMR of II is quite similar to that of abyssinin, except 
for the following: (i) the lack of the acetoxy methyl s ignal , ( i i ) 
the presence of a hydroxyl proton s ignal , ( i i i ) the lack of the 
methoxy methyl signal and (iv) the presence of an o le f in ic proton 
signal at 5.92 ppm. Together with the Ε Ι - M S data, (i) and ( i i ) 
indicate that δ β - a c e t o x y l group in abyssinin should be replaced by 
a δ β - h y d r o x y l group, which is also supported by the change in the 
sh i f t (Δ-.41 ppm) of the proton attached to C-4. A molecular 
model of abyssinin shows that the C-4 proton is close enough to 
the acetoxy-carbonyl group as to be subject to an an isot rop ic 
deshielding, although this i s n ' t possible in the case of II. 
Since the 5.92 ppm o le f in ic proton of II i s coupled to the 
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isolated a l l y l i c 8-H at 3.05 ppm (1.8 Hz), this o le f in ic proton 
was placed at C-15 to replace the methoxy group found in abyssinin. 
The UY spectral data are consistent with th is . 

Abyssinol Β (III), Ε I - M S m/z 442(M+), 424(M +-H 20), 
406(M +-2H 20), 394 and 287, UV(ItUH) 220(ε 9700), 253 (ε 14300) 
and 290(ε 7200, sh. ) nm, contains two hydroxyl groups. One was 
placed at C-5 for the same reason as in the case of abyssinol A. 
The other was assigned to C-19 since the *H NMR signal due to 
the aldehyde group in abyssinin was not observed in abyssinol B, 
but was replaced by a new isolated AB system corresponding to 
-CH20H appearing at 3.59 and 3.33 ppm (J=12 Hz). Thus, abyssinol 
Β was determined to be structure III. 

Abyssinol C (IV), m.p. 154°C (amorphous), Ε Ι - M S m/z 542(M+), 
524(M +-H 20), 482(M+-CH3C00H), 464, 422(M+-2CH3C00H), 
404, 376 and 286, UV(EtOH) 225(ε 7900, s h . ) , 253(ε 13400) and 
290(ε 6600, sh.) nm, differed from abyssinin in the following 
respects: ( i) the C-5 acetoxyl group i s replaced by hydroxyl group 
as in the case of abyssino
groups (2.06 and 2.05 ppm
epoxy group found in Abyssinin. Since the coupling values of the 
acetate bearing methine protons (5.76 and 5.31 ppm) are consistent 
with the expected values for equatorial protons, the stereo
chemistry of the two acetoxyl groups were assigned as ax ia l . 
Further, a 1,3-diaxial relationship was disclosed by double 
resonance experiments. Of the two possible structures (1,3-diaxial 
structure XIV or XV in ring A) , XIV was chosen because the aldehyde 
proton signal underwent a low f i e l d shi f t (ΔΟ+0.34 ppm) compared 
with that of abyssinin. The structure of abyssinol C was therefore 
established as shown in IV. 

Antifeedant Act iv i ty 

Abyssinin (I), 17-epiabyssinin (X), abyssinol A (II), Β (III), 
C (IV) and abyssinin derivatives (IX and XVI) were tested for 
antifeedant act iv i ty in a 'choice' situation (10). Leaf disks (1 
cm2) were punched out from a glandless cotton cul t ivar (Pima S-4 
of Gossypium barbadanse, a favored host of the cotton budworm 
Heliothis zea), randomized, and arranged on moistened f i l t e r paper 
in polyethylene form grids inside glass petri dishes as shown in 
Figure 9. Alternating disks were treated with either 25 μΐ acetone 
or with from 1 ug to 100 \xg of test compounds dissolved in 25 μΐ 
acetone. Three newly-molted third instar larvae of the cotton 
budworm were then placed in the disks at 2 2 ° C and 80 RH in a dark 
incubator. After 48 hrs, the larvae were removed and the disks 
were visual ly examined. Table II indicates a PC95 of (I)-(IV), 
(IX), (X) and (XVI) for IH. zea larvae. PCg§ values are 
concentrations of samples resulting in 95 protection" of treated 
disks when compared to untreated disks. Cotton leaf disks which 
had been treated with 5 \ig of abyssinin (I) or 17-epiabyssinin (X) 
were not eaten by H. zea. 
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F i g u r e 9. C o t t o n l e a f d i s k " c h o i c e " b i o a s s a y . 
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Table II. Antifeedant ac t iv i t ies (PC95) of bufadienolides 
against H. zea. 

Compounds PC95wg/disk) 

(I) 5 
(X) 5 

(II) 25 
(III) 20 

(IV) 20 
(IX) >100 

(XVI) >100 

Abyssinol A (II), Β (III) and C (IV), without the acetoxyl moiety, 
were less active than abyssini
the acetoxyl moiety. W
antifeedant act iv i ty due to the removal of the acetoxyl group when 
we investigated antifeedant ac t iv i t ies of the ajugarins (11). 
Tetrahydroabyssinin (IX) and i t s epoxy-hydrolyzed derivative (XVI) 
were found to be inactive even at 100 ug/disk. This suggests both 
the α-pyrone ring and the epoxide group are required for the 
strong antifeedant act iv i ty of abyssinin (I). We also conducted a 
'no-choice 1 a r t i f i c i a l diet feeding assay (12), since compounds 
not showing antifeedant act iv i ty but having growth inhibitory 
act iv i ty would be overlooked in the previous 'choice' s i tuat ion. 
As a resul t , we isolated only abyssinin as an insect growth 
inhibitor while monitoring by an a r t i f i c i a l diet feeding assay. 
In fact , abyssinol A (II), Β (III) and C (IV), isolated monitoring 
by the leaf disk assay, did not show any insect growth inhibitory 
ac t iv i ty , as is shown in Table III. 

Table III. Growth inhibitory act iv i ty (ED50 in ppm) of 
bufadienolides against Pectinophora gossypiel la. 

Compounds EDso(ppm) 

(I) 10 

( ID >50 

(III) >100 

(IV) >100 

(IX) >150 

(XVI) >150 

Ga l l i c acid >500 

Methyl gallate >500 
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Thus, the growth inhibitory act iv i ty of abyssinin (I) compared to 
abyssinols (II-IY) could be attributed to a 'potent' antifeedant 
effect which can cause starvation. Accordingly, the antifeedant 
ac t iv i t i es of the abyssinols (II-IY) appear not to be strong enough 
as to force starvation. 

Ga l l ic acid and methyl gal la te , isolated monitoring by 
antimicrobial act iv i ty against subtil i s , were inactive against 
P. gossypiella even at a concentration of 500 ppm. On the other 
Fana, abyssinin (I) did not show microbial act iv i ty against EL 
subtil is even at a high concentration. This shows another example 
where different type of secondary compounds act in a variety of 
ways as defense adaptations of a plant. 
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Cockroach Control with Juvenoids 

GERARDUS B. STAAL, CLIVE A. HENRICK, DAVID L. GRANT, DAVID W. MOSS, 
M I C H A E L C. JOHNSTON, ROBIN R. R U D O L P H , and WILLIAM A. D O N A H U E 

Zoecon Corporation, Palo Alto, C A 94304 

The potential of juvenoids to control cockroach 
populations depends on their ability to stop 
reproduction. The
therefore relate to
property with short term responses such as 
morphogenetic abnormalities. In this study, several 
dienoates with high activity on various other insect 
targets and a few other prominent juvenoids were 
compared in a feeding assay for activity on the German 
cockroach. Of the compounds tested, hydroprene was 
the most potent, whereas methoprene was considerably 
less active against this target species. Further 
studies on the persistence of residues on various 
substrates of technical hydroprene confirmed the 
volatility of hydroprene. Through formulation, the 
volatility could be greatly reduced with retention of 
full activity. However, volatility may well play a 
contributory role in the efficacy of practical 
household applications. The coapplication of 
conventional insecticides contributes to the short 
term reduction in population and thus enhances 
consumer acceptance of juvenoids. 

Studies i n the e a r l y and mid seventies on the e f f e c t of s e v e r a l 
juvenoids on cockroaches have i n d i c a t e d t h e i r a c t i v i t y i n terms of 
i n h i b i t i o n of metamorphosis, increased melanization, development of 
ovaries, m o rtality of adults and progeny, e f f e c t s on regeneration, 
d e f i c i e n c i e s i n mating behavior, delay of the f i n a l molt and, l a s t 
but not l e a s t , the i n h i b i t i o n of reproduction (1-11). The 
p o t e n t i a l of c e r t a i n juvenoids, p a r t i c u l a r l y that of hydroprene, to 
co n t r o l cockroach populations by i n h i b i t i n g the reproduction 
through exposure to the juvenoids i n a c r i t i c a l period before 
metamorphosis was c l e a r l y suggested by t h i s e a r l i e r work. However, 
t h i s was not followed up at that time because measures r e q u i r i n g 
s e v e r a l months to achieve c o n t r o l were not considered to be 
commercially a t t r a c t i v e . With juvenoids alone i t would indeed take 
s e v e r a l months f o r the t o t a l disappearance by a t t r i t i o n of the l a s t 
normal and s t e r i l e adults, since the average longevity of female 
adults i s about 5 months. 

0097-6156/ 85/ 0276-0201 $06.00/ 0 
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At l e a s t two events were responsible f o r a change i n t h i s 
a t t i t u d e and provided the i n c e n t i v e to s e l e c t and develop an 
e f f e c t i v e juvenoid f o r cockroach c o n t r o l : a) the success achieved 
with the juvenoid methoprene i n the c o n t r o l of breeding f l e a 
populations i n household carpets and upholstery (17, 18) b) 
subjective observations by tenants of apartments treated with 
methoprene foggers during " f i e l d " experiments conducted i n 1981 
designed to e s t a b l i s h the e f f i c a c y on f l e a populations i n d i c a t i n g 
that cockroach populations also appeared to be a f f e c t e d . 

Over the past decade, the outlook f o r cockroach c o n t r o l had 
undergone changes due to the r e a l i z a t i o n that the most e f f e c t i v e 
p e s t i c i d e treatments, even i f applied by experienced pest c o n t r o l 
operators (P.C.O.'s) although seemingly e f f e c t i v e f o r a short 
while, never appeared to y i e l d long l a s t i n g c o n t r o l . This i s 
probably r e l a t e d i n part to cockroach behavioral adaptations such 
as h i d i n g i n cracks and crevices when i n s e c t i c i d e presence i s 
sensed or to temporary r e l o c a t i o n to untreated adjacent habitats 
u n t i l the residues hav
of the most e f f i c a c i o u
and resistance against the remaining ones have become widespread 
(19). Hence, an i n c r e a s i n g i n t e r e s t developed f o r the i n t r o d u c t i o n 
of less t o x i c products with a novel mode of a c t i o n . 

In a f u r t h e r development of the juvenoid c o n t r o l approach, 
there appeared to be a very good promise also f o r combinations of 
conventional i n s e c t i c i d e s (whether r e a l l y e f f e c t i v e or only 
perceived as such) with e f f e c t i v e long term juvenoid c o n t r o l 
agents. 

Therefore, we undertook to confirm whether hydroprene (as yet 
unregistered f o r any ins e c t c o n t r o l use) was indeed the most 
e f f i c a c i o u s of the juvenoids p r o p r i e t a r y to Zoecon and whether the 
use of methoprene, another dienoate which was already r e g i s t e r e d 
f o r household i n s e c t c o n t r o l targets ( i . e . f l e a s ) , could be equally 
e f f i c a c i o u s i f a p p l i e d at higher r a t e s . We also wanted to compare 
our most e f f e c t i v e dienoates with juvenoids under consideration f o r 
commercial development by other p a r t i e s . The a c t i v i t y of various 
juvenoids on a spectrum of i n s e c t targets has been described i n 
s e v e r a l review papers (20-22). Furthermore, i f the study would 
suggest that a dienoate juvenoid could indeed be s u c c e s s f u l l y 
applied against cockroaches, f u r t h e r studies on the most e f f e c t i v e 
mode of a p p l i c a t i o n , longevity of residues, optimized formulations, 
combinations with a d u l t i c i d e s , e t c . would be undertaken. 

Our p r i n c i p a l target was the German cockroach, ( B l a t t e l l a 
germanica) as the most widespread domestic cockroach i n the USA, 
but a l i m i t e d number of confirmatory studies were done on the 
American cockroach (Periplaneta americana) and the o r i e n t a l 
cockroach ( B l a t t a o r i e n t a l i s ) . 

Assay f o r Comparative A c t i v i t y 

To study the r e l a t i v e i n t r i n s i c a c t i v i t y of a s e r i e s of dienoate 
juvenoids, a forced feeding t e s t was s e l e c t e d i n which the 
materials were incorporated i n the only food a v a i l a b l e to Bl a t f c e l l a 
germanica populations throughout the duration of the experiment. 
This choice was made because of the d i f f i c u l t y i n synchronizing the 
peak of s e n s i t i v i t y i n the l a s t nymphal i n s t a r due to the long 
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duration of that (and other) stages i n cockroaches. The absence of 
d e f i n i t e developmental markers other than the molting process and 
v a r i a t i o n s i n the duration of the l a s t nymphal i n s t a r make 
determination of the s e n s i t i v e period u n r e l i a b l e . Food 
administration would at l e a s t secure the presence of the compound 
throughout the feeding period of the l a s t nymphal stage, covering 
the window of s e n s i t i v i t y . 

Since many years of juvenoid t e s t i n g have confirmed that the 
r e s u l t s of feeding t e s t s p a r a l l e l those of t o p i c a l a p p l i c a t i o n s i n 
s e v e r a l i n s e c t species (p r i m a r i l y phytophagous Lepidoptera) with a 
better synchronieable s e n s i t i v e period, we f e l t reasonably secure 
with a food t e s t . However, i t was known already at that time that 
a food bait i s an i n e f f e c t i v e way of administering juvenoids when 
the ba i t i s i n competition with a choice of other household food 
sources (unpublished s t u d i e s ) . Other t e s t p o s s i b l i t i e s such as 
continuous substrate contact, seemed more relevant but were not 
pursued because t h e i r accuracy and r e p r o d u c i b i l i t y was unknown at 
the time, at l e a s t f o
Cruickshank & Palmere
c a l l e d " b a i t " or "bedding") did not appeal to us because, i n our 
experience, s t a r c h could act as a s o r p t i v e dust c o n t r i b u t i n g to the 
cockroaches 1 demise by causing dehydration. As w i l l become 
apparent l a t e r , substrate residue exposure has many parameters that 
would indeed have i n t e r f e r e d with a comparative evaluation. We 
considered that the use of a food substrate to administer the 
juvenoids would probably minimize the u n c e r t a i n t i e s i n the 
persistence of residues i n the bedding m a t e r i a l or on other 
surfaces i n the h a b i t a t . However, the chosen method of food 
i n c o r p o r a t i o n could have one p o t e n t i a l flaw: i f any of the 
incorporated materials were r e p e l l a n t at the applied concentration, 
death by s t a r v a t i o n could r e s u l t . C a r e f u l observation could 
probably rule t h i s out. Having no r e a l estimate of the e f f e c t i v e 
concentrations under our conditions, the i n i t i a l phase of t h i s 
experiment was c a r r i e d out at 1000 ppm f o r a l l materials 
i n v e s t i g a t e d . In f o l l o w i n g test cycles, the most ac t i v e materials 
were applied at lower doses f o r f u r t h e r d i f f e r e n t i a t i o n . The 
r e s u l t s of these successive cycles are here described together as 
one experiment. 

M a t e r i a l s & Methods. Batches of f i f t y 4th i n s t a r mixed sex B. 
germanica were placed i n standard 28x17x12 cm disposable mouse 
cages. The i n s i d e walls of the cages were treated with Fluon 
(Fluon AD-1 l i q u i d t e f l o n suspension. Northeast Chemical Co., Inc. 
153 Hamlet Avenue, P.O. Box 1175, Woonsocket, RI 02895) to prevent 
the cockroaches from escaping. Water and harborage was provided, 
and cages were f i t t e d with f i n e mesh screen tops (white polyester 
sheer c u r t a i n f a b r i c . Chandler E n t e r p r i s e s , P.O. Box 4934 Foster 
C i t y , CA 94404) to prevent ingress or egress. Cages were 
maintained at 27°C i n a 16 hr phot ope r i o d and approximately 50% RH 
i n an a i r conditioned room (no a i r recycled.) These t e s t s were a l l 
performed i n t r i p l i c a t e . 
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The food was prepared by p u l v e r i z i n g Gaines burger dog food i n 
a Waring blender, then mixing t h i s with the a c t i v e ingredient 
d i s s o l v e d i n acetone. A f t e r mixing, the food was l e f t i n an 
uncovered storage j a r f o r 24 hours to allow f o r evaporation of the 
solvent. Approximately 10 g of food was supplied to each cage, and 
the rest (40 grams) was stored at 5°C i n sealed j a r s f o r use as 
needed to resupply consumed food i n the test cages. 

The dienoates #1, #2, #4-15, #17, #18, i n c l u d i n g methoprene 
(#9) and hydroprene (#1; 25) have been described by Henrick et a l 
i n c l u d i n g t h e i r synthesis and b i o l o g i c a l a c t i v i t y against various 
i n s e c t targets, and were synthesized i n Zoecon Corporation (24, 
25). Compound #3 (R-20458) was supplied by Stau f f e r Chemical 
Company (26); compound #16 was supplied by M. Schwartz (USDA) (27). 

A l l populations were r e g u l a r l y scored f o r e i t h e r presence or 
absence of unambiguous morphogenetic abnormalities (ranging from 
s l i g h t l y deformed or crumpled wings to completely nymphal 
supernumerary i n s t a r s ) as w e l l as for the number of F^ progeny. It 
was deemed e s s e n t i a l t
long period a f t e r the mol
of most juvenoids to delay the metamorphic molt. In a l l cases, the 
f i n a l reproductive scoring was done a f t e r the f i r s t ovarian cycle 
i n a l l treatments was completed and the f i r s t round of egg capsules 
( v i a b l e or unviable) were dropped. We have observed that non 
reproductive females would remain s t e r i l e i n subsequent ovarian 
cycles under continuous exposure to the juvenoid. The p o s s i b i l i t y 
of a r e v e r s a l a f t e r removal from exposure i s the subject of ongoing 
s t u d i e s . However, e a r l i e r studies (29) have i n d i c a t e d that t h i s 
would not occur. 

Res u l t s . In nearly a l l cases, the t r i p l i c a t e cages f o r each dose 
y i e l d e d i d e n t i c a l r e s u l t s . The order of a c t i v i t y on reproduction 
obtained i n these food experiments i s i n d i c a t e d by t h e i r ranking 
order i n Table I. At 10 ppm, hydroprene (#1) appears to be 
somewhat more e f f e c t i v e than the other dienoates and the Stauffer 
cpd (#3). Methoprene (#9) f a i l e d even at 1000 ppm, i n d i c a t i n g a 
l e s s e r e f f i c a c y as compared to hydroprene by a f a c t o r between 10 
and hundred. Several other dienoates and Schwartz's compound 
(#16), although e x h i b i t i n g at l e a s t f a i r to good a c t i v i t y on other 
i n s e c t targets (22, 24), f a i l e d i n t h i s t e s t even at 1000 ppm. For 
the 2,4-dienoate esters tested, the presence of an 11-methoxy or an 
11-hydroxy group produces a sharp drop i n a c t i v i t y (#1 vs_ #13 and 
#7 vs_ #9). A s i m i l a r r e s u l t i s obtained i n Table I f o r the S-
i s o p r o p y l esters (#5 vs_ #11). The ketone #2, which has a shape 
s i m i l a r to that of the e t h y l e s ter #1 has an a c t i v i t y very s i m i l a r 
to #1. For the dienamides, the Nj-ethyl analogs are more a c t i v e 
than the N,^-diethyl compounds (#4 vs_ #8 and #6 vs_ #10). The sec-
but y l ester #12 i s much l e s s a c t i v e than the corresponding 
i s o p r o p y l ester #7. I t should be noted that these r e s u l t s d i f f e r 
from those obtained by Radwan & Sehnal (12), who found methoprene 
to be more a c t i v e than hydroprene i n t o p i c a l a p p l i c a t i o n s to 
Nauphoeta cinerea. They found that methoprene, hydroprene and the 
i s o p r o p y l ester #7 were a l l very a c t i v e at i n h i b i t i n g metamorphosis 
of N. cinerea, with methoprene being the most a c t i v e . The aromatic 
ether #3, and se v e r a l r e l a t e d analogs, showed much lower a c t i v i t y 
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against t h i s species (12)· R i d d i f o r d et a l had reported previously 
that under t h e i r t e s t i n g conditions (constant contact with the 
compound deposited on cornstarch bedding material) hydroprene (//l) 
was s u b s t a n t i a l l y more a c t i v e than methoprene (#9), kinoprene (22) 
and #3 against B l a t t e l l a germanica (14)· Triprene (22) was found 
to be reasonable a c t i v e under t h e i r c o n d i t i o n s . The low a c t i v i t y 
they observed f o r #3 ( c f . Table I) could be due to i t s r e l a t i v e l y 
low v o l a t i l i t y and/or increased binding to the cornstarch. 

This experiment a l s o allowed us to draw an important 
conclusion that could be substantiated i n a l l f u r t h e r work on 
hydroprene: morphogenetic abnormality and f u l l reproductive 
i n h i b i t i o n were c o r r e l a t e d with each other at a l l dose l e v e l s i n 
the sense that morphogenetically a f f e c t e d adults always f a i l e d to 
reproduce (compare Table I ) . The reverse was not always true; at 
marginal doses of juvenoids, morphogenetically normal adults were 
found o c c a s i o n a l l y that were unable to reproduce. However, the 
observed c o r r e l a t i o n may not hold true f o r s t i l l other types of 
juvenoids. We found n
juvenoids at the concentration
methoprene had shown t h i s i n preliminary experiments at 10,000 ppm. 

Residue t e s t on latex painted surface 

In t h i s t est s e r i e s t e c h n i c a l hydroprene and methoprene were 
compared with a r e s i d u a l dust formulation (RF 10%) on a l a t e x paint 
substrate. 

M a t e r i a l s & Methods. The bottoms of standard disposable mouse 
cages were f i r s t painted with a f l a t l a t e x i n t e r i o r p a i n t . A f t e r 
l e t t i n g the paint dry f o r one to three days, the test materials 
were applied by spreading e i t h e r acetone d i l u t i o n s d r i b b l e d on from 
a syringe or by spreading the dust formulation with a spatula over 
the painted surfaces. One day l a t e r , these cages were i n f e s t e d 
with f i f t y 4th i n s t a r nymphs of B l a t t e l l a germanica and f u r t h e r 
treated and scored as described i n Experiment 1. A l l t e s t doses 
were set up i n d u p l i c a t e . F i n a l s c o r i n g was performed 100 days 
a f t e r i n i t i a t i o n of the experiment. 

Results. T e c h n i c a l hydroprene as w e l l as the RF formulation were 
both f u l l y e f f e c t i v e i n i n h i b i t i n g reproduction and producing a 
high or complete incidence of morphogenetic abnormalities at a rate 
as low as 1 ug/cm (Table I I ) . Technical methoprene required 1000 
pg/cm , and thus was 100 to 1000 times less e f f e c t i v e than 
hydroprene t e c h n i c a l . Methoprene RF was at l e a s t 10 times more 
e f f e c t i v e than t e c h n i c a l methoprene and therefore approximately 100 
times less e f f e c t i v e than hydroprene i n a s i m i l a r formulation. 
High concentrations of the i n e r t s of RF formulations appeared to be 
t o x i c by themselves, at l e a s t when formulated with dienoates. A 
formulation blank was not included because the blank RF formulation 
was found to be p h y s i c a l l y not comparable (only a formulation with 
an i n e r t look a l i k e dienoate would have made a relevant 
comparison). 
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Table I I . The influence of formulation on the e f f i c a c y of 
hydroprene and methoprene on B l a t t e l l a germanica nymphs 
when applied to a l a t e x paint substrate. 

% abnormal morphogenesis 
ug/cm4 

0.1 1 10 100 1000 

Hydroprene Tech 3 r 87 0 100 0 100 ο 100 ο 
Hydroprene RF 10% 6 r 100 0 100 0 _a -
Methoprene Tech. - 7 V 4 V 3 r 75 ο 
Methoprene RF 10% - 6 V 64 V 100 ο [100 o] 

r • reproduction observed; ο = no reproduction; - = not done. 
- a no s u r v i v a l ; [] few survivor

Discussion. The increase i n a c t i v i t y f o r the RF formulations of 
methoprene and the r e t e n t i o n of a c t i v i t y f o r hydroprene was a 
s u r p r i s e since formulations with a long r e s i d u a l generally tend to 
decrease acute a c t i v i t y . However, the increased s t a b i l i t y , the 
decrease i n v o l a t i l i t y and the intense contact with a dust 
formulation by grooming cockroaches may have contributed to t h i s 
r e s u l t . I t also appeared that methoprene (RF 10%) at 100 ug/cm 
was an e f f e c t i v e c o n t r o l dose. 

Persistence of hydroprene residues on various household surface 
substrates 

The e f f e c t of three d i f f e r e n t formulations on the persistence of 
hydroprene f o r aging periods of up to 32 weeks was studied on four 
d i f f e r e n t substrates under average household exposure conditions. 

Preliminary observations had i n d i c a t e d that residues of 
t e c h n i c a l hydroprene of 0.5 ug/cm on glass ( a f t e r overnight 
exposure to ambient room conditions) y i e l d e d only marginal r e s u l t s 
probably due to the v o l a t i l i t y of t h i s dienoate. This led us to 
i n v e s t i g a t e two e x i s t i n g commercial formulations and one 
experimental formulation at higher rates f o r t h e i r persistence 
throughout extended periods of exposure to ambient con d i t i o n s . 

M a t e r i a l s & Methods. Rectangles (14x23 cm) of v i n y l f l o o r t i l e , 
u n f i n i s h e d plywood, glass, and v i n y l t i l e s painted with enamel 
paint (U.S. Navy) were treated with the f o l l o w i n g formulations: 
a) e m u l s i f i a b l e concentrate (5E) d i l u t e d i n water sprayed on 
with a De V i l b i s s sprayer at 5 p . s . i . at rates of 1 and 2 ug/cm 
b) A 10% microencapsulated suspension (M 10%) equivalent i n 
manufacture to ALT0SID SR10 was applied i n the same way d i l u t e d i n 
water, y i e l d i n g the same rates of A.I. c) The RF dust 
formulation (9-10% A.I.) was applied as dry powder and spread with 
a spatula. This formulation was only applied to plywood and 
g l a s s . A l l plates were then kept f o r stated i n t e r v a l s at ambient 
room conditions s i m i l a r to those i n experiment 1, with ambient 
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l i g h t from fluorescent f i x t u r e s (equipped with i n f r a r e d absorbing 
s h i e l d s ) . Plates treated with a) and b) were stored upright, 
p l a t e s with c) were kept h o r i z o n t a l l y to prevent the loss of 
powdery residues. 

A f t e r the exposure period ( a c t u a l l y 24 hrs f o r the 0 weeks of 
exposure), the substrate plates were then i n s e r t e d i n standard 
mouse cages, covering most of the bottom. In each cage twenty-
f i v e 4th i n s t a r B l a t t e l l a germanica nymphs were introduced, a f t e r 
which the re a r i n g conditions and sc o r i n g techniques described 
under experiment 1 were applied. 

Results. Table I I I i n d i c a t e s that the r e s i d u a l persistence v a r i e d 
with the formulation and the substrate. V i n y l t i l e and painted 
surfaces retained residues better than g l a s s . Bare plywood was 
better f o r M than f o r the EC. The RF formulation was a c l e a r 

Table I I I . Residua
on various househol
a c t i v e ingredient 

2 ug/cm 
1 ug/cm Weeks of aging 

Substrate Formulation 0 2 4 8 16 32 0 2 4 8 16 32 

V i n y l t i l e EC 60% 0 0 0 r r r 0 0 0 0 r r 
M 10 % 0 0 r r r r 0 0 0 r r r 

Untreated r r r r r r r r r r r r 

Enamel Paint EC 60 % 0 r r r r - 0 0 0 0 r -
M 10% 0 0 r r r - 0 0 0 r r -
Untreated r r r r r r r r r r r r 

Plywood EC 60 % 0 r r r r - 0 r 0 r r -
M 10 % 0 0 r r r - 0 0 0 r r -
R F 10 % 0 0 0 0 0 r 0 0 0 0 0 0 

Untreated r r r r r r r r r r r r 

Glass EC 60 % 0 r r r r - 0 r r r r -
M 10 % 0 r r r r - 0 r r r r -
RF 10% 0 0 0 0 0 0 0 0 0 0 0 0 
Untreated r r r r r r r r r r r r 

0 « no reproduction; r = reproduction; - = not te s t e d . 
EC = e m u l s i f i a b l e concentrate, M - microencapsulated formulation 
(suspension), R F = r e s i d u a l formulation (dry powder). 
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winner. Only at 32 weeks and at the 1 ug dose i s there a beginning 
of breakdown of reproductive c o n t r o l . We concluded that the RF 
formulation afforded a superior p r o t e c t i o n against evaporation and 
p o s s i b l y a l s o against p h o t o - i n s t a b i l i t y without decreasing 
b i o l o g i c a l a v a i l a b i l i t y . 

In t h i s table only the complete i n h i b i t i o n of reproduction i s 
represented since we concluded that p a r t i a l f a i l u r e of reproduc
t i o n could not be assessed q u a n t i t a t i v e l y ( i t was not known, f o r 
instance, from how many s u r v i v i n g adults a low number of o f f s p r i n g 
could have o r i g i n a t e d ) . 

Vapor t e s t 

In order to t e s t the v o l a t i l i t y and the containment of such vapors 
i n the usual mouse cages with screen tops, 50 mg of t e c h n i c a l 
hydroprene or 50 mg A.I. of hydroprene RF 10% were placed i n 
aluminum boats with 1/2 cm upturned edges i n the top 3 cm of the 
cages i n such a way tha
cockroaches could take p l a c e
to those described i n the other experiments. The t e s t was scored 
f o r morphological as w e l l as reproductive e f f e c t s w e l l a f t e r 
completion of the f i r s t reproduction cycle i n the controls 
(Table IV). 

Results. The r e s u l t s convincingly demonstrate the vapor a c t i v i t y 
of t e c h n i c a l hydroprene i n both types of scoring and the absence 
of i t i n the RF formulation. Although one of the RF r e p l i c a t e s 
produced a s i z a b l e number of morphogenetically a f f e c t e d 
i n d i v i d u a l s , the reproduction was not noticeably a f f e c t e d . Even 
though the doses of hydroprene (equivalent to 100 vg/cm ) were on 

Table IV. Morphogenetic i n h i b i t i o n and e f f e c t on reproduction 
as a r e s u l t of exposure to hydroprene as vapor only at 50 
mg/cage (equivalent to 100 pg/cm ). 

Cage Compound Abnormal Normal Reproduction 

1 untreated 2 27 R 

2 3 18 R 

3 2 18 R 

4 hydroprene 23 0 0 

5 18 0 0 

6 21 0 0 

7 hydroprene RF 10% 1 8 a ) 4 R 

8 2 33 R 

9 0 30 R 

Possible f a l s e p o s i t i v e , see t e x t . 
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the high side, the RF formulation f a i l e d to produce any vapor 
e f f e c t . The f a l s e p o s i t i v e was probably caused by a very marginal 
s p i l l of powder formulation or a vapor contamination from an 
adjacent cage. 

Aquarium and chamber experiments 

3 d i f f e r e n t and independent long term t e s t s with hydroprene were 
run e i t h e r i n experimental chambers simulating household cockroach 
h a b i t a t s or i n containers (aquariums) that had been exposed to 
methoprene or hydroprene under simulated f i e l d c o n d i t i o n s . 

D a l l a s Aquarium Tests. In October of 1981, t e s t s were i n i t i a t e d at 
Zoecon Industries (Dallas, Texas), using three 10 g a l l o n aquariums, 
each i n f e s t e d with 5 adult male and 5 adult female B»_ germanica. 
One aquarium, i n c l u d i n g a harborage, was placed i n a 3000 cu f t 
room which was then fogged with 3 oz of 0.15% hydroprene or 
approximately 0.23 pg/c
s i m i l a r fashion with 3 o
aquarium was l e f t untreated. A f t e r fogging, the aquariums with the 
fogging residues were removed to a clean room and maintained at 
ambient temperature (18-24°C) and 30-60% RH. Food and water were 
supp l i e d r o u t i n e l y to a l l three chambers. 

Since reproduction of adult cockroaches was already known to be 
unaffected by juvenoid type compounds applied i n that stage, the 
o r i g i n a l 10 adults were removed from each aquarium on day 65, 
l e a v i n g an e s t a b l i s h e d F^ target population. T o t a l population 
counts were made p e r i o d i c a l l y over a s i x month period. 

Figure 1 shows the changes i n the t o t a l population s i z e with 
time. By the end of s i x months the hydroprene population was 
reduced to near zero; the few remaining cockroaches were non 
reproductive a d u l t s . The c o n t r o l population increased from 10 to 
approximately 1000 during the test period. 

Dallas Chamber Test. In February of 1982, two 1000 f t 3 chambers 
were set up as simulated kitchens i n Zoecon Industries (Dallas, 
Texas). These chambers were supplied with ready made k i t c h e n 
cabinets with unfinished plywood tops. The temperature was kept 
near 27°C using a small space heater and a b u i l t i n a i r conditioner 
as necessary and humidity was maintained at 65%. The d i u r n a l cycle 
was set at 16 hrs l i g h t , 8 hrs dark. Food (Waynes Pro Mix dry dog 
food), water and p a r t i t i o n e d harborage boxes were placed i n 6 
l o c a t i o n s throughout the chambers. 

The chambers were i n f e s t e d with approximately 500 B l a t t e l l a 
germanica (mixed population) each. These populations were allowed 
to a c c l i m a t i z e and b u i l d up f o r about a month. Chamber A was 
treated with a 1.2% hydroprene fogger at the rate of 2 oz per 1000 
f t . Chamber Β was t r e a t e d with a blank fogger (no A.I.) at the 
rate of 2 oz per 1000 f t . or approximately 0.62 pg/cm . Both 
chambers were monitored monthly by means of counts of cockroaches 
present i n the s i x harborages. These cockroaches were returned to 
the chamber a f t e r counting. 
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Figure 2 shows that the hydroprene treated population remained 
nearly constant at about 1000 over the e n t i r e one year duration of 
the t e s t whereas the untreated population increased to over 60,000 
cockroaches, which con s t i t u t e s 98.5% c o n t r o l by comparison. The 
stable population i n the treated chamber suggests that progeny of 
the o r i g i n a l hydroprene population were indeed unable to 
reproduce. In completely i s o l a t e d chambers the population could 
have been expected to disappear by a t t r i t i o n i n approximately 6 
months. The population remaining i n the hydroprene chamber 
probably r e f l e c t e d a continuing low l e v e l of r e i n f e s t a t i p n with 
untreated cockroaches because the chambers appeared to be not f u l l y 
cockroachproof· 

Purdue U n i v e r s i t y Kitchen Test. In the f a l l of 1982, E.S. 
Runstrom, a research associate working with Dr. G.W. Bennett of 
Purdue U n i v e r s i t y (West Lafayette, Indiana), i n i t i a t e d t e s t s of 
hydroprene against B l a t t e l l a germanica i n four i m i t a t i o n kitchens 
set up i n a vacant campu
simulate the household
b u i l t out of wood, and measured ΙΟ'χβ'χό'. Each chamber was made 
escape proof and contained a base cabinet with two doors under the 
sink, two side u n i t s , each with one drawer and one door, and two 
w a l l mounted cabinets above the base u n i t s . Lights were i n s t a l l e d 
i n each chamber and were programmed f o r a 12:12 photophase. Two 
chambers served as untreated controls, while two were treated with 
hydroprene at the rate of 5.95 ml of hydroprene 5E (65% A.I.) per 
g a l l o n of water applied at 1 g a l l o n per 1000 f t . amounting to 
approximately 4.4 pg/cm · Food and water were supplied 
continuously. 

Each chamber was i n f e s t e d before treatment with a population of 
750 B l a t t e l l a germanica c o n s i s t i n g of 250 nymphs of mixed age, 250 
adult males, and 250 adult females. Populations were sampled 
monthly with monitoring traps made from baby food j a r s baited with 
bread soaked i n beer. These escape proof jar s were placed i n the 
chambers f o r a period of 24 hours once per month. Trapped 
cockroaches were counted as male, female, gravid female, adults 
showing juvenoid e f f e c t s , large and small nymphs. 

Since the ultimate goal was to reduce the population to zero 
through the s t e r i l i z i n g e f f e c t of hydroprene, only the monthly 
t o t a l trap counts are shown. The data points i n f i g u r e 3 represent 
the combined t o t a l trap counts of two hydroprene treated chambers 
and of two untreated ones. The s t r i k i n g divergence i n population 
l e v e l s began at the s i x t h month, which i s the time when unaffected 
cockroaches, which were adults at the time of treatment, s t a r t e d to 
die out. By month 10 the treated populations were near zero and 
those remaining were only s t e r i l e a d u l t s . 

The r e s u l t s obtained i n these chamber and aquarium t e s t s 
c l e a r l y confirmed the p o t e n t i a l of hydroprene as a cockroach 
c o n t r o l agent with consumer oriented a p p l i c a t i o n methods. 

F i e l d Experiments 

During 1981-83 f i e l d experiments were conducted i n s i n g l e family 
residences and i n apartment complexes i n se v e r a l l o c a t i o n s i n the 
USA i n compliance with Experimental Use Permits (E.U.P.'s) from the 
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Figure 1. Aquarium t e s t s D a l l a s (1981) Population 
development over 6 months i n aquaria exposed to fogging with 
hydroprene and methoprene. 
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1000 h 

100 h 

• UNTREATED 
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MONTHS 

Figure 2. Chamber t e s t s D a l l a s (1982). Population 
development over 12 months a f t e r hydroprene a p p l i c a t i o n . 
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US Environmental P r o t e c t i o n Agency (E.P.A.)· In a l l cases, 
apartment complexes were se l e c t e d that harbored a s i z a b l e 
population of B l a t t e l l a germanica and i n which f u l l cooperation of 
owner and tenants f o r a lengthy treatment and observation schedule 
could be secured. Uniform treatments were applied i n a l l units of 
a complex (4-6 u n i t s ) . The treatments were generally 0.6 % or 1.2% 
hydroprene t o t a l release aerosol foggers, often combined with 
simultaneous spray treatment of cracks and crev i c e s with a 
conventional i n s e c t i c i d e . 

The great v a r i e t y of treatment schedules and v a r i a t i o n s between 
lo c a t i o n s etc make a comprehensive d i s c u s s i o n of the r e s u l t s w i t h i n 
the scope of t h i s paper impossible. However, the f o l l o w i n g general 
conclusions could be drawn: 

1. F u l l e r a d i c a t i o n of cockroach populations i n s i n g l e family 
residences with hydroprene foggers alone or i n combination with 
conventional i n s e c t i c i d e s has been c o n s i s t e n t l y achieved
(Figure 4). 

2. Simultaneous i n s e c t i c i d
s u b s t a n t i a l l y to the ear l y demise of cockroach populations 
(29). 

3. F u l l success i n apartment complexes i s equally f e a s i b l e but i s 
often delayed by compliance f a i l u r e s , tenants moving i n and 
out, e t c . 

4. Retreatment schedules at 4-6 months i n t e r v a l s u s u a l l y y i e l d the 
best r e s u l t s . 

As an i l l u s t r a t i o n , population curves obtained i n s i n g l e 
residences i n various locations (Dallas, Denver, Chicago) were 
depicted i n f i g u r e 4. The treatments i n t h i s group of f i e l d 
experiments were a) hydroprene 0.6 % foggers b) hydroprene 1.2% 
foggers plus dichlorvos/propoxur foggers c) dichlorvos/propoxur 
foggers only. The dichlorvos/propoxur treatments were applied at 
twice the usual treatment rate i n both b) and c ) . The r e s u l t s 
c l e a r l y i n d i c a t e d that hydroprene e i t h e r alone or i n combination 
with i n s e c t i c i d e s provided a more e f f e c t i v e and longer l a s t i n g 
c o n t r o l than the conventional i n s e c t i c i d e s by themselves. The 
combination treatment appears to y i e l d superior c o n t r o l at l e a s t 
i n i t i a l l y . 

D i scussion 

Hydroprene has proven to be the juvenoid of choice f o r the c o n t r o l 
of the major domestic cockroach species. Its success appears to be 
due to i t s very high i n t r i n s i c a c t i v i t y as compared with most other 
juvenoids and probably also to i t s v o l a t i l i t y which may allow f o r a 
penetration of vapor i n i n a c c e s s i b l e cockroach harborages. I t i s 
l i k e l y that hydroprene vapors r e a d i l y t r a n s l o c a t e between many 
household surface materials and thus remain a c c e s s i b l e to resident 
cockroach populations. This v o l a t i l i t y of hydroprene could also be 
a l i a b i l i t y f o r persistence i n places with high a i r displacement. 
In t h i s case, hydroprene formulated f o r slow release i n a dust (RF 
10%) could provide a very p e r s i s t e n t residue, a l b e i t without the 
vapor b e n e f i t s . 
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# ROACHES 
10000 ι — 

1 2 3 1 5 6 7 8 9 10 11 12 

Figure 3. Purdue U n i v e r s i t y k i t c h e n t e s t (E.S. Runstrom and 
G.W. Bennett 1982). Population development over 11 months 
a f t e r hydroprene a p p l i c a t i o n . 

PERCENT CONTROL 

1 2 3 1 5 6 7 MONTHS 

Figure 4. F i e l d t e s t s i n s i n g l e family residences with 
hydroprene and dichlorvos/propoxur foggers. Population 
development over 7 months a f t e r a p p l i c a t i o n . 
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Methoprene, a compound already r e g i s t e r e d f o r many 
ap p l i c a t i o n s , can be used f o r cockroach c o n t r o l but at higher rates 
than f o r hydroprene and only i f formulated f o r optimal 
e f f e c t i v e n e s s , such as i n the RF 10% formulation. 

Many d i f f e r e n t e f f e c t s have been described as a r e s u l t of 
juvenoid treatment on cockroaches, p r i m a r i l y B l a t t e l l a germanica. 
In none of the t e s t s we undertook have we seen a s i g n i f i c a n t 
m o r t a l i t y a t t r i b u t a b l e to e i t h e r a d i r e c t e f f e c t of the compounds 
tested, (13, 14, 23), an i n a b i l i t y to molt properly, or a f a i l u r e 
to molt (5. 8, 11). On the contrary, many of the morphogenetically 
a f f e c t e d adults or adultoids appeared to s u f f e r no i l l e f f e c t from 
the i n d i g n i t i e s i n f l i c t e d by the juvenoids, other than f a i l u r e to 
reproduce. Although the treatment methods may be p a r t l y 
responsible f o r d i f f e r e n c e s between the r e s u l t s of d i f f e r e n t 
authors, i t i s more l i k e l y that q u a l i t a t i v e d i f f e r e n c e s between 
types of juvenoids are p a r t l y responsible. Delays i n the f i n a l 
molt were frequently observed i n batches a f f e c t e d by juvenoids. 
Most, i f not a l l , of thes
non reproducing, a d u l t o i d s

The s e n s i t i v e period f o r morphogenetic and s t e r i l i t y i n d u c tion 
was c l e a r l y l i m i t e d to the l a s t nymphal i n s t a r , excluding the l a s t 
10 days before the molt. (If batches of l a s t i n s t a r nymphs of mixed 
age are exposed to hydroprene, adults molting i n the f i r s t ten days 
a f t e r the treatment appear to be morphogenetically as w e l l as 
reproductively unaffected). Treatment of adults themselves was 
a l s o without consequences, although a temporary reduction i n 
reproduction rate was observed on s e v e r a l occasions. However, i t 
remains p o s s i b l e that such treatment does not a f f e c t t o t a l 
reproductive capacity of the females. The l i t e r a t u r e on e f f e c t s on 
the males i s very scant. However, there are i n d i c a t i o n s that males 
may a l s o be a f f e c t e d and reproductively i n c a p a c i t a t e d . Whether 
t h i s would take place at the same dose l e v e l as that f o r the 
females, remains to be e s t a b l i s h e d . The true nature of the reduced 
f e r t i l i t y e f f e c t has never been e s t a b l i s h e d with c e r t a i n t y . 
However, since only exposure during the s e n s i t i v e period i n the 
l a s t nymphal i n s t a r induces permanent s t e r i l i t y , there must be a 
l i n k with metamorphosis. In our t r i a l s we e s t a b l i s h e d a l i n k 
between e x t e r n a l metamorphic i n h i b i t i o n and s t e r i l i t y f o r 
hydroprene i n the sense that adultoids (characterized by deformed 
or crumpled wings) were always s t e r i l e . However, females could 
sometimes be non reproductive while not v i s i b l y a f f e c t e d . Non 
f e r t i l e females did produce oothecae containing no eggs and having 
a s h r i v e l e d appearance. Yet, on d i s s e c t i o n , hypertrophied o v a r i a 
were often found. The opposite e f f e c t , atrophied ovaria, was 
described by Das & Gupta (3). In one of our preliminary t r i a l s , 
females kept separated from males as adults, did produce equally 
a f f e c t e d and s t e r i l e oothecae. It i s therefore not p o s s i b l e to 
state that the observed i n f e r t i l i t y could not r e s u l t from a f a i l u r e 
to mate, e i t h e r because of morphological or behavioral inadequacy 
or the absence of chemical s i g n a l s . Cruickshank & Palme re (23). 
observed that exposure to c e r t a i n amide juvenoids caused the 
premature dropping of oothecae. This i s l i k e l y to be an 
i r r i t a t i o n response, since i t i s also observed as a r e s u l t from 
exposure to many other conventional i n s e c t i c i d e s . 
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We have been unable to i n t e r p r e t Edwards 1 f i n d i n g that exposure 
to e a r l i e r l a r v a l i n s t a r s i n t e n s i f i e s the response to methoprene 
(28). Other authors, working with more activ e juvenoids u s u a l l y 
reported i n c r e a s i n g s e n s i t i v i t y during the l a s t nymphal i n s t a r s 
(10). Since methoprene i s only marginally active at 1000 ppm and 
m o r t a l i t y was prevalent i n Edwards' treatments, a confirmation i s 
much needed. I t i s very obvious that more research i n t o the nature 
of the i n f e r t i l i t y induced by juvenoids i n general i s much overdue. 

The v o l a t i l i t y of hydroprene was e a s i l y e stablished, but i t was 
a s u r p r i s e that a c t i v i t y could be e a s i l y contained f o r long periods 
i n cages with a screen top. Our r e s u l t s suggest that hydroprene i s 
migrating between the various substrates i n these cages without 
s i g n i f i c a n t l o s s . Cockroaches appear to be e a s i l y a f f e c t e d by such 
residues e i t h e r by contact or perhaps also by vapor. V o l a t i l e 
residues may a l s o increase the e f f i c a c y by penetrating i n t o 
i n a c c e s s i b l e harborages, thus i n c r e a s i n g the cockroaches 1 exposure 
during the i n a c t i v e (daytime) periods  The v o l a t i l i t y was almost 
completely repressed i
which proved to be a l s
r e l a t i v e e f f i c a c y of various formulations i n household habitats has 
not yet been established, but i t appears that compounds such as 
hydroprene can be t a i l o r e d to the requirements of p r a c t i c a l l y any 
cockroach h a b i t a t . 
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Some Chemical Ecological Approaches to the Control 
of Stored-Product Insects and Mites 

IZURU YAMAMOTO 

Tokyo University of Agriculture, Setaga-ku, Tokyo 156, Japan 

Three novel approaches to the control of insects are 
described and evaluated.
of behavior. 
Control of mating.  type  pheromone
found present in Callosobruchus chinensis, which is 
not a conventional sex attractant, but rather induces 
the male to extrude his genital organ and to effect 
copulation. A female dummy bearing the pheromone 
mimic, elicits copulation and ejaculation by the 
male. 
Control of oviposition. C. chinensis and C. macu-
latus develop a strategy to reduce competition among 
larvae by first marking the beans and then elimi
nating the excess eggs, using the same marker at 
accumulated doses. The marking pheromone is a mix
ture of lipids, and precoating the beans with certain 
edible oils kills the deposited eggs and prevents the 
injury. 
Control of feeding. Many bean weevils Callosobruchus 
spp. deposit eggs on kidney beans, but the penetrated 
larvae do not develop. An unidentified fraction of 
the bean was found as the growth inhibitor, but it is 
not lectin. 

If a crop i s completely protected from pests, i t s y i e l d may be 
expected to double. This goal has been e a r n e s t l y pursued i n the 
f i e l d to improve crop production. L a t e l y , the need to place more 
emphasis on p r o t e c t i o n from insec t s during post-harvest food 
storage has been recognized. There are several reasons why t h i s 
area has been neglected: f i r s t , i n s u f f i c i e n t research has been 
conducted; second, because loss evaluation i s d i f f i c u l t and 
seemingly no problem e x i s t s with the modern production technology, 
there i s l i t t l e i n c e n t i v e ; t h i r d , there i s an assumption that food 
storage i s unnecessary under conditions where there i s no food 
surplus. We are more or l e s s accustomed to handle storage problems 
with our advanced technology, but i n developing countries, post-
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harvest losses are about 30%, thus n u l l i f y i n g much of the e f f o r t 
invested i n f i e l d production s t r a t e g i e s . The major reason f o r 
these losses i s i n s e c t pests. U n t i l the present, p e s t i c i d e s have 
played a major r o l e i n pest c o n t r o l . However, t h e i r negative 
environmental impact i s being severely c r i t i c i z e d , making the con
cept of integrated pest management r e l a t i v e l y more a t t r a c t i v e . 
D i f f e r e n t c o n t r o l methods have been explored i n storage i n s e c t 
management, but examples of a t r u l y integrated approach are few and 
the assessment of the p r a c t i c a l i t y of any of these new approaches 
has not been completed. Considering p e s t i c i d e s f o r storage i n s e c t 
c o n t r o l , p a r t i c u l a r l y fumigants, the use of some of the e x i s t i n g 
ones i s decreasing because of problems of t o x i c i t y , residues and 
r e s i s t a n c e . The development of new pest c o n t r o l chemicals based on 
new concepts i s a d e s i r a b l e goal and may be rewarding. The 
emerging countries i n the t r o p i c s , having a favorable c l i m a t i c con
d i t i o n f o r pest emergence, do not have the economic resources to 
provide f o r proper storage space and/or fumigation. Therefore, a 
simp1er technology whic
needed. 

Pest Management with Ecochemicals 

The present concepts of pest management have evolved from basic 
knowledge of the chemical i n t e r a c t i o n s between organisms. 
Chemicals d i r e c t l y involved i n the e c o l o g i c a l r e l a t i o n s h i p between 
organisms are c a l l e d ecochemicals, ecomones, or semiochemicals; 
those a c t i n g between d i f f e r e n t species are c a l l e d kairomones, a l l o -
mones, or a l l e l o c h e m i c s , while those a c t i n g w i t h i n the same species 
are c a l l e d pheromones. 

Research on ecochemicals i s most advanced i n the case of 
i n s e c t s , thus p r o v i d i n g the opportunity f o r i t s a p p l i c a t i o n through 
pest management. Through evolutionary processes, i n s e c t s have 
acquired habits which are conditioned by pheromones and/or allomo-
nes. The reactions to these substances by i n s e c t s d i f f e r from that 
to poisonous i n s e c t i c i d e s i n that i t involves a normal and s p e c i f i c 
response. In general, ecochemicals have been found to be e f f e c t i v e 
at very low l e v e l s because t h e i r d i r e c t e f f e c t i s magnified through 
behavioral responses. Moreover, these ecochemicals g e n e r a l l y have 
a simple chemical s t r u c t u r e and often t h e i r analogs are a v a i l a b l e . 
The present emphasis of u t i l i z i n g these chemicals i s to regulate 
pest a c t i v i t i e s i n order to prevent crop and food i n j u r y rather 
than to k i l l pests. In the remainder of t h i s report, research con
ducted at our l a b o r a t o r i e s w i l l be described and discussed. 

Control of Feeding Behavior 

Insect preferences f o r c e r t a i n types of food can be considered from 
a chemical e c o l o g i c a l point of view as fo l l o w s : presence of 
a t t r a c t a n t , f i x i n g f a c t o r o v i p o s i t i o n - s t i m u l a n t , and feeding stimu
l a n t ; absence of r e p e l l e n t , o v i p o s i t i o n deterrent, feeding 
deterrent, n u t r i t i o n a l defect, and growth-deterrent. Conversely, 
the opposite i s true f o r c e r t a i n food types undisturbed by i n s e c t s . 
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A t t r a c t a n t s i n c e r e a l grains of S i t o p h i l u s zeamais. J5. zeamais i s 
known as the r i c e weevil i n Japan, but as the maize weevil i n the 
U.S., while Ŝ . oryzae i s the small r i c e weevil i n Japan, but the 
r i c e weevil i n the U.S. Both insec t s cause i n j u r y to r i c e , maize 
and wheat, or to t h e i r processed products, thus being the most 
important i n j u r i o u s i n s e c t s to c e r e a l s . There i s evidence that 
o l f a c t o r y stimulus i s involved i n the host s e l e c t i o n . In warm 
areas, the i n s e c t s migrate during the harvest of r i c e , maize or 
wheat i n t o the f i e l d s from the store-houses, thereby causing post-
harvest i n j u r y a f t e r harvest. We began t h i s study with the objec
t i v e of e l u c i d a t i n g chemical f a c t o r s i n grains involved i n 
h o s t - f i n d i n g behavior of JS. zeamais. 

Using olfactometers, the following samples, f r a c t i o n s , 
e x t r a c t s , or compounds were shown to possess attractancy: 1. 
p o l i s h e d r i c e , brown r i c e , maize and wheat; 2. ether, methanol, 
acetone or hexane ex t r a c t s of the above samples, among which the 
ether extract showed the highest a c t i v i t y ; 3  a c i d i c and n e u t r a l 
f r a c t i o n s of the ether e x t r a c t
the composition of the a t t r a c t i v
r a t h e r than a simple nature. The a t t r a c t a n t s i n r i c e and maize 
gra i n s were found to be a mixture of C$ and Cj c a r b o x y l i c a c i d s , γ-
lactones of C3 hydroxycarboxylic a c i d s , and phenylethanol. Of 
these, hexanoic a c i d and 2-nonen-4-olide play the major r o l e . 
S i m i l a r a t t r a c t a n t s were a l s o found i n wheat. The attractancy of 
r e l a t e d c a r b o x y l i c acids was i n v e s t i g a t e d e x t e n s i v e l y , however no 
others were found to be a t t r a c t i v e beyond the above-mentioned com
pounds. As f o r the lactones, several synthesized compounds were 
found to be a t t r a c t i v e . The above food a t t r a c t a n t appears to be 
important i n understanding the h o s t - f i n d i n g behavior of the r i c e 
w e e v i l . Studies should be conducted to determine whether there i s 
a c o r r e l a t i o n between the concentration of a t t r a c t a n t s i n grains 
and observed s u s c e p t i b i l i t y . Then, breeding f o r r e s i s t a n t 
v a r i e t i e s could be conducted on a r a t i o n a l b a s i s . 

A t t r a c t a n t i n Cheese of Tyrophagus putrescentiae. T. putrescentiae 
(formerly T\ dimidiatus) i s a g r a i n mite that feeds on stored 
f o o d s t u f f s such as d a i r y products, g r a i n powders, chocolate, s p i 
ces, soybean paste and d r i e d f i s h . The mite has been found to 
p r e f e r cheese, and i s thus commonly c a l l e d the cheese mite. A 
question a r i s e s as to whether these f o o d s t u f f s have the same or 
d i f f e r e n t f a c t o r s that govern h o s t - f i n d i n g by the mite. For t h i s , 
an olfactometer bioassay was designed using cheddar cheese which i s 
e a s i l y a v a i l a b l e and possesses a strong attractancy as the source 
m a t e r i a l . 

Upon freeze drying the cheese, the attractancy was condensed i n 
the c o l d trap with the v o l a t i l e s and f u r t h e r concentrated i n t o a 
n e u t r a l f r a c t i o n , which was separated i n t o 3 f r a c t i o n s by chroma
tography. Each f r a c t i o n was assayed to determine i t s a t t r a c t a n c y . 
F r a c t i o n I gave no a c t i v i t y ; f r . I I gave 1/6 of the s t a r t i n g a c t i 
v i t y , and f r . I l l gave f a i n t a c t i v i t y , but when f r . II was combined 
with f r . I or I I I , the attractancy increased to 1/2; evidence of 
synergism between f r a c t i o n s . By combining a l l of the f r a c t i o n s , 
the o r i g i n a l a t t r a ctancy was restored. 8-Nonen-2-one of f r . I I 
showed some a c t i v i t y , but other methylketones i n the same f r a c t i o n 
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were not a c t i v e . However, a mixture of 8-nonen-2-one with 
heptan-2-one, octan-2-one and nonan-2-one showed strong a c t i v i t y , a 
s y n e r g i s t i c e f f e c t among methylketones. F r . I l l contained lower 
a l c o h o l s , but the attractancy of f r . I l l appeared to be due to 
3-methylbutanol alone which furth e r synergized the a c t i v i t y of the 
mixture of the above-mentioned methylketones. 

Methylketones are present i n d a i r y products, formed from 
t r i g l y c e r i d e s through $-ketoacids. 3-Methylbutanol o r i g i n a t e s from 
L - l e u c i n e and i s present i n various fermented products. The pre
sence of such common constituents i s thought to be involved i n host 
f i n d i n g f o r d i f f e r e n t kinds of fo o d s t u f f s by the mite. 

Much l e s s research has been done on food a t t r a c t a n t s than on 
sex pheromones. More emphasis on the understanding of such allomo-
nes and t h e i r p o t e n t i a l use f o r inse c t c o n t r o l i s needed. 

Growth i n h i b i t o r i n kidney bean of bean weevils. A l a r v a of the 
azuki bean weevil, Callosobruchus c h i n e n s i s , grows i n s i d e the azuki 
bean and other beans, bu
ney bean. I s h i i (1) ha
growth i n h i b i t o r i n the bean, and other workers had attempted to 
grow r e s i s t a n t bean plants by g r a f t i n g . Janzen et a l . (2) claimed 
that the cowpea weevil, (Σ. macula tus, i s not able to grow i n s i d e 
the kidney bean due to the a c t i o n of l e c t i n . We have attempted to 
show these same r e l a t i o n s h i p s with c h i n e n s i s . The l e c t i n f r a c 
t i o n , p u r i f i e d by a f f i n i t y chromatography, did not show any growth 
i n h i b i t o r y a c t i v i t y , however. A p o s s i b i l i t y that a t r y p s i n i n h i b i 
t o r i s responsible f o r the growth i n h i b i t i o n remains. Such a study 
i n combination with e f f o r t s to breed beans f o r r e s i s t a n c e could 
cont r i b u t e to the attainment of a weevil-free bean. 

Control of Mating Behavior 

The use of sex a t t r a c t a n t s seems promising p a r t i c u l a r l y with stored 
product i n s e c t s because they must l i v e i n a r e s t r i c t e d space; t h i s 
has been well documented by Burkholder ( 4 ) . Recently, a new type 
of sex pheromone was found from Ĉ . c h i n e n s i s by us. 

Mating pheromones of C. chinensis. Two sex pheromones are 
inv o l v e d i n the mating behavior of Ĉ . c h i n e n s i s : a female sex 
a t t r a c t a n t , and a copulation release pheromone. The former 
a t t r a c t s the male to the female, but does not induce f u r t h e r 
responses. The l a t t e r induces the male to extrude h i s g e n i t a l 
organ and to attempt copulation, and thus i s named " e r e c t i n " ( 3 ) . 
E r e c t i n i s released by both the male and the female (more by the 
female), but only the male responds to i t . 

The evidence f o r copulation release a c t i v i t y has been 
demonstrated with s e v e r a l i n s e c t s : C o s t e l y t r a zealandica; 
Trogoderma glabrum; Limonius canus; T r i b o l i u m confusum; Tenebrio 
m o l i t o r , and Callosobruchus maculatus (F.) (4). However, e r e c t i n 
of c h i n e n s i s was the f i r s t to be i d e n t i f i e d , and i t i s involved 
only i n copulation release a c t i v i t y . 

Chemically, e r e c t i n c o n s i s t s of two s y n e r g i s t i c a l l y a c t i n g 
f r a c t i o n s , n e i t h e r having any a c t i v i t y . One i s a mixture of 
C26-C35 hydrocarbons and the other i s a d i c a r b o x y l i c a c i d , named 
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"callosobruchusic a c i d " , (E)-3,7-dimethyl-2-octene-l,8-dioic a c i d . 
( 5 ) . 

I f e r e c t i n can be made a v a i l a b l e i n s u f f i c i e n t q u a n t i t i e s f o r 
p r a c t i c a l use, and i f the copulation of males with female dummies 
bearing e r e c t i n can e f f e c t the lowering of the population density, 
t h i s apparent r e v e r s a l of the s t e r i l i z e d male technique could 
become a new c o n t r o l approach. 

The f i r s t r e q u i s i t e f o r p r a c t i c a l use was achieved by the 
synthesis of c a l l o s o b r u c h u s i c a c i d , and the s u b s t i t u t i o n of a 
complex hydrocarbon mixture by octadecane. Only the (E) form was 
a c t i v e . Synthesis of the two o p t i c a l forms was a l s o achieved, but 
both forms showed the same a c t i v i t y as the n a t u r a l c a l l o s o b r u c h u s i c 
a c i d , thus making i t impossible to assign the absolute con
f i g u r a t i o n ( 5 ) . The second requirement has been pursued by 
s e l e c t i n g d i f f e r e n t dummies. When an amount of e r e c t i n equivalent 
to that of one female was applied to a glass rod, the male 
attempted copulation, but did not e j a c u l a t e  However  the male d i d 
show the i n s e r t i o n and e j a c u l a t i o
num f o i l tube bearing e r e c t i n

Control of O v i p o s i t i o n Behavior 

Examples of the c o n t r o l of o v i p o s i t i o n behavior with chemicals have 
been demonstrated i n t h i s laboratory with an o v i p o s i t i o n stimulant 
f o r c h i n e n s i s and maculatus and an o v i p o s i t i o n r e g u l a t o r . 

O v i p o s i t i o n stimulant from bean seed coat. O v i p o s i t i o n on kidney, 
cowpea and azuki beans by JC. chinensis and _C. maculatus i s stimu
l a t e d by at l e a s t two f a c t o r s . This was shown using glass beads of 
d i f f e r e n t s i z e s treated with the extract of the bean seed coats as 
the o v i p o s i t i o n substrate. jC. maculatus o v i p o s i t e d only when a 
chemical stimulant was provided, whereas ch i n e n s i s required ade
quate p h y s i c a l s t i m u l i such as s i z e , and the chemical stimulant 
played only a secondary r o l e . I s o l a t i o n of the chemical (5) i s i n 
progress. Such an o v i p o s i t i o n stimulant with a s u i t a b l e substrate 
could modify the o v i p o s i t i o n behavior of these pest i n s e c t s . 

O v i p o s i t i o n r e g u l a t o r of C. chinensis and C. maculatus. There are 
two prominent phenomena that govern the o v i p o s i t i o n behavior of the 
two weevils. F i r s t , under low density c o n d i t i o n s , females o v i p o s i t 
evenly among beans. Second, under high density conditions where 
each bean holds many eggs, the egg d i s t r i b u t i o n becomes random and 
only a few eggs hatch, l e a v i n g the r e s t to d i e . The bean surface 
becomes more shiny as o v i p o s i t i o n progresses. An ether-soluble 
substance which imparts t h i s shininess was shown to have marking 
a c t i v i t y . The weevil prefers l e s s e r marked beans f o r f u r t h e r o v i 
p o s i t i o n , thus r e s u l t i n g i n an even d i s t r i b u t i o n of the eggs. 
Moreover, as t h i s substance increases to a l e v e l of 100 pg/bean, 
causing many eggs to be deposited, the substance shows o v i c i d a l 
a c t i o n , thus e l i m i n a t i n g most of the eggs except those o v i p o s i t e d 
i n e a r l i e r stages that had already hatched and penetrated i n t o the 
beans. These i n s e c t s thus have developed a strategy to reduce com
p e t i t i o n among larvae, and to maximally u t i l i z e the host beans by 
using the same substance at d i f f e r e n t l e v e l s . 
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This pheromone consists of triglycerides, fatty acids, and 
hydrocarbons, and each has some marking and ovicidal activity. The 
fatty acid composition of the triglycerides is similar to that of 
edible o i l s , and treatment of the azuki bean with certain edible 
o i l s (200 pg/bean) could protect the beans from injury by macu-
latus, chinensis, and Zabrotes subfaciatus. 

Conclusion 

As illustrated, new approaches to pest control are being developed 
that have the potentiality to lessen injuries by lowering the 
insect population without direct k i l l . One future direction may 
well be that of identifying ecochemicals of natural origin as a 
forerunner to the development of synthetic "pestistatics" which 
mimic the function of the former. The methods of crop and food 
protection w i l l certainly change with the transformation of social 
consciousness and with progress of science and technology. Along 
with this trend, the for
inevitably be altered. 
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Plants deploy
attack by insects.
toxic actions against insects are well known and have 
often served as prototypic models for the development 
of optimized analogs subsequently reduced to commercial 
practice. Less well understood and investigated are 
those secondary chemicals targeted to more subtle 
disruption of pest specific biology. These include 
mimics of important developmental hormones and 
chemicals of communicative significance. 

Competitive species l i v i n g together i n a r e s t r i c t e d space even
t u a l l y seek to exclude or prey upon each other. Plants and i n s e c t s 
are prime examples of c o e x i s t i n g species locked i n an e t e r n a l 
struggle f o r space and sustenance. 

Plants, as the ultimate c o l l e c t o r s of s o l a r energy and the 
vegetative dominants, are w e l l matched against i n s e c t s , which are 
the p r i n c i p a l animate l i f e forms. 

Insects are so suc c e s s f u l because of t h e i r m o b i l i t y , high 
reproductive p o t e n t i a l , a b i l i t y to e x p l o i t plants as a food 
resource, and to occupy so many e c o l o g i c a l niches. Plants are 
e s s e n t i a l l y s e s s i l e and can be seen to produce flowers, nector, 
p o l l e n , and a v a r i e t y of chemical a t t r a c t a n t s to induce i n s e c t 
cooperation i n c r o s s - p o l l i n a t i o n . However, i n order to reduce the 
e f f i c i e n c y of i n s e c t prédation upon them, plants a l s o produce a 
host of s t r u c t u r a l , mechanical, and chemical defensive a r t i f i c e s . 
The most v i s i b l e chemical defenses are poisons, but c e r t a i n chemi
c a l s , not i n t r i n s i c a l l y t o x i c , are targeted to di s r u p t s p e c i f i c 
c o n t r o l systems i n i n s e c t s that regulate d i s c r e t e aspects of in s e c t 
physiology, biochemistry, and behavior. Hormones and pheromones 
are unique r e g u l a t o r s of i n s e c t growth, development, reproduction, 
diapause, and behavior. Plant secondary chemicals focused on the 
d i s r u p t i o n of i n s e c t endocrine and pheromone mediated processes can 
be v i s u a l i z e d as important components of plant defensive 
mechanisms. 

0097-6156/85/0276-0225$06.00/0 
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Notwithstanding the continuing dynamics of evolutionary 
processes, certain plant secondary chemicals employed as defensive 
strategies against pests and pathogens can serve as prototypic 
models leading to new chemical control agents and/or resources for 
the genetic engineering of pest resistant crop cultivars. Various 
plant derived toxicants have provided the i n i t i a l chemistry leading 
to successful commercial insecticides including the pyrethroids and 
carbamates. Less well explored are those plant chemical defenses 
targeted to more subtle interruption of insect-specific aspects of 
development and behavior. 

Insect Phytohormpnes 

Phvtojuvenoids. Wigglesworth (JL) demonstrated that a hormone 
secreted by the insect corpora allata was responsible for the 
control of differentiation i n immature insects and reproduction i n 
adult female insects. Williams (£) prepared an active extract of 
this hormone from adult
hormone". We were able
chemistry of the juvenile hormone from the study of the active 
cecropia extract to synthesize JH III (3.). Seven years later i t s 
presence as a natural hormone in the tobacco hornworm was confirmed 
(JL). Three other analogous juvenile hormones (JH 0, I, II) have 
been found to occur only in lepidoptera (ϋ, L, X) (Figure 1). 
Juvenile hormone III i s the principal juvenile hormone of insects 
and has been demonstrated in a l l of the insect taxa investigated. 

In 1965 Slama and Williams (£) observed that contact with 
certain paper products disrupted the metamorphosis of the linden 
bug. The biological activity was identical in every respect to 
that produced by the insect juvenile hormone. Thus the ultimate 
nymphal stages were induced to molt into nymphal-adult inter
mediates or supernumerary nymphs which eventually died without 
completing metamorphosis. They demonstrated that the active 
agent(s) was present i n the balsam f i r tree from which the paper 
had been manufactured. Bowers et a l . (<l) isolated and identified 
the principal active compound i n the balsam f i r as a monocyclic 
sesquiterpenoid ester and called i t juvabione. This discovery 
revealed a new plant defensive strategy focused on disruption of 
the insect endocrine system and stimulated world-wide efforts to 
investigate plants as a source of endocrine-active compounds. 
Although Schmialek (JjQ.) had demonstrated the juvenile hormone 
activity of farnesol, i t was isolated and identified as a natural 
product of mealwworm feces rather than as the ubiquitous sesquiter
penoid alcohol found i n plants. Though of low juvenile hormone 
activity, farnesol may act as a protective secondary chemical in 
certain plants. Dehydrojuvabione was identified as a second mor
phogenetic agent i n a Czechoslovakian f i r (11). It i s about ten
fold less active than juvabione, but sufficiently active to disrupt 
insect metamorphosis at submicrogram levels. 

The two naturally occurring drug and insecticide adjuvants, 
sesamin and sesamolin from sesame o i l , were found to posses modest 
juvenile hormone activity and served as models for the design of 
the f i r s t aromatic juvenile hormone analogs (J_2, 13.). 
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Numerous compounds with low to moderate j u v e n i l e hormone 
a c t i v i t y have been found i n plants, and t h e i r chemistry i s sum
marized i n Table I (8-22). Of p a r t i c u l a r note are the juvocimones, 
found i n the d i s t i l l a t e of the e s s e n t i a l o i l of sweet b a s i l , whose 
b i o l o g i c a l a c t i v i t y against c e r t a i n species i s qu i t e pronounced. 
They are f a r more a c t i v e than the natural j u v e n i l e hormones and 
induce the ultimate morphogenetic e f f e c t s against milkweed bugs at 
dosages i n the pico-gram range (22)· 

Phy toe cdν s t e r o i d s . Molting and d i f f e r e n t i a t i o n i n i n s e c t s are 
c o n t r o l l e d by molting hormones which are polyhydroxylated s t e r o i d s 
c a l l e d ecdysones. Ecdysone (Figure 2) was i s o l a t e d by Butenandt 
and Karlson (21) > and the st r u c t u r e proposed by Karlson et a l . (2k) 
was confirmed with a f u l l e l u c i d a t i o n of s t r u c t u r e and absolute 
c o n f i g u r a t i o n by Huber and Hoppe (25.) through X-ray a n a l y s i s . A 
second hormone was char a c t e r i z e d as 20-hydroxyecdysone by several 
l a b o r a t o r i e s i n c l u d i n g Hampshire and Horn (2L) > Hocks and Wiechert 
(21), and Kaplanis et a l
metabolites with s i g n i f i c a n
subsequently i d e n t i f i e d (Figure 2). 

In 1966 Nakanishii et a l . (21) i d e n t i f i e d ponasterone A, a 
polyhydroxysteroidal component of the plant Podocarpus n a k a i i 
(Figure 3 ). Recognizing i t s s i m i l a r i t y to the i n s e c t ecdysones he 
was able to confirm that i t possessed authentic molting hormone 
a c t i v i t y . Later, t h i s phytoecdysteroid was discovered to e x i s t as 
a natural ecdysone of several Crustacea (30.)· S i m i l a r l y the 
phytoecdysteroid inokosterone (Figure 3) was shown to occur i n the 
crustacean C a l l i n e o t e s sapidus (31). The discovery of plant 
s t e r o i d s with molting hormone a c t i v i t y stimulated a widespread 
search among plants f o r s i m i l a r hormone mimics. Recently, 111 
plant f a m i l i e s have been shown to contain a t l e a s t 69 phytoecdys-
t e r o i d s with molting hormone a c t i v i t y (32)· I t i s e s p e c i a l l y 
noteworthy that the natural i n s e c t molting hormone, 20-
hydroxy ecdysone, i s the most commonly encountered hormone i n the 
major plant d i v i s i o n s Pteridophyta, Gymnospermae, and Angiospermae. 
In descending order the most abundant ecdysteroids are ponasterone 
A, polypodine B, ecdysone, and pterosterone (32)· 

Ponasterone A, a natural phytoecdysone, i s reported to have 
the highest hormonal a c t i v i t y i n i n s e c t s and to show the greatest 
a f f i n i t y f o r ecdysteroid receptors (33.). Ecdysteroids and analogs 
incorporated i n t o a r t i f i c i a l d i e t s are shown to deter feeding i n 
many i n s e c t s (3k) as w e l l as to i n h i b i t growth and reproduction 
(21=30.)· G a l b r a i t h and Horn (39.) were the f i r s t to suggest that 
the phytoecdysteroids might c o n s t i t u t e a plant defensive strategy. 
This t h e s i s has been echoed by numerous i n v e s t i g a t o r s and i s r e i n 
forced by t h e i r c l e a r b i o l o g i c a l e f f e c t s on a wide v a r i e t y of 
i n s e c t s . In view of the widespread occurrence of phytoecdysones 
and t h e i r acknowledged i n t e r f e r e n c e with i n s e c t molting and 
metomorphosis, t h e i r r o l e as plant defensive components seems 
assured. 

A n t i - J u v e n i l e Hormones. A plant defensive strategy targeted to 
d i s r u p t i o n of the endocrine r e g u l a t i o n of the e a r l y l a r v a l stages 
of metamorphosis was revealed with the discovery of a n t i - j u v e n i l e 
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JH III 

JH II 

JH I 

JH 0 

/kj/N/^/N/^s/^o' PRINCIPLE JH OF INSECTS 

^SPECIALTY JH'S OF 
LEPIDOPTERA 

Figure 1. The j u v e n i l e hormones of i n s e c t s . 

ECDYSONE 20-HYDROXYECDYSONE 

20,26-DiHYDROXYECDYSONE 24-METHYL-20-HYDROXYECDYSONE 

Η Ο 
2-DEOXYECDYSONE 

Figure 2. The i n s e c t molting hormones, "ecdysones". 

OH OH 

INOKOSTERONE 

Figure 3. Representative phytoecdysones also found i n 
invert e b r a t e s . 
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Table I. Phytochemicals with J u v e n i l e Hormone A c t i v i t y 

229 

PHYTOJUVENOID OCCURRENCE REFERENCE 

A/\A/SA/\)H Ubiquitous Schmialek (10) 
Farneso l 

Ο 

Juvabione / s l a m a & w i l l i a m s ( 8) 

0 ? Abie* bonanza Bowers, et a l . (9) 
Cerny, et a l . (11) 

Dehydrojuvabione 

C j v ^ O Sesamin 

Snàamum Indicim Bowers (12, 13) 

L_>^ Sesamolin 

Ç^0H Thu j i c ac id Tkuja ptiavta Barton, et a l . (14) 

ΝΛΑΛΑΛΛΛΛ, Ό η StzKojuJUùx. faitiAa Thompson & Barlow (15) 

S t e r c u l i c ac id 

0 
/ k / ^ s / S ^ s ^ Tagetone Tagvtu minuta Saxena & Srivastava (16) 

/ ^ / Λ ν / ^ / Ν | Γ ^ ^ Os t ru th in JmpeAatoUa. c_ . . 

OH 

A b s c i s i c ac id Ubiquitous Slama (18) 

ΛΑ^^Α^ Echi nolone EchuidCZaz . . . , 
angu&Uéolia ^cobson, et a l . (19) 

Bakuchiol PàonalzA „ . . , / 9 n x 

Juvocimene I 
OcAMum ba&UÀam Bowers & Nishida (22) 

Juvicmene II 

\y^\y^y\y&<^ UacAûpipeA zxczJUm Nishida, et a l . (21) 

Juvadecene 
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hormonal substances i n the plant Ageratum houstonianum (1Q., 11). 
Two simple s u b s t i t u t e d chromenes were i s o l a t e d and i d e n t i f i e d from 
Ageratum and c a l l e d precocenes I and I I (Figure 4). By contact, 
feeding, or fumigation, the precocenes induced precocious metamor
phosis i n immature i n s e c t s , s t e r i l i z e d a d u l t females, induced 
diapause i n c e r t a i n beetles, disrupted embryogenesis, and i n h i b i t e d 
sex pheromone production. A l l of these a n t i - j u v e n i l e hormonal 
a c t i v i t i e s were completely reversed by simultaneous, combined, or 
subsequent treatment with j u v e n i l e hormone I I I , demonstrating that 
the antihormonal e f f e c t s r e s u l t e d from the absence of the j u v e n i l e 
hormone rather than i n h i b i t i o n at a receptor s i t e (1Q., 41 ). Work 
i n other l a b o r a t o r i e s demonstrated a d d i t i o n a l b i o l o g i c a l actions of 
the precocenes i n c l u d i n g : s p e c i f i c i n h i b i t i o n of endocrine con
t r o l l e d processes during embryogenesis (42), reduction i n mating of 
males (13.), e f f e c t on migratory behavior (11, 15), diminished 
neurosecretory a c t i v i t y (Ik, IX)» caste/morph determination (1£, 
12.), and sex determination (5β_). 

Although paurometabolou
t i v e to the precocenes
metamorphosis i n the silkworm with precocene I I , and Mathai and 
Nair (52.) were s i m i l a r l y s u c c e s s f u l with the armyworm. 

Cupp et a l . (53.) discovered that precocene I I i n h i b i t e d pupa
t i o n i n the yellow fever mosquito, and Tarrant and Cupp (51) found 
that precocene induced precocious a d u l t s of Rhodnius p r o l i x u s and 
stopped t h e i r feeding. The consequences of feeding i n h i b i t i o n 
should be u s e f u l i n preventing Chagas disease transmission. More 
re c e n t l y Azambuja et a l . (55) demonstrated that the natural 
precocene I I was a powerful antifeedant f o r Rhodnius whereas the 
more potent s y n t h e t i c anti-hormonal analog ethoxy precocene [ i . e . 
7-ethoxy-6-methoxy-2,2-dimethyl chromene (5k)] possessed very 
l i t t l e antifeedant e f f e c t . This r e s u l t suggests that the an
t i f e e d a n t and antihormonal actions may depend on d i f f e r e n t 
mechanisms. The precocenes have also been found to i n h i b i t molting 
(1Ω., 11, 51, 52, 5&) and that the administration of ecdysone over
comes the e c d y s i a l s t a s i s (1Q., 51). 

Mode of a c t i o n s t u d i e s r e v e a l that the corpora a l l a t a are 
destroyed f o l l o w i n g exposure to the precocenes (59-61). Metabolism 
studies i n d i c a t e d that precocene was r a p i d l y o x i d i z e d and hydrated 
to the 3,4-dihydrodiol and that the epoxide appeared to be an 
a c t i v a t e d intermediate (62). Recent evidence i n d i c a t e s that the 
epoxide i s an a l k y l a t i n g agent which destroys the corpora a l l a t a 
terminating j u v e n i l e hormone production (£3., 64). 

The precocenes appear to be m u l t i f u n c t i o n a l plant protectants 
designed to a f f e c t many i n s e c t - s p e c i f i c endocrine mediated events 
as w e l l as feeding and communication a c t i v i t i e s . 

Insect Phytopfrer-omones 

Many studies of the d i r e c t and immediate i n t e r a c t i o n s o c c u r r i n g 
between plants and i n s e c t s , as i n s e c t predators attempt to feed on 
plants, have been documented. Thus, research on r e p e l l a n t s and 
antifeedants has received much a t t e n t i o n and w i l l not be discussed 
here. More subtle i n t e r a c t i o n s of plant secondary chemicals i n t e r 
f e r i n g with basic i n s e c t communication systems have received much 
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l e s s a t t e n t i o n . Two instances i n which plants have apparently 
developed chemical defensive mechanisms i n t e r f e r r i n g with or 
simulating s p e c i f i c s i g n a l s of i n s e c t communicative s i g n i f i c a n c e 
are exemplified by the s t u d i e s of aphid alarm pheromones and the 
cockroach sex pheromones. 

Cockroach Phvtosexpheromonal Mimics. In 1971, Bowers and 
Bodenstein (ϋϋ) discovered that c e r t a i n plants contained compounds 
which i n i t i a t e d i n the American cockroach behavioral responses 
i d e n t i c a l to those induced by the natural sex pheromone of the 
v i r g i n female. Male courtship d i s p l a y and copulatory attempts 
occurred when males were exposed to needle and cone o i l d i s t i l l a t e s 
of spruce, Picea rubra f and f i r , Abies s i b e r i c a f Abies alba. The 
a c t i v e substance, on i s o l a t i o n and c h a r a c t e r i z a t i o n , was found to 
be D-bornyl acetate (Figure 5), a well-known constituent of c o n i f e r 
trees. This discovery prompted a more widespread survey of plants 
and r e s u l t e d i n the discovery of a d d i t i o n a l plant e x t r a c t s that 
a l s o simulated the natura
c o n i f e r s , a c t i v e e x t r a c t
simarubareae, ar a l i a c e a e , l a b i a t i d a e , and compositae. Several of 
these plants i n c l u d i n g E r i g e r on annus contained a C ^ H ^ hydrocar
bon with s i g n i f i c a n t a c t i v i t y (£ϋ). From Erigeron annus Tahara et 
a l . (&£L) i d e n t i f i e d the a c t i v e hydrocarbon as germacrene D (Figure 
5). Although the plant compounds possessed s i g n i f i c a n t sex 
pheromonal a c t i v i t y , Bowers and Bodenstein (££) demonstrated that 
crude e x t r a c t s of the v i r g i n female cockroach midgut [a r i c h source 
of the pheromone (67)1 were much more a c t i v e than the p u r i f i e d 
plant mimics. Thus, at no time was i t suspected that any of the 
plant compounds were i d e n t i c a l with the natural pheromone. The 
midgut e x t r a c t s upon f r a c t i o n a t i o n gave unweighable samples (<50 
ug) which could be d i l u t e d one b i l l i o n times and s t i l l e l i c i t the 
c h a r a c t e r i s t i c mating d i s p l a y from male cockroaches. Chemical 
manipulation of a c t i v e f r a c t i o n s i n d i c a t e d that the natural 
pheromone was an unsaturated ketone. This was the f i r s t accurate 
information on the chemistry of the cockroach pheromone since Day 
and Whiting (£&) disproved the pheromone s t r u c t u r e assigned by 
Jacobson et a l . (£°_). The natural pheromone was f i n a l l y charac
t e r i z e d by Persoons et a l . (2Û) as a d e r i v a t i v e of germacrene D and 
c a l l e d i t Periplanone Β (Figure 5). Washio and Nishino (71 ) con
firmed the a u t h e n t i c i t y of the behavioral responses to the 
monoterpenoids by comparison of t h e i r electroantennogram responses 
with the natural pheromone. Nishino et a l . (72) reported that (+)-
trans-verbenyl acetate (Figure 5) a l s o possessed s i g n i f i c a n t sex 
pheromone a c t i v i t y f o r the American cockroach and evaluated 67 
s y n t h e t i c analogs (21). 

The frequent occurrence of pheromonal mimics i n plants i s 
d i s t u r b i n g i n view of the oft-presumed s p e c i f i c i t y of pheromonal 
chemicals. One might wonder whether t h e i r presence i n plants has 
communicative s i g n i f i c a n c e f o r cockroaches. A defensive strategy 
based upon the possession of a sex pheromone mimic seems of dubious 
value to a plant unless the s t i m u l a t i o n to sexual a c t i v i t y over
r i d e s or depresses feeding a c t i v i t i e s . A l t e r n a t i v e l y , a t t r a c t i o n 
of omnivorous cockroaches might r e s u l t i n t h e i r d e s t r u c t i o n of 
competing plants or p a r a s i t e s . 
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Aphid Alarm Pheromones. When aphids are attacked by predators they 
produce droplets of secretion from their cornicles whose odor 
init i a t e s escape behavior i n nearby siblings. The f i r s t alarm 
pheromone was identified by Bowers et a l . ( ϋ ) for the rose, pea, 
greenbug, and cotton aphids as trans-$-fame sene. The macrocyclic 
hydrocarbon germacrene A was subsequently identified as the alarm 
pheromone of the sweetclover and spotted a l f a l f a aphids (Figure 6) 
(15, 1£L). 

The repellant nature of the alarm pheromones makes them an 
attractive resource for the development of plant protection 
chemicals. Synthetic optimization efforts resulted i n the prepara
tion of several active analogs (21=19.). However, the analogs were 
significantly less active than the natural pheromones and f i e l d 
t r i a l s were not attempted. 

The induced mobility of aphids on exposure to trans-fi-
farnesene was demonstrated to enhance the effectiveness of contact 
insecticides by Griffiths and Pickett (80)  and Gibson and Pickett 
( M ) made the exciting discover
potato, Solanum berthaultii
leaves which exude trans-3-farnesene. Although the glandular hairs 
may also entrap aphids with sticky secretions, they found that the 
air above £. berthaultii leaves contained the alarm pheromone i n 
concentrations sufficient to effectively repel aphids. This dis
covery i s the f i r s t demonstration of a plant defensive strategy 
employing the identical chemical messenger used by the insect. No 
doubt future investigations w i l l reveal similar results. With the 
chemical basis of resistance established, direct chemical analyti
cal techniques for the measurement and quantitation of the 
pheromone w i l l permit rapid selection of resistant varieties from 
conventional breeding efforts. Genetic engineering technologies 
should eventually allow for the incorporation and expression of 
such resistance mechanisms i n other plant species. 

Summary 

Historically, phytochemicals have been an important resource for 
the development of pesticides, both for their direct use as well as 
prototypes from which more efficient pest control chemicals may be 
developed. Early efforts i n natural product chemistry revealed 
many potent toxins. Basic research into insect physiology and 
biochemistry coupled with the study of insect/plant chemical inter
actions has revealed several subtle defensive strategies by plants 
to limit insect prédation. Chemical mimics of the insect juvenile 
and molting hormones are found to be abundant i n plants. Chemical 
communication signals similar to or identical with that of the 
natural insect pheromones have also been shown to be a part of 
plant defensive strategies. Future research in the chemistry of 
insect/plant interactions w i l l establish a rational basis for the 
systematic breeding of insect-resistant plants through conventional 
efforts, and serve as an exciting resource for genetic engineering. 
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PRECOCENE I II 

Figure 4. A n t i j u v e n i l e hormones from Ageratum. 

BORNYL ACETAT

VERBENYL ACETATE 

GERMACRENE D PERIPLANONE Β 

Figure 5. Plant compounds evoking cockroach sex pheromone 
a c t i v i t y and periplanone Β the authentic sex pheromone of 
American cockroach. 

(E)-0-FARNESENE GERMACRENE A 

Figure 6. Aphid alarm pheromones. 
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Proallatocidins 
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The rationale for design of proallatocidins related to 
chromenic structure of precocenes is discussed. Stabi
lization against environmental conditions and insect 
metabolic pathways,
port properties, are
the synthesis of more powerful insect growth regulators 
of this type. Some aspects of the chemistry of 3,4-epo-
xyprecocenes are also examined. 

Precocenes I and II are n a t u r a l products with a simple chromene struc
ture (7-methoxy- and 6,7-dimethoxy-2,2-dimethylchromene) which were 
i s o l a t e d from plant sources and exhi b i t e d powerful a n t i j u v e n i l e hor
mone a c t i v i t i e s i n several types of in s e c t s (1). 

CH3O. 

Precocene I 

U 

Precocene II 

There i s now strong evidence that precocenes act as p r o a l l a t o c i 
dins, which are transformed by a l l a t a l mono-oxygenases i n t o a hi g h l y 
r e a c t i v e 3,4-epoxide. This epoxide i s assumed to be the true c y t o x i c 
agent by s e l e c t i v e a l k y l a t i o n of c e l l u l a r elements of the i n s e c t cor
pora a l l a t a glands (2). 

On the other hand, the recent discovery of a n t i j u v e n i l e hormone 
a c t i v i t y i n several o-isopentenylphenols, compounds b i o g e n e t i c a l l y 
r e l a t e d to chromenes, has l e d to the proposal of a d i r e c t a l t e r n a t i v e 
a l k y l a t i o n pathway, v i a rearrangement o f precocenes to quinone me-
thides (3). 

For the above c h a r a c t e r i s t i c s , precocenes were considered as 
p o t e n t i a l lead compounds f o r the development of a new generation o f 
i n s e c t i c i d e s . Accordingly, i n the l a s t years, extensive research has 
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been c a r r i e d out i n a v a r i e t y of academic and i n d u s t r i a l l a b o r a t o r i e s 
f o r the design of more powerful i n s e c t growth regulators of t h i s type, 
which should simultaneously combine, among other features, greater 
r e s i s t a n c e to the p e r i p h e r a l d e t o x i f i c a t i o n i n the i n s e c t and minimal 
t o x i c i t y against non-target organisms, p a r t i c u l a r l y vertebrates. In 
the present communication, we summarize some of our e f f o r t s i n t h i s 
area. 

Chemical S t a b i l i z a t i o n of Precocene Structures 

In view of the reported l a b i l i t y of the chromene skeleton under en
vironmental-like conditions, i . e . a c i d promotes dimerization and 
l i g h t causes rearrangement of chromene to quinone methide (4) one of 
our f i r s t concerns was the chemical s t a b i l i z a t i o n of the precocene 
s t r u c t u r e s f o r i t s p o t e n t i a l a p p l i c a t i o n i n f i e l d t r i a l s . 

We a n t i c i p a t e d that replacement of one v i n y l hydrogen by f l u o r i n e i n 
the n a t u r a l compound would reduce the r e a c t i v i t y of the chromene 3,4-
double bond without preventing the above enzymatic epoxidative b i o -
a c t i v a t i o n of taking place, due to the s i m i l i t u d e of atomic r a d i i of 
f l u o r i n e and hydrogen. However, 3-fluoroprecocene analog I I I , prepared 
by m o d i f i c a t i o n of known procedures f o r the synthesis of chromenes (5) 
was i n a c t i v e . Likewise, s u b s t i t u t i o n of t r i f l u o r o m e t h y l group f o r one 
of the two gem-dimethyl groups at the C-2 s i t e ( 6 ) , to strenghten the 
C-2 oxygen bond, precluding the above rearrangement, r e s u l t e d i n a 
decrease of a c t i v i t y i n the corresponding t r i f l u o r o m e t h y l analog IV. 
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S t a b i l i z a t i o n against Insect Metabolic Degradation 

One of the conclusions from AJH st r u c t u r e a c t i v i t y studies i s the im
portance of an unsubstituted double bond and a C-7 alkoxy substituent 
i n the chromene st r u c t u r e to e l i c i t AJH a c t i v i t y . However, r e s u l t s of 
precocene metabolism i n d i f f e r e n t i n s e c t species revealed that c l e a 
vage at t h i s substituent i s one of the main d e t o x i f i c a t i o n mechanisms 
observed. Accordingly, we expected that an increase of s t e r i c h i n 
drance at t h i s s i t e might prevent the occurrence of such a cleavage 
and, i n t h i s way, enhance the AJH a c t i v i t y . This requirement was f u l 
f i l l e d by preparation of dihydrobenzodipyran d e r i v a t i v e s V and VI, i n 
which a bulky pseudoterbutoxy substituent i s present at C-7 of the 
chromene s t r u c t u r e , as part of a 2,2-dimethylchroman r i n g , l i n k i n g 
t h i s s i t e and C-6 or C-8, r e s p e c t i v e l y i n l i n e a r isomers V or angular 
d e r i v a t i v e s VI (7). 

Preliminary r e s u l t s of a n t i j u v e n i l e hormone bioassays f o r preco
cious metamorphosis i n immature stages of Oncopeltus f a s c i a t u s r e v e a l 
ed that some of the non-linear d e r i v a t i v e s (VI) showed higher a c t i v i 
t i e s and lower t o x i c i t i e s that those e x h i b i t e d by n a t u r a l precocenes 
or 7-ethoxy-6-methoxy-2,2-dimethylchromene, one of the most a c t i v e 
s y n t h e t i c analogs known. In a d d i t i o n , some of these compounds were 
unexpectedly i n a c t i v e i n the s t e r i l i z a t i o n bioassay with adults of 
the same species (8). Further i n v e s t i g a t i o n of a n t i j u v e n i l e hormone 
a c t i v i t i e s o f se l e c t e d compounds of t h i s s e r i e s i n other i n s e c t s i s 
now i n progress. 

M o d i f i c a t i o n of transport p r o p e r t i e s 

Although the d i f f e r e n t i a l s e n s i t i v i t y o f hemi- and holometabolous 
larvae to the precocenes remains unexplained, i t has been shown that 
the corpora a l l a t a o f holometabolous species are s e n s i t i v e to the pre
cocenes i n v i t r o (9). Likewise, i t has been demonstrated that precoce
nes are r a p i d l y sequestered by hemolymph proteins i n several i n s e c t s 
preventing an e f f e c t i v e amount of the precocenes from ever reaching 
the corpora a l l a t a (10). 

Consequently, we a n t i c i p a t e d that to overcome these problems i t 
might be important to incorporate moieties i n the precocene s t r u c t u r e 
to a l t e r the transport p r o p e r t i e s o f the na t u r a l compounds. For t h i s 
aim, we synthesized crown ether precocenes VII (11), i n which C-6 and 
C-7 of the chromene skeleton were incorporated i n t o a 15-crown-5 or 
18-crown-6 ether r i n g . We also prepared several chromene d e r i v a t i v e s 
VIII bearing polyoxyethylenated groups and sugar residues at the C-8 
p o s i t i o n (12). 

V VI 
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C CH 

n= 3,4 VII VIII 

So f a r a l l these compounds were i n a c t i v e i n the standard contact 
t e s t but f u r t h e r i n v e s t i g a t i o n under i n v i t r o conditions w i l l be ca r 
r i e d out i n the near future. 

Another strategy used to modify the transport p r o p e r t i e s o f nat
u r a l precocenes was to prepare analogues i n which the double bond was 
masked i n such a way that might be l i b e r a t e d under mild o x i d a t i v e con
d i t i o n s (13). I t was thought that by an appropriate choice of these 
p r o t e c t i v e groups, the AJ
t o c i d i n s t r u c t u r e could
t h i s aim we have prepared i n our laboratory (14) precosyl thiophenyl 
ethers IX, i n view of the usefulness of t h i s p r o t e c t i v e group i n o r 
ganic synthesis, allowing the easy regeneration of the double bond 
by oxidation to the corresponding s u l f o x i d e s and sulfones followed by 

el i m i n a t i o n under very mild conditions (15). B i o l o g i c a l studies of 
these compounds are under way with d i f f e r e n t i n s e c t s . 

Chemical Studies of 3,4-epoxyprecocenes 

Investigations of the i n vivo and i n v i t r o metabolism of the precoce
nes d i s c l o s e d that 3,4-dihydroxyprecocenes were the most common me
t a b o l i t e s . The abundance of these d i o l s suggested that precocene must 
have undergone epoxidation followed by hydration, leading to a cons
tant isomer r a t i o of 70:30 trans c i s isomers, (2,16). Recently, i t 
was demonstrated by incubation i n v i t r o with Locusta migratoria cor
pora a l l a t a that 4-^H-precocene~ was metabolized s t e r e o s p e c i f i c a l l y 
to (-)-trans-(3R,4S) and (+)-cis-(3R,4R) d i o l s (17). 

To prove the above hypothesis of precocene mode of ac t i o n , i t 
was required to synthesize the corresponding 3,4-epoxyprecocenes and 
to study i t s chemical r e a c t i v i t y . When t h i s was accomplished i n two 
d i f f e r e n t l a b o r a t o r i e s (16,18) the l a b i l i t y of these epoxides towards 
n u c l e o p h i l i c or e l e c t r o p h i l i c attack was confirmed.In each case the 
chemical h y d r o l y s i s of these compounds gave the same isomer r a t i o of 
d i o l s observed i n the enzymatic metabolic process. 

We a n t i c i p a t e d that s t a b i l i z a t i o n o f these type of epoxides 
might be achieved by replacement of 7-alkoxy substituent by a f l u o r o -
alkoxy group. In f a c t , t h i s was the case and 7-trifluoroethoxy-3,4-

IX 
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epoxy precocene d e r i v a t i v e s X exhibited higher s t a b i l i t i e s than the 
corresponding non-fluorinated analogs (19), whithout l o s s of AJH ac
t i v i t y i n the o l e f i n i c precursors. 

In searching f o r a r e l a t i o n s h i p between a n t i j u v e n i l e hormone ac
t i v i t i e s and epoxide chemical r e a c t i v i t y , we attempted to apply as a 
chemical probe the m-chloroperoxybenzoic-alkaline f l u o r i d e system, a 
reagent developed i n t h i s laboratory f o r preparation of a c i d l a b i l e 
epoxides (20). However, formation of hemiesters of 3,4-dihydroxy pre
cocene , was the predominan
mene s t r u c t u r e s . 

Likewise, as i t has been studied i n the chromenes (21), we exa
mined the p o s s i b l e r e l a t i o n s h i p between precocene-like a c t i v i t y and 
1 3 C chemical s h i f t s of C-3 and C-4 i n several 3,4-epoxides of ac t i v e 
and i n a c t i v e chromenes. In a l l cases observed, these chemical s h i f t s 
d i f f e r e d too s l i g h t l y , w ithin the range of 0.5 ppm f o r C-3 and 0.7 
ppm f o r C-4, to be of any diagnostic value. 

Recently, several n u c l e o p h i l i c reagents have been used to est a 
b l i s h the mode of a c t i o n of the metabolites o f p o l y c y c l i c aromatic 
hydrocarbons (PAH). Among them, several phosphodiesters have been 
examined to c l a r i f y the p o s s i b i l i t y of r e a c t i o n of PAH epoxides with 
the phosphate groups (P - a l k y l a t i o n ) of n u c l e i c acids (22). In t h i s 
context we have studied the r e a c t i o n of 3,4-epoxyprecocene II with 
dibenzyl phosphate under a v a r i e t y of con d i t i o n s . In a l l cases, i n s 
tead of the formation of phenol or phosphotriesters observed with 
PAH epoxides, we obtained predominantly dimer XI. This compound was 
also the main component of the mixtures obtained by r e a c t i o n of the 
above precocene epoxide with other a c i d c a t a l y s t s , along with dimers 
XII and XII. Dimer XII was formed almost e x c l u s i v e l y by thermal t r e a t 
ment. The str u c t u r e and c o n f i g u r a t i o n f o r compound XII has been e s t a 
b l i s h e d by s p e c t r a l and X-ray d i f f r a c t i o n analyses (23). 
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R R 

R R 

I t i s worth of note that the formation of a dimer, with d i f f e r e n t 
dioxane s t r u c t u r e , i n the treatment of 3,4-dihydroxyprecocene I with 
p - t o l u e n s u l f o n i c a c i d has been r e c e n t l y reported (13). Further work, 
to study the r e a c t i v i t y of precocene epoxides with s e l e c t e d nucleo-
p h i l e s , which can shed l i g h t on the mode of a c t i o n of these compounds, 
i s i n progress. 

As a complement to the study of the chemistry of 3,4-epoxypreco
cenes, we have also prepared the corresponding 2,2-dimethyl-3-chro-
manones by p y r o l y s i s of hemiesters of 3,4-dihydroxyprecocenes. These 
chromanones might a f f o r d by e n o l i z a t i o n 3-hydroxyprecocenes, tauto-
mers of the 3,4-epoxyprecocenes, with an enhanced r e a c t i v i t y towards 
nucleophiles at C-4. However, preliminary r e s u l t s of a n t i j u v e n i l e 

hormone a c t i v i t y o f these chromanones were negative. 
In short, although precocenes are a very valuable t o o l f o r c a r 

r y i n g out chemical allatectomy i n i n s e c t physiology s t u d i e s , the 
future a p p l i c a t i o n of agents of the precocene type i n i n s e c t c o n t r o l 
depends on overcoming two main problems of the na t u r a l precocenes, 
namely, i t s reported t o x i c i t y i n vertebrates (24,25) and i t s i n s e n s i -
t i v i t y to holometabolous i n s e c t s . 
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Propionate and Methyl Malonate Metabolism in Insects 

GARY J. BLOMQUIST, PREMJIT P. HALARNKAR, and LAWRENCE A. DWYER 

Department of Biochemistry, University of Nevada, Reno, NV 89557 

Insects utilize propionate and methylmalonate in 
the biosynthesis
hormones and methyl
carbons. The sources of propionate and methyl
malonate in some insects appear to differ from 
those in mammals. Succinate is the precursor of 
propionate and methylmalonate in a termite, whereas 
valine and probably other amino acids are the 
sources of propionate and methylmalonate in several 
other species. An unusual pathway for propionate 
metabolism has been shown to occur in insects and 
it may be related to the absence or low levels of 
vitamin B12 found in many species. Propionate is 
converted directly to acetate with carbon 1 of 
propionate lost as CO2, carbon 2 of propionate 
becoming the methyl carbon of acetate and carbon 3 
of propionate becoming the carboxyl carbon of 
acetate. This pathway suggested the possibility 
that 2-fluoropropionate might be selectively 
metabolized in insects to the toxic 2-fluoro-
acetate. However, preliminary data indicate that 
2-fluoropropionate is not toxic to the housefly or 
the American cockroach. 

Propionate serves several unique and important r o l e s i n i n s e c t s . 
It i s used by some i n s e c t s , i n very small amounts, as a precursor 
to homomevalonate which i s an intermediate i n the biosynthesis of 
juv e n i l e hormone (JH) I I (1,2) and probably JH I and JH 0 as 
w e l l . Much la r g e r amounts of propionate and methylmalonate are 
needed for the biosynthesis of methyl branched hydrocarbons which 
are major c u t i c u l a r components i n most of the approximately 100 
insect species whose c u t i c u l a r l i p i d s have been examined (3-7). 
U n t i l r e c e n t l y , there was l i t t l e information a v a i l a b l e on e i t h e r 
the source of propionate or i t s metabolism i n i n s e c t s . In 
mammals vitamin i s a key cofactor i n propionate and 
methylmalonate metabolism (8-9). Recent observations that some 
insect species lack or contain low l e v e l s of vitamin B,« (10) 
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r a i s e d questions as to how these i n s e c t s perform or circumvent 
such r e a c t i o n s . Evidence i s presented i n d i c a t i n g that i n s e c t s 
have a novel pathway f o r propionate metabolism as compared to 
vertebrates. Sources of propionate and methylmalonate and t h e i r 
u t i l i z a t i o n as substrates f o r JH and methyl branched hydrocarbon 
biosynthesis are reviewed. 

Sources of Propionate and Methylmalonate 

In vertebrates, the major sources of propionate and methyl
malonate are odd chain f a t t y acids and the amino acids 
i s o l e u c i n e , v a l i n e and methionine (8,9). In the termite 
Zootermopsis a n g u s t i c o l l i s , which can incorporate propionate as 
the methyl branch u n i t of mono- and dimethylalkanes (]_) y these 
sources were considered u n l i k e l y because the d i e t of termites 
presumably contains l i t t l e f a t t y a c i d and Z. a n g u s t i c o l l i s 
contains very small amounts of odd chain length f a t t y acids (Chu 
and Blomquist, unpublished)
expected to conserve e s s e n t i a
could serve as precursors to propionate and methylmalonate. 

A s e r i e s of experiments werç^performed i n ̂ h i c h the jin v i v o 
i n c o r p o r a t i o n of [1- C]-, [2,3- C ] - and H]succlnates i n t o 
methyl branched alkanes were compared. [1- C]Succinate w^s pre
f e r e n t i a l l y incorporated i n t o the normal alkanes and [2,3- H]-
succinate was p r e f e r e n t i a l l y incorporated i n t o the methyl 
branched alkanes (11). This and other evidence (11) suggested 
that succinate could be a precursor to methylmalonate i n t h i s 
termite. D i r e c t evidence that t h i s termite could u t i l i z e s u c c i 
nate as the precursor to methylmalonate was obtained by examining 

e incorporation of [2,3- C 2 ] s u c c i n a t e i n t o methylalkanes by 
C-NMR. Carbons 2 and 3 of succinate were incorporated i n t o the 

branching methyl group(s) and the t e r t i a r y carbons(s) of mono-
and dimethylalkanes (12). These data i n d i c a t e that succinate i s 
metabolized to methylmalonyl-CoA and then i s incorporated i n 
place of malonyl-CoA at s p e c i f i c points during chain elongation. 

Recent experiments i n our laboratory have u t i l i z e d HPLC to 
separate organic acids from homogenates of insec t t i s s u e . 
Mitochondrial preparation^ from Z. a n g u s t i c o l l i s were apparently 
able to metabolize [2,3- C]succinate to methylmalonate. Radio
a c t i v i t y was recovered i n the f r a c t i o n corresponding to 
propionate. This i n d i c a t e s that t h i s termite i s able to convert 
succinate to propionate, presumably v i a a methylmalonyl-CoA 
intermediate. When succinate dehydrogenase was i n h i b i t e d by 
malonate during a mitochondrial incubation, the conversion of 
succinate to propionate was increased, f u r t h e r i n d i c a t i n g that 
the mitochondrial pool of succinate can be used to form 
methylmalonate and propionate. The general flow of carbon i n 
mammals i s propionate to methylmalonate to succinate, which i s 
then metabolized by t r i c a r b o x y l i c a c i d c y c l e enzymes. Thus, the 
flow of carbon i n the termite appears reversed from that observed 
i n mammals. 

In other i n s e c t s , i n c l u d i n g the housefly Musca domestica 
(13,14) and the cockroach P e r i p l a n e t a americana (15,16), studies 
with both r a d i o a c t i v e and stable isotopes c l e a r l y showed that 
succinate was not a major precursor to the methyl branching u n i t . 
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In these two species, [ H y a l i n e was r e a d i l y incorporated i n t o 
the branche^ alkanes. A C-NMR examination of the inc o r p o r a t i o n 
of [3,4,5- C~ ] v a l i n e i n t o the branched alkanes of the housefly 
(13) showed tnajj carbons 3, 4, and 5 were incorporated i n t a c t (as 
determined by C- C coupling) in t o the branching methyl carbon, 
t e r t i a r y carbon, and carbon adjacent to the t e r t i a r y carbon, 
r e s p e c t i v e ^ . S i m i l a r data were obtained when the incor p o r a t i o n 
of [3,4,5- C^]valine i n t o 3-methylpentacosane was examined i n 
the American cockroach (17). 

Whether or not propionate i s produced as an obl i g a t e i n t e r 
mediate i n the metabolism of va l i n e to methylmalonyl-CoA has been 
a subject of controversy (18). Indeed, some textbooks s t i l l show 
that methylmalonic semialdehyde i s d i r e c t l y oxidized to methyl-
malonyl-CoA (19). Using s t a b l e isotopes, Baretz and Tanaka (18) 
have presented convincing evidence that r a t s convert methyl
malonic semialdehyde to propionyl-CoA, which i s then carboxylated 
to form methylmalonyl-CoA. I t appears that a s i m i l a r pathway 
occurs i n the housefl
methylmalonyl semialdehyd
onyl-CoA, one of the C labeled methyl groups from [3,4,5- C~]-
va l i n e would become the free carboxyl carbon of methylmalonyl-CoA 
and would then be l o s t as CO^ during i n c o r p o r a t i o n i n t o the a l k y l 
chain. The observation that carbons 3, 4 and 5 of v a l i n e were 
incorporated i n t a c t i n d i c a t e s that t h i s does not happen and that 
v a l i n e probably i s metabolized v i a propionyl-CoA to methylmal-
onyl-CoA (Figure 1). 

Vitamin B-^ i s a required c o f a c t o r f o r methylmalonyl-CoA 
mutase, which i s involved i n propionate catabolism i n mammals. 
This fact and the di f f e r e n c e s observed i n the precursors to 
propionate and methylmalonate among in s e c t species (Table I) 
prompted an examination of a number of insects f o r vitamin B ^ 
l e v e l s . The termite Z. a n g u s t i c o l l i s , which r e a d i l y converts 
succinate to methylmalonate, has large amounts of vitamin B_ 2, 
whereas the American cockroach has low l e v e l s and the housefly 
does not have detectable amounts of vitamin (10)« Thus, both 
d i e t a r y considerations and l e v e l s of vitamin m a v play a r o l e 
i n determining the precursors to propionyl and methylmalonyl 
d e r i v a t i v e s i n i n s e c t s . 

Metabolism of Propionate 

I t i s w e l l e s t a b l i s h e d that propionate can be u t i l i z e d for the 
methyl branch u n i t i n methyl branched hydrocarbons i n in s e c t s 
(4-7), and recent data have shown that the methyl branches are 
insert e d e a r l y during chajn elongation rather than toward the end 
of the process (13,16). ^C-NMR a n a l y s i s demonstrated that 
propionates labeled with C i n e i t h e r the 1, 2 or 3 po s i t i o n s 
are incorporated i n t o the methyl branched alkanes of insect 
c u t i c u l a r l i p i d s . C-3 of propionate becomes the branching methyl 
carbon, C-2 becomes the t e r t i a r y carbon and C-l the carbon 
adjacent to the t e r t i a r y carbon (13,16,17) i n these methyl 
branched hydrocarbons. 

I n d i r e c t evidence from studies with r a d i o a c t i v e precursors 
suggested that i n a d d i t i o n to l a b e l i n g the methyl branch u n i t of 
3-methyl and i n t e r n a l methyl branched hydrocarbons, propionate 
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Figure 1. Proposed pathways f o r the metabolism of 
propionate and methylmalonate i n selected i n s e c t s . 
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could be converted to acetate and subsequently l a b e l the s t r a i g h t 
chajn portion of hydrocarbons (7,11). D i r e c t evidence obtained 
by C-NMR studies i n the Jiousefly (14) and the American cock
roach (17) showed that [2γ^ C]propionate l a b e l s hydrocarbons i n 
the same p o s i t i o n s as [2- CJacetate and that [3γ^ C]propionate 
l a b e l s hydrocarbons i n the same p o s i t i o n s as [1- CJacetate. 
These data suggest that propionate i s converted to acetate with 
carbon 1 l o s t as C0~, carbon 3 becoming the carboxyl carbon of 
acetate and carbon 2 becoming the methyl carbon of acetate. 

Propionate als o serves as a precursor f o r j u v e n i l e hormone 
biosynthesis i n Manduca sexta ( 1_). The e t h y l branch i n JH II 
(and presumably those i n JH I and JH 0) i s derived from propion
ate which i s incorporated i n t o homomevalonate. The da£a present
ed by Schooley e_t a_l. (1) on the i n c o r p o r a t i o n of [2- C ] -
propionate did not e n t i r e l y f i t the postulated pathways for JH 
biosynthesis. R a d i o a c t i v i t y from [2- C]propionate was recovered 
i n JH I I I , which lacks e t h y l branches, and i t s degradation prod
ucts, neither of which shoul
was a l s o found i n degradatio
the molecule that should not have been labeled by propionate. I t 
was suggested that other, u n s p e c i f i e d , metabolic pathways f o r 
propionate could account for the l a d l i n g of JH I I I by [2- C ] -
propionate. On the other hand, [1- C]propionate did not l a b e l 
JH I I I , but did l a b e l JH II i n the pattern expected. 

These r e s u l t s could be explained i f , as was suggested by the 
data of D i l l w i t h et a l . (14), there i s a pathway i n which pro
pionate i s d i r e c t l y converted to acetate with the lo s s of carbon 
1 and the o x i d a t i o n of carbon 3. With a pathway of t h i s type, 
propionate labeled i n carbon 1 would lose i t s l a b e l i f i t were 
converted to acetate p r i o r to i n c o r p o r a t i o n i n t o other compounds. 
However, i f propionate were labeled i n carbon 2 or carbon 3 i t 
would r e t a i n i t s l a b e l upon conversion to acetate. Therefore, 
any l a b e l incorporated i n t o JH or hydrocarbon from propionate 
labeled i n carbon 1 would have to be the r e s u l t of propionate 
being u t i l i z e d as an i n t a c t u n i t . Incorporated l a b e l from 
propionate labeled i n carbon 2 or carbon 3 could r e s u l t from 
d i r e c t i n c o r p o r a t i o n of propionate or from conversion of 
propionate to acetate p r i o r to being u t i l i z e d f o r JH or 
hydrocarbon b i o s y n t h e s i s . Thus, the l a b e l i n g patterns seen by 
Schooley, ejt a l . (1) and D i l l w i t h , et a l . (14) could be the 
r e s u l t of the r e t e n t i o n of l a b e l from carbon 2 or carbon 3 of 
propionate, and the lo s s of l a b e l from carbon 1 of propionate 
during the conversion of propionate to acetate. 

In vivo and i n v i t r o studies i n our laboratory have 
d i r e c t l y demonstrated that such a pathway does take place i n 
i n s e c t s and may represent a major pathway f o r the degradation^of 
propionate. Following i n j e c t i o n of [1- C]propionate or [2- C ] -
propionate, i n s e c t s were k i l l e d , homogenized, organic acids 
extracted and separated by HPLC, and r a d i o a c t i v i t y i n each 
fraction^gssayed by l i q u i d s c i n t i l l a t i o n counting. R a d i o a c t i v i t y 
from [2- C]propionate was recovered i n acetate as w e l l as i n 
c i t r a t e and succinate. In v i v o and i n v i t r o s t u d ies, as a 
f u n c t i o n of time, i n d i c a t e d that propionate was f i r s t converted 
to acetate which subsequently labeled J j i c a r b o x y l i c a c i d 
intermediates. R a d i o a c t i v i t y from [1- C]propionate was not 
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found i n acetate or any TCA intermediate. These r e s u l t s were 
e s s e n t i a l l y the same i n a l l four of the i n s e c t species studied to 
date (Table I ) . The rate of conversion of propionate to acetate 
var i e d with i n s e c t species and occurred most^rapidly i n the 
housefly where about 50% of the i n j e c t e d [2- C]propionate was 
converted to acetate w i t h i n 5 min. 

S u b c e l l u l a r l o c a l i z a t i o n of the propionate to acetate 
pathway was examined i n the housefly, termite, American cockroach 
and cabbage looper. In a l l four species the mitochondrial 
f r a c t i o n had s i g n i f i c a n t a c t i v i t y whereas the microsomal f r a c t i o n 
(105,000g p e l l e t ) and soluble f r a c t i o n (105,000g supernatant) did 
not convert propionate to acetate to any appreciable extent. 
These r e s u l t s were s i m i l a r to r e s u l t s of work done i n p l a n t s , 
which showed that propionate i s metabolized to acetate (20,21) by 
mitochondrial preparations. 

A pathway f o r converting propionate to acetate i s not unique 
i n b i o l o g i c a l systems  Plants, many of which apparently do not 
contain vitamin B ^ » conver
3-hydroxypropionate intermediat
i n s e c t s e i t h e r do not have detectable l e v e l s of B.^ o r have very 
low l e v e l s (10) suggests that, l i k e plants, i n s e c t s have evolved 
an a l t e r n a t i v e route of propionate catabolism. The conversion of 
propionate to acetate may be a general pathway i n i n s e c t s , as 
even the termite Z_. a n g u s t i c o l l i s , which has large amounts of 
vitamin B ^ » has t h i s pathway. 

Prestwich and coworkers (23,24) have shown that by j u d i 
c i o u s l y p l a c i n g f l u o r i n e s on s e l e c t e d p o s i t i o n s of f a t t y acids 
and sterols', i n s e c t s w i l l metabolize the f l u o r i n a t e d precursor to 
the potent t o x i n 2-fluoroacetate (25). Because i n s e c t s convert 
propionate to acetate, i t was p o s s i b l e that they might convert 
2-fluoropropionate to 2-fluoroacetate by the same pathway. 
However, preliminary experiments using h o u s e f l i e s and cockroaches 
indi c a t e d that 2-fluoropropionate was not r e a d i l y converted to 
2-fluoroacetate. H o u s e f l i e s i n j e c t e d with 2-fluoropropionate (3 
pg/insect) were not a f f e c t e d a f t e r 1.5 hr, whereas c o n t r o l 
i n s e c t s i n j e c t e d with 2-fluoroacetate (2 yg/insect) were a l l dead 
within 0.5 hr. S i m i l a r r e s u l t s were obtained with the American 
cockroach. 

Summary 

Propionate i s a key intermediate i n JH and hydrocarbon bio 
synthesis i n i n s e c t s . It serves as a precursor f o r methyl 
branched hydrocarbons which i n many in s e c t s are important com
pounds f o r communication and c u t i c u l a r p r o t e c t i o n , and i t i s a 
precursor f o r j u v e n i l e hormone biosynthesis (JH 0, JH I and JH 
I I ) . Sources of propionate have been shown to be succinate i n a 
termite and c e r t a i n amino acids such as v a l i n e i n other species. 

Insects have an unusual pathway f o r c a t a b o l i z i n g propionate 
which may be r e l a t e d to the absence or low l e v e l s of vitamin B ^ 
found i n many species. The propionate to acetate pathway i s 
present i n a l l i n s e c t s which have been studied, i n c l u d i n g the 
termite, which has high l e v e l s of vitamin Β ^ · The presence of 
t h i s unusual metabolic pathway f o r propionate metabolism o f f e r e d 
the p o t e n t i a l f o r s e l e c t i v i t y i n developing i n s e c t c o n t r o l 
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agents. The compound 2-fluoropropionate seemed to be an i d e a l 
candidate. Unfortunately, i t was not t o x i c to the housefly or 
American cockroach, presumably because i t was not metabolized to 
fluoroacetate at a s u f f i c i e n t r a t e . Nonetheless, e x p l o i t a t i o n of 
unique metabolic pathways i n i n s e c t s o f f e r s the p o t e n t i a l f o r 
novel c o n t r o l techniques. 
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Suicidal Destruction of Cytochrome P-450 
In the Design of Inhibitors of Insect Juvenile Hormone Biosynthesis 
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PAUL R. ORTIZ DE MONTELLANO3 

1Department of Entomology, Oregon State University, Corvallis, OR 97331 
2Department of Agricultural Chemistry, Oregon State University, Corvallis, OR 97331 
3Department of Pharmaceutical Chemistry, School of Pharmacy, University of California, San 

Francisco, C A 94143 

The possibility of
act as selective suicide substrates for the cyto
chrome P-450 monooxygenase of insect corpora allata 
was investigated. Three types of assays were 
performed using the cockroach, Diploptera punctata: 
Inhibition of juvenile hormone (JH) biosynthesis by 
corpora allata incubated in vitro; in vitro 
inhibition of midgut microsomal cytochrome P-450 
monooxygenases and in vivo inhibition of oocyte 
growth following topical application. Compounds 
containing an acetylenic function and structurally 
related to precocene or to the natural substrate of 
the allatal cytochrome P-450 (methyl farnesoate) were 
found to be better inhibitors of JH III biosynthesis 
in vitro than precocene II. These preliminary 
results suggest that the relatively lax substrate 
specificity of the allatal cytochrome P-450 mono
oxygenase may be exploited in the rational design of 
powerful inhibitors of insect juvenile hormone 
biosynthesis. 

There i s a growing need for new, safe and s p e c i f i c approaches f o r 
insect c o n t r o l which are compatible with Integrated Pest Management 
s t r a t e g i e s . These approaches, based on a fundamental knowledge of 
insect biology should lead to compounds that induce p e s t - s p e c i f i c 
biochemical l e s i o n s or that regulate n a t u r a l c o n t r o l mechanisms ( l _ f 

2^). Considerable a t t e n t i o n has been focussed during the l a s t 15 
years on compounds which i n t e r f e r e with the normal program of 
growth, metamorphosis and reproduction i n i n s e c t s . The p r a c t i c a l 
u t i l i t y of j u v e n i l e hormones and t h e i r synthetic analogues 
(juvenoids) w i l l remain l i m i t e d to c e r t a i n s p e c i a l a p p l i c a t i o n s 
(3_). Juvenoids are not perceived to have a major f u t u r e impact on 
a g r i c u l t u r a l chemistry (4^ _5, 6), i n part because p l a n t s t r e s s 
would be aggravated by i n s e c t pests blocked i n the feeding l a r v a l 
stage. In contrast, a n t i - j u v e n i l e hormone agents, compounds which 
antagonize JH bi o s y n t h e s i s , r e l e a s e , transport, uptake or mode of 
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a c t i o n , are more a t t r a c t i v e f o r ins e c t c o n t r o l s t r a t e g i e s because 
they should provoke r a p i d d e f i c i e n c i e s i n the JH-controlled 
processes, with dramatic consequences such as precocious meta
morphosis or i n h i b i t i o n of reproduction. Thus, a n t i - j u v e n i l e 
hormone agents (sensu l a t o ) would be more v e r s a t i l e than juvenoids, 
because they would have a l e s s e r need for c r i t i c a l timing i n 
a p p l i c a t i o n and a shorter response time (7, 8). 

Two of the b e t t e r known " a n t i - j u v e n i l e hormone" agents, preco
cenes (9) and fluoromevalonate (10) are i n h i b i t o r s of JH 
b i o s y n t h e s i s . The mode of a c t i o n of fluoromevalonate a t the 
molecular l e v e l i s unknown. E l u c i d a t i o n of the mode of a c t i o n of 
precocenes i n d i c a t e s that these plant chromene d e r i v a t i v e s reach 
the s i t e of JH b i o s y n t h e s i s , the corpora a l l a t a (CA), where they 
undergo a l e t h a l epoxidation leading to extensive macro molecular 
a l k y l a t i o n and u l t i m a t e l y cause c e l l death (11, 12). B i o a c t i v a t i o n 
of precocenes to the h i g h l y r e a c t i v e precocene epoxide (13) i n the 
corpora a l l a t a i s almost c e r t a i n l y catalyzed by methyl farnesoate 
(MF) epoxidase (14), a cytochrom
the l a s t enzyme of the J
and cockroaches). 

Precocenes may not provide the new approach to i n s e c t c o n t r o l 
o r i g i n a l l y expected ("4th generation" i n s e c t i c i d e s , 9) because they 
are not a c t i v e i n some major groups of a g r i c u l t u r a l pests 
(Lepidoptera) and because t h e i r mode of a c t i o n ( c y t o t o x i c i t y ) i s 
not compatible with environmental concerns. Indeed, precocene I I 
has been shown to be hepatotoxic and nephrotoxic i n r a t s (16, 17). 
However, research on precocenes has led to (at l e a s t ) two important 
conclusions: (1) compounds s t r u c t u r a l l y unrelated to the JH 
b i o s y n t h e t i c pathway can reach c r i t i c a l s i t e s (e.g. epoxidase) 
within the CA, and (2) such compounds can be c a t a l y t i c a l l y 
processed (e.g. epoxidized) by enzymes of JH b i o s y n t h e s i s . The lax 
substrate s p e c i f i c i t y of methyl farnesoate epoxidase i n the corpora 
a l l a t a and i t s c a t a l y t i c competence might be exploited i n the 
design of i r r e v e r s i b l e i n h i b i t o r s of JH biosynthesis (Figure 1 ) . 

A number of i n h i b i t o r s of methyl farnesoate epoxidase of 
Blaberus giganteus corpora a l l a t a have been described (18). They 
include t y p i c a l cytochrome P-450 monooxygenase i n h i b i t o r s such as 
methylenedioxyphenyl compounds and s u b s t i t u t e d imidazoles. In 
assays of JH I I I b i o s y n t h e s i s by P e r i p l a n e t a americana CA i n v i t r o 
some methylenedioxyphenyl compounds were shown to i n h i b i t hormone 
production at moderate to high concentrations (19). Both 
methylenedioxyphenyl compounds and terpenoid imidazoles have also 
some a n t i - j u v e n i l e hormone a c t i v i t y i n Lepidoptera (7^ 20). 

Another c l a s s of cytochrome P-450 i n h i b i t o r s , compounds with a 
monosubstituted a c e t y l e n i c f u n c t i o n , are w e l l known f o r t h e i r 
p o t e n t i a l as i n s e c t i c i d e s y n e r g i s t s (21) and some have already been 
reported to be a c t i v e as JH b i o s y n t h e s i s i n h i b i t o r s as w e l l (19, 
22). O r t i z de Montellano and Kunze (23) have shown that many 
ethynyl substrates cause the d e s t r u c t i o n of r a t hepatic cytochrome 
P-450, when the p r o s t h e t i c heme i s a l k y l a t e d during attempted 
metabolism of the t r i p l e bond. Such s u i c i d e substrates must bind 
to the enzyme and be c a t a l y t i c a l l y acceptable thereby o f f e r i n g a 
p o t e n t i a l f o r s e l e c t i v i t y . In f a c t , s e l e c t i v i t y of s u i c i d e 
substrates for p a r t i c u l a r molecular forms (isozymes) of hepatic 
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JH III 
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Figure 1. Three reactions catalyzed by methyl farnesoate 
epoxidase (a cytochrome P-450 monooxygenase) i n the corpora 
a l l a t a . 
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microsomal cytochrome P-450 has been demonstrated (review i n 24). 
This i s important i f the ultimate goal i s to f i n d an i n h i b i t o r 
s e l e c t i v e f o r inse c t a l l a t a l methyl farnesoate epoxidase. Recent 
i n d i r e c t evidence suggests that with c e r t a i n s u i c i d e substrates 
such as 1-aminobenzotriazole or substituted phenyl 2-propynyl 
ethers, s e l f - c a t a l y z e d d e s t r u c t i o n of microsomal cytochrome P-^450 
i s isozyme-selective i n the housefly (25). We report i n t h i s paper 
that a c e t y l e n i c i n h i b i t o r s of JH synthesis can be modelled on 
e i t h e r precocene or on the substrate of the a l l a t a l cytochrome 
P-450 monooxygenase, methyl farnesoate. We also report the i n vivo 
a c t i v i t y of these compounds i n the cockroach D i p l o p t e r a punctata. 

M a t e r i a l s and Methods 

Dip l o p t e r a punctata was maintained as described (26). P r e c i s e l y 
timed newly emerged females were removed from the colony and mating 
was confirmed w i t h i n 24 hours by the presence of a spermatophore

Precocene I I (1) an
from A l d r i c h . A c e t y l e n i
to (27). CGA 167126 (3^) was a g i f t from Ciba-Geigy. I n s e c t i c i d e 
s y n e r g i s t (4) 2,4,5-trichlorophenyl 2-propynyl ether was obtained 
from Hoffmann-La Roche. 7-Methoxy-4-methylcoumarin was obtained 
from Cal biochem. 

In v i t r o a c t i v i t y of the corpora a l l a t a was measured by the 
radiochemical assay of P r a t t and Tobe (28). Glands were dissected 
from 5-day o l d mated females (terminal oocyte length 1.3-1.5 mm) 
and incubated i n medium TC 199 without methionine (GIBCO) but with 
[methyl-l^C] methionine (56.7 mCi/mmol, Amersham) a t a f i n a l 
concentration of 0.26-0.30 mM and F i c o l l (2%, Sigma). Incubation 
of s i n g l e gland p a i r s was for 3 hours at 28°C i n the presence or 
absence of i n h i b i t o r . Six to 12 i n d i v i d u a l pairs of CA were 
incubated at each concentration of i n h i b i t o r . Because the 
i n h i b i t o r s were supplied i n ethanol, both c o n t r o l and experimental 
incubation contained a constant 1.5% concentration of ethanol. 
Biosynthesized JH I I I and methyl farnesoate from the incubation 
medium and the glands were extracted, separated by TLC and assayed 
by l i q u i d s c i n t i l l a t i o n counting (29). 

A c t i v i t y of the i n h i b i t o r s i n vivo was assayed as described i n 
Feyereisen et a l . (30). The compounds were t o p i c a l l y applied to 
the v e n t r a l surface of the thorax i n 2 μΐ of acetone. Adult mated 
females were treated on day 2 and the length of the terminal 
oocytes was measured on day 5. Seven to 20 i n s e c t s were used for 
each dose of i n h i b i t o r . Growth of the oocytes during that period 
was compared to the growth of oocytes from c o n t r o l i n s e c t s treated 
with acetone alone. In some experiments the i n s e c t s were treated 
s e q u e n t i a l l y with i n h i b i t o r and 200 yg hydroprene (ZR512) on day 2. 

Microsomal cytochrome P-450 monooxygenases : Midguts from 20 
to 36-day-old adult females were dissected and c o l l e c t e d i n 
Yeager's cockroach s a l i n e . The t i s s u e was homogenized i n 50 mM 
MOPS (morpholinopropanesulfonate) buf f e r , pH 7.2, containing 1 mM 
EDTA, 0.4 mM f r e s h l y prepared PMSF (phenylmethylsulfonyl f l u o r i d e ) 
and 10% sucrose. A microsomal f r a c t i o n was prepared by sequential 
c e n t r i f u g a t i o n of the homogenate at 1,000 g f o r 15 min., 10,000 g 
for 15 min. and 100,000 g for 65 min. The f i n a l "microsomal" 
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p e l l e t was resuspended i n 50 mM MOPS b u f f e r , pH 7.2, containing 
1 mM EDTA and 0.4 mM PMSF, to a concentration of 1 mg protein/ml. 
Assays f o r a l d r i n epoxidation contained, i n a f i n a l volume of 
500 μ 1 : 50 mM MOPS bu f f e r , pH 7.2; 1 mM EDTA; 0.4 mM PMSF; 1.15 mM 
NADP; 50 mM glucose-6-phosphate; 0.6 u n i t s glucose-6-phosphate 
dehydrogenase, 2.3 mM NADH and 100 yg of microsomal p r o t e i n . T h i s 
assay mixture was incubated f o r 5 min. at 30°C with or without the 
i n h i b i t o r , before the r e a c t i o n was s t a r t e d by the add i t i o n of 
a l d r i n to a f i n a l concentration of 50 yM. The a l d r i n epoxidation 
r e a c t i o n was stopped a f t e r a 2 min. incub a t i o n at 30°C by the 
a d d i t i o n of 3 ml hexane. The product ( d i e l d r i n ) was analyzed and 
q u a n t i f i e d by electron-capture gas chromatography. 

Assays f o r 7-methoxy-4-methylcoumarin O-demethylation 
contained, i n a f i n a l volume of 500 y l : 50 mM MOPS bu f f e r , pH 7.2; 
1 mM EDTA; 0.4 mM PMSF; 1.15 mM NADP; 50 mM glucose 6-phosphate; 
0.6 units of glucose-6-phosphate dehydrogenase and 200 yg of micro
somal p r o t e i n . This assay mixture was incubated f o r 5 min  at 30°C 
with or without the i n h i b i t o r
the a d d i t i o n of 7-methoxy-4-methylcoumari
of 200 yM. The O-demethylation r e a c t i o n was stopped a f t e r 5 min. 
incubation at 30°C by the a d d i t i o n of 330 y l of 8% (w/v) p e r c h l o r i c 
a c i d . The mixture was n e u t r a l i z e d with 170 y l of 17% (w/v) 
K2CO3 and c e n t r i f u g e d . A 200 y l a l i q u o t of the supernatant was 
added to 2.5 ml of 0.1 M carbonate/bicarbonate b u f f e r , pH 10. 
7-Hydroxy-4-methylcoutnarin was assayed fluorome t r i e a l l y at 30°C i n 
a Per kin-Elmer 650-10S instrument set at 370 nm, 3 nm s l i t f or 
e x c i t a t i o n and 455 nm, 5 nm s l i t f o r emission. 

Results 

We chose adult female D i p l o p t e r a punctata as the t e s t organism 
because the e f f e c t s of precocene I I on t h i s i n s e c t have been 
described i n d e t a i l (30) and because the CA of t h i s insect produce 
e x c l u s i v e l y JH I I I . Precocene I I i s b i o a c t i v a t e d by a mono-
oxygenase i n I), punctata CA, j u s t as precocene I i s b i o a c t i v a t e d i n 
Locusta m i g r a t o r i a CA (11, 12). I n d i r e c t evidence for precocene I I 
b i o a c t i v a t i o n to a h i g h l y r e a c t i v e 3,4-epoxide i s not only provided 
by e l e c t r o n microscopy which shows extensive damage to the CA c e l l s 
a f t e r i n vivo or i n v i t r o treatment (30). In a d d i t i o n , i n v i t r o 
s t udies show that r a d i o l a b e l l e d precocene I I i s metabolized by D. 
punctata CA to a mixture of c i s - and trans-3,4-dihydrodioIs which 
can be extracted and analyzed by HPLC ( F i g . 2, HPLC c o n d i t i o n s : 
ether/pentane 1/1 + 0.2% 2-propanol; 1.5 ml/min. 300 χ 4 mm 
Micropak S i 5 ) . The r a t i o of precocene I I c i s - and trans-3,4-
dihydrodiols (36:64) i s remarkably s i m i l a r to the r a t i o of 
dihydrodiols obtained i n incubations of r a t l i v e r microsomes with 
precocene I I (16) or i n incubations of L. mig r a t o r i a CA with 
precocene I (11). 

Three a c e t y l e n i c compounds (Figure 3) were compared to 
precocene I I (1) for t h e i r a b i l i t y to i n h i b i t JH biosynthesis i n 
v i t r o , to i n h i b i t oocyte growth i n v i v o , and to i n h i b i t midgut 
microsomal ( i . e . e x t r a - a l l a t a l ) cytochrome P^450 mono oxygenases. 
The compounds were chosen to represent an analog of the substrate 
of the a l l a t a l mono oxygenase, methyl farnesoate, with the 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



260 BIOREGULATORS FOR PEST CONTROL 

m 

NT 
CM 
Û 
Ο 

30 40 50 

H10 

-Jo 

Σ 
Ου 

5 t 
ι 

Figure 2. HPLC of precocene I I e l s - and trans-3,4-dihydrodiols 
obtained from i n v i t r o Incubation of Dipl o p t e r a punctata corpora 
a l l a t a with ^H-precocene I I . 
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Figure 3. Acetyl e n i c i n h i b i t o r s of JH bi o s y n t h e s i s . 
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10,11-double bond replaced with an a c e t y l e n i c f u n c t i o n (2); a 
precocene I I analog with the 3,4-double bond replaced with an 
a c e t y l e n i c f u n c t i o n (3^); and a known i n h i b i t o r of insect cytochrome 
P-450 monooxygenases, o r i g i n a l l y described i n the l i t e r a t u r e (31) 
as a carbamate i n s e c t i c i d e s y n e r g i s t (4)· 

I n h i b i t i o n of JH I I I biosy n t h e s i s i n v i t r o « A l l three a c e t y l e n i c 
compounds were s i g n i f i c a n t l y b etter i n h i b i t o r s of JH biosynthesis 
than precocene I I under s i m i l a r incubation conditions ( F i g . 4)· 
Compound 2̂  was the best i n h i b i t o r tested here, with an I 5 0 of 16 
μΜ, more than 25 times b e t t e r than precocene I I . Whether t h i s 
b e t t e r performance as an i n h i b i t o r i s due to a c l o s e r s t r u c t u r a l 
analogy with the natural substrate of the epoxidase or whether i t 
i s a consequence of the presumed d i f f e r e n c e i n the mode of a c t i o n 
( i r r e v e r s i b l e i n h i b i t i o n of the epoxidase f o r 2} c y t o t o x i c i t y of 
precocene epoxide eventually r e s u l t i n g i n decreased JH b i o s y n t h e t i c 
r a t e f o r V) i s not p r e s e n t l y known  The i n s e c t i c i d e s y n e r g i s t (£) 
proved to be about 7 time
as an I n h i b i t o r of JH b i o s y n t h e s i
that of 3̂  and the methylenedioxyphenyl analog of JH (Ro 20-3600). 
In order to show that 4 was indeed acting as an i n h i b i t o r of methyl 
farnesoate epoxidase, the r a t i o of i n t r a g l a n d u l a r methyl farnesoate 
(MF) to JH I I I biosynthesized was c a l c u l a t e d at each dose of 
i n h i b i t o r . A dose-dependent increase In the MF/JH I I I r a t i o was 
observed ( F i g . 5) r e s u l t i n g i n a s i g n i f i c a n t accumulation of methyl 
farnesoate i n CA i n h i b i t e d by 4 when compared to c o n t r o l values. 
This i s c o n s i s t e n t with the hypothesis that i n h i b i t i o n occurs at 
the l e v e l of methyl farnesoate epoxidation. Accumulation of methyl 
farnesoate was also observed i n I), punctata CA i n h i b i t e d with other 
types of cytochrome P-450 monooxygenase i n h i b i t o r s , such as 
metyrapone and the methylenedioxyphenyl compound Ro 20-3600 (30). 
In P e r i p l a n e t a americana CA, no accumulation of methyl farnesoate 
was noted with a c e t y l e n i c i n h i b i t o r s of JH I I I biosynthesis, 
although t h i s e f f e c t was observed with methylenedioxyphenyl 
i n h i b i t o r s (19). 

I n h i b i t i o n of midgut microsomal cytochrome P-450 monooxygenase 
a c t i v i t i e s . We tested the a c e t y l e n i c i n h i b i t o r s of JH biosynthesis 
on e x t r a - a l l a t a l cytochrome P-450 monooxygenases to determine, i n 
an i n d i r e c t manner, the r e l a t i v e s e l e c t i v i t y of the compounds. 
A l d r i n epoxidation and 7-methoxy-4-methylcoumarin O-demethylation 
were assayed following a 5 min. preincubation of midgut microsomes 
i n the presence of NADPH and various concentrations of the 
i n h i b i t o r s . The Table summarizes the I 5 0 values obtained from 
the dose-dependent enzyme i n h i b i t i o n curves. Compound 4 was, as 
expected, the best i n h i b i t o r of microsomal monooxygenase a c t i v i t i e s 
i n v i t r o , but 2 was also a good i n h i b i t o r . In our experimental 
co n d i t i o n s , bo*th compounds i n h i b i t e d up to 90% of epoxidation and 
O-demethylation a t the highest concentration tested (200 μ Μ ) . In 
con t r a s t , 1 and 3 were only poor i n h i b i t o r s of midgut microsomal 
monooxygenases. D e f i n i t i v e evidence that the a c e t y l e n i c compounds 
i n h i b i t these enzyme a c t i v i t i e s through a s e l f - c a t a l y z e d 
d e s t r u c t i o n of cytochrome P-450 i s s t i l l l a c k i n g , but preliminary 
data showed that i n h i b i t i o n of epoxidation and O-demethylation by 
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the a c e t y l e n i c compounds was dependent on the time of preincubation 
and on the presence of NAD PR* during preincubation. In c o n t r a s t , 
the low l e v e l s of i n h i b i t i o n by precocene were not dependent on the 
presence of NADPH and theref o r e may not involve the 3,4-epoxide. 

I n h i b i t i o n of midgut microsomal monooxygenase a c t i v i t i e s 

(1) (2) (3) (4) 

A l d r i n epoxidation > 200 8 > 200 5 

7-me t hoxy-4-me t h y l -
couraarin O-demethylation 175 12 80 12 

I n h i b i t i o n i s expressed as I 5 Q (uM). Compounds were 
tested at 5 concentration
4 r e p l i c a t e s a

In v i v o a c t i v i t y of the i n h i b i t o r s . In order to assess the 
p o t e n t i a l " a n t i - j u v e n i l e hormone" e f f e c t s of i n h i b i t o r s of b i o 
synthesis, we tested the three a c e t y l e n i c compounds as i n h i b i t o r s 
of oocyte growth i n mated, adult females. Oocyte growth i n these 
i n s e c t s i s under the c o n t r o l of a c t i v e corpora a l l a t a , and can be 
restore d i n allâtectomized i n s e c t s by t o p i c a l a p p l i c a t i o n of a 
j u v e n i l e hormone agonist such as hydroprene (32). Figure 6 shows 
that 3̂  was not s i g n i f i c a n t l y b e t t e r than 1 i n t h i s t e s t . Compound 
2̂  hardly showed any a c t i v i t y i n v i v o , even though i t was the best 
i n h i b i t o r i n v i t r o . This discrepancy may be a t t r i b u t e d to pene
t r a t i o n or metabolism problems, but i s more l i k e l y to be caused by 
the JH agonist a c t i v i t y of t h i s compound. The l a t t e r p o s s i b i l i t y 
i s p resently being i n v e s t i g a t e d . Compound 4 was the most a c t i v e 
compound i n v i v o . Oocyte growth was restored to normal l e v e l s i n 
i n s e c t s treated with 3 and 4 by a simultaneous treatment with 
hydroprene, thus suggesting that .3 and 4 did not i n h i b i t oocyte 
growth by i n t e r f e r i n g with the mode of a c t i o n of JH, ( i . e . , at the 
l e v e l of JH receptors or beyond). Because i n s e c t s treated with 3̂  
or £ can be rescued with a JH agonist, and because no s i g n i f i c a n t 
t o x i c i t y can be observed at the e f f e c t i v e doses, we i n f e r that 
i n h i b i t i o n of oocyte growth i s indeed caused by the i n h i b i t i o n of 
JH synthesis leading to a decrease i n JH t i t e r . 

D i scussion 

I n h i b i t o r s of JH biosynthesis may be found by random screening o r 
by biochemical design. T h i s p i l o t study shows that biochemical 
design i s a u s e f u l t o o l and should be f u r t h e r exploited to search 
f o r p o t e n t i a l new insec t c o n t r o l agents. Our goal i s to f i n d 
compounds which, instead of destroying the corpora a l l a t a by a 
non-selective "shotgun attack" on the c e l l (12), would s e l e c t i v e l y 
destroy the methyl farnesoate epoxidase. This approach has also 
been taken by Brooks £t a l . (33) who have r e c e n t l y reported that 
some a c e t y l e n i c MF analogs are very powerful i n h i b i t o r s of JH 
biosynth e s i s i n P̂ . americana CA. Although we have not c o n c l u s i v e l y 
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0.3η 

Figure 5. Accumulation of methyl farnesoate i n corpora a l l a t a 
i n h i b i t e d by the a c e t y l e n i c i n s e c t i c i d e s y n e r g i s t ( 4 ) . 

I τ- 1 1— 
50 100 250 500 

dose applied tyg/insect) 
Figure 6. I n h i b i t i o n of oocyte growth i n adult female Diploptera 
punctata over a 3-day period (day 2 to day 5). 
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established a s u i c i d a l i n t e r a c t i o n between the a c e t y l e n i c compounds 
and the enzyme, we can discuss the s e l e c t i v i t y of the compounds, 
t h e i r a c t i v i t y i j i v ivo and prospects f o r the design of b e t t e r 
i n h i b i t o r s of JH b i o s y n t h e s i s . Compounds 3, and j4 are equally 
e f f e c t i v e as i n h i b i t o r s of JH bio s y n t h e s i s i n v i t r o , but 4 i s a 
much better i n h i b i t o r of midgut microsomal epoxidation and 
O-demethylation. Also , £ and 4̂  are equally e f f e c t i v e as i n h i b i t o r s 
of midgut microsomal epoxidation and O-demethylation, but M s a 
much b e t t e r i n h i b i t o r of JH bi o s y n t h e s i s i n v i t r o . This suggests 
that £ and 3̂  are probably more s e l e c t i v e i n h i b i t o r s of methyl 
farnesoate epoxidase than 4̂  and that the a c t i v i t y of a compound as 
JH biosynthesis i n h i b i t o r i s not c o r r e l a t e d to i t s a c t i v i t y as 
i n h i b i t o r of other cytochrome P-450 monooxygenases. The i n v i t r o 
and i n vivo a c t i v i t i e s of the three compounds are not i n agreement, 
and t h i s s tresses the e x t r a - a l l a t a l f a t e of the compounds 
(penetration, metabolism) as a major determinant of i n vivo 
a c t i v i t y . We believe that t e s t i n g p o t e n t i a l s u i c i d e substrates of 
methyl farnesoate epoxidas
( i n h i b i t i o n of JH bi o s y n t h e s i
a l l a t a l monooxygenase a c t i v i t i e s ; i n h i b i t i o n of JH-dependent events 
i n vivo) i s e s s e n t i a l f o r the design of f u r t h e r compounds, and that 
the information gained with few compounds i n d i f f e r e n t t e s t s i s 
superior to the information that would be obtained by running a 
long l i s t of compounds through a s o p h i s t i c a t e d t e s t such as the 
i n h i b i t i o n of JH b i o s y n t h e s i s i n v i t r o . Indeed, the lack of i n 
vivo a c t i v i t y of Compound 2, i f a t t r i b u t e d to i t s JH agonist 
a c t i v i t y , would r u l e out f u r t h e r t e s t i n g of a l l s i m i l a r compounds 
suspected as JH agonists. C a r e f u 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 
a n a l y s i s of analogs of 3̂  and ̂ 4 may e x p l a i n why 3̂  i s s e l e c t i v e f o r 
methyl farnesoate epoxidase and may guide the synthesis of more 
powerful I n h i b i t o r s . Our r e s u l t s suggest that s u i c i d e i n h i b i t o r s 
of cytochrome P-450 monooxygenases which are s e l e c t i v e f o r the 
a l l a t a l methyl farnesoate epoxidase can be r a t i o n a l l y designed and 
tested. I f such compounds are also devoid of JH agonist a c t i v i t y , 
they may become prototypes of new insec t c o n t r o l agents. 
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Detoxification enzymes
species representing
and their natural enemies. Enzymes studied include 
aldrin epoxidase (MFO), trans-epoxide hydrolase (trans
-EH), cis-epoxide hydrolase (cis-EH), and 1-naphthyl 
acetate esterase. Major selectivities were found for 
MFO and EH. High MFO and trans-EH activities were 
consistently associated with herbivory, whereas entom-
ophagous arthropods had a low trans-EH to cis-EH ratio. 
Phloem-sucking insects were different, exhibiting a low 
trans-EH to cis-EH ratio. Based on these distinct 
selectivities, EH may be an appropriate enzyme site for 
design of a broad-spectrum bioregulator of herbivorous 
pests that will have little impact on natural enemies. 

Arthropods i n d i f f e r e n t feeding niches tend to have con t r a s t i n g 
s u s c e p t i b i l i t i e s to p e s t i c i d e s . Hence, lepidopteran l a r v i c i d e s are 
often chemically d i s t i n c t from aphicides (1-3), and conventional 
p e s t i c i d e s with few exceptions e x h i b i t greater l e t h a l i t i e s f o r 
predators and para s i t e s than the herbivorous pests they are t a r 
geted f o r (4) · Knowledge of the defensive s t r a t e g i e s arthropods 
use to s e l e c t i v e l y survive a toxicant exposure i s necessary f o r 
suc c e s s f u l design of chemical b i o r e g u l a t o r s that act to c o n t r o l 
pest populations, but have the appropriate s a f e t y f o r nontarget 
spec i e s . Although sequestration, penetration b a r r i e r s and excre
t i o n are notable f a c t o r s , metabolism and a c t i o n at the target s i t e 
are of greater importance i n expla i n i n g the species v a r i a t i o n i n 
s u s c e p t i b i l i t y to toxicants ( 3 ) . Generally, enzymatic d e t o x i f i c a 
t i o n i s the most d i r e c t and dependable way f o r an animal to survive 
a toxicant overexposure. 

Metabolic transformation of l i p o p h i l i c t oxicants i n c l u d i n g 
p e s t i c i d e and plant a l l e l o c h e m i c a l s to excretable products u s u a l l y 
proceeds by a s e r i e s of enzymatic events to u l t i m a t e l y d e t o x i f y the 
chemical. Many of the i n i t i a l reactions can generate intermediates 
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that are more t o x i c than the parent x e n o b i o t i c . Included among 
these are s e l e c t i v e oxidations catalyzed by the cytochrome P-450 
monooxygenases (mixed-function oxidase, MFO) exemplified by d e s u l -
f u r a t i o n at the phosphorus bond (P=S to P=0), thioether oxidations, 
and epoxidation (5,6) . For example, epoxidation of o l e f i n s and 
arenes l a r g e l y by MFO can produce r e a c t i v e epoxides harmful to the 
animal (7,8). The enzyme epoxide hydrolase (EH) catalyzes the 
a d d i t i o n of water to the epoxide, thereby d e t o x i f y i n g i t to a more 
excretable 1,2-dihydroxy metabolite. 

Examples of an o l e f i n to d i o l pathway include the metabolism 
of a l d r i n , c a r b a r y l , p o l y c y c l i c aromatic hydrocarbons, and the 
plant toxicants rotenone, p y r e t h r i n s , precocenes, and limonene to 
the respective t r a n s - d i o l s (5-12). The high chemical r e a c t i v i t y of 
many epoxides and the l a c k of an e f f e c t i v e i n v i v o i n h i b i t o r of EH 
o f t e n negates the i s o l a t i o n of epoxide intermediates from b i o l o g i 
c a l systems, and thus many remain p u t a t i v e . Nevertheless, some, 
such as d i e l d r i n , are r e f r a c t o r y to hydration, and serve as u s e f u l 
models i n i n v e s t i g a t i o n
(9). Understanding th
enzymes such as epoxidase r e l a t i v e to EH a v a i l a b l e to an organism 
w i l l help define i t s a d a p t a b i l i t y to chemical s t r e s s . 

The well-known s e l e c t i v i t i e s of some organophosphates may be 
explained by the balance of enzymatic events. The reduced t o x i c i t y 
of the i n s e c t i c i d e malathion to mammals i s l a r g e l y the r e s u l t of 
rapid a c t i v a t i o n by d e s u l f u r a t i o n i n the i n s e c t and the more r a p i d 
d e t o x i f i c a t o n by carboxylesterases and glutathione transferases i n 
the mammal (3) · Design of new pest b i o r e g u l a t o r s should e x p l o i t 
enhanced a c t i v a t i o n and decreased d e t o x i f i c a t i o n c a p a b i l i t i e s i n 
the targeted pests. 

E x p l o r a t i o n of biochemical bases f o r p e s t i c i d e s e l e c t i v i t i e s 
between chewing and sucking herbivores, and n a t u r a l enemies has 
lagged because of d i f f i c u l t y i n r e a r i n g entomophages and the u s u a l 
l y i n s u f f i c i e n t biomass a v a i l a b l e f o r enzyme assay. The t y p i c a l l y 
small n a t u r a l enemy, e s p e c i a l l y p a r a s i t o i d s , precludes d i s s e c t i o n 
of s p e c i f i c organs where d e t o x i f i c a t i o n enzymes re s i d e i n c l u d i n g 
the midgut, f a t body or malphighian tubules, but rather n e c e s s i 
tates use of whole body homogenates which may release f a c t o r s that 
impair enzyme measurements (13). Regardless, more s e n s i t i v e and 
r a p i d enzyme assays, and s t a b i l i z i n g a d d i t i v e s i n c l u d i n g a n t i o x i 
dants and i n h i b i t o r s of proteinases and phenoloxidases now allow 
the s a t i s f a c t o r y i n v i t r o study of d e t o x i f i c a t i o n enzymes with i n 
whole body preparations of microarthropods (13-15). These tech
niques should a i d i n understanding the biochemical events responsi
ble f o r chemical s e l e c t i v i t i e s . 

Enzyme Associations with Herbivore Status 

S e l e c t i v i t i e s to s y n t h e t i c p e s t i c i d e s may be explained, i n part, by 
preadaptations to t o x i c d i e t a r y chemicals. Leaf chewing pests, 
phloem-sucking pests, and entomophagous n a t u r a l enemies should have 
very d i f f e r e n t exposures to d i e t a r y t o x i c a n t s . Plant defensive 
chemicals are thought to be a l l o c a t e d mostly to s p e c i a l i z e d organ
e l l e s or t i s s u e s of external s t r u c t u r e s , and only at low loadings 
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i n vascular t i s s u e s (16,17). However, phloem loading and t r a n s l o 
c a t i o n of chemicals within plants i s poorly understood (18,19). 
Nevertheless, chewing herbivores such as lepidopteran larvae and 
coleopterans expectantly consume higher loadings of plant toxicants 
than phloem-sucking counterparts such as aphids. Thus, metabolic 
adaptations to t o x i c chemicals should be better developed i n chew
ing r e l a t i v e to sucking herbivores. This i s i n d i c a t e d by the gen
e r a l l y higher s u s c e p t i b i l i t y of sucking herbivores to conventional 
p e s t i c i d e s than chewing herbivores (1-3). Arthropod p a r a s i t o i d s 
and predators, however, are u s u a l l y exposed to plant toxicants v i a 
t h e i r passive accumulation i n nonessential t i s s u e s of the herbivor
ous host or prey (20). I t may be expected that carnivores, because 
of lowered encounter, would l a c k well-developed d e t o x i f i c a t i o n 
f i t n e s s f o r plant allelochemicals· Comparison of the t o x i c o l o g i c a l 
bases t h a t a l l o w p e s t i f e r o u s ( i . e . , h e r b i v o r y ) and b e n e f i c i a l 
( i . e . , carnivory) a c t i v i t i e s to concur w i l l a s s i s t our understand
ing of how to manage a r e a l i s t i c complex of crop arthropods. 

Herbivorous i n s e c t
many of which are epoxide
These phytochemicals often e x h i b i t trans-geometry, or are higher 
s u b s t i t u t e d epoxides and o l e f i n s , whereas animals p r e f e r a b l y b i o -
synthesize c i s - o l e f i n s (Table I ) . Epoxidation of o l e f i n s , e i t h e r 
within the plant or the consuming i n s e c t , would produce r e a c t i v e 
epoxides that may undergo d e t o x i f i c a t i o n by an appropriate epoxide-
metabolizing enzyme. Use of a s u i t a b l e model substrate f o r p l a n t -
derived epoxides would expedite biochemical a s s o c i a t i o n s between 
plants and animals. Trans-β -ethylstyrene oxide i s an e x c e l l e n t 
substrate f o r s e v e r a l EHs, and mimics the epoxides known to or 
p o t e n t i a l l y derived from phenylpropenoids (24) and -butenoids (27) 
of wide occurrence i n the plant kingdom (Figure 1). 

Numerous i n v e s t i g a t i o n s have demonstrated the a s s o c i a t i o n of 
an i n s e c t MFO epoxidase with increased encounter with plant a l l e 
lochemicals (11,28)· This cytochrome P-450 dependent a c t i v a t i o n 
r e a c t i o n i s obviously enhanced i n many herbivorous pests. Hence, 
i t i s of i n t e r e s t to e x p l o r e the r o l e of EH d e t o x i f i c a t i o n i n 
arthropod herbivory. 

Table I. Propensity f o r Trans- and C i s - O l e f i n Biosynthesis i n 
Animals and Plants 

Chemical group Animal Plant 
T r a n s - o l e f i n s Infrequent Common 

Examples Pheromones Fatty acids 
Pros taglandins Cinnamic acids 

Chalcones, s t i l b e n e s 
Carotenoids 
Phenylpropenoids 

Fumaric a c i d and sphingosine i n both 

C i s - o l e f i n s Predominant Common 
Examples Fatty acids i n both 

a References (24-26) 
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trons-B-ethyl-3,4-dimethoxystyrene trans -6 -e thy ls tyrène trans-anethole 
Zingiber caseumunar oxide anise 

trans-asarone methyl trans-isoeugeno! 
sweet flag carrot 

Figure 1. Analogy of trans - 3-ethylstyrene oxide with common 
plant phenylpropenoids and -butenoids. 
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Enzyme p r o f i l e s were compared i n a few l e a f chewing and p i e r c 
ing-sucking herbivores, as well as carnivorous arthropods (Table 
I I ) . A l d r i n epoxidase, trans-g-ethylstyrene oxide hydrolase, c i s -
s t i l b e n e oxide hydrolase, and 1-naphthyl acetate esterase were 
measured using e s t a b l i s h e d methods (14,29) · Elevated epoxidase was 
associated with herbivores, however the most d i s t i n c t group d i f f e r 
ence was with trans-EH. Chewing herbivores c o n s i s t e n t l y had higher 
trans-EH than carnivores (p<0.05); i n a d d i t i o n the r a t i o of t r a n s -
EH to cis-EH was higher i n chewing herbivores than e i t h e r the suck
ing herbivores or c a r n i v o r e s . Cis-EH was l e s s v a r i a b l e between 
tro p h i c groups presumably since the substrate i s s e l e c t i v e f o r EHs 
a c t i n g on animal-derived epoxides, and thus would represent d e t o x i 
f i c a t i o n events common to a l l animals. Cis-EH, because of the low 
v a r i a b i l i t y , serves as a u s e f u l base f o r EH r a t i o s which appear 
more r e l i a b l e than absolute enzyme l e v e l s i n comparing species of 
d i f f e r e n t l i f e stages, ages, and from which a d i f f e r i n g t i s s u e 
source was u t i l i z e d . The s i m i l a r l e v e l s of general esterase be
tween arthropods of a l t e r n a t i v
i n part by i n c o r p o r a t i o
pods i n t o the esterase measurement (14,29). 

Phloem-sucking aphids, by c o n t r a s t , had lower epoxidase, 
trans-EH and a trans-EH to cis-EH r a t i o than l e a f chewing i n s e c t s 
that often cohabit the same host plants (Table I I ) . Comparison of 
h i g h l y polyphagous aphids with the oleander aphid, a s p e c i a l i s t on 
hosts from Asclepiadaceae and Apocynaceae, i n d i c a t e s that higher 
epoxidase and trans-EH are nevertheless associated with i n c r e a s i n g 
encounter with phytochemicals. These r e s u l t s support the view that 
phloem-feeding i n s e c t s r e t a i n minimal enzyme c a p a b i l i t i e s to deal 
with plant a l l e l o c h e m i c a l s because of t h e i r low loading i n phloem 
r e l a t i v e to external plant t i s s u e s . 

Contrary to phloem-feeding aphids, the l a r g e milkweed bug 
ingests large concentrations of t o x i c cardenolides from i t s food 
(20), and the elevated l e v e l s of MFO and EH i n t h i s piercing-suck
ing arthropod (Table II) may r e f l e c t the a l l e l o c h e m i c a l richness of 
milkweed seeds. Although the absolute enzyme l e v e l s of the milk
weed bug are s i m i l a r to the chewing herbivores, the low EH r a t i o i s 
i n d i c a t i v e of the piercing-sucking group, and emphasizes the poten
t i a l of t h i s comparative index i n biochemical ecology. Moreover, 
enzyme r a t i o s w i l l promote comparisons between the whole body 
burden of a c t i v i t y and that of an enzyme-rich t i s s u e such as the 
midgut since t i s s u e - t o - t i s s u e d i f f e r e n c e s i n a c t i v i t y p r o f i l e s w i l l 
be l e s s than that of absolute enzyme l e v e l s (3)· Pooled whole body 
values from many i n d i v i d u a l s of d i f f e r i n g generations and l i f e 
stages should be a superior population assessment than an optimal 
i n v i t r o a c t i v i t y that neglects the t o t a l population dynamics f o r 
i n t e r a c t i n g with n a t u r a l t o x i c a n t s . Hence, comparisons i n Table II 
were based on a s i m i l a r number of whole body and midgut prepara
ti o n s f o r each feeding group. 

The a s s o c i a t i o n of trans-EH with herbivory was explored f u r 
ther by comparing epoxide hydrolase i n 36 species of macro- and 
microarthropods. The t r a n s - and the cis-EH a c t i v i t i e s f o r each 
species were p l o t t e d (Figure 2) r e l a t i v e to s u i t a b l e i s o l i n e s of 
r a t i o s of a c t i v i t i e s . Immediately apparent i s the d i s t i n c t c l u s -
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trans 
5 cis OA 

2 

7 

20 

5 
log trans-Epoxide Hydrolase (pmol/min-mg protein) 

Figure 2. Relationship of trans- and cis-epoxide hydrolase a c t i v i t i e s 
with arthropod feeding s p e c i a l i z a t i o n s . A c t i v e l y feeding adults or 
l a s t i n s t a r larvae (Aa, Ac, Cr, Da, He, Hz, Lp, Ma, Md, Pr, Sf only) 
were surveyed. Midgut preparations of the macroarthropods or whole 
body preparations of the microarthropods (Aa, Af, An, Me, Mp, Oa, Pf, 
Tu) were assayed. Epoxide hydrolase a c t i v i t i e s f o r trans-$-ethy1-
styrene oxide and c i s - s t i l b e n e oxide are p l o t t e d r e l a t i v e to i s o l i n e s 
of t r a n s / c i s r a t i o s with · f o r g e n e r a l i s t , • for oligophagous, and 
A f o r s p e c i a l i s t chewing herbivores, Δ for saprophagous and sucking 
i n s e c t s , and Ο for entomophagous arthropods. Aa = Aedes aegypti 
(Linn.)» Ac = Argyrotaenia c i t r a n a ( F e r n a l d ) , Af - Amblyseius f a l l a c i s 
(Garman), An « Aphis n e r i i Fonscholombe, Av = Acalymma v i t t a t a 
( F a b r i c i u s ) , Aw = A l t i c a woodsi ( I s e l y ) , Bg = B l a t t e l l a germanica 
( L i n n . ) , Ca = C r i o c e r i s asparagi ( L i n n . ) , Cc - Chrysopa carnea 
Stephens, Cm = Coleomegilla maculata (De Geer), Cn = C o c c i n e l l a 
novemnotata (Herbst), Cp = Chauliognathus pennsylvanicus (De Geer), 
Cr = Choristoneura rosaceana ( H a r r i s ) , Da = D e l i a antiqua (Meigen), 
Dl - D i a b r o t i c a l o n g i c o r n i s (Say), Duh = D. undecimpunctata howardi 
(Barber), Dv = D. v i r g i f e r a Le Conte, Ep = Epicauta pennsylvanica 
(De Geer), Ev - Epilachna v a r i v e s t i s Mulsant, He - Hyphantria cunea 
(Drury), Hg = Hippodamia convergens Guerin-Meneville, Hz = HeΗοthis 
zea (Boddie), Ld = Leptinotarsa decemlineata (Say), Lp - Lymantria 
dispar (Linnaeus), Ma = Malacosoma americanum ( F a b r i c i u s ) , Md -
Musca domestica (Linn.)> Me = Macrosiphum euphorbiae (Thomas), Mp » 
Myzus persicae ( S u l z e r ) , Oa = Oncophanes americanus (Weed), Of = 
Oncopeltus f a s c i a t u s ( D a l l a s ) , Pf • Pediobius foveolatus (Crawford), 
Pr = P i e r i s rapae ( L i n n . ) , Pv = Plagiodera v e r s i c o l o r a ( L a i c h a r t i n g ) , 
Sf = Spodoptera frugiperda ( J . E. Smith), Tu = Tetranychus u r t i c a e 
Koch, and Tv = Trirhabda v i r g a t a (LeConte). Adapted with permission 
from Ref 21. Copyright 1984, E x p e r i e n t i a . 
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t e r i n g of chewing herbivores i n the region of both high trans-EH 
and high t r a n s / c i s r a t i o s , whereas entomophagous, sucking, and more 
s p e c i a l i z e d feeders group at low trans-EH and at low r a t i o s of 
a c t i v i t i e s . Indeed, the 20 chewing herbivorous pests of economic 
importance surveyed here had on the average a 30-fold higher trans-
EH and a 13-fold higher EH r a t i o than the four sucking herbivores 
(Table I I I ) , whereas the l a t t e r group and the b e n e f i c i a l arthropods 
had s i m i l a r EH p r o f i l e s . 

The spectrum of EH a c t i v i t i e s and r a t i o s were much l e s s v a r i a 
ble i n entomphagous r e l a t i v e to phytophagous arthropods (Table I I , 
Figure 2), probably since d i e t a r y and endogenously formed epoxides 
would be more equivalent i n the food of the l a t t e r . To f u r t h e r 
explore the s i t u a t i o n of the herbivore, gut EH l e v e l s from adult 
l e a f feeding beetles of the Chrysomelidae were examined r e l a t i v e to 
encounter with plant a l l e l o c h e m i c a l s as estimated by host plant 
range (Figure 3 ) . Ratios of t r a n s / c i s EH c o r r e l a t e d w e l l (r>0.92) 
with e i t h e r number of plant f a m i l i e s or plant genera consumed. 
This s t r o n g l y implicate
derived epoxides. 

Synergists of Plant Toxicants as S e l e c t i v e Pest Bioregulators 

The c l e a r a s s o c i a t i o n of a cytochrome P-450 epoxidase and trans-EH 
with herbivory may have important consequences f o r integrated pest 
management (IPM), since these enzymes w i l l determine, i n part, the 
a b i l i t y of phytophagous arthropods to be pests. Epoxidase a c t i o n 
w i l l a c t i v a t e many phytochemical defenses and thus be disadvanta
geous to the herbivore unless a concurrent d e t o x i f i c a t i o n event 
such as EH i s a v a i l a b l e . Hence, the well-developed o l e f i n to d i o l 
pathway of chewing crop pests may be countered by s e l e c t i v e i n h i b i 
t i o n of trans-EH. Potent i n v i t r o i n h i b i t o r s of t h i s enzyme are 
known f o r mammals although they appear l e s s e f f i c a c i o u s f o r a r t h r o 
pods (15,30). The appropriate s t r u c t u r a l m o d i f i c a t i o n of chalcone 
or f l a v o n o i d d e r i v a t i v e s may lead to s e l e c t i v e herbivore b i o r e g u l a 
tors that have l i t t l e impact on entomophagous arthropods important 
i n IPM. Perhaps the s i m i l a r enzymologies of phloem-feeding aphids 
and carnivores (Tables I I , III) may l i m i t use of i d e n t i c a l chemical 
s t r a t e g i e s f o r aphid c o n t r o l unless e c o l o g i c a l s e l e c t i v i t y v i a 
systemic a p p l i c a t i o n s i s implemented. 

I n h i b i t o r s of a herbivore's a b i l i t y to d e t o x i f y plant t o x i 
cants may expectedly be more slow-acting than neurotoxicants such 
as organophosphates. Nevertheless, securance of synergists of 
d i e t a r y toxicants that complement a c t i v a t i o n reactions and i n h i b i t 
d e t o x i f i c a t i o n reactions i n the targeted pests w i l l have p o t e n t i a l 
f o r IPM, since they should be compatible or moreover, augment plant 
a n t i b i o s i s , n a t u r a l enemies and concurrently used p e s t i c i d e s . 

Relevance of D e t o x i f i c a t i o n D i s s i m i l a r i t i e s to In Vivo T o x i c o s i s 

Recently much work has been devoted i n understanding the a n t i 
j u v e n i l e hormone a c t i o n of plant chromenes from Ageratum spp. (10, 
31,32). The a l l a t o c i d a l a c t i v i t y of precocenes i s apparently due 
to a balance of decreased d e t o x i f i c a t i o n i n p e r i p h e r a l t i s s u e s and 
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0 2 4 6 8 10 12 14 

TRANS/CIS RATIO OF EPOXIDE HYDROLASE ACTIVITIES 

Figure 3. A s s o c i a t i o n of trans-epoxide hydrolase with arthropod 
herbivory. Trans/cis r a t i o s of epoxide hydrolase i n midguts of 
adult chrysomelid beetles are p l o t t e d r e l a t i v e to number of 
plant f a m i l i e s ( φ ) or genera ( Δ ) found w i t h i n the host range 
of each species. See Figure 2 f o r d e t a i l s . 
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TABLE I I I . Epoxide Hydrolase i n Pest R e l a t i v e to B e n e f i c i a l 
Arthropods of Economic Importance 

Trans 
Economic Group Trans Cis c i s 

Chewing Herbivores 
η = 20 

20.7 a 3.0 a 10.2 a 

Sucking Herbivores 
η = 4 

0.7 b 0.8 b 0.8 b 

Bénéficiais 
η = 7 

l b l b l b 

Measured i n gut preparations except f o r acarines, aphids and 
p a r a s i t o i d s , where whole body preparations used. Groups with 
same l e t t e r are not s i g n i f i c a n t l

enhanced o x i d a t i v e b i o a c t i v a t i o n to a c y t o t o x i c epoxide i n the 
corpora a l l a t a (CA). I t i s i n t e r e s t i n g that most of the i n s e c t s 
s e n s i t i v e to precocene, and thus expected to e x h i b i t enhanced epox
idase i n the CA but decreased p e r i p h e r a l d e t o x i f i c a t i o n to d i o l s , 
g l u c o s i d e s , e t c . , are sucking species and not holometabolous chew
ing herbivores (10,32). I n h i b i t o r s of appropriate d e t o x i f i c a t i o n 
enzymes should synergize precocene a c t i o n . 

A CA epoxidase perhaps i d e n t i c a l to the precocene epoxidase 
biosynthesizes i n s e c t j u v e n i l e hormones (JH) from the analogous 
i n a c t i v e o l e f i n i c precursor, and the enzyme a c t i v i t y appears higher 
i n precocene-sensitive species (32) · Subsequent d e t o x i f i c a t i o n of 
JH occurs p r i m a r i l y by EHs and esterases i n p e r i p h e r a l t i s s u e s , and 
preliminary information does not i n d i c a t e major d i f f e r e n c e s f o r JH 
degradation routes between chewing and sucking herbivores, or i n 
sect carnivores (33,34). More study of the r o l e of d e t o x i f i c a t i o n 
i n r e g u l a t i n g the a c t i o n of JH i n target t i s s u e s i s required. 

Esterases f o r trans-pyrethroids are well-developed i n p i e r c 
ing-sucking herbivores such as the milkweed bug (35) and green-
peach aphid (36), and may e x p l a i n , i n part, the general higher 
tolerance of these organisms over chewing herbivores f o r pyreth-
r o i d s . Carnivorous lacewing l a r v a e , moreover, are l e s s suscepible 
than herbivores to cis-isomers of pyrethroids such as deltamethrin 
and permethrin apparently since they r e t a i n esterases that d e t o x i f y 
the cis-isomers f a s t e r than the l e s s i n s e c t i c i d a l trans-isomers 
(37). 

Other enzyme-feeding g u i l d a s s o c i a t i o n s may be important to 
i n s e c t c o n t r o l . 3-glucosidases are more a c t i v e i n herbivores, par
t i c u l a r l y the piercing-sucking types, than carnivores, and are 
probably responsible f o r the s e l e c t i v e a c t i v a t i o n of g l u c o s i d i c 
juvenogens i n some hemipteran i n s e c t s (38,39). In t h i s regard, i t 
i s i n t e r e s t i n g that glucoside formation f o r precocene metabolites 
appears to be retarded i n sucking r e l a t i v e to chewing herbivores 
(40), and suggests the involvement of 3-glucosidases. In c o n t r a s t , 
glutathione transferases f o r a r y l h a l i d e s appear to be higher i n 
chewing r e l a t i v e to sucking herbivores (41)· 
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In summary, r e s u l t s of i n v e s t i g a t i o n s on comparative d e t o x i f i 
c a t i o n i n arthropods may help e x p l a i n the frequent increases i n 
sucking pests when c o n t r o l measures f o r the major chewing pests are 
s u c c e s s f u l , and should a i d the more e f f e c t i v e use of s e l e c t i v e 
chemistry i n the management of crop pests. Indeed, even toxicant 
s e n s i t i v i t y at nerve target s i t e s may be p a r t l y regulated by detox
i f i c a t i o n such as i s i n d i c a t e d f o r d i e l d r i n (42) and pyrethroids 
(43). C e r t a i n l y , i n h i b i t i o n of d e t o x i f i c a t i o n a c t i v i t i e s e s s e n t i a l 
to an organism i s a v i a b l e s t r a t e g y f o r b i o r a t i o n a l c o n t r o l 
(44,45); indeed the h i g h l y e f f e c t i v e a c t i o n of organophosphates and 
carbamates i n animals i s based on impediment of a c e t y l c h o l i n e 
d e t o x i f i c a t i o n at the nerve t a r g e t . 
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δ-Endotoxin of Bacillus thuringiensis var. israelensis 
Broad-Spectrum Toxicity and Neural Response Elicited in Mice 
and Insects 

R. MICHAEL ROE1, PETER Y. K. CHEUNG2, BRUCE D. HAMMOCK2, DAN BUSTER2, and 
A. RANDALL A L F O R D 3 

1Department of Entomology, North Carolina State University, Raleigh, NC 27695-7613 
2Department of Entomology, University of California, Davis, CA 95616 
3Department of Entomology, University of Maine, Orono, ME 04469 

The alkaline-dissolved Bacillus thuringiensis 
israelensis (BTI) δ-endotoxin when introduced by 
injection was biologically active against a wide 
spectrum of host animals including insects from 
four orders and mice. The LD50 for dissolved BTI 
δ-endotoxin in mice was 1.31 PPM and in 
Trichoplusia ni (Lepidoptera: Noctuidae) 3.71 PPM. 
Neuromuscular effects like heart cessation, lost 
coordination, tremor, and paralysis were observed 
in test animals. Using the appearance of lactate 
dehydrogenase in insect hemolymph post-injection as 
a cytosolic marker, we found that dissolved BTI 
δ-endotoxin was cytotoxic. In vivo recordings of 
activity in the ventral nerve cord post-injection 
indicated that dissolved BTI δ-endotoxin at the T. 
ni LD50 elicited hyperexcitability and then 
nerve death as was also the case for the orga-
nophosphate, methamidophos. The cytotoxin 
phospholipase-A2 when injected at its LD50 

elicited no neural response. BTI poisoning was 
also temperature dependent while BTI cytotoxicity 
was not. Proteins at 24, 27, 35, 49 and 68K 
daltons were resolved from the dissolved BTI 
δ-endotoxin. These were introduced in various 
combinations by injection and ingestion into mice 
and insects and compared to the alkaline-dissolved 
Bacillus thuringiensis kurstaki δ-endotoxin. 

Within the sporangium of the bacterium B a c i l l u s t h u r i n g i e n s i s 
(BT) i s synthesized a parasporal, proteinaceous c r y s t a l (1-2) 
that has found widespread use as a b i o l o g i c a l c o n t r o l agent (3). 
This c r y s t a l i s commonly r e f e r r e d to as the "δ-endotoxin" as 
suggested by Heimpel (4). The taxonomy of BT i s based on the 
serology of the f l a g e l l a r Η antigen 05), and 29 subspecies and 26 
serotypes have been i d e n t i f i e d (6). The δ-endotoxins from the 
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majority of the serotypes are t o x i c when ingested by more than 
182 species of i n s e c t s , p a r t i c u l a r l y i n the economically 
important order, Lepidoptera (3). The majority of the research 
has centered on B a c i l l u s t h u r i n g i e n s i s subspecies k u r s t a k i (BTK) 
because of i t s l a r v i c i d a l a c t i v i t y against major a g r i c u l t u r a l 
pests i n the order Lepidoptera. The serotype H14, B a c i l l u s 
t h u r i n g i e n s i s subspecies i s r a e l e n s i s (BTI), d i f f e r s from the 
other serotypes, however, by being h i g h l y t o x i c to members of the 
i n s e c t order Diptera (7-8) and yet has l i t t l e known t o x i c i t y to 
Lepidoptera. The prospect of employing BTI to c o n t r o l 
mosquitoes, b l a c k f l i e s , or other medically important insect pests 
has stimulated great i n t e r e s t i n e l u c i d a t i n g the molecular basis 
for i t s mode of a c t i o n (_3). A l l of the BT δ-endotoxins are a l s o 
of s p e c i a l i n t e r e s t because they appear to be h i g h l y s e l e c t i v e 
against i n s e c t s and seem to pose no health r i s k s to humans or 
l i v e s t o c k . 

The δ-endotoxin of  i n g e s t i o  b  l a r v a l Lepidopter
i s q u i c k l y a c t i v a t e d b
(9-11); gut e p i t h e l i a l c e l l
c e l l s separate from the basement membrane and each other 
u l t i m a t e l y d i s r u p t i n g the gut-hemocoel b a r r i e r (12-15). Similar 
observations i n mosquito larvae fed BTI (1_6) led to the general 
acceptance that the BT i n s e c t i c i d a l a c t i v i t y was d i r e c t e d 
against, i f not r e s t r i c t e d to the gut epithelium of the host 
(12-13). An i n i t i a l symptom of BTK poisoning i s gut p a r a l y s i s 
(17) and i t was hypothesized that an increase i n the hemolymph pH 
from the leakage of a l k a l i n e gut contents (17) or the i n f l u x of 
K + i n t o the hemocoel caused t h i s p a r a l y s i s (18-19). These 
studies led to the discovery that BTK digests applied to the 
v e n t r a l nerve cord of the cockroach, Periplaneta americana 
(Orthoptera: B l a t t i d a e ) caused e x c i t a t i o n and then nerve blockage 
(20-21 ) which appeared to be presynaptic i n o r i g i n (20). Other 
studies have shown that the a l k a l i n e - d i s s o l v e d BTI δ-endotoxin i s 
c y t o t o x i c to a number of d i f f e r e n t c e l l l i n e s from insects and 
mammals (3,22-24) and has a high a f f i n i t y for s p e c i f i c 
phospholipids i n the plasma membrane (25). Thus, the o b j e c t i v e 
of t h i s study i s to assess the t o x i c i t y of a l k a l i n e - d i s s o l v e d BTI 
introduced i n t o i n s e c t s and mice by feeding and i n j e c t i o n and to 
assess the r o l e of c y t o t o x i c i t y and n e u r o t o x i c i t y i n m o r t a l i t y 
when di s s o l v e d δ-endotoxin i s i n j e c t e d i n t o i n s e c t s . 

SDS-PAGE Analysis of BTK and BTI δ-Endotoxin 

BTK and BTI s t r a i n IFC-1 were provided by Biochem Products - US 
D i v i s i o n (Salsbury Labs., Inc.). BTI was a l s o i s o l a t e d from a 
commercial preparation provided by Sandoz Inc., culture d on GYS 
medium (26). BTK and BTI t o x i n was prepared i n an analogous 
manner. Spores and c r y s t a l s were separated from c e l l debris 
by repeated washing with water and c e n t r i f u g a t i o n . BTI c r y s t a l s 
were subsequently separated from spores by Renografin density 
gradient c e n t r i f u g a t i o n (27_) and BTK c r y s t a l s by discontinuous 
sucrose gradient c e n t r i f u g a t i o n Ο ) . C r y s t a l s were then 
d i s s o l v e d by incubation for 3 h i n 0.5% Na2C03 (pH 11.0) and 
d i a l y z e d i n t o 0.025 M sodium phosphate (pH 8.0) for storage at 
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-60°C. BTI (Sandoz) was further purified by DEAE-Cellulose 
(DE-52, Whatman, 30 ml) in 0.025 M Tris-HCL (pH 8.00), eluted 
with a 10 h, 100 ml, 0.0-0.5 M NaCl linear gradient; by acid 
precipitation where the DEAE elutant was dialyzed into 0.05 M 
sodium acetate (pH 4.5) and the percipitate removed by 
centrifugation; and by Sephadex G-75 super fine (Pharmacia) gel 
permeation chromatography (95 χ 1.3 cm i.d. column) in 0.025 M 
sodium phosphate (pH 8.0). Alkaline-dissolved and partially 
purified δ-endotoxin was analyzed by 12.5% SDS-PAGE (2j8), stained 
with Coomassie b r i l l i a n t blue (Figure 1). 

Incubation of BTK and BTI crystals in 0.5% Na2C03 (pH 11.0) 
solubilized a number of protein components (Figure 1). For BTK, 
there were a number of proteins at 64K daltons and higher (Track 
1). The standard procedure of washing BTK crystals with 1 M NaCl 
before solubilization removes endogenous proteinases and results 
in an enriched 130K dalton protein as the predominant component. 
This procedure had l i t t l e effect on the immunoreactivity of the 
solubilized crystal or i t
(Sandoz, Track 2) there
daltons. Of the lower molecular weight Sandoz BTI components, 
the 27K proteins were the prédominent component in the Salsbury 
BTI (Track 8). Differences in the protein profile of the 
ό-endotoxin from different BT varieties have been reported 
previously (11,30-31). A l l alkaline-solubilized 6-endotoxin of 
BTI (Sandoz) adsorbed to DE-52 and eluted in one peak (Track 3) 
with an apparent concentration of the 68K component. The acid 
precipitate (Track 4) was enriched with the 35K component which 
was re-solubilized only at high pH. Because of its limited 
solubility, the acid precipitate could not be bioassayed in later 
studies. The soluble fraction was enriched with the 24K and 27Κ· 
components (Track 5). Gel permeation chromatography enriched the 
27 and 24K proteins (Tracks 6 and 7, respectively). 

6-Endotoxin Toxicity in Mice and Insects 

BTI and BTK alkaline-dissolved and partially purified 
δ-endotoxins were injected and/or fed to insects of 6 orders and 
to mice (Tables I and II). The δ-endotoxin was injected in 0.15 
M NaCl, 0.05 M Na2HP04, and 0.02 M KH2PO4 at pH 7.2 into the 
insect hemocoel or intraperitoneally into mice. In feeding 
experiments, the toxin was dissolved in 5% sucrose and force-fed 
in 2 μΐ volumes, to Trichoplusia ni and Heliothis zea 
(Lepidoptera: Noctuidae). Aedes aegypti (Diptera: Culicidae) 
larvae fed for a standard incubation period in water containing 
BT toxin preparations; adults were given rectal injections (32). 
Mice were also given BT by gavage. Data collected were subjected 
to Probit analysis (33). 

The alkaline-dissolved 6-endotoxin of BTI (Sandoz, Track 2) 
was toxic by injection to a l l animals tested except Tenebrio 
molitor (Coleoptera: Tenebrionidae) (Table I). Mice, 
Trichoplusia n i , and Periplaneta americana were the most 
sensitive, the LD50 being 1.3, 3.7 and 4.4 PPM, respectively. 
The susceptibility to BTI poisoning also varied significantly 
within a single insect family (the Noctuidae) with the LD50 
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Figure 1. SDS-PAGE a n a l y s i s of a l k a l i n e - d i s s o l v e d B a c i l l u s 
t h u r i n g i e n s i s subspecies k u r s t a k i (BTK) and i s r a e l e n s i s (BTI) 
δ-endotoxin at 25 yg per track: (1) BTK δ-endotoxin from 
Biochem Products - US D i v i s i o n (Salsbury Labs., Inc.), (2) BTI 
δ-endotoxin from Sandoz Inc., (3) BTI (Sandoz) δ-endotoxin 
p u r i f i e d by DEAE-anion exchange chromatography, (4) p e r c i p i t a t e 
formed a f t e r d i a l y s i s of BTI (Sandoz) δ-endotoxin i n t o pH 4.5 
sodium acetate b u f f e r , (5) soluble f r a c t i o n a f t e r d i a l y s i s of 
BTI (Sandoz) δ-endotoxin i n t o pH 4.5 sodium acetate b u f f e r , (6) 
BTI (Sandoz) δ-endotoxin p u r i f i e d by Sephadex G-75 gel 
f i l t r a t i o n chromatography at Rf 1.35, (7) at Rf 1.58, and (8) 
BTI s t r a i n IFC-1 δ-endotoxin from Biochem Products - US 
D i v i s i o n (Salsbury Labs., Inc.). S, molecular weights as 
in d i c a t e d X1000 for bovine serum albumin (BSA), ovalbumin (OA), 
t r y p s i n , and myoglobin. Reproduced with permission from Ref. 
29. Copyright 1984, Academic Press, Inc. 
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Table I. Injected t o x i c i t y of a l k a l i n e - s o l u b i l i z e d BTI 
(Sandoz, Track 2) and BTK (Salsbury, Track 1) δ-endotoxin. 

Animal - A or L* 24h BTI LD 5 0+ 24h BTK LD 5 0+ 

Aedes aegypti - A 11.6 + 2.2 >900 
(Diptera: C u l i c i d a e ) (3.16) 
Musca domesticus - A 10.9 + 2.2 >150 
(Diptera: Muscidae) (2.17) 
T r i c h o p l u s i a n i - L 3.71 + 0.32 >130 
(Lepidoptera: Noctuidae) (3.22) 
H e l i o t h i s zea - L 73.6 + 3.0 >100 
(Lepidoptera: Noctuidae) (19.23) 
Tenebrio m o l i t o r - L >100 >100 
(Coleoptera: Tenebrionidae) 
Oncopeltus f a s c i a t u s - A 27.7 + 7.0 >300 
(Hemiptera: Lygaeidae) (1.96) 
Periplaneta american
(Orthoptera: B l a t t i d a e
Swiss-Webster Mice 1.31 + 0.23 >30 

(4.47) 

*Adult or Larva. 

+PPM or mg/kg body weight + 1 S.D. with slope of probit 
a n a l y s i s i n parenthesis. 

ranging from 3.7 PPM for T. n i to 73.6 PPM for H e l i o t h i s zea. 
The basis for t h i s d i f f e r e n c e i s unknown but these species 
d i f f e r e n c e s could be us e f u l i n the e l u c i d a t i o n of the mechanism 
for t o x i c i t y . BTI t o x i c i t y by i n j e c t i o n a l s o was not p e c u l i a r to 
the Sandoz s t r a i n but was al s o noted for the IFC-1 s t r a i n from 
Salsbury (Table I I I ) . By contrast the a l k a l i n e - d i s s o l v e d 
δ-endotoxin of BTK (Track 1) showed no t o x i c i t y when i n j e c t e d 
in t o the same species (Table I ) . Obvious fundamental d i f f e r e n c e s 
e x i s t between the d i s s o l v e d δ-endotoxin of BTI and BTK. 

When the p u r i f i e d , parasporal c r y s t a l of BTI (Sandoz) was 
fed to A. aegypti larvae, the L C 5 0 was 2.95 + 0.59 ng/ml. 
A l k a l i n e - s o l u b i l i z a t i o n decreased the t o x i c i t y s i g n i f i c a n t l y to 
an L C 5 0 of 2.29 + 0.06 yg/ml and r e c t a l i n j e c t i o n s i n adults 
produced a LD 5 0 of 54.5 + 3.1 PPM (Table I I ) . These f i n d i n g s 
were consistent with previous work (34). Dissolved BTI 
δ-endotoxin when fed to Lepidoptera and mice as expected (3) was 
not t o x i c (Table I I ) . The BTI IFC-1 s t r a i n was al s o s i m i l a r to 
the Sandoz s t r a i n i n that both were t o x i c when fed to A. aegypti 
(Table I I I ) . BTK d i s s o l v e d δ-endotoxin when given o r a l l y was 
to x i c only to the lepidopteran, T. n i (Table I I ) . The r e s u l t s 
from a l l of these feeding experiments were consistent with 
previous reports that BTK when fed to lepidopterans i s a c t i v e 
while BTI i s t o x i c to only c e r t a i n dipterans (3) and i s 
supportive evidence that the BTI and BTK preparations used i n our 
studies were s i m i l a r to preparations previously used by other 
i n v e s t i g a t o r s . Furthermore, cross-contamination between BTI and 
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BTK as determined by ELISA was less than 0.01%, the detectable 
limit of the assay (35). 

The combined 24, 27, and 35K components of BTI (Sandoz) 
δ-endotoxin (Figure 1, Tracks 2 and 3) had an equivalent toxicity 

Table II. Oral toxicity of alkaline-solubilized 
BTI (Sandoz, Track 2) and BTK (Salsbury, Track 1) 

δ-endotoxin. 

Animal 24h BTI LD 5 0+ 24h BTK LD50+ 

A. aegypti 
Larva 2.29 + 0.06* >40* 

(12.41) 
Adult (ENEMA

T. ni >5
Larva (2.85) 
H. zea >35 >35 
Larva 
Swiss-Webster Mice >30 >30 
+PPM or mg/kg body weight + 1 S.D. with slope of 
probit analysis in parenthesis. 

*yg/ml of water in which larvae were incubated. 

Table III. Toxicity of partially purified alkaline-
solubilized BTI δ-endotoxin fed and injected into A. 

aegypti and T. n i , respectively. 

A. aegypti T. ni 
Toxin 24h L C 5 0 * 24h LD50+ 

Alkaline dissolved, 2.29 + 0.06 3.71 + 0.32 
Sandoz (Track 2) (12.4) (3.22) 

DEAE (Track 3) 1.91 + 0.30 1.96 + 0.64 DEAE (Track 3) 
(2.92) (2.16) 

pH 4.5 soluble 2.02 + 0.54 1.95 + 0.14 
(Track 5, 27 & 24K) (2.06) (4.32) 

G-75, Rf 1.35 2.71 + 0.12 3.54 + 0.50 
(Track 6, 27K) (5.72) (3.28) 

G-75, Rf 1.53 >20 2.97 + 0.18 
(Track 7, 24K) (7.00) 

Alkaline dissolved, 5.78 + 0.42 6.09 + 0.46 
Salsbury (Track 8, 27K) (4.76) (4.67) 

*yg/ml +1 S.D. with slope of probit analysis in 
parenthesis. Larvae were incubated in water with BTI 
δ-endotoxin added. 

PPM or mg/kg body weight + 1 S.D. with slope of probit 
analysis in parenthesis. Larvae were injected. 
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before and after DEAE (Table III for both A. aegypti and T. n i ) , 
even though there appeared to be a concentration of the 68K com
ponent in this purification step. The 24 and 27K component 
individually (Figure 1, Tracks 7 and 6, respectively) also had an 
equivalent toxicity when injected into T. ni (Table III) but the 
24K component (Figure 1, Track 7) was not toxic when fed to A. 
aegypti whereas the 27K component was toxic (Table III). This 
inactivity cannot be explained by the absence of the 35 and 68K 
components in Track 7 (Figure 1) because these same components 
are also absent in Track 5 and yet Track 5 retained oral toxicity 
to A. aegypti (Table III). In fact the absence of the 68 and 35K 
components (Figure 1, Tracks 5 and 7) likewise did not affect the 
T. ni activity (Table III). Thus i t appears that at least the 
27K proteins are necessary for A. aegypti oral toxicity while 
both the 24 and 27K components can impart toxicity to T. ni when 
injected. The 27K component was also toxic in both A. aegypti 
and T. ni regardless of the source (Track 6 and Track 8, Figure 1 
and Table III). 

Neural Toxicity of BTI 6-Endotoxin 

The injection of alkaline-dissolved BTI 6-endotoxin led to a 
number of immediate neuromuscular effects (Table IV) including, 

Table IV. Symptoms elicited after the injection of alkaline-
dissolved BTI δ-endotoxin (Track 2) into mice and insects 

Time Post-
Injection 

Trichoplusia 
ni (5 PPM) 

Periplaneta 
americana (6 PPM) 

Swiss-Webster 
Mice (1.5 PPM) 

0-lh Mouth palpation Loss of motor Ruffled fur 
of injection activity Lost alertness 
site Not inquisitive 

Increased Reduced 
wandering responsiveness 

Heart arrest Slow in righting 
Abdominal themselves 
paralysis Breathing 

List side to shallow 
side when Lost activity 
crawling in hind legs 

Total paralysis 
& flaccidity 

20-24h Localized black In Survivors In Survivors, 
ening of the Failure to Constipation 
body right Dead animals with 

Total blackening themselves a pinched waist 
of the body Tremor 
No response to 
head stimulation 
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in the insects tested, l i s t i n g from side to side when crawling, 
heart arrest, paralysis, and tremors. These symptoms were 
observed for both the Sandoz and Salsbury BTI 6-endotoxin and 
were also observed for partially purified BTI δ-endotoxin (Table 
III). The symptoms observed in mice were somewhat similar to 
those observed in botulism poisoning (a neurotoxin), which 
included a loss of alertness, shallow breathing, and in some 
cases lost activity in the hind legs. Dead mice had a pinched 
waist, a sign of diaphram arrest. The symptoms observed in 
insects following the injection of BTI 6-endotoxin were clearly 
different from those following the ingestion of BTK 6-endotoxin. 
When T. ni were fed BTK δ-endotoxin, there was regurgitation 
within 15 min, a total cessation of feeding until death, and no 
overt neuromuscular anomalies. The injection of alkaline-
dissolved BTK 6-endotoxin produced no obvious adverse effects in 
insects or mice. 

A number of other lines of evidence also suggested that 
there may be another mode-of-actio
injection other than it
(3,22-24). Using the appearance of cytosolic lactate 
dehydrogenase (LDH) in insect hemolymph post-injection as a 
marker for cytotoxicity (36-37), we found that dissolved BTI 
δ-endotoxin was a potent cytotoxin. When T. n i , however, were 
injected with dissolved BTI 6-endotoxin and then incubated at 28, 
15, and 9°, there was an increase in the LD50 with a decrease in 
temperature (Figure 2) but the LDH levels at 3.5 PPM BTI were 
unaffected by temperature. 

A pharmocological study of ventral nerve cord function in T. 
ni also suggested that alkaline-dissolved BTI 6-endotoxin was 
affecting the insect nervous system as a nerve poison (Figures 3 
and 4). After 7-60 min post-injection of alkaline-dissolved BTI 
δ-endotoxin at the LD50 concentration of 3.7 PPM, the ventral 
nerve cord of T. ni exhibited spontaneous-high frequency 
discharges. This was followed by a reduced baseline activity and 
sensitivity to sensory stimulation (S, Figure 4) at 24 h 
post-treatment. By 2-90 min post-injection of methamidophos, 
there also was spontaneous-high frequency discharge which lasted 
20 min - 6 h and was followed by a reduced baseline activity and 
sensitivity to sensory stimulation (S, Figure 4) by 24 h. The 
response to methamidophos was slightly more rapid and sustained 
than with BTI toxin. Studies also suggested that the primary 
site of action for BTI might be the peripheral nervous system and 
that the mode-of-action of BTI and methamidophos on the insect 
nervous system were probably different. When the peripheral 
nervous system is severed from the T. ni ventral nerve cord, the 
methamidophos application s t i l l e l i c i t s spontaneous discharge, 
but there is no response to BTI toxin. When the cytotoxin, 
phospholipase-A2, is injected into T. ni at its L D 5 0 of 35 PPM, 
there is no spontaneous-high frequency discharge in the ventral 
nerve cord and no reduction in the stimulus-response (S, Figure 
4) as was the case for BTI. 

A 25K dalton component was isolated at relatively high 
purity as determined by SDS-PAGE (Figure 5, Track 3) from 
alkaline-dissolved BTI δ-endotoxin (Figure 5, Track 1). The 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



20. ROE ET AL. Effects of δ-Endotoxin in Mice and Insects 287 

R1 R 2 

Figure 3. Neurophysiological preparation of T r i c h o p l u s i a n i . 
Head, thorax and gut are removed. Tungsten electrodes were 
placed i n t o the hemocoel along side abdominal ganglion VIII (at 
R l ) , the v e n t r a l nerve cord (at R2) and the abdominal wall 
(ground, R£>. Injections of a l k a l i n e - d i s s o l v e d BTI 
δ-endotoxin, methamidophos and phospholipase-A2 were i n t o the 
second pair of abdominal prolegs (Ch). Mechanical sensory 
s t i m u l a t i o n with a glass probe was at the anal proleg ( S ) . 
A c t i v i t y i n the v e n t r a l nerve cord was monitored through 24 h 
post-treatment (38-40) (see Figure 4 ) . 
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S 

Sec 
0 min 1 7-60 min 

! s 

24 hr 

s 
MMP 

10 PPM 

2-90 min 0 min 

10 PPM 

2-90 min 24 hr 

s j 
P-A 2 ! 

35 PPM ; 
s j S 

0 min ! 60 min ; 24 hr 

Figure 4. Time dependency of nervous a c t i v i t y i n the v e n t r a l 
nerve cord of T r i c h o p l u s i a n i i n j e c t e d with 3.7 PPM a l k a l i n e -
d i s s o l v e d BTI δ-endotoxin (Sandoz), with 10 PPM methamidophos 
(MMP) and with 35 PPM phospholipase-A2 ( P - A 2 ) . Mechanical 
sensory s t i m u l a t i o n i s given at arrow j>. The c o n t r o l response 
was the same as the recording for P-A2. BTI and P-A2 were 
i n j e c t e d i n t o T. n i at t h e i r r e s p e c t i v e LD5Q. 
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Figure 5. SDS-Page a n a l y s i s of a l k a l i n e - d i s s o l v e d B a c i l l u s 
t h u r i n g i e n s i s i s r a e l e n s i s (BTI) δ-endotoxin from Sandoz Inc. at 
25 pg per track: (1) BTI δ-endotoxin as prepared i n Figure 1 
(Track 2), (2) soluble f r a c t i o n a f t e r d i a l y s i s of BTI 
δ-endotoxin in t o pH 4.5 sodium acetate b u f f e r , and (3) 25K 
component from BTI δ-endotoxin a f t e r pH 4.5 p e r c i p i t a t i o n and 
DEAE-anion exchange chromatography. S, molecular weight 
markers from top to bottom bovine serum albumin (68K d a l t o n s ) , 
ovalbumin (43K), and myoglobin (16K). 
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supernatant (Figure 5, Track 2) a f t e r pH 4.5 p e r c i p i t a t i o n of the 
crude endotoxin was further p u r i f i e d by DEAE-Cellulose (DE-52, 
Whatman, 30 ml) i n 0.025 M Tr i s - H C l (pH 8.00), eluted with a 48 
h, 400 ml, 0.0-0.2 M NaCl l i n e a r gradient (Figure 5, Track 3). 
The r e s u l t i n g 25K dalton component (Figure 5, Track 3) at 0.85 
pg/ml produced 50% c e l l l y s i s i n a 1% human red blood c e l l 
s o l u t i o n (25°C., 15 min) and was al s o hemolytic against sheep and 
r a b b i t red blood c e l l s . Hemolytic a c t i v i t y increased for the 25K 
component (Figure 5, Track 3) a f t e r a 15 sec incubation at 70°C 
and was i n a c t i v a t e d at 90°C as was al s o the case for the crude 
t o x i n (Figure 5, Track 1). At 25 yg/ml, however, the 25K pro t e i n 
was not t o x i c o r a l l y to A. aegypti even a f t e r 15 sec heat 
treatments at 45, 70 or 90°C nor was i t l e t h a l when i n j e c t e d i n t o 
T. n i larvae at 4.6 PPM (the 48 h LD50 > 4.6 PPM). Injections 
d i d d i s r u p t l a r v a l - p u p a l metamorphosis l a t e r i n development. The 
crude t o x i n (Figure 5, Track 1), however, was t o x i c to A. aegypti 
and T. n i at 45 and 70° but not a f t e r the 90° treatment. So the 
25K component i s cy t o t o x i
to A. aegypti or i n j e c t e

Conclusions 

It appears from our studies and reports i n the l i t e r a t u r e that the 
parasporal c r y s t a l of BTI has g u t - t o x i c i t y when fed to the 
mosquito (lj6), both i n v i t r o and i n vivo c y t o t o x i c i t y (3,22-24) 
and i n vivo n e u r o t o x i c i t y . Injected t o x i c i t y occurred i n a 
number of insec t species. The crude a l k a l i n e - d i s s o l v e d 
δ-endotoxin of BTI when i n j e c t e d i n t o T. n i was str o n g l y 
c y t o t o x i c and at i t s L D 5 0 a l s o neurotoxic. This was unlike the 
cyt o t o x i n , phospholipase-A2 which demonstrated no n e u r o t o x i c i t y 
at i t s L D 5 0 . The t o x i c i t y of BTI ό-endotoxin i n j e c t e d was also 
temperature-dependent while i t s c y t o l y t i c a c t i v i t y was unchanged 
i n the same temperature range. A 25K component i s o l a t e d from BTI 
(Figure 5, Track 3) was a l s o found to be c y t o l y t i c but when 
in j e c t e d had no t o x i c i t y . 

U n t i l each of the components from the a l k a l i n e - d i s s o l v e d 
δ-endotoxin of BTI (Figure 1, Track 2) can be p u r i f i e d and 
separately tested for c y t o t o x i c i t y and n e u r o t o x i c i t y , the 
i n t e r r e l a t i o n s h i p s of these modes-of-action to the many poly
peptides found i n the δ-endotoxin of BTI w i l l be i n question. 
The v a r i a t i o n s obtained with d i f f e r e n t BTI δ-endotoxin 
preparations and BTI s t r a i n s w i l l magnify the complexity of the 
problem. Nevertheless, a number of l i n e s of evidence now e x i s t s 
to suggest that i n j e c t e d t o x i c i t y and n e u r o t o x i c i t y are not 
necessary a fun c t i o n of general c y t o l y t i c a c t i v i t y . The evidence 
i s c l e a r that there are a l s o c y t o l y t i c components that 
demonstrate no gut t o x i c i t y . The f i n d i n g of species d i f f e r e n c e 
w i t h i n a s i n g l e family of Lepidoptera to the s u s c e p t i b i l i t y of 
BTI δ-endotoxin poisoning by i n j e c t i o n w i l l be an important t o o l 
for studying mode-of-action i n the futu r e . Reports on the nerve 
blocking a c t i o n from digests of the δ-endotoxin of BTK (20-21), 
suggest that a neurotoxic element may be common to the a c t i o n of 
other members of the BT complex. 
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During the last larva  cabbag  looper, 
Trichoplusia ni, Hubner, the prepupal burst of juvenile 
hormone (JH) stimulates the appearance of juvenile 
hormone esterase (JHE) which, in turn, degrades the 
JH. Disruption of this prepupal burst of JH by anti
-juvenile hormones (AJHs) such as fluoromevalonolactone, 
result in a variety of teratogenic effects including 
delayed tanning and/or pupation, malformed larvae and 
reduced JHE activity. Although general toxicants and 
esterase inhibitors may also cause malformed larvae, 
there is usually no delay in tanning and/or pupation. 
These observations provide the basis for a simple, 
rapid AJH bioassay using an economically important pest 
insect (T. ni). A simple 'key' was devised to help 
facilitate the use of this bioassay. 

At the heart of any search for b i o a c t i v e molecules i s the need 
for e f f e c t i v e bioassays. Several bioassays have been developed 
for the i d e n t i f i c a t i o n of compounds with a n t i - j u v e n i l e hormone 
(AJH) a c t i v i t y . The most common of these AJH bioassays involves 
the treatment of young larvae or nymphs with the p o t e n t i a l AJH 
by in c o r p o r a t i o n into the di e t or contact a p p l i c a t i o n , and then 
waiting for several days (or, i n some cases, weeks) for precocious 
development (or other AJH response) to occur (.1,2̂ )· A l t e r n a t i v e l y , 
AJH a c t i v i t y can be determined using in v i t r o assays such as corpora 
a l l a t a cultures or epidermal c e l l c ultures to monitor for i n h i b i t i o n 
of j u v e n i l e hormone (JH) biosynthesis (3-6) or blockage of the 
JH induced i n h i b i t i o n of pupal commitment (J)» r e s p e c t i v e l y . 

Although the above assays have a l l proven u s e f u l , there are 
a number of disadvantages associated with each of them. For example, 
the contact and feeding bioassays can require a large quantity 
of compound, compared to a t y p i c a l t o p i c a l bioassay, and i t u s u a l l y 
takes several days before the AJH e f f e c t s are observed. The i n 
v i t r o assays are tedious, require s p e c i a l s k i l l s i n microsurgery, 
dedicated s t e r i l e f a c i l i t i e s , are unsuitable for screening large 
numbers of compounds, detect a l i m i t e d number of po s s i b l e mechanisms, 
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and in v i t r o a c t i v i t y may not t r a n s l a t e i n t o in v i v o a c t i v i t y due 
t o i n v i v o m e t a b o l i s m ( 8 ) . F i n a l l y , the i n s e c t s most commonly 
u s e d f o r AJH b i o a s s a y s , t h e t o b a c c o hornworm, Manduca s e x t a ( L . ) , 
and t h e l a r g e m i l k w e e d bug, O n c o p e l t u s f a s c i a t u s ( D a l l a s ) , a r e 
o f l i m i t e d economic i m p o r t a n c e , and b o t h s p e c i e s seem t o be 
h y p e r s e n s i t i v e such t h a t compounds a c t i v e on them ( e . g . ETB, 
p r e c o c e n e ) d i s p l a y l i t t l e a c t i v i t y on m a j o r p e s t i n s e c t s , e s p e c i a l l y 
among t h e L e p i d o p t e r a ( 2 , 9 , 1 0 ) . 

The cabbage l o o p e r , T r i c h o p l u s i a n i Hubner, i s a p e s t o f a 
w i d e v a r i e t y o f a g r i c u l t u r a l c r o p s (11-13) and r e p r e s e n t s a m a j o r 
f a m i l y o f i n s e c t p e s t s , t h e N o c t u i d a e , w h i c h a l s o i n c l u d e s t h e 
c o r n earworm, H e l i o t h i s zea ( B o d d i e ) , t h e t o b a c c o budworm, H e l i o t h i s 
v i r e s c e n s ( F . ) , the soybean l o o p e r , P s e u d o p l u s i a i n c l u d e n s ( W a l k e r ) , 
t h e b e e t armyworm, S p o d o p t e r a e x i g u a ( H u b n e r ) , t h e f a l l armyworm, 
S p o d o p t e r a f r u g i p e r d a ( J . E. S m i t h ) and o t h e r s . T h e r e i s a l s o 
a g r o w i n g body of knowledge c o n c e r n i n g t h e e n d o c r i n o l o g y o f T. n i 
ΟΛ,Ι^)· Recent s t u d i e s on JH and JH e s t e r a s e (JHE) r e g u l a t i o n 
i n w a n d e r i n g l a s t s t a d i u
s u g g e s t e d an a l t e r n a t i v
AJH a c t i v i t y t h a t c i r c u m v e n t s some of t h e d i s a d v a n t a g e s a s s o c i a t e d 
w i t h o t h e r AJH b i o a s s a y s . From a more f u n d a m e n t a l p o i n t o f v i e w , 
t h i s r e p o r t i l l u s t r a t e s how key x e n o b i o t i c s can be u s e d t o d i s s e c t 
d e v e l o p m e n t a l p r o c e s s e s d u r i n g c r i t i c a l phases o f i n s e c t d e v e l o p 
ment · 

The B i o a s s a y 

The b i o a s s a y p r e s e n t e d h e r e i n i s based on what a p p e a r s t o be a 
c o n s i s t e n t s e t o f t e r a t o g e n i c m o r p h o l o g i c a l e f f e c t s t h a t a r e 
p r o d u c e d i n r e s p o n s e t o d i s r u p t i o n s o f the JH m e d i a t e d r e g u l a t i o n 
o f development d u r i n g t h e l a t e l a s t s t a d i u m o f T. n i . To f a c i l i t a t e 
t h e use o f t h i s b i o a s s a y , a s i m p l e key has been d e v i s e d and i s 
p r e s e n t e d b e l o w a l o n g w i t h h y p o t h e s e s f o r t h e p h y s i o l o g i c a l b a s i s 
f o r each s t e p . 

S i n c e t h e r e s p o n s e s o b s e r v e d i n t h i s b i o a s s a y (and o t h e r s ) 
c a n be t h e r e s u l t o f a v a r i e t y o f e f f e c t s , not o n l y on t h e e n d o c r i n e 
s y s t e m , but a l s o on t h e n e r v o u s and o t h e r systems ( 1 9 ) , a s e l e c t e d 
group o f J H s , AJHs and p e s t i c i d e s (Table I) were u s e d i n d e v e l o p i n g 
t h i s b i o a s s a y i n an e f f o r t t o t e s t and e l i m i n a t e r e s p o n s e s due 
t o non-AJH compounds. L i k e w i s e , i t i s i m p o r t a n t i n any s u c c e s s f u l 
b i o a s s a y t o s i m p l y and r a p i d l y e l i m i n a t e i n a c t i v e and i n a p p r o p r i a t e 
compounds ( i . e . n o n - A J H s ) . Thus, th e f i r s t s t e p s i n our b i o a s s a y 
a t t e m p t t o e x c l u d e non-AJHs and i n a c t i v e compounds, l e a v i n g the 
l a t e r s t e p s f o r t h e c o n f i r m a t i o n o f AJH a c t i v i t y t o t h o s e few 
compounds t h a t a r e most l i k e l y AJHs. 

The I n s e c t and A s s a y s . L a s t ( f i f t h ) s t a d i u m ( L 5 ) l a r v a e o f T. n i 
were u s e d t h r o u g h o u t . L a r v a e were r e a r e d on a 14L:10D p h o t o p e r i o d 
( l i g h t s on a t 5 AM) a t 27°+2°C., and s t a g e d as d e s c r i b e d p r e v i o u s l y 
( 3 1 ) . L a r v a e were t r e a t e d w i t h t h e d e s i r e d compounds e i t h e r by 
i n j e c t i o n a l o n g t h e m i d - d o r s a l l i n e o f a b d o m i n a l segments 1 & 2 
(1 μΐ i n d i s t i l l e d w a t e r ) , o r by t o p i c a l t r e a t m e n t (1-2 μΐ i n 
a c e t o n e o r e t h a n o l ) on t h e dorsum o f t h e l a s t t h o r a c i c segment. 
C o n t r o l s r e c e i v e d a c e t o n e or e t h a n o l ( t o p i c a l l y , 1-2 μ ΐ ) , or w a t e r 
( i n j e c t e d , 1 μ ΐ ) . O b v i o u s l y , t h e method o f t r e a t m e n t w i l l be a 
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function of the solubility of the test compound and/or its suspected 
ab i l i t y to penetrate the insect cuticle. Injection is easily 
accomplished using either a sharpened 10 μΐ Hamilton syringe or 
a finely-drawn glass capillary tube. The capillary tube has the 
advantage of practically eliminating any bleeding after injection. 
Treated larvae were examined for behavioral and developmental 
changes or abnormalities. 

A pooled (3-5 larvae) hemolymph sample was collected by c l i p 
ping either anal or thoracic legs of the larvae. JHE activity 
in the hemolymp^ was monitored as described previously (32,33) 
using JH III (H_^at C^, 11 Ci/mmol., New England Nuclear) as the 
substrate (5x10 M). A l l assays were run in duplicate on at least 
two (usually three or more) occasions. 

The Key. The bioassay is divided into 5 steps which form a key 
for the identification of AJH activity. At each step examples 
are provided of compounds that exhibit the possible responses. 
Since' these compounds wer
necessarily follow the sam
see i f the bioassay was being used to evaluate their AJH activity. 

Identification of AJH Activity 

1. Are there larval-pupal intermediates or malformed larvae? 
Treatment : L5D3 (last stadium, day 3) larvae treated ca. 9 
AM; 200 nmol./larva. 
Expected Result : A majority (>50%) of the treated larvae become 
tanned, malformed larvae without displaying any obvious toxic 
response (see explanation below). Pupation/tanning in controls 
generally occurs on L5D4 ca. 3 PM (ca. 30 hr. posttreatment). 
Results are expressed as the percentage of larvae displaying 
the above effect relative to the controls (solvent only). 
A) YES - GO TO 2. Examples: FMev, EPPAT, DEF (Table I). 
B) NO - Increase dose and/or change the time of treatment or 

mode of application and try again; otherwise STOP. 
Examples: Epofenonane, hydroprene, ETB, precocene II, 
ethoxy-precocene, DFP, pipernoyl butoxide, chlordimeform, 
TFT, carbaryl (Table I). 

Explanation: The appearance of tanned, malformed larvae following 
treatment with an exogenous compound can be the result of AJH 
activity or a response on the part of the insect to an external 
stress such as an insecticide. Since a variety of molecular struc
tures are likely to be tested for AJH activity, i t is important 
to eliminate compounds that are general toxicants at the beginning 
of the bioassay. 

If the compound is causing the insect to be stressed or 
intoxicated, the insect larva (in this case a prepupa) may have 
trouble casting the old cuticle, yet be capable of tanning. Thus, 
the insect becomes a tanned larva or what appears to be a half 
pupa/half larva (due, in part, to incomplete ecdysis). For example, 
larvae treated with paraoxon (200 nmol./larva; data not included 
in Table I due to high mortality) caused the formation of tanned 
larvae in a l l larvae treated. However, a l l of these larvae had 
obviously been adversely affected (intoxicated) by the paraoxon 
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300 BIOREGULATORS FOR PEST CONTROL 

treatment ( i . e . f l a c c i d , hemolymph accumulation i n the abdomen, 
f a i l u r e to migrate to the top of the rear i n g containers, dehydra
t i o n ) . Likewise, chlordimeform modified the behavior of the larvae 
i n the form of abnormal spinning and wandering behavior. Thus, 
neither of these compounds (at the dose tested) would be considered 
as a p o t e n t i a l AJH. It should be remembered, however, that for 
some insect species the e f f e c t i v e dose for a p a r t i c u l a r AJH may 
be near the t o x i c dose for that compound (see 22). One disadvantage 
of any i n vivo bioassay, i n c l u d i n g t h i s one, i s that they w i l l 
not detect the AJH a c t i v i t y of t o x i c molecules which, i n an i n 
v i t r o system, would function as AJHs. 

As with the i n s e c t i c i d e s , FMev (a highly a c t i v e AJH for the 
Lepidoptera; 22) a l s o causes the formation of tanned l a r v a e . While 
these tanned larvae may also be the r e s u l t of general teratogenic 
or s t r e s s e f f e c t s , the removal of the corpora a l l a t a ( s i t e of JH 
biosynthesis and release) a l s o causes s i m i l a r e f f e c t s (34). Although 
the presence of tanned larvae seems to c o n s i s t e n t l y c o r r e l a t e with 
AJH a c t i v i t y , i t i s imperativ
not be used as the sol
a c t i v i t y . Rather, i t i s a s i n g l e marker that i s only of s i g n i f i 
cance when coupled with Step 2 (below). 

2. Is there a delay i n time of pupation? 
Treatment : L5D3 larvae (9 AM); 200 nmol./larva. 
Expected Result: Treated larvae d i s p l a y a d i s t i n c t (ca. 4 hr.) 
delay i n the time of pupation/tanning. Results are expressed 
as the advancement ' + ' or delay ( i n hrs) i n the time of 
tanning/pupation r e l a t i v e to the con t r o l s (solvent o n l y ) . 
Controls u s u a l l y pupate/tan about 30 hr. posttreatment (L5D4, 
ca. 3 PM). 
A) YES - Compound may possess AJH a c t i v i t y - GO TO 3 for 

v e r i f i c a t i o n . Examples: FMev, chlordimeform (Table I ) . 
B) NO - STOP. Examples: JH I, JH I I I , epofenonane, hydroprene, 

ETB, precocene I I , ethoxy-precocene, EPPAT, DFP, DEF, 
piperonyl butoxide, TFT, carbaryl (Table I ) . 

Explanation: In many lepidopterans, i n c l u d i n g T. n i , the presence 
of JH i n the prepupa seems to accelerate the time of ecdysis to 
the pupa (18,35-38). Conversely, a reduction i n the JH t i t e r due 
to an AJH causes a delay i n the time of ecdysis to the pupae and/or 
the tanning process (_18,37). This p a r t i c u l a r e f f e c t can be 
prevented, i n part, by the c o a p p l i c a t i o n of JH I (18). Thus, a 
delay i n the time of tanning/pupation seems to be r e l a t e d to the 
a b i l i t y of a compound to block JH bi o s y n t h e s i s / r e l e a s e or a c t i o n , 
and hence act as an AJH. 

V e r i f i c a t i o n of AJH A c t i v i t y 

3. Is there reduced JHE a c t i v i t y i n L5D4 larvae? 
Treatment : L5D3 (9 AM) larvae; 200 nmol./larva. 
Expected Result : Larvae are assayed 24 hr. posttreatment (L5D4, 
9 AM, larvae are now prepupae) f o r JHE a c t i v i t y . A compound 
with AJH a c t i v i t y should cause the l e v e l of JHE a c t i v i t y to 
be lower than normal. Results are expressed as a percentage 
of the JHE a c t i v i t y present i n larvae treated with only the 
solvent. 
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A) YES - GO TO 4. Examples: FMev, EPPAT, chlordimeform, DEF 
(Table I). 

B) NO - STOP. Not likely to be an AJH for T. ni . Examples: 
JH I, JH III, epofenonane, hydroprene, ETB, precocene II, 
ethoxy-precocene, DFP, piperonyl butoxide, TFT, carbaryl 
(Table I). 

Explanation: Hemolymph JHE activity in late last stadium larvae 
of T. ni is directly regulated by the JH titer (16-18). Thus, 
any compound that affects JH biosynthesis /release or action at 
JH receptor sites wil l cause a change in the prepupal peak of JHE 
activity. Compounds with JH activity stimulate JHE production, 
often to greater than normal levels (e.g. JH I, JH III, epofenonane, 
hydroprene and ETB; Table I). For an AJH, a reduction in the JHE 
activity is the expected outcome. However, a reduction in JHE 
activity can also be the result of an inhibitor that interacts 
directly with the JHE (see below)

4. Normal JHE activity
Treatment : L5D1 larvae (3 PM); 200 nmol./larva. 
Expected Result : Treated larvae are assayed for JHE activity 
1-2 hr. posttreatment. An AJH should have no effect on JHE 
activity in this short of a time period. Results are expressed 
as a percentage of the normal (control) JHE activity. 
A) YES - Compound is an AJH. GO TO 5 for determination of 

mode of action. Example: FMev (Table I). 
B) NO - STOP. Compound is a general toxicant and/or JHE 

inhibitor, and is not an AJH. Example: EPPAT (Table I). 

Explanation: Step 4 insures that the potential AJH is not merely 
acting as a JHE inhibitor. Since there is always the possibility 
of bioactivation, an in vivo test is used. AJHs will have no 
effect on JHE activity in the time-frame used in this step (1 hour) 
while this amount of time should be more than sufficient for JHE 
inhibitors to act (e.g. EPPAT; ̂ 19,39,40). If the compound under 
consideration makes i t through this part of the bioassay key, then 
i t has some AJH activity. 

AJH Classification (Optional) 

5. Does the AJH block the juvenoid induced increase in JHE activity? 
Treatment: L5D3 (9 AM) larvae; selected doses of the AJH (100 
nmol./larva is a good starting place) are coapplied with the 
juvenoid, epofenonane (100 nmol./larva). 
Expected Result: Larvae are assayed for JHE activity on L5D4 
(9 AM). The JHE induction should not be affected i f the AJH 
acts by blocking JH biosynthesis. Results are expressed as 
a percentage of the JHE activity induced by epofenonane (100 
nmol./larva) alone. 
A) YES - AJH is probably a suboptimal JH or a JH receptor 

antagonist. Example: ETB (Figure 1). 
B) NO - AJH probably functions by directly blocking JH bio

synthesis and/or release. Example: FMev. 
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Explanation: This section is included in an effort to provide a 
means to gain some insights into the mode of action of the test 
compound. Epofenonane appears to be a JH agonist for T. iii that 
is somewhat less active than JH I (16,26). Unlike JH I, epofenonane 
is not susceptible to ester hydrolysis, which eliminates the problem 
of the JHE affecting the level of its own induction. Like epo
fenonane, the JH agonist-antagonist ETB was able to induce the 
appearance of the hemolymph JHE in T. ni, but only at much higher 
dosages (Figure 1). However, at lower doses ETB caused a dose 
dependent reduction in the JHE activity induced by epofenonane 
in T. ni (Figure 1). Since other tests demonstrated that ETB was 
not a direct JHE inhibitor (26), i t appeared that ETB was acting 
as a JH receptor antagonist (26). Unlike ETB, FMev appeared to 
have no effect on the JHE induction by epofenonane (41). This 
observation is consistent with other studies that show i t to func
tion as an inhibitor of JH biosynthesis (22,23). Thus, this assay 
can potentially provide information on the mode of action of an 
AJH. Running similar test
that the action being observe
for JH receptors (probably the fat body), and not due to other 
interactions with the brain, corpora allata, etc. 

Using the Key to Test for AJH Activity. Besides the compounds 
used to develop the key, methyl compactin and three of its 
analogues (Table I) were evaluated for AJH activity (through step 
4). Of the 4 compounds tested, both L-643,049-01K01 and L-643,737-
00S03 (tested at 100 and 58 nmol./larva, respectively; injected) 
caused the formation of tanned malformed larvae (89 and 83%, 
respectively; Step 1) and a large delay (ca. 4-6 hr.) in the time 
of tanning/ pupation (Step 2) (Table I). Thus, both L-643,049-01K01 
and L-643,737-00S03 appeared to possess AJH activity and were tested 
further. 

Treatment (100 and 58 nmol./larva, respectively; injected) 
of L5D3 larvae with either of these compounds resulted in a 30-40% 
decrease in the prepupal JHE activity peak (Step 3), while L5D1 
larvae treated (as above) with either compound possessed normal 
levels of JHE activity one hour posttreatment (Step 4) (Table I ) . 
These results confirm that both L-643,049-01K01 and L-643,737-00S03-
are AJHs for T. n i . 

Discussion 

The bioassay-key presented here provides a relatively simple 
approach to identifying compounds with AJH activity. Obviously, 
the sensitivity of the assay i s , in part, a function of the number 
and magnitude of the dosages used. In using the bioassay and key, 
i t is best to start with as high of a dose as possible to rapidly 
eliminate the inactive compounds. In our assays 200 nmol./larva 
is typically used as the starting dose. In doing so, however, 
i t should be kept in mind that JH agonists/antagonists, such as 
ETB (2^j),26), may only display AJH activity over a narrow dose 
range which may be far below our 200 nmol./larva starting dose. 
At this high dose only JH like activity may be seen. For example, 
i t has been demonstrated that ETB can antagonize the JH action 
of the juvenoid epofenonane in T. iii (26, Figure 1) and yet be 
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1 2 0 

n m o l . E T B / L a r v a 

Figure 1: JHE a c t i v i t y i n L5D3 (9 AM) larvae of T. n i treated 
with epofenonane (100 nmol./larva) and selected doses of ETB 
(1-120 nmol./larva) compared to larvae treated with ETB (1-900 
nmol./larva) alone. JHE a c t i v i t y i s expressed as a percentage 
of the JHE a c t i v i t y produced by epofenonane (100 nmol./larva) 
alone. Data i s adapted from (26). 
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devoid of AJH a c t i v i t y at doses tested i n both the c l a s s i c a l AJH 
bioassays as well as the one presented here (41 and see above). 
Likewise, ETB dis p l a y s J H - l i k e a c t i v i t y at high doses (_> 200 nmol.; 
18,26, Figure 1). In L5D3 larvae of T. n i , JH a c t i v i t y i n the 
whole animal i s manifested by normal wandering and prepupal a c t i v i 
t i e s leading to apparently normal pupae from which, however, there 
i s no adult emergence (18). Thus, i f apparently normal pupation 
occurs, but no adult e c l o s i o n i s forthcoming, then i t i s possible 
that the compound, at the dose being tested, i s ac t i n g as a JH. 

With any new procedure, there i s always the concern for i t s 
proper use. In our hands, the r e s u l t s of the f i r s t two steps of 
the bioassay, which e a s i l y can be combined into a s i n g l e t e s t , 
have provided a very consistent test of AJH a c t i v i t y that has, 
to date, always been confirmed by the l a t e r steps i n the bioassay. 
However, care must be taken i n the evaluation of compounds that 
display t o x i c e f f e c t s . As already mentioned, p e s t i c i d e s l i k e 
paraoxon can produce tanne
be very g r e a t l y delayed
However, since the larvae that display these e f f e c t s were behaving 
i n an abnormal/intoxicated manner ( i . e . f l a c c i d , lack of a c t i v i t y 
when probed, hemolymph accumulation, f a i l u r e to spin, e t c . ) , the 
r e s u l t s should be discounted. As a safety measure, however, i t 
i s important to test a l l suspected AJHs as described i n steps 3 
and 4. This process w i l l insure that compounds that are general 
toxicants w i l l not be mistakenly assigned as AJHs. F i n a l l y , i t 
i s suggested that appropriate controls (solvent only) be run at 
a l l times since there can be some day to day v a r i a t i o n i n the exact 
time of ecdysis to the pupa and/or tanning. I f at a l l p o s s i b l e , 
a standard such as FMev should a l s o be tested o c c a s i o n a l l y to insure 
that the assay i s working properly. 

Unlike some of the more c l a s s i c AJH bioassays, the one 
presented here allows for the ra p i d (ca. 36 hrs) e l i m i n a t i o n of 
i n a c t i v e compounds, saving the more intensive labor for only the 
more promising compounds. An a d d i t i o n a l advantage i s that only 
a r e l a t i v e l y small amount of mate r i a l i s needed for the bioassay. 
Since the test organism, T. n i , i s a major economic pest insect 
with a broad host range, i t can be assumed that, unlike Μ· sexta 
or 0. f a c i a t u s , i t has a rather well developed d e t o x i f i c a t i o n 
systems. Thus, compounds a c t i v e on T. n i are more l i k e l y to be 
a c t i v e on other economically important insect pests. 

The bioassay presented here for T. n i i s based on a growing 
body of knowledge that has been accumulated during the l a s t decade. 
While few other insects have been so well studied i n terms of 
endocrine r e g u l a t i o n of metamorphosis, i t may be po s s i b l e to adapt 
t h i s bioassay-key to other l e s s studied, but economically more 
important insect pests, such as H. vire s c e n s , S. frugiperda and 
Ζ· includens. Likewise, t h i s bioassay should be e a s i l y adapted 
to M. sexta f o r which there i s a wealth of en d o c r i n o l o g i c a l 
information (42,43). 

Compactin e x h i b i t s AJH a c t i v i t y i n several i n s e c t s (5,6,29) 
and seems to function as an i n h i b i t o r of 3-hydroxy1-3-methy1glut-
aryl-CoA reductase i n both the rat (44,45) and M. sexta C5). A l 
though the methyl ester of compactin was i n a c t i v e as an AJH i n 
our bioassay, two of i t s analogs (L-643,049-01K01 and L-643,737-
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00S03) d id disp l a y AJH a c t i v i t y . Thus, for T. n i , analogs of 
compactin would appear to be good candidates for continued 
e x p l o r a t i o n as p o t e n t i a l AJHs. 
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Applications of Immunoassay to Paraquat and Other 
Pesticides 

J . M. VAN EMON, J. N. S E I B E R , and B. D . HAMMOCK 

Department of Environmental Toxicology, University of California, Davis, CA 95616 

The enzyme-linked immunosorbent assay (ELISA) is a 
rapid immunochemical procedure which can be used for 
trace analysis. W
paraquat and othe
the more classical methods. The immunoassay for 
paraquat shows the practicality of the method for 
fortified and actual residue samples, and is being 
compared with a gas chromatography procedure. Our 
work with the ELISA illustrates that the 
immunochemical technology can be used to solve 
problems encountered in pesticide residue analysis. 

I t has been stated that progress i n p e s t i c i d e a n a l y s i s w i l l no 
longer be made i n search of the p r o v e r b i a l zero residue l e v e l of 
d e t e c t a b i l i t y , but rather w i l l l i e i n de v i s i n g methods of greater 
s e l e c t i v i t y f o r the p o s i t i v e i d e n t i f i c a t i o n of nanogram q u a n t i t i e s 
of p e s t i c i d e residues (J_). We could add to t h i s statement the 
need f o r assays of g r e a t l y reduced cost and increased speed. Many 
residue procedures are too expensive to be used r o u t i n e l y i n 
regulatory procedures or, perhaps of greater importance, to be 
employed e f f e c t i v e l y i n optimizing p e s t i c i d e usage and monitoring 
worker health and safety. Immunochemical methods of a n a l y s i s o f f e r 
many advantages, i n c l u d i n g s e n s i t i v i t y , s p e c i f i c i t y , and speed o f 
a n a l y s i s (2). Compounds which are most d i f f i c u l t to analyze by 
c l a s s i c a l procedures due to high p o l a r i t y or low v o l a t i l i t y are 
frequently amenable to a n a l y s i s by immunochemistry. We are now 
i n v e s t i g a t i n g enzyme-linked immunosorbent assays (ELISAs) rather 
than radioimmunoassays (RIAs) f o r p e s t i c i d e residue work. ELISAs 
are quicker, cheaper, and s a f e r than RIAs as r a d i o a c t i v i t y i s not 
used. However, as a l l immunoassays fu n c t i o n on the p r i n c i p l e of 
mass ac t i o n , the same immunochemical t o o l s can be used to devise a 
number of d i f f e r e n t assay procedures. 

General ELISA Methodology 

Immunoassays are p h y s i c a l rather than b i o l o g i c a l assays; they 
possess the s p e c i f i c i t y and s e n s i t i v i t y o f bioassays with the speed 
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and p r e c i s i o n of p h y s i c a l assays. S p e c i f i c antibodies are r a i s e d 
i n an experimental animal i n response to a l a r g e f o r e i g n molecule 
(antigen). Most p e s t i c i d e molecules are not l a r g e enough to 
stimulate the immune system, and must be conjugated to a large 
molecule such as a p r o t e i n . Antibodies against the p e s t i c i d e are 
then obtained using t h i s p e s t i c i d e - p r o t e i n conjugate. A small 
molecule which becomes immunogenic a f t e r attachment to the l a r g e 
c a r r i e r molecule i s termed a hapten. The p e s t i c i d e may already 
have a f u n c t i o n a l i t y , such as -OH, -SH, -C00H, or -NHg, u s e f u l 
f o r conjugation to the c a r r i e r , but frequently a d e r i v a t i v e of the 
p e s t i c i d e possessing such f u n c t i o n a l i t y must f i r s t be synthesized 
before conjugation can occur. In e i t h e r case antibodies can be 
obtained which are d i r e c t e d against the o r i g i n a l p e s t i c i d e . 

Serum antibodies are heterogeneous molecules o f varying 
antigen s p e c i f i c i t y and a f f i n i t y . Within t h i s p o l y c l o n a l 
population, there are probably antibodies present which recognize 
the c a r r i e r p r o t e i n , but the c o n t r i b u t i o n o f these antibodies to 
assay binding can be eliminate
(£). Monoclonal antibod
the clone with the highest r e c o g n i t i o n to hapten. Although 
p o l y c l o n a l antibodies are adequate f o r most ELISAs, monoclonal 
antibodies could be developed against p e s t i c i d e haptens y i e l d i n g an 
a n a l y t i c a l reagent that i s p h y s i c a l l y , chemically, and 
immunologically homogeneous. As monoclonal antibodies would be i n 
a v i r t u a l l y u n l imited supply, ELISAs could be e a s i l y standardized 
as s e v e r a l l a b o r a t o r i e s would be using the same antibody clone. 
Although a very small amount of antibody i s needed per ELISA, 
having a l a r g e supply of monoclonals could a l l e v i a t e f e a r s o f 
eventually exhausting one's supply. Hammock and Mumma (£) 
discuss some of the advantages of hybridoma technology. Yet, i t i s 
important to consider that, i n some cases, p o l y c l o n a l s w i l l be 
superior to monoclonal antibodies, unless one i s developing a 
s o p h i s t i c a t e d system f o r avoiding the separation step i n p e s t i c i d e 
Immunoassay, i t w i l l be a r a r e s i t u a t i o n where production of 
monoclonal antibodies f o r p e s t i c i d e residue a n a l y s i s can be 
j u s t i f i e d on a purely s c i e n t i f i c b a s i s . However, as immunoassay of 
p e s t i c i d e s moves i n t o the p r i v a t e sector, there w i l l be compelling 
a d m i n i s t r a t i v e and l e g a l pressures to employ monoclonal anti b o d i e s . 
For these reasons they may dominate the f i e l d i n a few years. 

The ELISA i s based on the f a c t that antigen or antibody can be 
attached to a solid-phase support while r e t a i n i n g immunological 
a c t i v i t y , and that e i t h e r antigen or antibody can be l i n k e d to an 
enzyme with the complex r e t a i n i n g both immunological and enzymatic 
a c t i v i t y . A v a r i e t y of enzymes, i n c l u d i n g a l k a l i n e phosphatase, 
horseradish peroxidase, and glucose oxidase have been l i n k e d t o 
antibodies and antigens. This method has been used s u c c e s s f u l l y 
f o r d e t e c t i o n o f e i t h e r antigen or antibody (3-4) f and i t has 
been used by us f o r the d e t e c t i o n o f nucleotides, i n s e c t i c i d e s , 
s u r f a c t a n t s and a v a r i e t y of other compounds. 

To perform a microplate ELISA f o r the measurement of antigen, 
p l a t e s s e n s i t i z e d with the s p e c i f i c antigen are incubated with a 
mixture of reference antibody and the t e s t sample. I f antigen i s 
present i n the t e s t s o l u t i o n , i t combines with the reference 
antibody which cannot then r e a c t with the s e n s i t i z e d p l a t e . The 
amount of antibody attached to the s o l i d phase i s then i n d i c a t e d by 
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an enzyme labelled anti-immunoglobulin conjugate and enzyme 
substrate. There i s a proportional relationship between the amount 
of inhibition of substrate converted to products i n the test sample 
and to the amount of antigen in the test system. We routinely run 
samples in plastic plates containing 50 wells with which a l l of the 
procedures can be executed very rapidly. The end point of the 
assay i s the bright yellow color of p-nitrophenol, an end product 
from the alkaline phosphatase-mediated hydrolysis of p-nitrophenyl 
phosphate; this product can be visually estimated for 
semi-quantitative answers or rapidly and precisely measured i n an 
inexpensive colorimeter for quantitation. 

Immunoassays can be designed to analyze parent compounds and 
metabolites separately or as a group. Ercegovich (5.) obtained 
antibodies against parathlon which also detected i t s metabolite 
p-nitrophenol. Other workers were successful i n raising antibodies 
to DDT and malathion metabolites (6-7). Although the 
specificity of immunoassays are usually very high there i s no 
guarantee against cros
techniques require controls
immunoassays are quickly and easily performed so that the necessary 
controls can be run to check for interferences. The sensitivity 
and selectivity of immunoassays can also greatly reduce the cost of 
analysis by minimizing the amount of sample preparation. 

Examples of Pesticide Immunoassays 

We w i l l f i r s t review several of the immunoassays developed in this 
laboratory as they i l l u s t r a t e some of the advantages of immunoassay 
in pesticide residue analysis. Then we w i l l move on to a more 
detailed discussion of our recent analytical work with the 
herbicide paraquat. 

Diflubenzuron. The benzoylphenyl urea insect growth 
regulators, for example, pose a formidable residue analysis 
problem. The compounds are nonvolatile and thus must be 
derivatized for GC analysis by a rather arduous chemical procedure. 
The immunoassay developed i n this laboratory i s much more sensitive 
and reproducible at a fraction of the cost and can be used to 
analyze the more d i f f i c u l t matrices such as milk. For instance, a 
sensitivity of 1 ppb i s routinely obtained when milk i s added 
directly to the assay (£.)· A series of partition steps can 
also be added to further clean diflubenzuron milk extracts yielding 
a sensitivity in the low ppt range (£.). However this increase 
in sensitivity may not be needed since methods in current use 
provide a detection limit of only 10-50 ppb. 

An impressive aspect of Immunoassays i s their specificity. One 
immunoassay for diflubenzuron can distinguish i t from the very 
closely related BAY SIR 8514 as well as a variety of other closely 
related materials (£)· High resolution HPLC columns can resolve 
these compounds but the analysis i s slow and expensive. The ELISA 
can distinguish these materials when applied directly, or less 
specific assays can be used as a highly selective detector when used 
as an adjunct to HPLC. 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



310 BIOREGULATORS FOR PEST CONTROL 

^ 0 Η 0 H ^ 0 Η 0 H 
- N - C - N - ^ ^ - 0 C F 3 

F Diflubenzuron BAY SIR 8514 

Surfactants have many industrial applications 
and are found in such diverse products as pesticide formulations and 
cosmetics. These nonionic compounds are d i f f i c u l t to extract, clean 
up, and analyze and, consequently, no sensitive method existed for 
their analysis. An ELISA was developed in this laboratory which 
distinguishes between the nonionic surfactants Triton X and Triton Ν 
(10). These compounds, mixtures of ethoxylates of varying length 
of 4-(1,1,3f3-tetramethylbutyl)phenol and 4-nonylphenol, give 
numerous overlapping peaks upon chromatographic analysis and have 
almost identical UV and IR spectra  An ELISA has been developed for 
class selective detectio
detects the 4-(1,1,3f3-tetramethylbutyl)pheny
distinguish among molecules with ethoxylated side chains of varying 
lengths. 

CH 3 H3C 
C H 3 - Ç - C H 2 - Ç H ^ ^ - ( O C H 2 C H 2 ) ^ O H C 9 H I 9 - ^ ^ - ( 0 C H 2 C H 2 ) ^ 0 H 

CH 3 H3C ~~ 
Triton X Triton Ν 

S-Bioallethrin. The pyrethroid S-bioallethrin (1R,3R,4,S) and 
i t s inactive isomer (1S,3S,4fR) can be readily distinguished by 
another ELISA procedure, i l l u s t r a t i n g the assay's a b i l i t y to 
determine chirality at the residue level (Figure 1). Antibodies 
were raised against S-bioallethrin using the allethrin hemisuccinate 
conjugated to various proteins (11-12). 

0 0 

S-Bioallethrin 1S,3S,4'R Allethrin 

Pyrethroids, as well as some carbamate and organophosphate 
insecticides, are marketed as isomer mixtures, each isomer having a 
different degree of activity. It can be expected that environmental 
degradation and metabolism w i l l occur preferentially with some 
isomers. Thus the a b i l i t y to distinguish between optical isomers at 
the residue level may be of c r i t i c a l importance in monitoring the 
safety of treated substances. 

Paraquat 

During a recent year, over 950,000 pounds of paraquat dichloride 
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( I j I ' - d i m e t h y l - ^ ' - b i p y r i d i n i u m d i c h l o r i d e ) was used i n C a l i f o r n i a 
a g r i c u l t u r e (11). Much of t h i s h e r b i c i d e was used on cotton, 
p r i m a r i l y as a harvest a i d . The value o f t h i s cotton production i s 
estimated to exceed one b i l l i o n d o l l a r s (H) . Although i t i s 
e x t e n s i v e l y used, l i t t l e i s known regarding the long term chronic 
e f f e c t s o f paraquat exposure. 

Paraquat has a number of b i o l o g i c a l e f f e c t s , but i t s main 
biochemical a c t i o n i s apparently as a potent redox uncoupler. 
Regardless of the route of administration, symptoms of paraquat 
poisoning are centered i n the lungs l e a d i n g to f i b r o s i s and 
pneumonia (15.). Submicrogram q u a n t i t i e s of paraquat deposited 
i n the lung can cause f i b r o t i c l e s i o n s (16) which could lead to 
asthma and emphysema symptoms i n c h r o n i c a l l y exposed i n d i v i d u a l s 
(11). unfortunately, the conventional methods of a n a l y s i s of 
paraquat are too l a b o r i o u s and/or i n s e n s i t i v e to handle the l a r g e 
sample load generated by rigorous studies needed to evaluate human 
exposure. 

Immunochemical procedure
d i f f i c u l t y . F a c t o r ! an
f o r paraquat, and Niewola et a l . , (H) reported an ELISA f o r 
estimating paraquat i n serum. Thi s ELISA i s s i m i l a r to ours but 
uses a d i f f e r e n t enzyme, incubation temperature and time, and shows 
a high degree o f cross r e a c t i v i t y with e t h y l paraquat. Methods 
s i m i l a r to those p r e v i o u s l y reported were used to generate paraquat 
haptens f o r our study. N-Methyl-4-(4-pyridyl)pyridinium bromide was 
reacted with e t h y l 5-bromovalerate forming a paraquat analogue 
capable o f conjugating with a p r o t e i n . New Zealand white r a b b i t s 
were i n j e c t e d with a paraquat-protein conjugate and antibodies 
capable o f r e c o g n i z i n g paraquat were obtained. The antibodies are 
q u i t e s e l e c t i v e showing no cross r e a c t i v i t y to compounds 
s t r u c t u r a l l y r e l a t e d to paraquat (e.g. e t h y l paraquat, 
NjN'-dimethyl-ijjlp-bipiperidine) or compounds used i n conjunction 
with paraquat (e.g. d i q u a t ) . 

Using the s e l e c t i v e antibody f o r paraquat, environmental 
samples can be analyzed with l i t t l e or no cleanup. Sample 
throughput can be measured i n samples per hour rather than days per 
sample. This was a remarkable discovery as paraquat i s notorious 
f o r r e q u i r i n g extensive sample preparation. The l i m i t of d e t e c t i o n 
(2 ng/ml) i n the ELISA procedure i s a l s o much lower than the 
c o l o r i m e t r i c procedure, which has a s e n s i t i v i t y o f 200 ng/ml (20), 
and lower than the GC procedure (Figure 2) (21). Perhaps the 
greatest advantage i s the speed of the ELISA enabling l a r g e numbers 
of samples to be analyzed without r e q u i r i n g an extensive cleanup 
procedure, thus reducing a n a l y t i c a l time. 

G a s - l i q u i d chromatography f o l l o w i n g reduction of paraquat to 
the mono- and diunsaturated d e r i v a t i v e s (£1) i s o f adequate 
s e n s i t i v i t y f o r most work when N- s e l e c t i v e detectors are employed. 
Seiber and Woodrow (22.) modified t h i s method f o r assaying 
paraquat i n a i r samples. The method i s time consuming and labor 
i n t e n s i v e , i n v o l v i n g a c i d e x t r a c t i o n and many concentration and 
evaporation steps. The maximum sample output per a n a l y s t per day i s 
6-8 with no d u p l i c a t e s . The reported recovery e f f i c i e n c y was 75$ 
(22.) 9 although an e f f i c i e n c y c l o s e r to 50$ i s frequently 
encountered i n p r a c t i c e . A modified a c i d e x t r a c t i o n combined with 
a n a l y s i s by the ELISA provides r e c o v e r i e s of 75$ (Figure 3). T h i s 
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P A R A Q U A T C A T I O N n g / m l 

P A R A Q U A T C A T I O N u g / m I 

Figure 2. Standard curves f o r paraquat using ELISA (top), 
(middle), and colorimetry (bottom). 
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Incubate with 
Antibody 

Glass F i b e r F i l t e r ^ELISA 60$ E x t r a c t i o n E f f i c i e n c y 

I 2 steps 

Extr a c t with 6N HC1 

Concentrate & Centrifuge 

Paraquat i n 6N HC1 

Evaporate

5 Steps 

E x t r a c t with sat'd NH 4HC0 3 

Centrifuge 

Paraquat i n sat'd NH^HCO, 

Evaporate 

Dissolve i n NaOH (NaBH^) 

Heat (60°C) f o r 12 min 

Cool, e x t r a c t with e t h y l acetate 

Reduced Paraquat (monoene & diene) i n e t h y l acetate 

50$ E x t r a c t i o n E f f i c i e n c y 
11 Steps 
DB-1 30 m c a p i l l a r y 
NP de t e c t i o n (HP 5710A) 
Sum monoene and diene peaks 

Gas Chromatography 

Figure 3. Comparison of sample preparation steps f o r a n a l y s i s 
of paraquat on a i r f i l t e r s using ELISA and gas chromatography. 
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i l l u s t r a t e s the s u c c e s s f u l adaptation of an e x t r a c t i o n technique 
intended f o r use with GC determination to an immunochemical method 
of a n a l y s i s . A l t e r n a t i v e l y , the antibody i t s e l f can be used to 
e x t r a c t paraquat from a g l a s s f i b e r f i l t e r , e l i m i n a t i n g the 
time-intensive e x t r a c t i o n procedure. Using the s p e c i f i c antibodies 
f o r e x t r a c t i o n with subsequent d e t e c t i o n by ELISA, 50 samples can be 
analyzed In t r i p l i c a t e i n one day with a routine e x t r a c t i o n 
e f f i c i e n c y of 60$ (Figure 3). However, t h i s method uses a r a t h e r 
l a r g e amount of antibody making the modified a c i d e x t r a c t i o n 
procedure prefe r a b l e f o r analyzing a large sample load. 

This r a p i d sample-processing c a p a b i l i t y makes i t f e a s i b l e to 
measure exposure of f i e l d workers l i t e r a l l y on the same day the 
exposures occur. In order to t e s t t h i s c a p a b i l i t y a i r sampling was 
conducted i n the San Joaquin v a l l e y during a paraquat a p p l i c a t i o n on 
cotton, and the samples are now being analyzed using both ELISA and 
GC methods to compare the two techniques i n terms of speed, 
p r e c i s i o n (by c a l c u l a t i n g the percent c o e f f i c i e n t of v a r i a t i o n )  and 
accuracy (by comparing r e s u l t
techniques). Preliminar
w e l l with GC l i t e r a t u r e values i n these three parameters and 
a d d i t i o n a l l y has the a n t i c i p a t e d greater sample throughput 
c a p a b i l i t y . 

Conclusions 

I t i s probable that i n c e r t a i n s i t u a t i o n s immunochemical methods 
w i l l provide d i s t i n c t advantages over conventional a n a l y t i c a l 
methods. However, i t i s u n l i k e l y that immunochemical methods w i l l 
completely replace current, e s t a b l i s h e d a n a l y t i c a l methods of 
p e s t i c i d e a n a l y s i s (JL). This i s i n s p i t e of the f a c t that 
chemical c l a s s e s c u r r e n t l y assayed by immunochemical techniques i n 
c l i n i c a l a n a l y t i c a l l a b s contain the same type o f f u n c t i o n a l groups 
as many p e s t i c i d e s . 

ELISA could p o t e n t i a l l y be used advantageously i n many types of 
exposure and monitoring s i t u a t i o n s , f o r paraquat and other 
p e s t i c i d e s amenable to ELISA a n a l y s i s . An obvious use of ELISA i s 
the d e t e c t i o n of p e s t i c i d e residue l e v e l s i n plant and animal 
t i s s u e s , or food e x t r a c t s . B i o l o g i c a l specimens such as plasma and 
urine c u r r e n t l y analyzed by RIA seem p a r t i c u l a r l y amenable to 
a n a l y s i s by ELISA. Portable f i e l d k i t s could be developed to 
determine safe worker re-entry times i n t o t r e a t e d f i e l d s . 
Environmental samples such as s o i l , water, and a i r , can be analyzed 
by the ELISA. P e s t i c i d e conjugates have been proposed f o r s k i n 
t e s t i n g of i n d i v i d u a l s suspected o f s e n s i t i v i t y to p e s t i c i d e s 
(£) ; the ELISA could be used to detect s p e c i f i c antibodies i n 
these i n d i v i d u a l s and a i d i n exposure s t u d i e s . 

Antibodies have been r a i s e d against representative compounds 
from the major c l a s s e s of p e s t i c i d e s . Although the ELISA w i l l be 
u s e f u l f o r i n d i v i d u a l a n a l y s i s o f a wide v a r i e t y o f compounds, i f 
one needed to analyze s e v e r a l d i f f e r e n t compounds simultaneously i n 
one matrix immunoassay may not be the method of choice, due to the 
l a r g e amount of c o n t r o l s and standards needed. However, i t could be 
s u c c e s s f u l l y used f o r the r a p i d screening of a l a r g e number of 
samples f o r the presence o f s p e c i f i c types of p e s t i c i d e s and f o r 
confirmatory t e s t s (JL). The work reported here with paraquat, 
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allethrin, diflubenzuron, Triton X and Triton Ν provides evidence of 
the ELISA's ability to distinguish closely related compounds. The 
ELISA promises to be a good supplement to current methods of residue 
analysis. 
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A Direct C o r r e l a t i o n Between Bioassay and ELISA for 
the Bacillus t h u r i n g i e n s i s var. israelensis δ-endotoxin. 

Peter Y. K. Cheung and Bruce D. Hammock 

Department of Entomology 
University of California 
Davis, California 95616 

A partially purified Bacillus thuringiensis var. 
israelensis (Bti) δ-endotoxin was used to immunize 
rabbits. The antisera obtained have an improved spe
cificity towards the mosquito larvacidal activity of 
the toxin, as opposed to antiserum raised when the 
whole crystal was used as immunogen. Using a two 
step/indirect ELISA (enzyme linked immunosorbent 
assay) procedure developed in our laboratory, fourteen 
experimental formulations were tested, and the results 
were compared with bioassays. An average of 69.1 
international units ± 20% c.v. was found to associate 
with each ug of toxin detected by the ELISA. Our data 
indicate that when toxin specific antisera are 
available, immunoassays can be used to predict the 
biological activity of Bti samples with reasonable 
accuracy. 
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Euplectrus plathypenae Parasitization of Trichoplusia ni. Effect 
on Weight Gain, Ecdysteroid Titer and Molting. 

Thomas A. Coudron and Thomas J. Kelly 1/ 

U. S. Department of Agriculture 
Biological Control of Insects Research 
Laboratory, P. O. Box A 
Columbia, MO 65205 

Euplectrus spp. (Hymenoptera: Eulophidae) are gre
garious ectoparasites of several lepidopteran species 
that are pests to agricultural crops. Parasitization 
of Trichoplusia ni larvae by Euplectrus plathypenae 
results in an inhibition of the larval larval molting 
process in the host. A f t e r parasitization the host 
temporarily r e f r a i n s from eating and lags behind the 
synchronized non-parasitized larvae in weight gain. 
However the parasitized larvae does resume eating and 
continues to increase its body weight p r i o r to the 
development of the p a r a s i t e l a r v a e . There is no s i g n 
of new cuticle formation in parasitized l a r v a e . A 
prolonged a s s o c i a t i o n between the parasite and host is 
not necessary to elicit an effect on the host. Larvae 
which are immediately separated from the parasitic egg 
will fail to molt i n t o the next instar. The inhibi
tion of host molt may be r e l a t e d to the absence of 
peak in the ecdysteroid titer i n the hemolymph which 
occurs 20 hrs before ecdysis in non-parasitized T. ni. 
This unique type of host development c o n t r o l appears 
to be distinct from the par a l y z i n g effect of many 
Hymenoptera venoms and the algogenic effects of some 
Hemiptera salivary toxins. 

RECEIVED February 11, 1985 

* Current address: Insect Reproduction Laboratory, BARC-E, 
Bldg. 306, B e l t s v i l l e , MD 20705 
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Role of Natural Product Chemistry 

J . R. PLIMMER 

Agrochemicals and Residues Section, Joint FAO/IAEA Division, International Atomic Energy 

Agency, Vienna, Austria 

The rapidly expanding growth of knowledge of natural 
product structures now provide clearer understanding 
of biochemical mechanisms
"biorational" approache
control agents. Natural products may be of 
potential value in pest control in several ways. 
They may be a source of structures for screening. 
They may possess activity that is applicable to pest 
control directly or after structural modification of 
the original structure. Finally, the recognition of 
their function in nature may suggest new approaches 
to pest control. However, their practical 
application may be limited by economics. Resistant 
plants are important in managing insect pests and 
their resistance may arise from many factors. Some 
plants contain insecticidal principles that may be 
exploited. Compounds that modify insect behaviour 
are not directly lethal, but may be valuable in pest 
control. However, their efficacy may be difficult 
and costly to determine. 

D u r i n g t h e l a t t e r h a l f o f t h e n i n e t e e n t h c e n t u r y and t h e e a r l y 
d ecades o f t h e t w e n t i e t h c e n t u r y , t h e groundwork o f s t r u c t u r a l 
o r g a n i c c h e m i s t r y was l a i d . I n 1828, t h e t h e o r y t h a t a " v i t a l 
f o r c e 1 * was u t i l i z e d i n p l a n t s and a n i m a l s t o e l a b o r a t e n a t u r a l 
p r o d u c t s was d i s p r o v e d , when Wohle r announced t h a t u r e a c o u l d be 
form e d by h e a t i n g ammonium c y a n a t e . The i n v e s t i g a t i o n o f t h e 
t h e o r e t i c a l b a s i s o f o r g a n i c c h e m i s t r y r e c e i v e d i t s s t i m u l u s n o t 
o n l y f r o m t h e c o n t e m p o r a r y s p i r i t o f p h i l o s o p h i c a l i n q u i r y , b u t 
a l s o f r o m t h e p r o s p e c t s o f a p r a c t i c a l outcome. The i n d u s t r i a l 
r e v o l u t i o n had as i t s b a s i s t h e a v a i l a b i l i t y o f e n e r g y i n t h e 
f o r m o f c o a l . C o a l gas was u s e d f o r l i g h t i n g e a r l y i n t h e 
n i n e t e e n t h c e n t u r y . C o a l t a r was r e c o g n i z e d as a s o u r c e o f 
o r g a n i c c h e m i c a l s , and W.H. P e r k i n ' s d i s c o v e r y o f t h e f i r s t c o a l 
t a r dye i n 1856 o c c u r r e d when he a t t e m p t e d p r e p a r a t i o n o f q u i n i n e 
by o x i d a t i o n o f a n i l i n e . S u b s e q u e n t l y , s y n t h e t i c d y e s t u f f s 
r a p i d l y r e p l a c e d t h o s e f r o m n a t u r a l s o u r c e s . The a b i l i t y t o 
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p r o d u c e a v a r i e t y o f s y n t h e t i c c h e m i c a l s f r o m c o a l t a r and 
s u b s e q u e n t l y f r o m p e t r o l e u m f e e d s t o c k s has g r e a t l y i n f l u e n c e d t h e 
devel o p m e n t o f t h e c h e m i c a l i n d u s t r y . 

The p r e v a l e n c e o f s t r u c t u r a l t y p e s b a s e d on a r o m a t i c o r 
h e t e r o a r o m a t i c n u c l e i among c h e m i c a l s a v a i l a b l e f r o m c o a l t a r o r 
p e t r o l e u m c o n t r a s t s w i t h t h e s t r u c t u r a l t y p e s t h a t r e p r e s e n t t h e 
ma j o r g r o u p s o f n a t u r a l p r o d u c t s . C h e m i c a l s f r o m n a t u r a l s o u r c e s 
a r e a r i c h s o u r c e o f s t r u c t u r a l d i v e r s i t y and r e f l e c t t h e 
c o m p l e x i t y o f b i o l o g i c a l s y s t ems i n w h i c h t h e p r o c e s s e s o f 
b i o s y n t h e s i s and t h e b i o l o g i c a l r o l e s o f m o l e c u l e s have undergone 
c o n t i n u a l change and m o d i f i c a t i o n . 

N a t u r a l p r o d u c t c h e m i s t r y r e m a i n s a c h a l l e n g i n g b r a n c h o f 
s t u d y . P r o g r e s s i n b o t h t h e o r y and p r a c t i c e o f o r g a n i c c h e m i s t r y 
has h a s t e n e d t h e p r o c e s s o f e l u c i d a t i o n o f m o l e c u l a r s t r u c t u r e . 
The p a u c i t y o f s t a r t i n g m a t e r i a l and r e l a t i v e l y p r i m i t i v e 
t e c h n o l o g y had, i n some c a s e s , meant t h a t a l m o s t a c e n t u r y was 
r e q u i r e d t o e s t a b l i s h d e t a i l s o f m o l e c u l a r s t r u c t u r e . M o l e c u l e s 
o f even moderate c o m p l e x i t
modern i n s t r u m e n t a l t e c h n i q u e
s e p a r a t i o n , c h a r a c t e r i z a t i o n , and s t e r e o c h e m i s t r y . W i t h i n t h e 
l a s t t h r e e d e c a d e s , i t has become p o s s i b l e t o d e r i v e s t r u c t u r a l 
i n f o r m a t i o n f r o m a few nanograms o f m a t e r i a l and t h e e l u c i d a t i o n 
o f s t r u c t u r e and s y n t h e s i s o f b i o l o g i c a l p o l y m e r s has now become 
a l m o s t r o u t i n e . I n a d d i t i o n , a b e t t e r u n d e r s t a n d i n g o f 
c o n f o r m a t i o n a l p r i n c i p l e s and t h e i n f l u e n c e o f s t e r e o c h e m i s t r y on 
r e a c t i v i t y o f m o l e c u l e s now c o n t r i b u t e s g r e a t l y t o r a p i d 
e l u c i d a t i o n o f s t r u c t u r e . 

B i o r a t i o n a l A p p r o a c h e s 

Such i n f o r m a t i o n has l e d t o e x p l o s i v e g r o w t h i n t h e u n d e r s t a n d i n g 
o f b i o c h e m i c a l p r o c e s s e s . Knowledge o f m e t a b o l i s m , b i o s y n t h e t i c 
p r o c e s s e s , n e u r o c h e m i s t r y , r e g u l a t o r y mechanisms, and many o t h e r 
a s p e c t s o f p l a n t , a n i m a l and i n s e c t b i o c h e m i s t r y has p r o v i d e d a 
b a s i s on w h i c h t h e mode o f a c t i o n o f a p e s t i c i d e may o f t e n be 
more c l e a r l y u n d e r s t o o d . The e x p l o i t a t i o n o f b i o l o g i c a l 
i n f o r m a t i o n c a n l e a d t o t h e s y n t h e s i s o f a new m o l e c u l e d e s i g n e d 
t o a c t a t a p a r t i c u l a r s i t e o r b l o c k a key s t e p i n a b i o c h e m i c a l 
p r o c e s s . 

The p o t e n t i a l v a l u e o f t h i s a p p r o a c h has g e n e r a t e d 
i n c r e a s i n g i n t e r e s t i n t h e f u n c t i o n i n g o f i n s e c t n e u r o s e c r e t o r y 
s y s t e m s . T h a t s e l e c t i v e c h e m i c a l c o n t r o l methods m i g h t emerge 
f r o m an i n c r e a s e d u n d e r s t a n d i n g o f i n s e c t b i o c h e m i s t r y became 
a p p a r e n t w i t h t h e d i s c o v e r y o f t h e i n s e c t j u v e n i l e hormones. 
I n v e s t i g a t i o n o f s e c r e t i o n s f r o m t h e c o r p o r a a l l a t a l e d t o t h e 
i d e n t i f i c a t i o n o f i n s e c t j u v e n i l e hormones and p r o v i d e d a 
s t i m u l u s f o r t h e s t u d y o f t h e m o l e c u l a r b a s i s o f i n s e c t 
p h y s i o l o g y ( 1 , 2, 3 ) . J u v e n i l e hormone a n a l o g u e s a r e p r o v i n g 
v e r y v a l u a b l e f o r s e l e c t i v e c o n t r o l o f i n s e c t s . A p o t e n t i a l l y 
more a t t r a c t i v e method a p p e a r s t o be t h e use o f c h e m i c a l s t h a t 
w o u l d b l o c k j u v e n i l e hormone p r o d u c t i o n , b e c a u s e s u c h compounds 
w o u l d s h o r t e n t h e l i f e t i m e o f t h e l a r v a e , t h e l i f e s t a g e o f t h e 
i n s e c t w h i c h i n f l i c t s most damage on t h e h o s t . S c r e e n i n g o f 
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p l a n t e x t r a c t s l e d t o t h e d i s c o v e r y t h a t p r e c o c e n e s ( f r o m t h e 
p l a n t A g e r atum h o u s t o n i a n i u m ) p o s s e s s e d t h i s p r o p e r t y (4), b u t 
t h e a c t i v i t y i s c o n s i d e r e d t o r e s u l t f r o m c y t o t o x i c i t y and 
d e g e n e r a t i o n o f t h e c o r p o r a a l l a t a (5, 6) and n o t f r o m s p e c i f i c 
i n t e r f e r e n c e w i t h b i o s y n t h e t i c r o u t e s . 

I n v e s t i g a t i o n o f t h e b i o s y n t h e t i c pathways i n v o l v e d i n t h e 
p r o d u c t i o n o f j u v e n i l e hormones ( t e t r a h y d r o - 4 - f l u o r o m e t h y l - 4 -
hydroxy-2H-pyran-2-one) i n t h e c o r p o r a a l l a t a r e v e a l e d t h e 
i n v o l v e m e n t o f m e v a l o n o l a c t o n e as an i n t e r m e d i a t e and l e d t o t h e 
s y n t h e s i s o f p o t e n t i a l b l o c k i n g a g e n t s w i t h t h e s u b s e q u e n t 
d i s c o v e r y o f t h e a c t i v i t y o f f l u o r o m e r a l o n o l a c t o n e as an 
i n h i b i t o r o f j u v e n i l e hormone b i o s y n t h e s i s (7). E x p l o i t a t i o n o f 
t h e s e f i n d i n g s has c o n t i n u e d i n a s e a r c h f o r more p o t e n t 
compounds o f p r a c t i c a l v a l u e (8). Such d i s c o v e r i e s gave r i s e t o 
t h e t e r m " b i o r a t i o n a l " t o d e s c r i b e s y n t h e t i c i n s e c t i c i d e s t h a t 
a r e d e s i g n e d by c o n s i d e r a t i o n o f s p e c i f i c b i o c h e m i c a l t a r g e t s . 

These d e v e l o p m e n t s i n d i c a t e p o t e n t i a l new modes o f s e l e c t i v e 
i n s e c t i c i d a l a c t i o n . Throug
p h y s i o l o g i c a l p r o c e s s e s
and t h e i n c r e a s e d knowledge o f t h e d i v e r s e b i o c h e m i c a l pathways 
s u g g e s t s new a p p r o a c h e s t o t h e d e s i g n o f p e s t i c i d e s . 

N a t u r a l P r o d u c t s i n P e s t C o n t r o l 

The u t i l i z a t i o n o f n a t u r a l p r o d u c t s i n p e s t c o n t r o l may be 
c o n s i d e r e d f r o m a number o f s t a n d p o i n t s . F i r s t , t h e v a r i e t y o f 
s t r u c t u r a l t y p e s p r o v i d e s a r i c h s o u r c e o f compounds o r models 
f o r c o n v e n t i o n a l s c r e e n i n g programmes. Second, c o n s i d e r a t i o n o f 
t h e known b i o l o g i c a l a c t i v i t y o f a n a t u r a l p r o d u c t may l e a d t o 
i t s a p p l i c a t i o n i n p e s t management, e i t h e r d i r e c t l y o r a f t e r 
s t r u c t u r a l m o d i f i c a t i o n . T h i r d , t h e r e c o g n i t i o n and 
u n d e r s t a n d i n g o f t h e f u n c t i o n o f a c h e m i c a l i n n a t u r e may r e v e a l 
p o t e n t i a l a p p r o a c h e s t o p e s t management. 

F o r c o n t r o l o f some p e s t p r o b l e m s , m a t e r i a l s f r o m n a t u r a l 
s o u r c e s have p r o v e d e x t r e m e l y s u c c e s s f u l . I n p a r t i c u l a r , many 
p l a n t , human, and a n i m a l d i s e a s e s a r e c o n t r o l l e d by a n t i b i o t i c s 
p r o d u c e d by m i c r o o r g a n i s m s . I n s e c t i c i d e s f r o m p l a n t s o u r c e s have 
been u s e d e f f e c t i v e l y f o r many y e a r s , b u t t h e s c a l e on w h i c h t h e y 
have been u s e d does n o t compare w i t h t h a t o f t h e s y n t h e t i c 
o r g a n i c i n s e c t i c i d e s i n t r o d u c e d i n t h e y e a r s f o l l o w i n g W o r l d War 
I I . 

A p p l i c a t i o n o f n a t u r a l p r o d u c t s t o p e s t c o n t r o l i s s u b j e c t 
t o s i m i l a r c o n s i d e r a t i o n s t o t h o s e t h a t a f f e c t s y n t h e t i c 
compounds. E l u c i d a t i o n o f s t r u c t u r e may be a r e l a t i v e l y r o u t i n e 
m a t t e r , b u t s y n t h e s i s may p r e s e n t d i f f i c u l t i e s , p a r t i c u l a r l y 
where t h e r e a r e s e v e r a l s t e r e o c h e m i c a l p o s s i b i l i t i e s . T h e r e a r e 
o f t e n g r e a t d i f f e r e n c e s i n b i o l o g i c a l a c t i v i t y among d i f f e r e n t 
s t e r e o i s o m e r s and t h e p r e s e n c e o f i n a c t i v e i s o m e r s i n a p r o d u c t 
may be u n d e s i r a b l e . However, s u c h t e c h n i c a l p r o b l e m s can be 
overcome as i n t h e c a s e o f t h e s y n t h e t i c p y r e t h r o i d s where 
s p e c i f i c s t e r e o i s o m e r s o f h i g h p u r i t y a r e now p r o d u c e d on a 
c o m m e r c i a l s c a l e . 

S c r e e n i n g f o r b i o l o g i c a l a c t i v i t y a l s o p r e s e n t s a m a j o r 
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p r o b l e m . B i o l o g i c a l t e s t i n g f o r many t y p e s o f a c t i v i t y i s 
i m p o r t a n t . I n s c r e e n i n g f o r i n s e c t i c i d a l a c t i v i t y , t h e number o f 
compounds p a s s i n g t h r o u g h r e s e a r c h and development s t e p s f r o m 
s y n t h e s i s t o m a r k e t p e r c o m m e r c i a l p r o d u c t was 14,500 i n 1979 
compared w i t h 1,800 i n 1956 ( 9 ) . The number o f compounds t h a t 
must be s c r e e n e d w i l l r i s e c o n s i d e r a b l y as t h e end o f t h e c e n t u r y 
a p p r o a c h e s . Thus, s c r e e n i n g must be r a p i d o r m o d i f i e d p r o c e d u r e s 
must be d e v i s e d . The p r o b l e m o f t e s t i n g f o r t y p e s o f b i o l o g i c a l 
a c t i v i t y o t h e r t h a n d i r e c t t o x i c i t y t o t h e t a r g e t o f t e n p r e s e n t s 
a d d i t i o n a l c o m p l e x i t y . 

I f t h e t y p e o f a c t i v i t y t o be examined i s n o t d i r e c t l y 
l e t h a l , i . e . c o n t r o l o f t h e p e s t o r s u p p r e s s i o n o f p e s t 
p o p u l a t i o n i s a c h i e v e d t h r o u g h e f f e c t s on b e h a v i o u r , d e v e l o p m e n t 
o r r e p r o d u c t i o n , t h e p r o b l e m o f b i o l o g i c a l t e s t i n g may become 
much more d i f f i c u l t , as may a l s o t h e p r o b l e m o f d e m o n s t r a t i n g 
e f f i c a c y . I t i s i n t h e s e a r e a s i n w h i c h t h e s p e c t r u m o f 
b i o l o g i c a l a c t i v i t y o f n a t u r a l p r o d u c t s i s most l i k e l y t o be 
c o n c e n t r a t e d . The i n t e r f a c
m o d i f i e d by a v a r i e t y o
t h e s e complex i n t e r r e l a t i o n s h i p s i s a d i f f i c u l t g o a l , b u t t h e 
e x p l o i t a t i o n o f " n a t u r a l products** f o r t h e b e n e f i t o f a g r i c u l t u r e 
w i l l depend on p r o g r e s s t o w a r d s i t . 

Economic A s p e c t s 

A m a j o r p r o b l e m i n a c h i e v i n g t h i s g o a l i s t h e q u e s t i o n o f 
r e s o u r c e s . The U.S. l o s e s a c o n s i d e r a b l e p e r c e n t a g e o f i t s 
a g r i c u l t u r a l p r o d u c t i o n t o p e s t s and a l s o pays h e a v i l y t o c o n t r o l 
p e s t s . Such l o s s e s have been e s t i m a t e d a t about $10 b i l l i o n 
a n n u a l l y ( 1 0 ) . However, t h e b e n e f i t o f r e d u c i n g l o s s e s c a n n o t be 
measured c o m p l e t e l y i n m o n e t a r y t e r m s . F a c t o r s s u c h as i m p r o v e d 
e n v i r o n m e n t a l q u a l i t y , c o n s e r v a t i o n and u t i l i z a t i o n o f l a n d and 
w a t e r r e s o u r c e s a r e d i f f i c u l t t o i n c l u d e i n t h e a r i t h m e t i c o f 
p o t e n t i a l b e n e f i t s . The supremacy o f p e s t i c i d e c h e m i c a l s as 
c o n t r o l a g e n t s has i n f l u e n c e d t h e p r o c e s s o f c o n t r o l l i n g p e s t s by 
e m p h a s i z i n g t h e p r o f i t a b i l i t y o f a m a r k e t as a m a j o r c r i t e r i o n 
f o r d e v e l o p m e n t . Such a c r i t e r i o n i s u s e f u l , b u t l i m i t e d i n i t s 
a p p l i c a b i l i t y . The e l i m i n a t i o n o f t h e screwworm f l y f r o m t h e 
s o u t h e r n U n i t e d S t a t e s p r o v i d e s an example o f a s u c c e s s f u l 
a l t e r n a t i v e a p p r o a c h t o c o n t r o l o f a m a j o r p e s t . B e n e f i t s t o t h e 
f a r m e r and consumer a r e a measure o f t h e de g r e e o f s u c c e s s o f 
t h i s programme. 

The d e v e l o p m e n t o f i n d i v i d u a l n a t u r a l p r o d u c t s t r u c t u r e s as 
p e s t i c i d e s w i l l be s u b j e c t t o t h e same economic f a c t o r s t h a t 
a f f e c t s y n t h e t i c p e s t i c i d e s . N a t u r a l p r o d u c t s do n o t d i f f e r f r o m 
compounds s y n t h e s i z e d i n t h e l a b o r a t o r y , b u t t h e y may, as 
p r o d u c t s o f b i o l o g i c a l p r o c e s s e s , be more r e a d i l y d e g r a d e d t h a n 
many man-made s t r u c t u r e s . A l t h o u g h t h e p o t e n t i a l f o r f a c i l e 
d e g r a d a t i o n may have f a v o u r a b l e i m p l i c a t i o n s f o r e n v i r o n m e n t a l 
s a f e t y , t h e r e i s l i t t l e j u s t i f i c a t i o n f o r t h e a s s u m p t i o n a 
p r i o r i . t h a t b e c a u s e a compound i s a n a t u r a l p r o d u c t , i t 
p o s s e s s e s no u n d e s i r a b l e t o x i c o l o g i c a l p r o p e r t i e s . T o x i c o l o g i c a l 
t e s t s must be p e r f o r m e d f o r b o t h n a t u r a l and man-made compounds 
b e f o r e r e g i s t r a t i o n as p e s t i c i d e s . 
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The c o s t o f d e v e l o p i n g and r e g i s t e r i n g a p e s t i c i d e f o r t h e 
U.S. m a r k e t i s a bout $20 m i l l i o n (11). T h e r e f o r e , t h e compounds 
d e v e l o p e d must have a l a r g e p o t e n t i a l m a r k e t . F o r an 
i n s e c t i c i d e , t h i s i m p l i e s b r o a d s p e c t r u m a c t i v i t y and use on 
s e v e r a l m a j o r c r o p s . W o r l d w i d e , o n l y a few m a j o r i n d u s t r i a l 
c o r p o r a t i o n s p o s s e s s a d e q u a t e r e s o u r c e s t o u n d e r t a k e s u c h 
a c t i v i t y . Thus, i t w i l l be d i f f i c u l t t o r e a l i s e t h e p o t e n t i a l o f 
n a t u r a l p r o d u c t s f o r p e s t c o n t r o l w i t h o u t r e c o u r s e t o a b r o a d e r 
i n s t i t u t i o n a l framework. 

The b i o l o g i c a l a c t i v i t y a s s o c i a t e d w i t h n a t u r a l p r o d u c t s i s 
o f t e n s p e c i e s - s p e c i f i c . F o r example, s u p p r e s s i o n o f i n s e c t 
p o p u l a t i o n by m a s s - t r a p p i n g o r by m a t i n g d i s r u p t i o n r e l i e s on 
t e c h n o l o g y t h a t i s s p e c i f i c f o r t h e t a r g e t i n s e c t . Such s p e c i f i c 
p e s t c o n t r o l methods have t h e m e r i t t h a t t h e y do n o t a d v e r s e l y 
a f f e c t b e n e f i c i a l i n s e c t s , b u t t h e y a r e r a r e l y a p p e a l i n g t o t h e 
m a j o r c o m m e r c i a l i n v e s t o r . The s p e c i f i c i t y o f s u c h methods and 
t h e i r l o w p o t e n t i a l f o r e n v i r o n m e n t a l p o l l u t i o n a p p e a r s t o o f f e r 
g r e a t p r o m i s e and, t o s t i m u l a t
an a p p r o p r i a t e r e s p o n s
t o x i c i t y and o t h e r t e s t i n g p r o c e d u r e s have been p r o p o s e d by t h e 
U.S. E n v i r o n m e n t a l P r o t e c t i o n Agency f o r b i o c h e m i c a l s t o 
f a c i l i t a t e r e g i s t r a t i o n (12). 

A l t h o u g h t h e r e g u l a t o r y a g e n c i e s have i n d i c a t e d t h e i r 
i n t e r e s t i n s t i m u l a t i n g new methods o f p e s t c o n t r o l as 
a l t e r n a t i v e s t o t h e use o f c o n v e n t i o n a l p e s t i c i d e s , t h e p r o b l e m s 
o f economic and s c i e n t i f i c d e v e l o p m e n t o f s u c h t e c h n i q u e s 
r e m a i n . T h e r e i s o f t e n much d i s p a r i t y i n p r o g r e s s i n d i f f e r e n t 
f i e l d s o f s c i e n c e . B r e a k t h r o u g h s o f t e n a r i s e when new t e c h n i q u e s 
o r i d e a s a r e t r a n s f e r r e d f r o m one f i e l d o f e n deavour t o a n o t h e r . 
Such a p r o c e s s o f c r o s s f e r t i l i z a t i o n i s h i n d e r e d by r i g i d 
a c ademic s e p a r a t i o n o f b a s i c d i s c i p l i n e s . The i n f o r m a t i o n 
r e q u i r e d f o r s u c c e s s f u l p e s t c o n t r o l does n o t r e s i d e s o l e l y i n 
t h e hands o f t h e c h e m i s t , b u t t h e c o o p e r a t i o n o f s e v e r a l 
s p e c i a l i s t s i s e s s e n t i a l . T h i s a p p l i e s p a r t i c u l a r l y t o methods 
o f i n s e c t c o n t r o l t h a t i n v o l v e m o d i f i c a t i o n o f b e h a v i o u r t h r o u g h 
t h e use o f a t t r a c t a n t s , r e p e l l e n t s o r r e s i s t a n t p l a n t s . 

R e s i s t a n t P l a n t s and E c o l o g i c a l C h e m i s t r y 

N a t u r a l p r o d u c t c h e m i s t r y has e v o l v e d t h r o u g h t h e s t a g e s o f 
s t r u c t u r a l e l u c i d a t i o n t o t h e e x a m i n a t i o n o f t h e f u n c t i o n o f 
n a t u r a l compounds w i t h i n e c o l o g i c a l s y s t e m s . E c o l o g i c a l 
c h e m i s t r y i s a g r o w i n g f i e l d o f s c i e n c e i n w h i c h p l a n t - i n s e c t , 
p l a n t - p l a n t , and o t h e r i n t e r o r g a n i s m a l r e l a t i o n s h i p s can be 
e xamined i n t e r ms o f t h e e f f e c t s o f c h e m i c a l s on b i o l o g i c a l 
f u n c t i o n s , t h u s p r o v i d i n g a more f u n d a m e n t a l a p p r e c i a t i o n o f 
p l a n t r e s i s t a n c e and t h e i n t e r r e l a t i o n s h i p between p e s t s and 
a g r i c u l t u r a l c r o p s . 

T h e r e i s a c h e m i c a l b a s i s f o r t h e i n t e r d e p e n d e n c e o f i n s e c t 
and p l a n t l i f e w i t h i n an e c o s y s t e m . A l t h o u g h t h e i n f l u e n c e o f 
h e r b i v o r e s , d i s e a s e s , e t c . and t h e m o r p h o l o g y o f i n s e c t s and 
p l a n t s a r e a l s o i m p o r t a n t , t h e n u t r i t i o n a l s t a t u s o f t h e p l a n t 
h o s t s s i g n i f i c a n t l y a f f e c t s t h e s u r v i v a l o f an i n s e c t community 
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and i t s v i g o r . D e s p i t e s i m i l a r i t i e s i n t h e m a j o r c o n s t i t u e n t s o f 
p l a n t s , i n s e c t s a r e h i g h l y s e l e c t i v e i n t h e i r f e e d i n g and o t h e r 
b e h a v i o u r s , s u c h as o v i p o s i t i o n , t h a t o c c u r i n a s s o c i a t i o n w i t h a 
s p e c i f i c h o s t . I n t h i s r e s p e c t , s e c o n d a r y p l a n t p r o d u c t s a r e 
e x t r e m e l y i m p o r t a n t and many t h o u s a n d s o f s e c o n d a r y p l a n t 
compounds have been e l a b o r a t e d d u r i n g t h e c o u r s e o f p l a n t 
e v o l u t i o n . Swain (13) d i s c u s s e d t h e o c c u r r e n c e and v a r i a t i o n o f 
s e c o n d a r y compounds i n terms o f p l a n t and i n s e c t c o e v o l u t i o n . 
Some o f t h e c o n t r o v e r s y c o n c e r n i n g t h e r o l e o f i n s e c t s i n 
c o e v o l u t i o n has been summarized i n an a r t i c l e by Feeny ( 1 4 ) . I n 
terms o f a g r i c u l t u r a l p e s t c o n t r o l , he s u g g e s t s t h a t r e s e a r c h 
s h o u l d c o n c e n t r a t e on t h e d i v e r s i t y o f compounds i n p l a n t s t h a t 
a r e t o x i c a t t h e m e t a b o l i c l e v e l ( a n t i b i o s i s ) r a t h e r t h a n a t t h e 
b e h a v i o u r a l l e v e l ( n o n p r e f e r e n c e r e s i s t a n c e ) . Feeny a l s o 
d i s c u s s e s t h e c o n c e p t o f " a p p a r e n c y " , w h i c h i s t h e s u s c e p t i b i l i t y 
o f p l a n t s o r p l a n t t i s s u e t o be d i s c o v e r e d by i n s e c t s . 
A g r i c u l t u r a l p r a c t i c e s o f t e n f a v o u r t h e " a p p a r e n c y " o f p l a n t s 
when m o n o c u l t u r e s e x t e n d i n
a t t r a c t i v e h o s t f o r i n s e c t s
needed o v e r and above t h o s e r e q u i r e d i n a n a t u r a l community. 
D e f e n c e s i n c l u d e c r o p p r o t e c t i o n c h e m i c a l s and t h e c u l t i v a t i o n o f 
p l a n t s w i t h a h i g h d e g r e e o f i n s e c t r e s i s t a n c e . The r e d u c t i o n o f 
" a p p a r e n c y " , e.g. by c r o p r o t a t i o n , w o u l d r e d u c e t h e need f o r 
d e f e n s i v e measures and m i g h t improve agronomic q u a l i t y by 
f a v o u r i n g p l a n t s i n w h i c h c o n s i d e r a b l e m e t a b o l i c r e s o u r c e s were 
n o t expended on s y n t h e s i s o f d e f e n s i v e compounds. 

R e s i s t a n t c r o p p l a n t s a r e t h e s u b j e c t o f i n t e n s i v e 
programmes o f r e s e a r c h . S t u d y o f t h e r e l a t i o n s h i p s among 
c h e m i c a l c o m p o s i t i o n , v a r i e t y and i n s e c t r e s i s t a n c e h a s , i n many 
i n s t a n c e s , made i t p o s s i b l e t o c o r r e l a t e o b s e r v e d r e s i s t a n c e t o 
i n s e c t a t t a c k w i t h p l a n t c h e m i s t r y . However, r e s i s t a n c e may be 
c o n f e r r e d by f a c t o r s o t h e r t h a n c h e m i c a l c o m p o s i t i o n , n o r i s 
p l a n t r e s i s t a n c e a l w a y s c o m p a t i b l e w i t h agronomic q u a l i t y . T h i s 
p r o b l e m and t h e p r o b l e m o f d i s c o v e r i n g new s o u r c e s o f r e s i s t a n t 
germplasm a r e m a j o r l i m i t a t i o n s o f t h e t e c h n i q u e . A l t h o u g h t h e 
h o s t - p l a n t r e s i s t a n c e method o f c o n t r o l u t i l i z e s mechanisms t h a t 
have e v o l v e d n a t u r a l l y , t h e s e l e c t i o n o f a g r o n o m i c a l l y v a l u a b l e 
s p e c i e s f o r c u l t i v a t i o n by man i n t e r f e r e s s u b s t a n t i a l l y w i t h t h e 
e v o l u t i o n a r y p r o c e s s . The mechanisms o f r e s i s t a n c e have been 
summarized (15) as n o n p r e f e r e n c e r e s i s t a n c e , a n t i b i o t i c 
r e s i s t a n c e , and t o l e r a n c e . I n t h e c a s e o f n o n p r e f e r e n c e 
r e s i s t a n c e , t h e p l a n t i s l e s s s u i t a b l e f o r f o o d , o v i p o s i t i o n o r 
s h e l t e r and r e s i s t a n c e may i n v o l v e c h e m i c a l o r p h y s i c a l f a c t o r s . 
The c h e m i c a l b a s i s o f r e s i s t a n c e i s g o v e r n e d by t h e complex o f 
compounds t h a t a f f e c t i n s e c t b e h a v i o u r , s u c h as f e e d i n g 
d e t e r r e n t s , o v i p o s i t i o n d e t e r r e n t s , a t t r a c t a n t s , e t c . i n c o n t r a s t 
t o a n t i b i o t i c r e s i s t a n c e where t h e p r e s e n c e o r absence o f 
compounds t h a t a f f e c t t h e de v e l o p m e n t o r s u r v i v a l o f t h e i n s e c t 
i s i n v o l v e d . T o l e r a n c e t o i n s e c t s i s t h e a b i l i t y o f t h e p l a n t t o 
s u r v i v e a t t a c k b e c a u s e p e s t damage i s r e p a i r a b l e o r does n o t 
i m p a i r t h e v i g o u r o f t h e p l a n t . K n i p l i n g (16) d i s c u s s e s t h e 
e f f e c t o f t h e t y p e s o f r e s i s t a n c e on i n s e c t p o p u l a t i o n and 
c o n s i d e r s t h a t a n t i b i o t i c r e s i s t a n c e s h o u l d have t h e g r e a t e s t 
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e f f e c t . H i g h m o r t a l i t y s h o u l d c a u s e a d e c l i n e i n i n s e c t 
p o p u l a t i o n s . T h i s w i l l , o f c o u r s e , depend on t h e r a t e o f 
i n c r e a s e o f i n s e c t p o p u l a t i o n s and t h e l e v e l o f a n t i b i o t i c 
r e s i s t a n c e , among o t h e r f a c t o r s . 

E x p e r i m e n t a l e v a l u a t i o n o f e f f e c t s on i n s e c t p o p u l a t i o n s 
p r e s e n t s a m a j o r s o u r c e o f d i f f i c u l t y and i t was e m p h a s i z e d i n 
t h e p r e c e d i n g d i s c u s s i o n t h a t a t o t a l e c o s y s t e m s t u d y w o u l d be 
r e q u i r e d t o d e t e r m i n e t h e e f f e c t i v e n e s s o f s u c h c o n t r o l measures 
and t h a t s m a l l p l o t s a r e i n a d e q u a t e . R e s i s t a n t p l a n t v a r i e t i e s 
a r e a d v a n t a g e o u s b e c a u s e t h e y r e d u c e numbers o f i n s e c t s , b u t f r o m 
t h e p o i n t o f v i e w o f t h e c h e m i s t s e e k i n g l e a d s t o s t r u c t u r e s o f 
h i g h b i o l o g i c a l a c t i v i t y , t h e s t u d y may be d i s a p p o i n t i n g 
p a r t i c u l a r l y i f a number o f f a c t o r s a r e i n v o l v e d . I n s t u d i e s o f 
r e s i s t a n c e , t e s t s f o r i n s e c t i c i d a l a c t i v i t y p e r se may y i e l d o n l y 
l i m i t e d i n f o r m a t i o n . A l t h o u g h p y r e t h r o i d s , r o t e n o i d s , n i c o t i n e , 
r y a n o d i n e , and a number o f o t h e r p l a n t components a r e 
i n s e c t i c i d a l , i t i s i m p o r t a n t i n a s c r e e n i n g programme t o 
r e c o g n i z e compounds t h a
t h e p r e c o c e n e s ( 4 ) , e c d y s o n e
as w e l l as compounds t h a t a f f e c t i n s e c t b e h a v i o u r , s u c h as t h e 
t a n n i n s , a z a d i r a c h t i n , and a number o f t e r p e n o i d s w h i c h a c t as 
i n s e c t a n t i f e e d a n t s . 

C h e m i c a l f a c t o r s a r e a l s o i n v o l v e d i n t h e r e s i s t a n c e o f 
p l a n t s t o d i s e a s e and i n t h e c o m p e t i t i v e a b i l i t y o f a p l a n t t o 
s u r v i v e w i t h i n a community o f p l a n t s . P l a n t s t r e s s may a l s o 
g e n e r a t e a c h e m i c a l r e s p o n s e g i v i n g r i s e t o compounds known as 
t h e p h y t o a l e x i n s , t h e n a t u r e o f w h i c h w i l l depend on t h e 
c h e m i s t r y o f t h e h o s t p l a n t ( 1 8 , 1 9 ) . Such r e s p o n s e t o i n j u r y o r 
i n f e c t i o n i s o f g r e a t i n t e r e s t b e c a u s e i t has s t i m u l a t e d 
i n v e s t i g a t i o n s o f t h e n a t u r e o f t h e b i o r e g u l a t o r y p r o c e s s e s 
i n v o l v e d . 

T h i s i s i l l u s t r a t e d i n t h e c a s e o f g r a p e v i n e s where t h e 
e x p l o i t a t i o n o f t h e d e f e n c e s o f t h e p l a n t a g a i n s t f u n g a l a t t a c k 
by v i n e downy m i l d e w ( P l a s m o p a r a v i t i c o l a ) and B o t r y t i s c i n e r e a 
has been s t u d i e d ( 2 0 ) . A g r o u p o f p h y t o a l e x i n s , t h e v i n i f e r i n s , 
w h i c h may be formed by o l i g o m e r i z a t i o n o f r e s v e r a t r o l ( a 
t r i h y d r o x y - t r a n s - s t i l b e n e ) were f o u n d o n l y i n i n f e c t e d o r i n j u r e d 
v i n e l e a v e s and had m oderate a n t i f u n g a l a c t i v i t y i n v i t r o . P r y c e 
(21) a l s o d i s c u s s e d t h e f o r m a t i o n o f a n t i f u n g a l compounds i n r i c e 
l e a v e s when t h e r i c e was t r e a t e d w i t h 
2 , 2 ~ d i c h l o r o - 3 , 3 - d i m e t h y l c y c l o p r o p a n e c a r b o x y l i c a c i d . Responses 
t h a t a r e e l i c i t e d when t h e n a t u r a l d e f e n c e s o f t h e p l a n t a r e 
s t i m u l a t e d s u g g e s t new a p p r o a c h e s t o t h e c o n t r o l o f d i s e a s e s o r 
p e s t s . 

N a t u r a l P r o d u c t s as Leads t o New P e s t i c i d e s 

N a t u r a l p r o d u c t s have p r o v i d e d l e a d s t o new p e s t i c i d e s . 
Knowledge o f t h e b i o l o g i c a l a c t i v i t y o f many p l a n t s has been 
r e c o r d e d i n t h e a n c i e n t p h a r m a c o p o e i a s o f I n d i a and C h i n a and i s 
p r e s e r v e d i n t h e f o l k l o r e o f most n a t i o n s . The p r a c t i c a l 
a p p l i c a t i o n o f much o f t h i s knowledge has p r o v e d d i f f i c u l t 
b e c a u s e i t has been a c c u m u l a t e d t h r o u g h o u t t h e ages and i t i s 
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b a s e d on a m i x t u r e o f e x p e r i e n c e , t r a d i t i o n , and m a g i c . N a t u r a l 
p r o d u c t s c o n t i n u e t o be s o l d as d r u g s o r as i n s e c t i c i d e s i n many 
p a r t s o f t h e w o r l d and t h e m a r k e t p l a c e i s e v i d e n c e o f t h e i r 
v a l u e . 

N i c o t i n e i s an example o f a n a t u r a l i n s e c t i c i d e t h a t has 
been i n use f o r many y e a r s . P y r e t h r i n , a c r u d e m i x t u r e o f 
n a t u r a l p y r e t h r o i d s , was u s e d by C a u c a s i a n t r i b e s as an 
i n s e c t i c i d e b e f o r e 1800. The e x t r a c t o f p y r e t h r u m f r o m 
chrysanthemum c i n a e r i a e f o l u m c o n t a i n s p y r e t h r i n s , c i n e r i n s and 
j a s m o l i n s . A l t h o u g h t h i s p r o d u c t was a v a l u a b l e i n s e c t i c i d e when 
few e f f e c t i v e i n s e c t i c i d e s were a v a i l a b l e , i t s use i n a g r i c u l t u r e 
has been l i m i t e d by i t s p h o t o c h e m i c a l i n s t a b i l i t y . R e placement 
o f s u c h n a t u r a l l y o c c u r r i n g i n s e c t i c i d e s by compounds s y n t h e s i z e d 
f r o m p e t r o c h e m i c a l s was f a v o u r e d by w a r t i m e c o n d i t i o n s . 
S y n t h e t i c i n s e c t i c i d e d e v e l o p m e n t and o f f i c i a l a c t i o n t o a p p r o v e 
t h e i r use have r e c e i v e d a d d i t i o n a l s t i m u l i b e cause s u p p l i e s o f 
i m p o r t e d i n s e c t i c i d e s have been r e s t r i c t e d f r o m t i m e t o t i m e by 
p o l i t i c a l o r economic f a c t o r
p y r e t h r o i d s were c o n t i n u e
a n a l o g u e s have been p r o d u c e d s i n c e t h e e l u c i d a t i o n o f t h e i r 
s t r u c t u r e . Some o f t h e e a r l i e s t o f t h e s e were s y n t h e s i z e d as 
soon as t h e n a t u r e o f t h e a c t i v e m a t e r i a l s had been e s t a b l i s h e d 
( 2 3 ) . I n t h e f o r e f r o n t o f r e s e a r c h on s y n t h e t i c p y r e t h r o i d s have 
been E l l i o t t and h i s c o - w o r k e r s . As a r e s u l t o f t h e i r s u s t a i n e d 
e f f o r t , t h e p y r e t h r o i d s have now a c h i e v e d i m p o r t a n t p o s i t i o n i n 
a g r i c u l t u r e . The m a j o r s t r u c t u r a l f e a t u r e s n e c e s s a r y f o r t h e i r 
a c t i v i t y have been e l u c i d a t e d ( 2 4 ) , and t h e r e a r e now many 
r e l a t e d compounds c o m m e r c i a l l y a v a i l a b l e . 

The new p y r e t h r o i d i n s e c t i c i d e s have r e q u i r e d many y e a r s f o r 
s u c c e s s f u l d e v e l o p m e n t , n o t w i t h s t a n d i n g t h e s t r u c t u r a l 
i n f o r m a t i o n a v a i l a b l e i n 1924. The e n v i r o n m e n t a l p e r s i s t e n c e o f 
t h e new p y r e t h r o i d s i s g e n e r a l l y l o w e r t h a n t h a t o f t h e 
o r g a n o c h l o r i n e i n s e c t i c i d e s , and t h e s t r u c t u r e i s c a p a b l e o f 
e x t e n s i v e m o d i f i c a t i o n w i t h r e t e n t i o n o f a c t i v i t y . F o r t u n a t e l y , 
t h e y were i n t r o d u c e d i n t o a g r i c u l t u r a l use a t a t i m e when heavy 
r e l i a n c e on o r g a n o c h l o r i n e i n s e c t i c i d e s was no l o n g e r f e a s i b l e 
and t h e r e was an u r g e n t need f o r new i n s e c t i c i d e s . 

T h i s g r o u p i s p e r h a p s t h e most o u t s t a n d i n g example o f 
n a t u r a l p r o d u c t s t h a t have p r o v i d e d l e a d s f o r m o d i f i c a t i o n . 
O t h e r g r o u p s o f n a t u r a l l y o c c u r r i n g i n s e c t i c i d e s have been 
i n v e s t i g a t e d , b u t w i t h o u t t h e same s p e c t a c u l a r d e g r e e o f 
s u c c e s s . Q u a s s i a , r o t e n o n e s , s a b a d i l l a , r y a n i a , mamey, and 
s e v e r a l o t h e r p l a n t p r o d u c t s have been u s e d as i n s e c t i c i d e s . The 
c h e m i s t r y o f t h e m a j o r g r o u p s i s known, b u t many p l a n t p r i n c i p l e s 
r e m a i n t o be e x p l o r e d ( 2 5 ) . S c r e e n i n g o f n a t u r a l p r o d u c t s 
p r e s e n t s a p r o b l e m and r a i s e s t h e i s s u e o f s u i t a b l e b i o a s s a y i n 
t erms o f i n s e c t s p e c i e s , t h e p a r t o f t h e p l a n t t h a t s h o u l d be 
examined and t h e a p p r o p r i a t e t e s t s f o r a c t i v i t y . 

The number o f d i s c o v e r i e s o f new i n s e c t i c i d e s b a s e d on 
n a t u r a l p r o d u c t s t r u c t u r e s as p r o t o t y p e s i s l i m i t e d , a l t h o u g h 
i n s e c t i c i d a l a c t i v i t y i s w i d e l y d i s t r i b u t e d i n n a t u r e . F o r 
e x ample, c a r b a m a t e s o c c u r i n n a t u r e and i t has l o n g been known 
t h a t p h y o s t i g m i n e , an a l k a l o i d f r o m t h e c a l a b a r bean, i s t o x i c t o 
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mammals. However, many o t h e r l i n e s o f t h o u g h t m i g h t have l e d t o 
t h e i n c l u s i o n o f c a r b a m a t e s i n an i n s e c t i c i d e s c r e e n i n g 
programme, ass u m i n g t h a t t h e y were n o t t o be i n c l u d e d on a random 
b a s i s . 

The p o w e r f u l a c t i o n o f some n a t u r a l p r o d u c t s on t h e c e n t r a l 
n e r v o u s s y s t e m may s u g g e s t t h e i r p o t e n t i a l v a l u e i n i n s e c t 
c o n t r o l . I f t h e i r mammalian t o x i c i t y c a n be r e d u c e d by 
s t r u c t u r a l m o d i f i c a t i o n t h e y may be u s e f u l i n s e c t i c i d e s . C a r t a p , 
a r i c e i n s e c t i c i d e , i s a b i s t h i o c a r b a m a t e . I t s s t r u c t u r e was 
b a s e d on t h a t o f t h e n a t u r a l p r o d u c t , n e r e i s t o x i n , a n e u r o t o x i n 
i s o l a t e d f r o m s h e l l f i s h , and i t i s l i k e l y t h a t an i n v i v o 
m e t a b o l i c c o n v e r s i o n o f c a r t a p t o n e r e i s t o x i n o r r e l a t e d compound 
i s r e s p o n s i b l e f o r i t s a c t i v i t y ( 1 1 ) . 

( C H 3 ) 2 NH C H(CH 2SCONH 2) 2 ^ ( C H 3 } 2 N H ^ C H 2 y 
m e t a b o l i s m C H ^ S 

c a r t a p n e r e i s t o x i n

As s c r e e n i n g t e c h n i q u e s become more s o p h i s t i c a t e d , t h e r a n g e 
o f compounds t h a t a r e p o t e n t i a l l y v a l u a b l e as l e a d s s h o u l d 
i n c r e a s e . A s , an example, t h e a n t i j u v e n i l e hormone a c t i o n o f t h e 
p r e c o c e n e s has been c i t e d . T h e i r s p e c t r u m o f a c t i v i t y i s 
l i m i t e d , b u t t h e s t u d y o f t h e i r a c t i o n has r e v e a l e d p o t e n t i a l 
b i o c h e m i c a l t a r g e t s i t e s . 

N a t u r a l l y o c c u r r i n g i n s e c t i c i d e s a r e s u b j e c t t o f l u c t u a t i o n s 
i n p r o d u c t i o n and a v a i l a b i l i t y and, i n d e v e l o p e d c o u n t r i e s , t h e y 
c a n r a r e l y compete e f f e c t i v e l y w i t h m a n u f a c t u r e d p r o d u c t s . A l l 
new s t r u c t u r e s must f a c e t h e same s e a r c h i n g t o x i c o l o g i c a l 
e x a m i n a t i o n w h e t h e r t h e y a r e n a t u r a l o r s y n t h e t i c i n o r i g i n and 
t h e i r economic p o t e n t i a l must, t h e r e f o r e , be e q u a l l y as 
a t t r a c t i v e . A l t h o u g h s u c h f a c t o r s may appear d i s c o u r a g i n g , 
c h e m i c a l s t h a t p o s s e s s u n u s u a l modes o f a c t i o n s u c h as 
b e h a v i o u r - m o d i f y i n g c h e m i c a l s have f o u n d an a c c e p t a b l e p l a c e i n 
p e s t management. 

B e h a v i o u r a l Compounds 

Many i n t e r a c t i o n s between i n s e c t s and i n s e c t s o r between p l a n t s 
and i n s e c t s a r e m e d i a t e d by c h e m i c a l s and i n t h e s e c t i o n on p l a n t 
r e s i s t a n c e , t h e r o l e o f n o n p r e f e r e n c e r e s i s t a n c e was d i s c u s s e d . 

T h e r e has been c o n s i d e r a b l e p r o g r e s s i n i s o l a t i n g and 
i d e n t i f y i n g compounds t h a t a f f e c t i n s e c t b e h a v i o u r . A r e c e n t 
r e v i e w c o n t a i n s more t h a n 800 r e f e r e n c e s t o t h e l i t e r a t u r e and 
l i s t s o v e r 300 compounds as i n s e c t a t t r a c t a n t s , a t t r a c t a n t 
pheromones and r e l a t e d compounds t o g e t h e r w i t h t h e c o r r e s p o n d i n g 
i n s e c t s p e c i e s ( 2 6 ) . O t h e r pheromones ( t r a i l pheromones, h a i r 
p e n c i l s e c r e t i o n s , e t c . ) , f e e d i n g d e t e r r e n t s , o v i p o s i t i o n 
d e t e r r e n t s , an o t h e r t y p e s o f b e h a v i o u r a l compounds a r e n o t 
i n c l u d e d i n t h i s c o m p r e h e n s i v e r e v i e w , b u t t h e volume o f 
i n f o r m a t i o n on b e h a v i o u r a l compounds i s c o n s t a n t l y b e i n g expanded 
as new compounds a r e i d e n t i f i e d . 

T h e r e a r e many ways i n w h i c h b e h a v i o u r a l compounds may be 
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u s e d i n p e s t management s y s t e m s . P o t e n t i a l a p p l i c a t i o n o f 
pheromones and a t t r a c t a n t s and t h e s t a t u s o f r e s e a r c h was 
r e c e n t l y summarized ( 1 0 ) . A n t i f e e d a n t s have a l s o r e c e i v e d much 
a t t e n t i o n , p a r t i c u l a r l y e x t r a c t s o f t h e neem t r e e ( M e l i a 
a z d i r a c h t a ) . V o l a t i l e a t t r a c t a n t s , a r r e s t a n t s , and s t i m u l a n t s 
f r o m p l a n t s a l s o a p p ear p r o m i s i n g as t o p e s f o r f u t u r e r e s a r c h . 

I n p r a c t i c e , t h e p r e d o m i n a n t a p p l i c a t i o n o f i n s e c t 
pheromones and a t t r a c t a n t s i s f o r d e t e c t i o n and s u r v e y o f 
i n f e s t a t i o n s . Pheromone t r a p s a r e an e x t r e m e l y v a l u a b l e 
component o f many p e s t management systems and p r o v i d e i n f o r m a t i o n 
on an a r e a - w i d e b a s i s t h a t p e r m i t s t i m e l y a p p l i c a t i o n o f c o n t r o l 
m e a s u r e s . 

F o r s u p p r e s s i o n o r c o n t r o l o f i n s e c t p o p u l a t i o n s , a t t r a c t a n t 
pheromones o r a t t r a c t a n t s may be us e d i n s e v e r a l ways: (a) i n 
c o m b i n a t i o n w i t h b a i t s , t o x i c a n t s , s t e r i l a n t s o r p a t h o g e n s ; (b) 
m a s s - t r a p p i n g ; o r ( c ) t o d i s r u p t m a t i n g . 

The a p p l i c a t i o n o f pheromones t o a r e a - w i d e s u p p r e s s i o n o f 
p o p u l a t i o n by p e r m e a t i n
c o m m u n i c a t i o n has been
p e s t i n s e c t s . 

T h e r e has been c o n s i d e r a b l e r e s e a r c h and some c o m m e r c i a l 
i n t e r e s t i n t h i s a p p r o a c h . T h e r e a r e , however, m a j o r p r a c t i c a l 
p r o b l e m s i n t h e way o f s u c c e s s f u l d e v e l o p m e n t . I t has a m a j o r 
a d v a n t a g e t h a t o n l y a few grammes o f pheromone p e r h e c t a r e i s 
needed f o r a p p l i c a t i o n . S i n c e , pheromones a r e g e n e r a l l y d e g r a d e d 
r a p i d l y , e n v i r o n m e n t a l b u r d e n i s m i n u t e compared w i t h t h a t 
t y p i c a l o f many i n s e c t i c i d e s . The p r o b l e m o f pheromone 
f o r m u l a t i o n has been t h e s u b j e c t o f much r e s e a r c h b e c a u s e t h e y 
a r e u s u a l l y l a b i l e and v o l a t i l e compounds ( 2 7 ) . One o f t h e m a j o r 
d i f f i c u l t i e s i n t h e use o f pheromones ( o r o t h e r n o n l e t h a l methods 
o f c o n t r o l ) i s t h e d i f f i c u l t y o f d e m o n s t r a t i n g e f f i c a c y ( 2 8 ) . 
E x t r e m e l y l a r g e p l o t s i z e s a r e u s u a l l y n e c e s s a r y t o a c q u i r e 
s u f f i c i e n t i n f o r m a t i o n , p a r t i c u l a r l y i f i t becomes n e c e s s a r y t o 
measure t h e i m p a c t o f t h e t r e a t m e n t on m a t i n g and p o p u l a t i o n . 
R e s e a r c h on t h e gy p s y moth o v e r a number o f y e a r s has 
d e m o n s t r a t e d t h e d i f f i c u l t i e s and d e f i n e d t h e l i m i t s o f t h e 
t e c h n i q u e f o r t h i s s p e c i e s ( 2 9 ) . A l t h o u g h t h e t e c h n i q u e s u f f e r s 
f r o m t h e d i s a d v a n t a g e t h a t c o n s i d e r a b l e knowledge o f t h e 
p o p u l a t i o n dynamics and m a t i n g b e h a v i o u r o f t h e t a r g e t s p e c i e s 
a r e e s s e n t i a l p r e r e q u i s i t e s f o r a p p l i c a t i o n , l i m i t e d s u c c e s s e s 
a r e e n c o u r a g i n g c o n t i n u e d t r i a l s and de v e l o p m e n t . 

The use o f b e h a v i o u r - m o d i f y i n g compounds o f f e r s g r e a t 
p r o m i s e f o r i n t e g r a t e d systems o f p e s t management, b u t i t 
r e q u i r e s s u b s t a n t i a l knowledge o f t h e t a r g e t s p e c i e s . 
M o d i f i c a t i o n o f s t r u c t u r e o f b e h a v i o u r - m o d i f y i n g compounds f o r 
p o p u l a t i o n s u p p r e s s i o n i s a p o t e n t i a l a p p r o a c h and, i n some 
c a s e s , a n a l o g u e s a r e o f v a l u e i n m a t i n g d i s r u p t i o n . However, t h e 
r e s p o n s e o f an i n s e c t t o pheromones depends on v e r y p r e c i s e 
s t r u c t u r a l r e q u i r e m e n t s and even s l i g h t m o d i f i c a t i o n o f s t r u c t u r e 
n o r m a l l y r e d u c e s t h e b i o l o g i c a l a c t i v i t y by s e v e r a l o r d e r s o f 
m a g n i t u d e . 

I n v e s t i g a t i o n o f t h e p h y s i o l o g y o f pheromone p r o d u c t i o n has 
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shown t h a t i n t h e f e m a l e c o r n earworm moth ( H e l i o t h i s z e a ) 
pheromone p r o d u c t i o n i s c o n t r o l l e d by a b r a i n hormone ( 3 0 ) . The 
s t i m u l a t i o n o f pheromone p r o d u c t i o n by t h i s hormone i s an 
i m p o r t a n t s t a g e i n t h e r e p o r d u c t i v e p r o c e s s . Such ke y e v e n t s i n 
t h e r e p r o d u c t i v e p r o c e s s s u g g e s t new p o t e n t i a l f o r i n s e c t i c i d a l 
modes o f a c t i o n . 

C o n c l u s i o n 

N a t u r a l p r o d u c t s a r e a r i c h s o u r c e o f s t r u c t u r a l v a r i e t y . They 
may p r o v i d e s o u r c e m a t e r i a l s f o r s c r e e n i n g programmes t o d e t e c t 
b i o l o g i c a l a c t i v i t y and n a t u r a l p r o d u c t s t h a t p o s s e s s known 
a c t i v i t y may s e r v e as t e m p l a t e s f o r s t r u c t u r a l m o d i f i c a t i o n . An 
o u t s t a n d i n g example o f t h e o p t i m i z a t i o n o f s t r u c t u r e t o improve 
p o t e n c y and s t a b i l i t y i s t h e s y n t h e s i s and s u c c e s s f u l 
c o m m e r c i a l i z a t i o n o f p y r e t h r o i d s and t h e i r a n a l o g u e s . 

B a c t e r i a p r e s e n t g r e a t p o t e n t i a l as s o u r c e s o f b i o l o g i c a l l y 
a c t i v e c h e m i c a l s . Development
i n c r e a s e t h e f e a s i b i l i t
i n q u a n t i t y . As a f u t u r e a p p r o a c h t o i n s e c t c o n t r o l , t h e 
p r o s p e c t o f t r a n s f e r r i n g t h e c a p a b i l i t y t o p r o d u c e s e l e c t i v e 
i n s e c t t o x i n s f r o m b a c t e r i a t o p l a n t s may l i e w i t h i n t h e 
p o t e n t i a l o f new g e n e t i c e n g i n e e r i n g t e c h n i q u e s . 

Such d e v e l o p m e n t s i n b i o l o g y as t h e e l u c i d a t i o n o f 
b i o r e g u l a t o r y p r o c e s s e s and t h e d i s c o v e r y o f new r e c e p t o r s i t e s 
and r e c e p t o r s have been i n s t r u m e n t a l i n t h e d e v elopment o f 
b i o r a t i o n a l p e s t i c i d e s c a p a b l e o f b l o c k i n g e s s e n t i a l s t e p s i n 
m e t a b o l i c p r o c e s s e s t h a t a r e p e c u l i a r t o t h e o r g a n i s m o r 
o r g a n i s m s t h a t a r e t o be c o n t r o l l e d . 

N a t u r a l p r o d u c t s a r e t h e key t o u n d e r s t a n d i n g e c o l o g i c a l 
s y s t e m s . T h e r e has been r a p i d p r o g r e s s i n e l u c i d a t i o n o f t h e 
c h e m i s t r y o f p r i m a r y and s e c o n d a r y p l a n t components and i n t h e 
g r o w t h o f knowledge o f i n s e c t b i o c h e m i s t r y . F o r i t s a p p l i c a t i o n 
t o p e s t c o n t r o l , p a r a l l e l d e v e l o p m e n t s i n p h y s i o l o g y and 
b e h a v i o u r a l s t u d i e s a r e e s s e n t i a l f o r r e v e a l i n g t h e u n d e r l y i n g 
complex o f c h e m i c a l l y m e d i a t e d i n t e r a c t i o n s among o r g a n i s m s . 

B i o r a t i o n a l methods o f c o n t r o l b a s e d on a l t e r e d i n s e c t - p l a n t 
r e l a t i o n s h i p s a r e b e i n g e f f e c t i v e l y u s e d , i f we e x t e n d t h i s t e r m 
t o d e s c r i b e a p p l i c a t i o n o f h o s t p l a n t r e s i s t a n c e . Such c o n t r o l 
methods have been d e v e l o p e d e m p i r i c a l l y ; b u t t h e r a t i o n a l b a s i s 
f o r f u r t h e r d e v elopment w i l l be t h e outcome o f new g e n e t i c 
s t u d i e s . 

S u c c e s s i n d e c i p h e r i n g t h e s t r u c t u r e and f u n c t i o n o f n a t u r a l 
m o l e c u l e s has d r a m a t i c a l l y changed t h e a p p r o a c h t o b i o l o g i c a l 
p r o b l e m s . The s t r u c t u r e and f u n c t i o n s o f b i o l o g i c a l 
m a c r o m o l e c u l e s , p a r t i c u l a r l y n u c l e i c a c i d s and p r o t e i n s a r e 
r a p i d l y becoming known and t h e a b i l i t y t o e n g i n e e r o r a l t e r t h e i r 
s u b u n i t s i n l i v i n g o r g a n i s m s p r o v i d e s p o t e n t i a l t e c h n o l o g y f o r 
a l t e r i n g b i o l o g i c a l o u t p u t s . Thus, t h e n u t r i t i v e v a l u e o f a 
p l a n t p r o t e i n may be i m p r o v e d by c h a n g i n g t h e sequence o f amino 
a c i d s . The i n s e r t i o n o f genes i n t o p l a n t s and t h e i r s u b s e q u e n t 
e x p r e s s i o n i s a c o n c e p t t h a t p r o m i s e s a g r e a t f u t u r e 
d e v e l o p m e n t . However, t h e q u e s t i o n o f r e s i s t a n c e t o p e s t s by 
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p l a n t s i s c o m p l i c a t e d by t h e c o n t r i b u t i o n o f many f a c t o r s , e a c h 
a f f e c t e d by d i f f e r e n t genes. The e v o l u t i o n o f h o s t - p l a n t 
p r e f e r e n c e s and p a r t i c u l a r l y , t h e a d a p t a t i o n o f i n s e c t b e h a v i o u r , 
a r e i m p o r t a n t f a c t o r s w h i c h r e q u i r e more s t u d y and D e t h i e r (31) 
has a r g u e d t h a t t h i s i s i m p o r t a n t a t t h e g e n e t i c l e v e l . The 
b e h a v i o u r o f i n s e c t s a t t h e f e e d i n g and r e p r o d u c t i v e s t a g e s i s 
c r i t i c a l l y i m p o r t a n t i n d e t e r m i n i n g t h e p e s t s t a t u s o f a 
s p e c i e s . A l t h o u g h c h e m i c a l s t h a t m o d i f y b e h a v i o u r c u r r e n t l y have 
a r o l e i n p e s t c o n t r o l , t h e i r a p p l i c a t i o n on an a r e a - w i d e s c a l e 
i n a t t e m p t s t o s u p p r e s s i n s e c t p o p u l a t i o n s by u s i n g pheromones t o 
a l t e r m a t i n g b e h a v i o u r s , may meet w i t h l i t t l e s u c c e s s u n l e s s t h e 
b i o c h e m i c a l and b e h a v i o u r a l a s p e c t s o f t h e s y s t e m a r e w e l l 
u n d e r s t o o d . 

One o f t h e most i m p o r t a n t r o l e s o f n a t u r a l p r o d u c t s i n p e s t 
c o n t r o l may be t h e i r r o l e i n s t i m u l a t i n g t h o u g h t . P e s t c o n t r o l 
may be c o n c e i v e d as an a c t i v i t y d i r e c t e d t o w a r d s c h a n g i n g t h e 
e x i s t i n g c o n d i t i o n s i n an e c o l o g i c a l s y s t e m f o r t h e b e n e f i t o f 
man. A b e t t e r u n d e r s t a n d i n
i n t e r a c t i o n s among o r g a n i s m
p o s s i b l e t o d e v i s e ways i n w h i c h m i n i m a l changes y i e l d maximum 
b e n e f i t s . However, t h i s c a n n o t be a c h i e v e d by t h e c h e m i s t a l o n e , 
even t h o u g h new m o l e c u l a r b i o l o g y p r o v i d e s an e x p l a n a t i o n o f 
b i o l o g i c a l phenomena i n c h e m i c a l t e r m s . B e h a v i o u r , p o p u l a t i o n 
d y namics and o t h e r f a c t o r s a s s o c i a t e d w i t h whole o r g a n i s m s and 
c o m m u n i t i e s a r e a l s o e s s e n t i a l components o f t h e c o o p e r a t i v e 
s t u d y r e q u i r e d t o a c h i e v e c o n t r o l o f p e s t s i n an e c o l o g i c a l l y 
sound and e f f e c t i v e manner. 
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Do Plants "Psychomanipulate" Insects? 

L. L. MURDOCK, G. BROOKHART, R. S. EDGECOMB, T. F. LONG, and L. SUDLOW 

Department of Entomology, Purdue University, West Lafayette, IN 47907 

The hypothesis tha
against herbivory by "psychomanipulation  of insect 
herbivores is presented. In brief, the psychomanipula
tion hypothesis asserts that certain secondary plant 
chemicals imbibed in sublethal doses by insects feeding 
on plant parts interfere with information processing in 
the insectan central nervous system and thereby modify 
insect-herbivore behavior in ways that reduce or 
prevent further herbivory. Behavioral changes could 
include the evocation of unadaptive behaviors, 
inhibition of hunger, onset of narcosis, etc. Evidence 
will be presented that numerous plant substances do 
have "psychomanipulative" effects at sublethal levels 
and that the pyschomanipulation mechanism might operate 
in nature. 

One important defensive strategy of plants i s the synthesis and 
accumulation of chemicals i n t h e i r t i s s u e s that discourage or stop 
feeding by herbivores. The mechanisms by which these chemicals 
a f f e c t p o t e n t i a l herbivores are c u r r e n t l y being e l u c i d a t e d . Two 
general modes of a c t i o n seem to be widely accepted: ( i ) deterrency 
and ( i i ) t o x i c i t y . Deterrents are gustatory stimulants that 
negatively a f f e c t the i n s e c t ' s b i t i n g , feeding, and maintenance of 
feeding (I) » Deterrency involves an a c t i o n of the protectant 
chemical on the sensory nervous system of the unadapted herbivore. 
The message sent to the ins e c t c e n t r a l nervous system i s a s e r i e s of 
ac t i o n p o t e n t i a l s from a s p e c i f i c sensory neuron or a c e r t a i n 
patterned output from a set of sensory neurons (.2,30. It i s 
inte r p r e t e d as "danger" or "no good" and i t s e f f e c t i s to cause 
feeding to cease (2^3). T o x i c i t y , on the other hand, d i s r u p t s the 
functioning of p h y s i o l o g i c a l and biochemical systems w i t h i n the 
herbivore. Toxic a c t i o n i n the insect may cause sickness or 
weakness. The insect may not grow, mature, or reproduce normally 
and perhaps die prematurely. 

Deterrents and toxins d i f f e r i n t h e i r s i t e s and modes of 

0097-6156/85/0276-0337S06.00/0 
© 1985 American Chemical Society 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



338 BIOREGULATORS FOR PEST CONTROL 

ac t i o n . Deterrents act on the pe r i p h e r a l nervous system, c h i e f l y on 
the chemosensory apparatus, r e s u l t i n g i n a behavioral change i n the 
i n s e c t . In contrast, toxins disrupt c e l l u l a r , biochemical or 
p h y s i o l o g i c a l processes i n the i n s e c t . The hypothesis presented 
here suggests a t h i r d general mode of a c t i o n for secondary plant 
compounds. I t begins with the premises (a) that the insect c e n t r a l 
nervous system (CNS) i s an e x c e l l e n t target for plant defensive 
chemicals — at l e a s t as s u i t a b l e as the chemosensory po r t i o n of the 
pe r i p h e r a l nervous system; (b) that the importance of many plant 
chemicals i s not t h e i r l e t h a l i t y but rather the changes they evoke 
i n the insect herbivore's behavior by i n t e r f e r i n g with c e n t r a l 
nervous function. We suggest the term "psychomanipulation" to 
describe the behavior-modifying e f f e c t s of such chemicals a c t i n g i n 
the CNS. Our purpose i n t h i s paper i s to define the 
psychomanipulation hypothesis, provide evidence i n support of i t , 
and suggest how p o t e n t i a l psychomanipulants might be studied. The 
primary question i s how plant chemicals modify inse c t behavior 
through c e l l u l a r and molecula
question might open approache
c o n t r o l agents. 

The Psychomanipulation Scenario 

Imagine a hungry insec t a l i g h t i n g on the l e a f of a non-host plant 
that accumulates a psychomanipulant. Because the l e a f contains 
s u f f i c i e n t p o s i t i v e s t i m u l i and i n s u f f i c i e n t deterrents, feeding 
begins. Some of the imbibed behavior-modifying chemical escapes the 
det o x i c a t i o n machinery i n the gut w a l l , enters c i r c u l a t i o n , and 
penetrates the blood-brain b a r r i e r i n t o the CNS. There i t reacts 
with p a r t i c u l a r neuronal types to e x c i t e , i n h i b i t , modulate, or 
otherwise a f f e c t normal patterns of a c t i v i t y . This modified 
neuronal a c t i v i t y i s manifested as a change i n the inse c t ' s behavior 
such that i t no longer consumes plant m a t e r i a l , or at l e a s t consumes 
less than i t would otherwise. 

The Insect CNS as Target. The insect c e n t r a l nervous system i s com
posed of a dorsal and r o s t r a l supraesophageal ganglion or b r a i n , 
which communicates v i a circumesophageal connectives to the f i r s t of 
a chain of v e n t r a l l y located ganglia (fused to d i f f e r e n t degrees i n 
d i f f e r e n t s p e c i e s ) . Sensory information from the environment enters 
ganglia of the CNS v i a the axons of sensory neurons, whose c e l l 
bodies are located i n the periphery of the organism. The sensory 
axons project i n t o the ne u r o p i l and form synapses with s p e c i f i c 
c l asses of neurons. Information i s transmitted between neurons i n 
most instances by means of chemical transmitter substances released 
at presynaptic terminals. These transmitter molecules d i f f u s e 
across the narrow gap (synaptic c l e f t ) between the presynaptic c e l l 
and the postsynaptic c e l l and i n t e r a c t with s p e c i f i c receptors 
exposed on the surface of the l a t t e r . The transmitter-receptor 
i n t e r a c t i o n a l t e r s the l e v e l of e x c i t a b i l i t y of the postsynaptic 
c e l l . E x c i t a t i o n or i n h i b i t i o n of that neuron can have behavioral 
consequences i f the change i n i t s e x c i t a b i l i t y a f f e c t s other neurons 
to which i t communicates. Motor neurons are the immediate 
determinants of movement and communicate d i r e c t l y with muscle f i b e r s 
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v i a chemical transmission. Motor neuron c e l l bodies are located i n 
the periphery of CNS ganglia. The dendrites of these neurons are 
often elaborate a r b o r i z a t i o n s located w i t h i n the c e n t r a l regions of 
the ganglion, c o l l e c t i n g information from other neurons. The nature 
and i n t e n s i t y of that information determines whether the motor 
neuron becomes a c t i v e and f i r e s a c t i o n p o t e n t i a l s . Interneurons 
re s i d e completely w i t h i n the CNS. They coordinate the a c t i v i t i e s of 
sensory and motor neurons and subserve a l l major i n t e g r a t i v e and 
higher functions of the nervous system. Evidence i s accumulating 
that insects also make use of modulatory neurons, neurons whose 
a c t i v i t i e s change the q u a l i t y of information passing through 
synapses, or modify the spontaneous a c t i v i t y of receptive neurons or 
muscle c e l l s (4,5). The b e s t - c h a r a c t e r i z e d modulatory neuron i s the 
Dumeti c e l l , which innervates the extensor t i b i a e muscle i n the 
migratory l o c u s t . This c e l l , whose unpaired soma i s located i n the 
midline of the metathoracic ganglion, releases octopamine from i t s 
terminals. Neurons of t h i s type may be widespread i n i n s e c t s and 
some of them may be interneuron

The range of neurochemica
i s remarkably s i m i l a r to those i n mammals. In i n s e c t s , 
a c e t y l c h o l i n e seems to be the neurotransmitter released by most 
types of sensory neurons and L-glutamic aci d apparently serves as 
the transmitter of motor neurons innervating s k e l e t a l muscles (4). 
P e r i p h e r a l i n h i b i t o r y neurons may release gamma-aminobutyric acid 
(GABA) at t h e i r terminals. In a few instances there i s evidence 
that aromatic biogenic amines serve as neuromessengers i n the 
periphery, e.g., octopamine i s the modulator substance released by 
Dumeti neurons r e f e r r e d to above (4), and the l i g h t organs of the 
f i r e f l y also seem to be c o n t r o l l e d by neurons r e l e a s i n g octopamine 
(6). The s a l i v a r y glands of various i n s e c t s , i n c l u d i n g the l o c u s t , 
Schistocerca gregaria (7), the cockroach, Nauphoeta c i n e r i a (8), and 
the moth, Manduca sexta (9) may be innervated by catecholaminergic 
nerve f i b e r s . A few muscles appear to be innervated by neurons that 
release neuroactive peptides, notable examples being the cockroach 
hindgut, where p r o c t o l i n i s released (10), and the coxal depressor 
muscles innervated by the Ds motoneuron i n P e r i p l a n e t a americana 
(11). A l l of these neuromessengers as well as others undoubtedly 
also serve to communicate information between neurons w i t h i n the 
inse c t c e n t r a l nervous system. 

Plant P r o t e c t i o n by Behavior M o d i f i c a t i o n . Behavior i s g e n e r a l l y 
equated with the movement of an organism or body part and the cessa
t i o n of such movements (12). To be c l a s s i f i e d as behavior, movement 
requires the p a r t i c i p a t i o n and d i r e c t i o n of the CNS. The intimate 
involvement of the CNS i n the coordination of muscles and body parts 
r e s u l t s i n behaviors ranging from the fundamental (e.g., walking and 
grooming) to the complex (e.g., navigation and l e a r n i n g ) . Even 
r e l a t i v e l y simple behaviors such as jumping or grasping food, 
require the p a r t i c i p a t i o n of neurons on many l e v e l s . 

Since behavior depends on the proper functioning of every 
neuron involved i n i t s expression, d i s r u p t i o n of any p a r t i c i p a t i n g 
neuron could have severe consequences. These consequences, however, 
may be important without being obvious. For example, g r e a t l y 
increased locomotor a c t i v i t y might be detrimental beause the inse c t 
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i s spending f a r less time feeding and concurrently expending food 
reserves as unnecessary a c t i v i t y . Other behavioral changes might 
cause an increase i n the response time needed for escape, thus i n 
creasing the chances f o r that insect to end up as another's meal. 
By a f f e c t i n g neurons involved i n s p e c i f i c behaviors, plant psycho-
manipulants could n e g a t i v e l y a f f e c t insect behavior and thus aid i n 
the defense of the plant. 

A c t i o n i n the CNS of Plant-derived Compounds 

Since communication between neurons by means of chemical neuro-
messenger substances i s basic to the functioning of the insect CNS, 
and since the CNS i s the w e l l s p r i n g of a l l complex and patterned 
insect behavior, i n t e r f e r e n c e with chemical communication within the 
CNS should prevent behaviors from appearing when they normally 
would, or evoke behaviors when they normally would not. 
Psychomanipulant chemicals reaching the insect CNS could d i s r u p t 
chemical communication b
antagonists, synaptic clearanc
r e l e a s e r s , and neuromessenger supply suppressants. A wide v a r i e t y 
of plant secondary substances f i t t i n g these categories could 
i n t e r f e r e with insect neurochemical messenger systems and e f f e c t 
behavioral changes. Our purpose here i s to mention a few examples. 

Receptor Agonists. By mimicking the nat u r a l chemical messenger at 
i t s receptors, psychomanipulants could cause spurious e x c i t a t i o n or 
i n h i b i t i o n i n the CNS. Two examples of receptor agonists are 
n i c o t i n e found i n the leaves of the tobacco plant, 

Nicotiana tabacum, and l o b e l i n e , present i n the d r i e d leaves and 
tops of the herb, L o b e l i a i n f l a t a (13). Both n i c o t i n e and l o b e l i n e 
act as agonists on a s p e c i f i c type of a c e t y l c h o l i n e receptor, the 
n i c o t i n i c c h o l i n e r g i c receptor. In mammals, n i c o t i n i c c h o l i n e r g i c 
receptors mediate c h o l i n e r g i c neurotransmission i n s k e l e t a l muscles, 
autonomic ganglia, and the c e n t r a l nervous system. At these s i t e s 
n i c o t i n e ' s a c t i o n has two phases, e x c i t a t i o n and depression. Insect 
c e n t r a l nervous t i s s u e s are r i c h i n n i c o t i n i c c h o l i n e r g i c receptors 
( c f . 14), but t h e i r r o l e i n behavior i s not well understood. 

Among the known agonists of muscarinic c h o l i n e r g i c receptors 
i s o l a t e d from plants are p i l o c a r p i n e , which i s i s o l a t e d from 
l e a f l e t s of South American shrubs of the genus Pilo c a r p u s , and 
ar e c o l i n e , i s o l a t e d from the seeds of Areca catechu, the b e t e l nut. 
Chol i n e r g i c receptors with pharmacological properties c l o s e l y 
resembling those of vertebrate muscarinic receptors are found i n the 
insect CNS (14). It i s i n t e r e s t i n g that muscarinic agents appear to 
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possess less k i l l i n g p o w e r than n i c o t i n e agonists (15). Many other 
plant-derived c h o l i n e r g i c agonists are known, i n c l u d i n g the 
a l k a l o i d s c y t i s i n e and matrine. 

There are n a t u r a l l y - o c c u r r i n g o p i o i d agonists from p l a n t s , such 
as morphine, which owes i t s dramatic psychopharmacological e f f e c t s 
i n mammals to an i n t e r a c t i o n with receptors for enkephalins and 
endorphins. As evidence increases that i n s e c t s and other arthropods 
u t i l i z e neuroactive peptides as neuromessengers (16), i t becomes 
more l i k e l y that some of the plant opiates are defensive chemicals 
having a "psychomanipulant 1 1 type of mechanism. 

Receptor Antagonists. By blocking neuromessenger receptors, 
receptor antagonists may evoke inappropriate behaviors through 
i n h i b i t i o n or d i s i n h i b i t i o n of a neuron or group of neurons. GABA 
receptors i n arthropods and mammals are blocked by two chemicals of 
plant o r i g i n , b i c u c c u l i n e , and p i c r o t o x i n (17). Scopolamine, common 
i n many Solanaceae ( i n c l u d i n g the famous deadly nightshade  Atropa 
belladonna), i s an e x c e l l e n
c h o l i n e r g i c receptors, a
the more notorious plant chemicals i s curare (used for poison 
arrows), which i s prepared from a v a r i e t y of species of Strychnos 
(18). The a c t i v e compound common to a l l preparations of curare i s 
D-tubocurarine. Another antagonist ( n i c o t i n i c ) of plant o r i g i n i s 
3-erythroidine, from the seeds and other plant parts of several 
E r y t h r i n a species (13). One of the more s p e c i f i c antagonists of 01-2 
adrenergic receptors i s yohimbine, the p r i n c i p a l a l k a l o i d i n 
extracts of the bark of P a u s i n y s t a l i a yohimbe (19). Yohimbine a l s o 
blocks one type of octopaminergic receptor i n locusts (20). 

Synaptic Clearance Antagonists. By preventing the removal of 
n a t u r a l l y - r e l e a s e d transmitter from the region of i t s receptors, the 
e f f e c t of the neuromesssenger on the r e c e i v i n g c e l l w i l l be 
prolonged and i n t e n s i f i e d . There are three p r i n c i p a l routes by 
which neuromessengers are removed from the synaptic c l e f t : ( i ) 
enzymatic d e s t r u c t i o n of the transmitter (e.g., a c e t y l c h o l i n e (ACh) 
which i s hydrolyzed i n the synaptic c l e f t by a c e t y l c h o l i n e s t e r a s e ) ; 
( i i ) uptake in t o pre- and post- synaptic c e l l s by 
membrane-associated pumps that have s u b s t a n t i a l s p e c i f i c t y f o r 
molecules they w i l l c a r r y ; ( i i i ) d i f f u s i o n away from the c l e f t . 

The c l a s s i c a l synaptic clearance antagonist i s the c h o l i n -
esterase i n h i b i t o r physostigmine, from the calabar bean, Physostigma 

PHYSOSTIGMINE 

venenosum, a West A f r i c a n perennial (13). Physostigmine r e v e r s i b l y 
i n h i b i t s a c e t y l c h o l i n e s t e r a s e and thereby permits the buildup of 
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abnormally-high l e v e l s of ACh i n the synaptic c l e f t . This r e s u l t s 
i n prolonged and i n t e n s i f i e d s t i m u l a t i o n of the postsynaptic c e l l , 
that can lead to dysfunction of the p h y s i o l o g i c a l process c o n t r o l l e d 
by the c h o l i n e r g i c input. Lesser known, but p o s s i b l y s i g n i f i c a n t as 
a psychomanipulant, i s guvacine (21), from b e t e l nuts, which blocks 
uptake of GABA i n mammalian CNS preparations. 

Cocaine i s a powerful CNS stimulant as well as l o c a l anesthetic 
(13). It i s i s o l a t e d from the leaves of Ery t h r o l o n coca, a tree 
indigenous to Peru and B o l i v i a . Cocaine e f f e c t i v e l y blocks the 
uptake of catecholamines i n t o presynaptic neurons and thus promotes 
the a c t i v i t y of synapses (both c e n t r a l and per i p h e r a l ) i n v o l v i n g 
these amines (22). 

Neuromessenger Releasers. Normal CNS functioning could be disrupted 
by evoking premature or continued release of neuromessengers from 
presynaptic stores. Although D(+)-amphetamine, a well-known psycho
stimulant and appetite depressant, does not occur i n p l a n t s , a 
c l o s e l y - r e l a t e d substance
the leaves of the khat shrub
A f r i c a and i n the Arab peninsula. Cathinone evokes the release of 
norepinephrine from c e n t r a l and p e r i p h e r a l presynaptic stores and 
has cardiovascular and appetite depressing e f f e c t s s i m i l a r to D-
amphetamine (23). 

CATHINONE 

Neuromessenger Supply Suppressants. By reducing the a v a i l a b i l i t y of 
neuromessengers from presynatic s t o r e s , neuromessenger supply sup
pressants could a l t e r the physiology and biochemistry of the pre
synaptic neuron such that these stores are depleted. The reduction 
of neuromessenger supply could be caused by the drug reserpine, 
i s o l a t e d from the Indian plant, Rauwolfia serpentina (13). The 

RESERPINE 
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e f f e c t of reserpine i s the de p l e t i o n of stores of aromatic biogenic 
amine tran s m i t t e r s , i n c l u d i n g dopamine, norepinephrine, 5-hydroxy-
tryptamine, and octopamine. In i n s e c t s , the e f f e c t s of reserpine 
are r e l a t i v e l y slow i n onset and can p e r s i s t for many days (24). 
Reserpine i s a c t i v e i n both i n s e c t s and mammals. In mammals, 
reserpine can reduce blood pressure and produce a state of sedation 
i n which the i n d i v i d u a l i s i n d i f f e r e n t to environmental s t i m u l i 
(25). 

Others. There are other plant substances which could act as psycho-
manipulants v i a mechanisms that do not f i t neatly i n t o the above 
categories. Some could enter and disrupt the normal processes 
operating i n a neuron. These would include substances l i k e c a f f e i n e 
and theobromine, both of which i n h i b i t intraneuronal phosphodi
esterase, thereby a f f e c t i n g the e x c i t a b i l i t y of neurons. 

Presynaptic supply of transmitter could be a f f e c t e d by the 
d i e t a r y content of transmitter precursors  L-DOPA  the precursor of 
dopamine, a prominent inse c
species of plants. L-5-Hydroxytryptophan
precursor of the indoleamine transmitter 5-hydroxytryptamine, als o 
occurs at high l e v e l s i n some plant m a t e r i a l s . Although the con
sequences of a l t e r i n g l e v e l s of transmitters v i a d i e t are not c l e a r , 
such a l t e r a t i o n s have been shown to occur with several transmitters 
i n mammals (26) and could a l t e r the behavior of an insect herbivore. 

Candidate Psychomanipulants of Plant O r i g i n 

Physostigmine. There i s evidence that c h o l i n e r g i c drugs at 
sublethal l e v e l s can indeed modify insect behavior. Adult male 
Locusta mig r a t o r i a that have passed the imaginai molt at l e a s t three 
weeks e a r l i e r f l y with a wing-beat frequency of 23 Hz. The elegant 
work of D.M. Wilson (27) es t a b l i s h e d that the regular wing beating 
i n locusts i s the r e s u l t of a c e n t r a l pattern generator located i n 
the thoracic ganglia. While the pattern generator i s capable of 
producing the motor program f o r f l i g h t i n the absence of sensory 
feedback from the wings and thorax, such feedback can, nevertheless, 
influence the frequency with which the wings are flapped. Wind 
detectors on the head can also modify the output of the c e n t r a l 
pattern generator (28). 

When adult JL. m i g r a t o r i a were i n j e c t e d with 5 yg/g body weight 
of physostigmine s a l i c y l a t e , they e x h i b i t e d a period of 
h y p e r a c t i v i t y l a s t i n g s e veral minutes, followed by a 2-3 hour period 
of hyperresponsiveness following handling or mechanical s t i m u l a t i o n 
(29). Thereafter they appeared outwardly normal with l i t t l e or no 
m o r t a l i t y at 24 hours. This s u b l e t h a l dose of physostigmine had a 
dramatic e f f e c t on wingbeating frequency ( F i g . 1). During the e a r l y 
test i n t e r v a l s many i n d i v i d u a l s only e x h i b i t e d b r i e f periods of 
f l i g h t with v i s i b l y reduced frequency. At 4 hours p o s t i n j e c t i o n , 
the frequency of those i n d i v i d u a l s that e x h i b i t e d sustained f l i g h t s 
f e l l to about 16 Hz, ret u r n i n g slowly t h e r e a f t e r toward the c o n t r o l 
value. 

The a v a i l a b l e data cannot demonstrate that slowing the 
wing-beat frequency following i n j e c t i o n of physostigmine i s s o l e l y 
or even p a r t l y due to elevated l e v e l s of a c e t y l c h o l i n e at 
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Figure 1. Wing-beat frequency of Locusta adults before (arrow 
on abscissa) and a f t e r i n j e c t i o n of 5 y l / g H^O (A—A) or 5 
yg/g physostigmine ( · — · ) . Reproduced with permission from 
Ref. 29. Copyright 1973, Pergamon Press. 
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sensory-central synapses in the CNS. It is possible that some or 
a l l of the effect of physostigmine on the central pattern generator 
is a result of acetylcholine accumulation at other types of central 
cholinergic synapses, synapses that participate in the pattern 
generation mechanism. However, this example does demonstrate that a 
naturally-occurring anticholinesterase agent acting at sublethal 
levels could significantly affect a crucial behavior. A locust able 
to f ly only a short distance or to fly only with reduced speed is 
much more susceptible to prédation. 

Reserpine. As mentioned earlier, the Rauwolfia alkaloid reserpine 
is noted for its a b i l i t y to deplete aromatic biogenic amines in 
nervous tissue of mammals and insects. One of the more remarkable 
effects of reserpine in humans is to render individuals indifferent 
to environmental stimuli. Reserpine appears to have a similar 
effect on insects, although information is s t i l l relatively scanty. 
In the cockroach, Periplaneta americana, reserpine at 50 ug/g causes 
strong and long-lastin
dopamine, octopamine, an
authors have noted that reserpine has tranquilizing effects on 
insects, e.g., the ant Formica rufa (30) and P̂. americana (24,31). 
In our own experiments with adult Phormia regina, feeding reserpine 
mixed with powdered milk and sucrose or injecting i t at doses of 100 
yg/g body weight and higher seemed to induce a state of lethargy and 
inactivity. 

To obtain clearer understanding of the behavioral effects of 
reserpine and their possible relationship to levels of aromatic 
biogenic amines in the insect central nervous system, we injected 
unfed, 2-day old adult ]?. regina with 2 yg/fly of reserpine. 
Because of the insolubility of reserpine, we f i r s t dissolved i t in a 
small volume of dimethylacetamide (DMAD) and mixed the DMAD with 
corn o i l in a 1:10 ratio. Two groups of control f l i e s were used, 
one untreated and the other injected with 300 nl of the DMAD/corn 
o i l vehicle. The f l i e s were held for one day with water available 
ad l i b . , but no food. To determine the effectiveness of the drug, 
two behaviors were observed: (i) meal size; ( i i ) proboscis-extension 
responses to tarsal stimulation. Meal size was determined by 
weighing the f l i e s (plus the applicator sticks attached to them as 
handles) before feeding and after allowing them to feed for 30 
minutes on 1 M sucrose. The net weight gain was taken as the meal 
size. Proboscis-extension responsiveness was estimated as the mean 
acceptance threshold (M.A.T., the concentration of sucrose to which 
the average f l y in the population w i l l respond) and was determined 
following the up-and-down procedure described by Thompson (32). 
Brains were dissected from control and reserpinized f l i e s and 
assayed for octopamine and dopamine by high performance liquid 
chromatography (HPLC). The column used was a Brownlee RP-18 5 y 
particle size cartridge (250 mm χ 2.1 mm i.d.). The amines were 
eluted isocratically with 0.1 M KH^PO^ containing 2% methanol and 
0.3 mM heptanesulfonic acid, sodium salt; mobile phase pH was 3.05 
(33). The flow rate was 0.6 ml/min. Octopamine and dopamine were 
detected and quantitated using an RC-3 electrochemical detector 
(Bioanalytical Systems, W. Lafayette, Indiana) equipped with a 
glassy carbon electrode operated at +0.95 V relative to a Ag/AgCl 
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reference electrode. Under these conditions the retention time of 
octopamine was 8 min and dopamine was 16 min. 

Vehicle-injected f l i e s exhibited a mildly elevated M.A.T. and a 
moderate meal size; concomitantly, there was a decline in brain 
octopamine content but no change in brain dopamine levels (Table I). 
Reserpine treated f l i e s exhibited a 10-fold rise in threshold 
relative to the vehicle-injected controls and a large increase in 
meal size. These f l i e s were hyperphagic in that they consumed their 
own body weight in 1 M sucrose, more than double that of the un
treated controls and 60 percent higher than the solvent controls. 
Brain levels of octopamine in the group injected with reserpine were 
significantly depleted relative to both untreated and solvent 
controls. 

Clearly, injection of adult blowflies with reserpine caused 
them to become less responsive to food stimuli, while at the same 
time inducing them to eat more when they were offered 1 M sucrose, a 
highly stimulating food. Similar observations have been made with 
blowflies fed on reserpin
ascribe the behavioral effect
actions in the CNS, i t seems quite likely that the CNS plays a major 
role, particularly in light of the demonstrated capacity for 
reserpine to deplete CNS aromatic biogenic amines. 

Both the meal size increase and the decreased responsiveness to 
tarsal stimulation with sucrose caused by reserpine can be explained 
as a requirement for increased intensity of sensory information to 

TABLE I. EFFECTS OF RESERPINE ON BLOWFLY FEEDING BEHAVIOR AND BRAIN 
BIOGENIC AMINES 

UNTREATED SOLVENT RESERPINE 
CONTROL CONTROL (2 yg/fly) 

M.A.T. 5.2a* 24b 250C 

(mM) 

MEAL SIZE 18a + 6.3 (10) 25 b + 6.4 (10) 40° +_ 5.8 (10) 
(mg) 

OCTOPAMINE 7.6a + 1.8 (6) 4.8 + 1.9 (6) 2.4° + 0.44 (6) 
(pmol/brain) 

DOPAMINE 2.8a + 0.85 (6) 3.6b + 1.7 (6) 0.94° + 0.24 
(6) 
(pmol/brain) 

*Values within a row followed by different letters are significantly 
different (p < 0.05). 

initiate and terminate feeding. The higher M.A.T. reflects that 
higher concentrations of sucrose are needed to evoke proboscis-
extension responses in P. regina adults. Higher concentrations of 
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sucrose evoke higher-frequency responses i n the t a r s a l sugar 
receptors (35). In other words, more intense sensory information 
must reach the amine-depleted CNS before the behavior ensues. 

Sensory information i s also c r u c i a l to terminate a meal. As 
the f l y i n i t i a t e s consumption, the crop begins f i l l i n g . As i t 
expands, the crop stimulates s t r e t c h receptors i n a nerve net 
associated with the crop and abdominal w a l l (36). I f the i n h i b i t o r y 
sensory information i s not forthcoming, hyperphagia ensues (37-39). 
According to our hypothe s i s , i n the r e s e r p i n e — a f f e c t e d CNS more 
intense sensory s t i m u l i i s required i n order to b r i n g the meal to an 
end. The necessary extra s t i m u l i would be forthcoming as the crop 
continues to expand due to continued feeding. This would impose 
a d d i t i o n a l s t r e t c h on the abdominal s t r e t c h receptors, which would 
respond by f i r i n g at higher and higher frequencies. At some point 
the f i r i n g rate of these receptors becomes s u f f i c i e n t l y high to 
t r i g g e r the termination of feeding i n the CNS. 

These observations  combined with those i n the l i t e r a t u r e
support the concept tha
exert a profound and l o n g - l a s t i n
e f f e c t which would decrease the in s e c t ' s m o b i l i t y and f i t n e s s to 
respond to environmental s t i m u l i , and to predators. That e f f e c t , 
probably due l a r g e l y to a c e n t r a l a c t i o n of the substance, could 
r e s u l t i n plant p r o t e c t i o n by "psychomanipulation 1 1. 

L-canavanine and L-canaline. Secondary plant substances may evoke 
p a r t i c u l a r types of stereotyped insect behavior v i a actions w i t h i n 
the CNS. An e x c e l l e n t example i s the work of Kammer, Dahlman, and 
Rosenthal (40), who observed that i n j e c t i o n of adult Manduca sexta 
with L-canavanine and L-canaline l e d , w i t h i n minutes, to sustained 
f l i g h t s l a s t i n g many hours. The s i t e of a c t i o n of L-canavanine and 
L-canaline was believed to be the CNS. This produced continuous 
motor output, which became less coordinated with time. L-canavanine 
and L-canaline are two of some 260 non-protein amino acids ac
cumulated by various plants (41). I f an unadapted insect acquired 

s u f f i c i e n t L-canaline or L-canavanine to e x h i b i t the above 
behavioral symptoms, the ensuing uncontrolled locomotion would not 
only l i k e l y c a r r y the insect away from i t s host plant, i t would also 
probably a t t r a c t the a t t e n t i o n of a predator. The molecular mode of 
a c t i o n of L-canavanine and L-canaline i n adult M. sexta remains to 
be determined. Kammer et a l . , however, noted that L-canaline, which 
was more potent i n evoking f l i g h t behavior than L-canavanine, 
s t r u c t u r a l l y resembles the i n h i b i t o r y t ransmitter GABA (40). 
Notably, i n j e c t i o n of the formamidine i n s e c t o s t a t , 
N-demethylchlordimeform (DCDM), i n t o adult M. sexta and H e l i o t h i s 
zea also caused prolonged, uncoordinated f l i g h t s (42). 

CANALINE 
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Nectar of the Yellow Kowhai. The yellow kowhai (Sophora microphylla 
Ait.) occurs in the North and South Islands of New Zealand. Its 
yellow blossoms, which appear from July to October (late winter 
through early spring), secrete abundant nectar and are very 
attractive to honey bees. Bees only collect nectar from the 
flowers, ignoring the pollen. New Zealand apiarists, who maintained 
hives in the vi c i n i t y of kowhai groves, observed that hives failed 
to build up normally in the spring. These failures could not be 
attributed to the presence of Nosema or to pollen deficiency. In 
some cases f i e l d bee mortalities were observed in the vi c i n i t y of 
the hives. In seeking the cause of the poor hive development, 
Clinch, Palmer-Jones, and Forster (43) observed that nectar from S_. 
microphylla had a narcotic effect on the bees. When fed 10 yl of S_. 
microphylla nectar, about 70 percent of the 70 bees tested became 
narcotized within 30 min. When the treated bees were held in an 
incubator at 30 deg. C., they a l l recovered within 4 hours with low 
24-hour mortality (3-13%). The 24 hour mortality was much higher i f 
the treated bees were hel
Clinch and coworkers (43
contain as major alkaloids methylcytisine, matrine, and smaller 
amounts of cytisine and suggested that the observed narcosis and 
mortality could be due to alkaloids reaching the nectar. 

CYTISINE 

Our own observations with pure cytisine support this. Worker 
bees taken directly from a colony were held approximately 5 hours 
without food, then offered cytisine in 40% aqueous sucrose. They 
were fed by hand using a micropipette and allowed to consume volumes 
of 10 y l . Cytisine at 10 yg/ 1 acted quickly: the bees fed avidly 
on the solution, but within one to two minutes reared back, made 
vigorous cleaning movements of their proboscises, f e l l over, made 
wild leg movements, and exhibited poorly coordinated fli g h t . Within 
a few minutes they lay motionless on the bottom of the cage. 
Similar, but less dramatic, symptoms were observed with bees offered 
1 yg cystisine/yl. Bees fed 0.1 yg cytisine/yl were affected by 
cytisine, but immobilization of a l l 10 treated bees was not attained 
until 5-6 hours after treatment. The following day, 5 of the 10 
bees treated with 1.0 yg had recovered and were maintained alive for 
3 days by feeding them aqueous sucrose. While further observations 
are needed, i t is evident that honey bees are susceptible to oral 
doses of cytisine as low as 1-10 yg. It is interesting to note that 
narcotic or poisonous nectar is not an isolated phenomenon. Honey 
bees are also poisoned by the nectar of the karaka tree 
(Cornyocarpus laevigata J.R. et G. Forst.), which induces weakness 
and inability to f l y , as well as mortality (44). 

These observations raise the question: why do certain plants 
produce narcotic or toxic nectar? In the case of S^. microphylla the 
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explanation may be r e l a t i v e l y simple. As noted by C l i n c h et a l . 
(40), the honey bee i s not an e f f e c t i v e p o l l i n a t o r of JS. microphylla 
even though i t a v i d l y c o l l e c t s nectar. Rather, C l i n c h et a l . ( 4 0 ) 
reported that b i r d s consume large q u a n t i t i e s of kowhai nectar, and 
that they may be the most important p o l l i n a t o r s . Thus, psycho
manipulant s i n nectar could function as a defense of the plant 
against the honey bee and other n o n - p o l l i n a t i n g nectar t h i e v e s . 
This hypothesis i s consistent with the observations that b i r d s seem 
unharmed by kowhai nectar and that preparations of kowhai nectars 
are not t o x i c when fed to white mice (40). 

Summary 

The psychomanipulation hypothesis p r e d i c t s that plants obtain a 
measure of pr o t e c t i o n from inse c t herbivores by accumulating 
secondary substances which act i n the CNS to change the herbivore's 
behavior i n ways that reduce or prevent furt h e r herbivory
Secondary plant substances
modify insect behavior,
i n t e g r a t i v e processes, suppressing appetite, blocking l e a r n i n g or 
memory, or d i s t o r t i n g v i s i o n , without k i l l i n g the herbivore. 
Evidence that substances can act as psychomanipulants has been 
presented here, but fur t h e r research i n the area i s necessary. To 
d e f i n i t i v e l y t e s t t h i s hypothesis i t i s e s s e n t i a l to obtain 
q u a n t i t a t i v e estimates of the i n d i v i d u a l psychomanipulative 
substances occurring i n pl a n t s , to demonstrate that they n e c e s s a r i l y 
and s u f f i c i e n t l y account for the change i n behavior, and f i n a l l y to 
show that psychomanipulation i s the r e s u l t of an a c t i o n of these 
substances within the ins e c t CNS. The f i r s t two c r i t e r i a can be met 
using c u r r e n t l y a v a i l a b l e methods. Locating the s i t e of a c t i o n 
within the CNS i s more d i f f i c u l t and w i l l require innovative 
a p p l i c a t i o n of combined b e h a v i o r a l , neurophysiological and 
neuropharmacological techniques. 

Insects may be c o n t i n u a l l y probing beyond t h e i r host ranges, 
thereby encountering new chemicals with the p o t e n t i a l to disrupt 
t h e i r CNS information processing. Some of these chemicals may al s o 
have the p o t e n t i a l to be i n s e c t i c i d a l . When i n s e c t i c i d a l compounds 
are involved, we would suggest that a phase of psychomanipulation 
w i l l always precede l e t h a l i n t o x i c a t i o n , as the following 
i l l u s t r a t e s : Imagine a wild N i c o t i a n a plant, with leaves containing 
s u b s t a n t i a l l e v e l s of n i c o t i n e , a c l a s s i c n a t u r a l i n s e c t i c i d e . The 
n i c o t i n e may be s i g n i f i c a n t to the plant not so much because i t has 
the capacity to k i l l unadapted i n s e c t s , but because i t can modify 
t h e i r behavior a f t e r they have eaten small amounts of the plant's 
t i s s u e . That behavior m o d i f i c a t i o n , e.g., increased e x c i t a b i l i t y 
and locomotory a c t i v i t y , could increase the l i k e l i h o o d that the 
insect departs the plant. Only when that insect were r e f r a c t o r y and 
pe r s i s t e d i n feeding on the plant would i t receive a k i l l i n g dose. 

The chemical-ecological l i t e r a t u r e abounds with d e s c r i p t i o n s of 
e f f e c t s of secondary plant substances on i n s e c t s , vaguely lumped 
under the heading " t o x i c " . I f we p e r s i s t i n being s a t i s f i e d with 
" t o x i c i t y " as a d e s c r i p t i o n cum explanation of the e f f e c t of plant 
substances on i n s e c t s , we s h a l l remain very much i n the dark as to 
the a c t i o n of these important compounds. The only way we can 
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possibly discover subtle neurophysiological and neurochemical 
effects of secondary compounds is to actively search for them. 
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Hydrolysed protei
attract various insects
insect attractant use both in nature and by man is 
introduced, with particular reference to the Tephritid 
family of fruit flies. The work of the Biocommuni
cation Chemistry Research Unit on the identification 
of the active attractant compounds in the hydrolysed 
corn protein, Nu-Lure Insect Bait (NLIB) is discussed. 
Different isolates have been obtained by running 
simultaneous steam distillation-extractions (SDE) 
under vacuum and atomospheric pressure and under basic 
and acidic conditions. Chemical fractionation of 
these isolates has also been accomplished. Chemical 
identification by gas chromatography/mass spectrometry 
(gc/ms) is discussed. 

M e t c a l f and M e t c a l f (1) have q u o t e d R a c h e l C a r s o n (2) as d e s c r i b i n g 
a t t r a c t a n t s a s "new, i m a g i n a t i v e , and c r e a t i v e a p p r o a c h e s t o t h e 
p r o b l e m o f s h a r i n g o u r e a r t h w i t h o t h e r c r e a t u r e s " . Many o f t h e s e 
a t t r a c t a n t s a r e n a t u r a l p r o d u c t s . We w o u l d l i k e t o d i s c u s s : 1) t h e 
u s e o f a t t r a c t a n t s i n p e s t c o n t r o l , 2) t h e economic i m p o r t a n c e o f 
t h e T e p h r i t i d f a m i l y o f f r u i t f l i e s , w h i c h i s t h e f o c u s o f o u r 
r e s e a r c h , and t h e u s e o f a t t r a c t a n t s i n i t s c o n t r o l , 3) t h e 
a p p r o a c h t h e B i o c o m m u n i c a t i o n C h e m i s t r y R e s e a r c h U n i t i s t a k i n g 
t o w a r d f i n d i n g new a t t r a c t a n t s , o u r p r o g r e s s t o d a t e , and o u r 
p l a n s , and 4) some p r o b l e m s we have e n c o u n t e r e d i n o u r r e s e a r c h . 
We w i l l t o u c h o n l y i n p a s s i n g upon t h e v e r y l a r g e and i m p o r t a n t 
f i e l d s o f pheromones and k a i r o m o n e s as t h e y a r e c o v e r e d i n more 
d e t a i l i n t h e c h a p t e r s by T u m l i n s o n (3) and K l u n ( 4 ) . 

Uses o f A t t r a c t a n t s 

A t t r a c t a n t s were d e f i n e d by D e t h i e r (5) as " c h e m i c a l s t h a t c a u s e 
i n s e c t s t o make o r i e n t e d movements t o w a r d t h e s o u r c e " . He 
d i f f e r e n t i a t e d them f r o m a r r e s t a n t s w h i c h " c a u s e i n s e c t s t o 
a g g r e g a t e " . F o r t h e p u r p o s e s o f t h i s p a p e r , we w i l l n o t be t h i s 
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specific in our terminology, because, in many cases, the biological 
observations necessary to make this differentiation have not been 
made. 

Insect control professionals have used attractants as tools 
to monitor populations as part of integrated pest management (IPM) 
programs and as means of selectively reducing populations by luring 
individuals to traps, poisons, or even chemosterilants (6). Some 
work is currently being done on the attraction of natural enemies 
as well (7). (Please note that examples shown and references cited 
are meant to be i l l u s t r a t i v e rather than exhaustive). But for what 
do insects use attractants? It is postulated that they are used 
for finding shelter, mates, oviposition sites, and food (1, 8). It 
is here that the biologist becomes indispensible to the chemist. 
Only from his observations can chemists know where to look for 
naturally occuring attractants. It is also important to note that 
not a l l attractants are chemical. Visual (9-11) and auditory (12) 
clues also play very important roles in the behavior of some 
insects. Even with chemicals
attractants as volatil
are active only over very short distances or induce the appropriate 
behavior only upon contact (13). 

What are some examples of these attractants? (Figure 1) For 
mate finding, the insect-produced pheromones are the primary 
examples. However, environmental factors may also play an 
important role in the effectiveness of attractants. In the 
southern pine beetle, Dendroctonus frontalis, alpha-pinene released 
from an attacked tree is necessary along with the endogenously 
produced frontalin in order to attract males for mating (14). 

For species whose larvae are specialist feeders, finding 
suitable plants for oviposition is of great importance. Corn 
earworm moths, Heliothis armigera. w i l l oviposit on twine 
impregnated with an extract of com s i l k (1!5). The rice stemborer, 
Chilo plejadellus. female w i l l be attracted to and oviposit near a 
component of rice plants identified as £-methylacetophenone (16). 
Some of these oviposition attractants are contact materials and, 
thus, are probably of no use in practical applications. This is 
the case for many of the butterflies of the Nymphalid family. The 
Indian butterfly, Papilio demoleus, seems to require some 
non-volatile component in citrus leaves to induce oviposition, 
although i t seems to be attracted, at least partially, to the odor 
of the leaves (17). 

Food finding is another area in which attractants play a major 
role in insect behavior. This i s true for some larvae as well as 
adults. Saxena (18) has shown that the larvae of P. demo 1 eus are 
attracted to the leaves of citrus and cotton plants by their odor. 
However, i t seems that most chemicals which positively affect insect 
feeding are gustatory stimulants such as sinigrin for the cabbage 
butterfly, Pieris brassicae (19-21). This insect feeds on plants 
of the family Crueiferae whose members are unique in having high 
concentrations of this and other mustard o i l glycosides. Sinigrin, 
or, more likely, a volatile relative, w i l l also attract the adults 
of the diamondback moth, Plutella maculipennis (22), and the 
cabbage root f l y , Delia brassicae (23). Leek volatiles w i l l 
attract the Ichneumid Diadromus pulchellus, a parasitoid of the 
pupae of the leek moth Acrolepiopsis assectella (24). 
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However, t h e u s e o f n a t u r a l a t t r a c t a n t s i s b e s t known when 
t h e a d u l t s a r e h o s t f e e d e r s : b r a n and m o l a s s e s f o r g r a s s h o p p e r s , 
M e l a n o p l u s spp. and Camnula spp. ( 2 5 ) ; s y r u p s f o r a n t s , I r i d o m y r m e x 
h u m i l i s and Tapinoma s e s s i l e ( 2 6 ) ; and p e a n u t b u t t e r f o r t h e 
i m p o r t e d f i r e a n t , S o l e n o p s i s s a e v i s s i m a r i c h t e r i ( 2 7 ) . From some 
n a t u r a l a t t r a c t a n t s o f t h i s t y p e d i s c r e e t c h e m i c a l a t t r a c t a n t s have 
been i s o l a t e d ( F i g u r e 2 ) : s o t o l o n e f o r a n t s , h o u s e f l i e s , and 
c o c k r o a c h e s ( 2 8 ) ; g e r a n i o l and e u g e n o l f o r t h e J a p a n e s e b e e t l e , 
P o p i l l i a j a p o n i c a ( 2 9 ) ; m e t h y l e u g e n o l f o r t h e o r i e n t a l f r u i t f l y , 
Dacus d o r s a l i s ( 3 0 ) ; c a r b o n d i o x i d e and l a c t i c a c i d f o r m o s q u i t o e s , 
Aedes a e g y p t i ( 3 1 - 3 2 ) ; and 3 - h e x e n - l - o l and 2 - h e x e n - l - o l f o r t h e 
s i l k w o r m , Bombyx m o r i ( 3 3 ) . These l a s t two compounds b e l o n g t o t h e 
" g r e e n o d o u r c o m p l e x " ( 3 4 ) , and e l e c t r o p h y s i o l o g y work has shown 
t h e e x i s t e n c e o f " g r e e n " r e c e p t o r s i n t h i s s p e c i e s (35-36) and 
o t h e r s p e c i e s ( 3 7 - 3 8 ) . 

T h e r e have a l s o been many s y n t h e t i c a t t r a c t a n t s ( F i g u r e 3) 
t h a t have been c l a s s i f i e d as f o o d l u r e s ( 3 9 ) : p _ - a c e t o x y p h e n e t h y l 
m e t h y l k e t o n e ( c u e - l u r e
t e r t i a r y - b u t y l 2 - m e t h y l - 4 - c h l o r o c y c l o h e x a n e c a r b o x y l a t
(41) f o r t h e M e d i t e r r a n e a n f r u i t f l y , C e r a t i t i s c a p i t a t a ; p h e n e t h y l 
p r o p i o n a t e ( 4 2 ) , w h i c h , a l o n g w i t h e u g e n o l , i s u s e d f o r t h e 
J a p a n e s e b e e t l e ; p r o p y l l , 4 - b e n z o d i o x a n - 2 - c a r b o x y l a t e ( a m l u r e ) (43) 
f o r t h e E u r o p e a n c h a f e r , A m p h i m a l l o n m a j a l i s ; e t h y l 3 - i s o b u t y l -
2 , 2 - d i m e t h y l c y c l o p r o p a n e c a r b o x y l a t e (44) f o r t h e c o c o n u t r h i n o c e r o s 
b e e t l e , O r c y t e s r h i n o c e r o s ; and h e p t y l b u t y r a t e (45,) f o r y e l l o w 
j a c k e t s o f t h e genus V e s p u l a . Wasp t r a p s c o n t a i n i n g p e n t y l 
v a l e r a t e a r e e v e n a v a i l a b l e i n r e t a i l g a r d e n s h o p s . A l t h o u g h t h e s e 
h ave been c a l l e d f o o d l u r e s , c u e - l u r e , t r i m e d l u r e , and m e t h y l 
e u g e n o l a t t r a c t m a i n l y m a l e s . They have a l s o been r e f e r r e d t o as 
parapheromones ( 4 6 ) . A s y n t h e t i c a t t r a c t a n t f o r a p r e d a t o r has 
a l s o been f o u n d : c y c l o h e x y l p h e n y l a c e t a t e (47) w i l l a t t r a c t t h e 
c h e c k e r e d f l o w e r b e e t l e , T r i c h o d e s o r n a t u s . 

T e p h r i t i d A t t r a c t a n t s 

Our s e a r c h f o r a t t r a c t a n t s i s f o c u s e d on t h e T e p h r i t i d f a m i l y o f 
f r u i t f l i e s w h i c h i n c l u d e s s p e c i e s t h a t a r e o f economic i m p o r t a n c e 
i n E u r o p e , A s i a , A u s t r a l i a , and t h e A m e r i c a s . I t i s e s t i m a t e d t h a t 
t h e o l i v e f l y , Dacus o l e a e , c a u s e s t e n p e r c e n t f r u i t d r o p i n 
E u r o p e a n o l i v e s . Of t h e i n f e s t e d f r u i t r e m a i n i n g on t h e t r e e s , 25 
p e r c e n t o f t h e f l e s h i s d e s t r o y e d ( 4 8 ) . A c o n s e r v a t i v e e s t i m a t e o f 
t h e a n n u a l c o s t o f t h e r e c e n t M e d f l y i n f e s t a t i o n i n C a l i f o r n i a , n o t 
i n c l u d i n g c a p i t a l o u t l a y s , i s $59 m i l l i o n f o r c h e m i c a l c o n t r o l s , 
$38 m i l l i o n f o r q u a r a n t i n e and f u m i g a t i o n , and $260 m i l l i o n i n c r o p 
l o s s e s ( 4 9 ) . I t i s e s t i m a t e d t h a t 7 0 % o f t h e s u s c e p t i b l e f r u i t i n 
E g y p t i s i n f e s t e d by t h e M e d f l y (50) and a $50 m i l l i o n c o n t r o l 
p r o g r a m has b e en s t a r t e d t h e r e . 

B e c a u s e o f t h e i r v e r y l a r g e p o t e n t i a l f o r c r o p damage and f o r 
e conomic l o s s e s t o t h e e x p o r t m a r k e t , t h e A n i m a l and P l a n t H e a l t h 
I n s p e c t i o n S e r v i c e ( A P H I S ) , as w e l l a s t h e A g r i c u l t u r a l R e s e a r c h 
S e r v i c e ( A R S ) , i s v e r y c o n c e r n e d w i t h t h e c o n t r o l o f T e p h r i t i d 
s p e c i e s . APHIS has a v e r y a c t i v e p r o g r a m o f t r a p s t o s p o t 
i n f e s t a t i o n s o f t h e M e d i t e r r a n e a n f r u i t f l y , t h e o r i e n t a l f r u i t 
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ATTRACTANTS USE SPECIES 

a-PlNENE 
(FROM TREES) 

CORN SILK EXTRACT 

>COCH, 

V-METHYLACETOPHENONE 
(FROM RICE STALKS) 

CITRUS LEAF 

CITRUS LEAF 

MATE FINDING 

OVIPOSITION 

OVIPOSITION 

OVIPOSITION 
(NON-VOLATILE) 

DFNDROfTONUS FRONTALIS 

HELIOTHIS ARMIGFRA 

CHILQ P L F J A D F I ι ιις 

PAPILIO niMÛLEJdi 

Figure 1. Attractants for mate finding, oviposition and food. 

•OH 

S0T0L0NE 

ANTS 
HOUSEFLIES 
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GERANIOL 

CH 3o, 

EUGENOL 

CH 3O X 

CH30 \\ /ΓΛ-
METHYLEUGENOL 

C0 2 

C H 3 C H C O O H 

O H 
LACTIC ACID 

C H 3 C H 2 C H = C H C H 2 C H 2 O H 
3-HEXEN-l-OL 

C H 3 C H 2 C H 2 C H = C H C H 2 O H 
2-HEXEN-1-0L 

JAPANESE BEETLE 

ORIENTAL FRUIT FLY 

MOSQUITOES 

SILKWORM 

Figure 2. Compounds isolated from food sources. 
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CH 3 C O O ^ ~ ~ ^ CH 2CH 2 COCH 3 

CUE-LURE 

Cl 

> ^ ^ C O O ( C H 3 ) 
TRIMEDLURE 3 

D A C U S C U C U R B I T A E 
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- O C O C H 2 ^ β 

TRICHQDES QRNATUS 

Figure 3. Synthetic Attractants. 
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f l y , t h e m e l o n f l y , t h e M e x i c a n f r u i t f l y ( A n a s t r e p h a l u d e n s ) . and 
t h e C a r i b b e a n f r u i t f l y (A. s u s p e n s a ) . The C a l i f o r n i a S t a t e 
D epartment o f Food and A g r i c u l t u r e i s i n v o l v e d i n a t r a p p i n g 
p r o g r a m t o h a l t t h e s p r e a d o f t h e a p p l e maggot ( R h a g o l e t i s 
p o m m e n e l l a ) . The ARS has p e r s o n n e l i n H o n o l u l u and H i l o ( H a w a i i ) , 
W e s l a c o ( T e x a s ) , B e l t s v i l l e ( M a r y l a n d ) , and M i a m i and G a i n e s v i l l e 
( F l o r i d a ) , as w e l l as o u r f a c i l i t y i n A l b a n y ( C a l i f o r n i a ) w o r k i n g 
on t h e s e p r o b l e m s . A t t r a c t a n t s a r e a p r o m i n e n t p a r t o f t h e work a t 
t h i s l a b o r a t o r y . 

H i s t o r i c a l l y , s h o r t l y a f t e r t h e t u r n o f t h e c e n t u r y , an e i g h t 
y e a r o l d g i r l n o t i c e d t h a t f l i e s were a t t r a c t e d t o k e r o s e n e t h a t 
h e r mother had daubed on a h i t c h i n g p o s t t o keep a n t s away f r o m t h e 
j a m she was c o o l i n g a t t h e t o p o f t h e p o s t . On f u r t h e r 
i n v e s t i g a t i o n , t h e g i r l ' s f a t h e r f o u n d t h a t t h e s e f l i e s were 
M e d f l i e s w h i c h were i n d e e d a t t r a c t e d t o t h e k e r o s e n e and n o t t o t h e 
jam ( 5 1 ) . L a t e r , H o w l e t t (52) h e a r d a n e i g h b o r c o m p l a i n i n g t h a t he 
was b e i n g b o t h e r e d by f l i e s a t t r a c t e d t o t h e o i l o f c i t r o n e l l a he 
was u s i n g as a m o s q u i t
as male Dacus z o n a t u s an
e u g e n o l as t h e a c t i v e component o f t h e c i t r o n e l l a o i l ( 3 0 ) . Now, 
t r i m e d l u r e i s u s e d f o r s u r v e y i n g f o r t h e M e d f l y , c u e - l u r e f o r t h e 
m e lon f l y , m e t h y l e u g e n o l f o r t h e O r i e n t a l f r u i t f l y , and p r o t e i n 
h y d r o l y s a t e s f o r t h e M e x f l y and C a r i b f l y . I n f a c t , p r o t e i n 
h y d r o l y s a t e s c a n be u s e d f o r many s p e c i e s o f f r u i t f l i e s . P r o t e i n 
h y d r o l y s a t e s a l s o d i f f e r s i g n i f i c a n t l y f r o m t h e s y n t h e t i c l u r e s i n 
t h a t t h e y w i l l a t t r a c t f e m a l e f l i e s , e s p e c i a l l y g r a v i d o n e s , as 
w e l l as m a l e s . The s e x pheromones o f t h e M e d f l y and t h e o l i v e 
f r u i t f l y have been i d e n t i f i e d ( 5 3 - 5 5 ) , s y n t h e s i z e d (53-56.) and 
t e s t e d i n t h e f i e l d ( 5 7 - 5 9 ) . M e t h y l e u g e n o l , m i x e d w i t h an 
i n s e c t i c i d e and a p p l i e d t o c a r d b o a r d p i e c e s (60) o r s p o t s p r a y e d 
(61.), has been u s e d i n m a l e - a n n i h i l a t i o n e r a d i c a t i o n p r o g r a m s . 
P r o t e i n h y d r o l y s a t e s m i x e d w i t h an i n s e c t i c i d e have been u s e d i n 
many M e d f l y (62-65.) and M e x f l y ( 6 4 , 66.) e r a d i c a t i o n p r o j e c t s , 
i n c l u d i n g r e c e n t ones i n C a l i f o r n i a ( 6 1 ) . 

E x p e r i m e n t a l A p p r o a c h . R e s u l t s , and D i s c u s s i o n 

The B i o c o m m u n i c a t i o n C h e m i s t r y R e s e a r c h U n i t , WRRC, USDA, has 
d e v e l o p e d a p r o g r a m t o f i n d o t h e r a t t r a c t a n t s f o r members o f t h e 
T e p h i t i d f a m i l y a l l o w i n g f o r t h e d e v e l o p m e n t o f new l u r e s , 
improvement o f c u r r e n t IPM p r o g r a m s , i m p a r t i n g s p e c i e s s e l e c t i v i t y 
t o p r o g r a m s , and p o s s i b l e r e p l a c e m e n t o f c u r r e n t l y u s e d b a i t s . 
These a r e i n a d d i t i o n t o f i n d i n g a t t r a c t a n t s f o r p e s t s c u r r e n t l y 
u n c o n t r o l l e d i n t h i s way. 

We a r e e x a m i n i n g t h o s e commonly u s e d b a i t s , t h e p r o t e i n 
h y d r o l y s a t e s . I n i t i a l s t u d i e s have u s e d t h e c o r n g l u t e n 
h y d r o l y s a t e commonly known as PIB-7 o r , now, as Nu-Lure I n s e c t B a i t 
( N L I B ) . T h i s m a t e r i a l was u s e d i n t h e r e c e n t s u c c e s s f u l M e d f l y 
e r a d i c a t i o n p r o g r a m i n C a l i f o r n i a . S i n c e t h e f r u i t f l i e s a r e 
p r o b a b l y a t t r a c t e d t o t h e v o l a t i l e e m a n a t i o n s f r o m t h e b a i t , we 
have u s e d equipment and t e c h n i q u e s p r e v i o u s l y d e v e l o p e d by members 
o f o u r g roup f o r f l a v o r r e s e a r c h . F o r e xample, a m o d i f i e d 
L i k e n s - N i c k e r s o n s i m u l t a n e o u s steam d i s t i l l a t i o n - e x t r a c t i o n h e a d 
was d e v e l o p e d by F l a t h and F o r r e y (67.). A l s o , t h e r e i s a 90 l i t e r 
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pil o t plant system (68) that can be used for isolating enough 
volatile material for chemical and biological assays. This is very 
important because without sufficient quantities of material, 
replicated biological testing and proper chemical fractionation, 
yielding sufficient material for bioassays, would be impossible. 
Conventional vapor trapping techniques yield only 10~6 to 10"3 

grams of material. Using a laboratory scale, 12 l i t e r , 
simultaneous steam distillation-extraction system 10""* to 10~* 
grams can be collected. The 90 l i t e r p i l o t plant system w i l l yield 
10~2 to 1 gram. Recent work has shown that the figures for these 
last two methods can be increased by an order of magnitude. Thus, 
using the equipment and techniques already developed by our group, 
i t i s possible to produce material in sufficient quantity to 
conduct both the biological and chemical investigations. 

Our f i r s t separation method involved running the simultaneous 
steam d i s t i l l a t i o n extraction under 100 mm vacuum in order to 
minimize heat effects  This was followed by extraction under 
atmospheric pressure i
atmospheric extraction wa
solvent each day (68-69). Approximately 10 times as much material 
was collected each day at atmospheric pressure as was collected 
under vacuum. Since Schultz, et. a l . (70) showed that many non-
water-soluble alcohols, esters, aldehydes, and ketones can be 
recovered by this system in less than 3 hours, the collection of a 
large amount of material after 10 days is indicative of a very 
complex and probably dynamic system. Gas chromatograms for these 
extracts (68) and some compound identifications (69) have been 
reported. (Other reports on the identification of volatiles from 
protein hydrolysates are given in references 71-75). Prelminary 
results have shown that the vacuum extracts are more attractive for 
the Medfly than the atmospheric ones. 

Next, in agreement with the work of Bateman and Morton (76) 
on the Queensland f r u i t f l y , we found that increasing the pH of the 
hydrolysate from i t s normal 4.2 to 8.5 to 9 increases the attrac-
tancy of the bait for our test species. Gas chromatography (Figure 
4) and gc/mass spectrometry (Finnigan/Incos model 4500X GC/MS with 
0V-101 fused s i l i c a capillary column) on the isolated volatiles of 
pH 4.2 and pH 9 hydrolysate show considerable differences. 

The major volatile components of the pH 4.2 bait are 2-methyl-
propanal, 3-methylbutanal, 2-methylbutanal, furfural, 3-(methyl-
thio)propanal, acetylfuran, phenylacetaldehyde, and acetophenone. 

The major volatile components of the pH 9 bait are 2-methyl-
propanal, 3-methylbutanal, 2-methylbutanal, methylpyrazine, 
dimethylpyrazine, ethylpyrazine, 2,3-dimethylpyrazine, ethylmethyl-
pyrazine, trimethylpyrazine, dimethylethylpyrazine, and diethyl-
pyrazine. 

The volatiles of the pH 4.2 bait are dominated by aldehydes 
and ketones while those of the pH 9 bait are dominated by pyrazines. 
Figure 5 shows the structures of some of these pyrazines. It is 
interesting to note that some of these pyrazines have also been 
found in the rectal gland secretion of the male melon f l y (77). 

We have separated the volatiles from the pH 9 bait into basic 
and neutral fractions by extraction with acid, followed by 
neturalization of the acid extract (Figure 6). 
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pH 4.2 

pH 9 

IJllL*.u 
Ο Min. 10 20 SO 

F i g u r e 4. Gas chromatograms o f v o l a t i l e s i s o l a t e d f r o m N L I B ; 
t o p chromatogram, pH 4.2; b o t t o m chromatogram, pH 9; 30 m χ 0.25 
mm f u s e d s i l i c a DB-1 column, t e m p e r a t u r e programmed: 50°C f o r 
0.1 m i n . , t h e n 4 e C / m i n . t o 2 2 0 e C , h e l d a t 220°C f o r 20 m i n . 
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σ 
METHYLPYRAZINE 

CC 
3-DIMETHY 

XIX 
2,3-DlMETHYLPYRAZINE 

TRIMETHYLPYRAZINE 

Or 
ETHYLPYRAZINE XT 

ETHYL-6-METH XX 2-ETHYL-6-HETHYLPYRAZINE 

Ï-ETHYL-2.5-DIMETHYLPYRAZINE 

Figure 5. Structures of some pyrazines i d e n t i f i e d i n NLIB. 
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iiuJLii 

ijJlLi 

A S D - B 

10 20 30 

Figure 6. Gas chromatograms of v o l a t i l e s i s o l a t e d from pH 9 
NLIB; top chromatogram, n e u t r a l f r a c t i o n ; bottom chromatogram, 
b a s i c f r a c t i o n ; 60 m χ 0.32 mm fused s i l i c a DB-1 column, 
temperature programmed: 50 eC f o r 0.1 min., then 4°C/min. to 
230 eC, held at 230 eC f o r 10 min. 
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The major components of the neutral fraction are 2-methyl-
propanal, 2-butanone, 3-methylbutanal, 2-methylbutanal, dimethyl 
disulfide, and 3-methylpentanal. 

The major components of the basic fraction are 3-methylbutanal, 
methylpyrazine, dimethylpyrazine, ethylpyrazine, 2-ethy1-6-methy1-
pyrazine, trimethylpyrazine, and 3-ethy1-2,5-dimethylpyrazine. 
(The aldehyde was probably carried over during the extractions 
because of i t s solubility in both water and organic solvents.) 
Preliminary results show that this fraction has some attraction for 
the male oriental f r u i t f l y . 

We are now further bioassaying these fractions and w i l l further 
separate components in order to isolate the active materials. Our 
very able entomologist-cooperators and their insect test species 
are listed in Table I. We are also setting up f a c i l i t i e s to study 
the neurophysiology and ethology of these insects. This w i l l 
greatly expand the types of assays in our research program. 

Table I 
Entomologist-Cooperators 

Roy T. Cunningham Mediterranean Fruit Fly 
ARS, Hilo, HI Oriental Fruit Fly 

Melon Fly 

William G. Hart Mexican Fruit Fly 
ARS, Weslaco, TX 

Peter Landolt Caribbean Fruit Fly 
Dennis Howard 
ARS, Miami, FL 

Shmuel Gothilf Mediterranean Fruit Fly 
Volcani Institute 
Bet-Dagan, Israel 

What are some of the problems that researchers on attractants 
might face? One is the possibility that mixtures are necessary for 
activity. Their components may even need to be in specific 
ratios. This is something that has become very apparent in 
pheromone work (78). In our investigations of feeding attractants, 
this may also be true (79). As most of us know, people often find 
the odor of a complex natural o i l more attractive than that of its 
most characteristic single component. However, current chemical 
analytical methodology is designed to separate materials into 
single components, and we w i l l have to find ways of determining how 
to combine materials most efficiently to obtain the best activity. 
A further complication when working with feeding attractants is 
that the combination may have to include non-volatile arrestants 
such as carbohydrates or peptides with the volatile materials in 
order to be useful. 
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Another problem with bioassays is that many possible 
attractants can act as repellents at higher concentrations. 
Protocols must be designed to take this into acount, even though 
the concentration ranges over which the attractancy and/or 
repellancy occur may vary substantially from compound to compound. 
Putting a compound into a test at too high a concentration can 
swamp out even the standards, much in the same way that a pheromone 
is used in a confusion technique. Also insects may be attracted to 
a compound only u n t i l i t reaches a certain concentration and then 
stop coming. If this i s the case, insects may be attracted to a 
region around a trap but never enter the trap. How these problems 
are handled w i l l depend on whether the bioassay is of the 
olfactometer type or the f i e l d type. 

Another problem is the lack of knowledge about insect 
behavior. Although an insect is attracted to a host plant, i t may 
be for reasons other than food. For instance, although an 
attractant is isolated from a food source such as a f r u i t  i t may 
actually be a signal fo
congregation of males fo
this is so, then the material may be effective in attracting 
insects to an area but may be ineffective in inducing them to enter 
into, or land on, a trap. 

Conclusions 

We have found that: 1) volatiles from protein hydrolysates w i l l 
attract f r u i t f l i e s of various species, both male and female, 2) 
that volatiles from protein hydrolysates which had been brought to 
pH 9 are more attractive than volatiles from protein hydrolysate as 
i t comes at pH A.2, 3) that isolates from protein hydrolysates are 
attractive to various species of fr u i t f l i e s , and 4) that the basic 
isolate is attractive to male oriental f r u i t f l i e s . We are 
continuing to pursue vigorously the isolation, identification, and 
biological testing of the active components of this mixture. 

I would also like to reemphasize the usefulness of attractants 
research in finding new ways of controlling insect pests; i t s 
efficacy has been shown. We must now refine the tools we have, as 
is the case with the protein hydrolysates, and expand the range of 
pests than can be selectively controlled by this technique. 
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Beetles: Pheromonal Chemists par Excellence 

J . H . TUMLINSON 
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Pheromones of insec
are characterized by considerable structural 
diversity. Unlike the lepidopterous sex pheromones, 
which are nearly all fatty acid derivatives, 
coleopterous sex pheromone structures range in 
complexity from the relatively simple 
3,5-tetradecadienoic acid of the black carpet beetle 
to the tricyclic terpenoid, lineatin, of the striped 
ambrosia beetle. While the sex pheromones of many 
beetles consist of mixtures of compounds that act 
synergistically to elicit a behavioral response, 
other Coleoptera species appear to use only a single 
compound for chemical communication between the 
sexes. In the latter case the compound usually has 
at least one chiral center and chirality plays a 
major role in determining pheromone specificity. 
Some interesting relationships within groups of 
coleopterous species, based on subtle differences in 
structures or mixtures, have been unraveled in the 
last few years. These and the variety of structures 
comprising coleopterous pheromones provide a 
challenging opportunity for the natural products 
chemist. 

T h e r e a r e more s p e c i e s o f C o l e o p t e r a t h a n o f a n y o t h e r o r d e r o f 
i n s e c t s . I t h a s been e s t i m a t e d t h a t o v e r 350,000 s p e c i e s o f 
b e e t l e s have been d e s c r i b e d , and t h i s o r d e r r e p r e s e n t s a b o u t h a l f 
o f t h e t o t a l number o f s p e c i e s (I). Thus i t i s somewhat 
s u r p r i s i n g t o d i s c o v e r f r o m r e c e n t s u r v e y s o f t h e l i t e r a t u r e (2,3) 
t h a t pheromones have been i d e n t i f i e d f o r o n l y a b o u t 50 t o 75 
s p e c i e s o f C o l e o p t e r a . I n c o n t r a s t , s e x pheromones o r s e x 
a t t r a c t a n t s (most o f t h e l a t t e r d i s c o v e r e d by s c r e e n i n g 
p r o c e d u r e s ) a r e a v a i l a b l e f o r o v e r 500 s p e c i e s o f L e p i d o p t e r a . 
F u r t h e r m o r e , o v e r h a l f o f t h e known c o l e o p t e r o u s pheromones have 
been i s o l a t e d and i d e n t i f i e d f r o m s p e c i e s i n t h e f a m i l y 
S c o l y t i d a e . 

This chapter not subject to U.S. copyright. 
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As p r e v i o u s l y n o t e d (4,5), c o l e o p t e r o u s pheromones a r e c h a r a c 
t e r i z e d by g r e a t d i v e r s i t y and c o m p l e x i t y i n b o t h t h e c h e m i c a l 
s t r u c t u r e s and t h e c o m p o s i t i o n o f b l e n d s . Some s p e c i e s , p a r t i c 
u l a r l y i n t h e f a m i l y D e r m e s t i d a e , u t i l i z e v e r y s i m p l e f a t t y a c i d 
l i k e m o l e c u l e s s i m i l a r t o t h e l e p i d o p t e r o u s pheromones. I n c o n 
t r a s t , T r y p o d e n d r o n l i n e a t u m ( O l i v i e r ) u s e s a t r i c y c l i c a c e t a l 
(6). T h e r e a r e a v a r i e t y o f o t h e r c o l e o p t e r o u s pheromone s t r u c 
t u r e s o f i n t e r m e d i a t e c o m p l e x i t y . A d d i t i o n a l l y , t h e phenomenon o f 
c h i r a l i t y i n t r o d u c e s e v e n more c o m p l e x i t y and d i v e r s i t y i n t o t h e s e 
pheromone s t r u c t u r e s . S i l v e r s t e i n (5) l i s t s n i n e p o s s i b l e c a t e 
g o r i e s o f r e s p o n s e by i n s e c t s t o e n a n t i o m e r s . So f a r we know o f 
e x a m p l e s f o r f i v e o f t h e s e c a t e g o r i e s . Thus an i n s e c t may p r o d u c e 
a s i n g l e e n a n t i o m e r and t h e o t h e r e n a n t i o m e r may be a c t i v e , 
i n a c t i v e , o r i n h i b i t o r y . A l t e r n a t i v e l y , t h e i n s e c t may p r o d u c e 
b o t h e n a n t i o m e r s and r e s p o n d o p t i m a l l y t o t h e n a t u r a l r a t i o o f t h e 
two e n a n t i o m e r s o r more s t r o n g l y t o one t h a n t h e o t h e r  F o r a 
more d e t a i l e d d i s c u s s i o
S i l v e r s t e i n (7). 

I t w o u l d seem t h a t many o f t h e c o l e o p t e r o u s s p e c i e s c o u l d 
a c h i e v e a h i g h d e g r e e o f s p e c i f i c i t y i n t h e i r pheromone s i g n a l s 
w i t h s i n g l e components, g i v e n t h e many d i v e r s e s t r u c t u r e s a v a i l 
a b l e and t h e added d e g r e e o f s t r u c t u r a l s p e c i f i c i t y p r o v i d e d by 
d i f f e r e n c e s i n e n a n t i o m e r i c o r s t e r e o i s o m e r i c f o r m s o f a m o l e 
c u l e . I n f a c t , many c l o s e l y r e l a t e d s p e c i e s u s e d i f f e r e n t e n a n t i 
omers o r s t e r e o i s o m e r s t o a c h i e v e s p e c i f i c i t y i n t h e i r c h e m i c a l 
s i g n a l . However, most o f t h e c o l e o p t e r o u s pheromones i d e n t i f i e d 
t h u s f a r a r e m u l t i c o m p o n e n t and i n t h e few c a s e s where pheromones 
have been i d e n t i f i e d f o r s e v e r a l c l o s e l y r e l a t e d s p e c i e s i n a 
genus, we u s u a l l y f i n d t h a t t h e d i f f e r e n t s p e c i e s a r e u s i n g b l e n d s 
o f a few compounds and a c h i e v i n g s p e c i f i c i t y by v a r y i n g r a t i o s , 
number o r t y p e s o f components, and t h e c h i r a l i t y o f i n d i v i d u a l 
components. 

D e s p i t e t h e g e n e r a l t r e n d t o w a r d m u l t i c o m p o n e n t pheromones, 
s e v e r a l s i n g l e component c o l e o p t e r o u s pheromones have been i s o 
l a t e d and i d e n t i f i e d . I n many o f t h e s e i n s t a n c e s i t a p p e a r s t h a t 
t h e pheromone i d e n t i f i c a t i o n i s i n c o m p l e t e , a l t h o u g h a s i n g l e com
pound may be a t t r a c t i v e and may i n f a c t be a v e r y e f f e c t i v e l u r e 
f o r f i e l d t r a p p i n g t e s t s . No d o u b t f u r t h e r work w i l l t u r n up more 
components and more e f f e c t i v e pheromones i n many i n s t a n c e s . How
e v e r , t h e r e a r e c a s e s i n w h i c h v e r y c a r e f u l and t h o r o u g h i n v e s t i 
g a t i o n s have y i e l d e d a s i n g l e compound w i t h a p p a r e n t l y t h e t o t a l 
a c t i v i t y o f t h e o r i g i n a l e x t r a c t o r o f t h e l i v e i n s e c t s . T h e r e i s 
s t i l l t h e p o s s i b i l i t y i n many o f t h e s e i n s t a n c e s t h a t t h e b i o a s s a y 
d i d n o t measure a l l b e h a v i o r a s s o c i a t e d w i t h pheromone communica
t i o n . Thus, more t h o r o u g h s t u d i e s o f t h e b e h a v i o r may i n d i c a t e 
t h e p r e s e n c e o f more pheromone components. A d d i t i o n a l l y , where a 
s p e c i e s i s i s o l a t e d f r o m i t s n a t i v e h a b i t a t and o t h e r r e l a t e d 
s p e c i e s , t h e r o l e o f o t h e r components i n p r o v i d i n g s p e c i f i c i t y t o 
t h e s i g n a l may n o t be e v i d e n t . 

T h e r e f o r e , a s a g e n e r a l r u l e we s h o u l d p r o b a b l y a l w a y s e x p e c t 
t h a t t h e c o m p l e t e pheromone w i l l c o n s i s t o f two o r more compounds. 
However, i t i s p o s s i b l e t h a t a few s p e c i e s may u t i l i z e s i n g l e com
ponent pheromones, p a r t i c u l a r l y i f t h e s t r u c t u r e i s s u f f i c i e n t l y 
u n i q u e and i f c h i r a l i t y p r o v i d e s s u f f i c i e n t d i v e r s i t y t o a l l o w 
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s p e c i f i c i t y o f t h e s i g n a l i n t h e c o n t e x t o f t h e a s s o c i a t e d 
e n v i r o n m e n t . 

C o n s i d e r a t i o n o f t h e e n v i r o n m e n t i n w h i c h a s p e c i e s l i v e s and 
r e p r o d u c e s i s v e r y i m p o r t a n t , a l t h o u g h o f t e n n e g l e c t e d i n s t u d y i n g 
t h e c h e m i c a l c o m m u n i c a t i o n s s y s t e m o f t h a t s p e c i e s . I n many c a s e s 
i t i s v e r y d i f f i c u l t t o m o n i t o r t h e c h e m i c a l i s o l a t i o n and 
p u r i f i c a t i o n w i t h f i e l d b i o a s s a y s and t h u s l a b o r a t o r y b i o a s s a y s 
a r e o f t e n u s e d . O b v i o u s l y a l a b o r a t o r y b i o a s s a y i s q u i t e 
a r t i f i c i a l i n t h a t many e n v i r o n m e n t a l f a c t o r s t h a t a f f e c t t h e 
i n s e c t ' s b e h a v i o r a r e e l i m i n a t e d . I n f a c t , b i o a s s a y s c o n d u c t e d i n 
t h e f i e l d may n o t measure a l l t h e b e h a v i o r a l components e i t h e r . 
I n e i t h e r c a s e a pheromone i d e n t i f i c a t i o n s h o u l d be f o l l o w e d by a n 
i n v e s t i g a t i o n o f t h e r e s p o n s e o f o t h e r s p e c i e s t o s y n t h e t i c 
compounds, b l e n d s , i s o m e r s , e n a n t i o m e r s , e t c . , and c o m p a r i s o n o f 
t h e r e s u l t s w i t h t h e n a t u r a l i n t e r s p e c i f i c r e s p o n s e s o r b e h a v i o r . 
A d d i t i o n a l l y , o d o r s f r o m h o s t p l a n t s o r pheromones o f o t h e r 
s p e c i e s may a f f e c t t h e r e s p o n s
pheromones. 

F o r a v a r i e t y o f r e a s o n s , some o f w h i c h have a l r e a d y been 
d i s c u s s e d , we c a n o f t e n l e a r n more a b o u t a c o m m u n i c a t i o n s y s t e m by 
s t u d y i n g t h e pheromones and r e l a t e d b e h a v i o r o f s e v e r a l members o f 
a genus o r f a m i l y t h a n by an i n - d e p t h s t u d y o f a s i n g l e s p e c i e s . 
The i n t e r s p e c i f i c i n t e r a c t i o n s a r e o f t e n q u i t e s u b t l e b u t v e r y 
i m p o r t a n t . F o r example, t h e i m p o r t a n c e o f e n a n t i o m e r s o r 
s t e r e o i s o m e r s may o n l y become e v i d e n t a f t e r i n v e s t i g a t i n g t h e 
r e s p o n s e s o f s e v e r a l c l o s e l y r e l a t e d s p e c i e s t o a pheromone o r 
pheromone b l e n d . 

T h e r e have been s e v e r a l good r e v i e w s — p a r t i c u l a r l y o f t h e 
c h e m i s t r y and b e h a v i o r a s s o c i a t e d w i t h b a r k b e e t l e pheromones — 
i n t h e l a s t few y e a r s ( 6 , 9 - 1 2 ) . Many a s p e c t s o f my d i s c u s s i o n 
h e r e a r e d i s c u s s e d i n more d e t a i l i n one o r more o f t h e s e 
r e v i e w s . I n t h e r e m a i n d e r o f t h i s c h a p t e r , I i n t e n d t o i l l u s t r a t e 
w i t h s e l e c t e d e x a m p l e s t h e p o i n t s t h a t I d i s c u s s e d above. 

S c o l y t i d a e 

B a r k b e e t l e s a r e o f g r e a t e c o n o m i c i m p o r t a n c e , w h i c h i s one o f t h e 
r e a s o n s more r e s e a r c h has b e e n done on t h e pheromones o f t h e 
S c o l y t i d a e t h a n on t h o s e o f any o t h e r f a m i l y o f C o l e o p t e r a . T h e i r 
pheromone s y s t e m s a l s o seem t o be t y p i c a l o f t h e C o l e o p t e r a i n 
t h a t w h i l e t h e r e i s c o n s i d e r a b l e d i v e r s i t y i n pheromone s t r u c t u r e 
w i t h i n t h i s f a m i l y , t h e r e a l s o seems t o be a p a t t e r n o f 
s t r u c t u r e s , p a r t i c u l a r l y w i t h i n a genus. The f i r s t pheromone 
i d e n t i f i e d f r o m a c o l e o p t e r o u s s p e c i e s was f r o m I p s p a r a c o n f u s u s 
L a n i e r ( t h e n I . c o n f u s u s ) by S i l v e r s t e i n e t a l . ( 1 3 ) . T h r e e 
compounds — i p s e n o l ( I ) , i p s d i e n o l ( I I ) , and c i s - v e r b e n o l ( I I I ) 
— were i d e n t i f i e d . These compounds a r e s y n e r g i s t i c , t h e 
c o m b i n a t i o n o f a l l t h r e e b e i n g r e q u i r e d f o r a c t i v i t y w i t h l i t t l e 
o r no a t t r a c t i o n b e i n g e l i c i t e d by any one o f them a l o n e . 
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HO 

OH 
H 

I II III 

Each o f t h e s e compounds i s c h i r a l and t h u s c a n e x i s t i n e i t h e r 
o f two e n a n t i o m e r i c f o r m s . Thus, t h e c h e m i c a l s i g n a l c a n be 
v a r i e d by (1) u s i n g d i f f e r e n t r a t i o s o f t h e s e t h r e e compounds, (2) 
u s i n g d i f f e r e n t b l e n d s e m p l o y i n g one, two, o r t h r e e o f t h e s e com
pounds, and (3) i m p o s i n g t h e e l e m e n t o f c h i r a l i t y o n e a c h o f t h e 
o t h e r two methods. The I . p a r a c o n f u s u s pheromone was i d e n t i f i e d 
a s ( S ) ( - ) i p s e n o l , p r e d o m i n a n t l
c i s - v e r b e n o l (13). S u b s e q u e n t l
i d e n t i f i e d a s ( R ) ( - ) i p s d i e n o  (14),
( S ) ( + ) e n a n t i o m e r c o m p l e t e l y i n t e r r u p t e d I . p i n i r e s p o n s e t o t h e 
( R ) ( - ) . F u r t h e r m o r e , w h i l e I . p i n i i n t h e w e s t e r n U. S. p r o d u c e s 
and r e s p o n d s t o ( R ) ( - ) i p s d i e n o l , I . p i n i i n New Y o r k p r o d u c e s a 
65:35 r a t i o o f ( + ) : ( - ) i p s d i e n o l and r e s p o n d s more s t r o n g l y t o t h e 
r a c e m i c s y n t h e t i c i p s d i e n o l i n t h e f i e l d (15). A s u r v e y o f t h e 
l i t e r a t u r e o n I p s pheromones s u g g e s t s t h a t most i f n o t a l l I p s 
s p e c i e s u t i l i z e one o r more o f t h e s e t h r e e components i n v a r i o u s 
c o m b i n a t i o n s and o f d i f f e r e n t c h i r a l i t i e s t o a c h i e v e t h e n e c e s s a r y 
s p e c i f i c i t y i n t h e i r c h e m i c a l s i g n a l . 

The a g g r e g a t i o n pheromone o f D e n d r o c t o n u s b r e v i c o m i s L e C o n t e 
c o n s i s t s o f a s y n e r g i s t i c m i x t u r e o f e x o - b r e v i c o m i n ( I V ) p r o d u c e d 
by f e m a l e s , myrcene (V) f r o m t h e h o s t t r e e , and f r o n t a l i n ( V I ) 
p r o d u c e d by m a l e s w h i c h r e s p o n d t o compounds I V and V. The m i x 
t u r e o f a l l t h r e e compounds t h e n a t t r a c t s m a l e s and f e m a l e s (10). 
S u b s e q u e n t l y , v e r b e n o n e ( V I I ) and t r a n s - v e r b e n o l ( V I I I ) a r e p r o 
duced and d e t e r f u r t h e r a t t a c k (11). A d d i t i o n a l l y v e r b e n o n e 
d e t e r s t h e r e s p o n s e o f I . p a r a c o n f u s u s w h i c h u t i l i z e s t h e same 
h o s t t r e e s p e c i e s i n t h e same a r e a (16,17). Thus t h e two s p e c i e s 
may be f o u n d c o l o n i z i n g d i f f e r e n t p a r t s o f t h e same t r e e . A g a i n , 
as i n t h e I p s pheromones, c h i r a l i t y p l a y s a r o l e . The n a t u r a l l y 
o c c u r r i n g e n a n t i o m e r s o f e x o - b r e v i c o m i n and f r o n t a l i n i n c o m b i n a 
t i o n w i t h myrcene e l i c i t a g r e a t e r r e s p o n s e f r o m b o t h male and 
f e m a l e D. b r e v i c o m i s t h a n do t h e o t h e r e n a n t i o m e r s . 

T h e r e a r e many o t h e r s c o l y t i d s p e c i e s t h a t u t i l i z e t h e s e and 
s i m i l a r compounds t o e f f e c t i n t r a s p e c i f i c c o m m u n i c a t i o n . F r a n c k e 
e t a l . (18) have d i s c o v e r e d s e v e r a l s p i r o k e t a l s a s a c t i v e compo
n e n t s o f s c o l y t i d pheromones. A d d i t i o n a l l y , s e v e r a l p a r a s i t e s and 
p r e d a t o r s u t i l i z e t h e pheromones p r o d u c e d by t h e i r s c o l y t i d p r e y 
a s k a i r o m o n e s . F o r exa m p l e , t h e p r e d a t o r y b e e t l e , T e m n o c h i l a 
c h l o r o d i a , r e s p o n d s s p e c i f i c a l l y t o e x o - b r e v i c o m i n p r o d u c e d by 
f e m a l e D. b r e v i c o m i s (19). T h i s same phenomenon has been 
d e m o n s t r a t e d r e c e n t l y i n L e p i d o p t e r a ; t h e egg p a r a s i t e 
T richogramma s p . u s e s t h e H e l i o t h i s z e a ( B o d d i e ) s e x pheromone t o 
l o c a t e t h e H. z e a eggs (20). 
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Thus, t o q u o t e f r o m B i r c h (10), "Not o n l y s h o u l d t h e c h e m i c a l 
c o m m u n i c a t i o n s y s t e m w i t h i n a s p e c i e s be i n t i m a t e l y known i n o r d e r 
t o m a n i p u l a t e b e h a v i o r e f f e c t i v e l y , b u t t h e e f f e c t o f m a n i p u l a t i n g 
one s p e c i e s o n t h e c o m p l e x o f o t h e r s p e c i e s i n t h a t e n v i r o n m e n t 
s h o u l d a l s o be u n d e r s t o o d . " 

IV V VI 

OH 

VII VIII 

C u r c u l i o n i d a e 

R e l a t i v e l y few pheromones have been i d e n t i f i e d f r o m s p e c i e s i n 
t h i s f a m i l y . The f i r s t c u r c u l i o n i d pheromone i d e n t i f i e d , t h a t o f 
t h e b o l l w e e v i l , Anthonomus g r a n d i s Boheman, i s t e r p e n o i d i n 
c h a r a c t e r l i k e t h o s e o f t h e S c o l y t i d a e . Two t e r p e n e a l c o h o l s ( I X , 
X) and two a l d e h y d e s ( X I , X I I ) were i s o l a t e d and i d e n t i f i e d f r o m 
male w e e v i l s and f r o m f r a s s (21). A l l f o u r o f t h e s e compounds a r e 
r e q u i r e d t o e l i c i t optimum a t t r a c t i o n . 

IX X XI XII 

P r o d u c e d by t h e m a l e , t h i s pheromone a c t s a s an a g g r e g a t i n g 
pheromone i n t h e f i e l d i n t h e s p r i n g , b u t i n m i d s e a s o n a p p e a r s t o 
a c t more l i k e a t r u e s e x pheromone i n t h a t i t p r i m a r i l y a t t r a c t s 
f e m a l e s . A l s o , a s i n t h e b a r k b e e t l e s , components o f t h e e s s e n 
t i a l o i l s o f t h e h o s t p l a n t a p p e a r t o enhance t h e a t t r a c t i v e n e s s 
o f t h i s pheromone (22). 
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G r a n d i s o l ( I X ) and t h e c o r r e s p o n d i n g a l d e h y d e , g r a n d i s a l , a l s o 
have been i s o l a t e d and i d e n t i f i e d a s components o f t h e pheromone 
o f two o t h e r c u r c u l i o n i d s , P i s s o d e s s t r o b i ( P e c k ) , t h e w h i t e p i n e 
w e e v i l , and P. a p p r o x i m a t i f H o p k i n s , t h e n o r t h e r n p i n e w e e v i l 
(23). The p e c a n w e e v i l , C u r c u l i o c a r y a e ( H o r n ) , a l s o has been 
r e p o r t e d t o r e s p o n d t o t h e s y n t h e t i c b o l l w e e v i l pheromone b l e n d 
and t o compound X a l o n e (24), and H e d i n e t a l . (25) i s o l a t e d com
pound X f r o m an a c t i v e e x t r a c t o f f e m a l e p e c a n w e e v i l s . A d d i t i o n 
a l l y , t h e New G u i n e a s u g a r c a n e w e e v i l , R h a b d o s c e l u s o b s c u r u s 
( B o i s d u v a l ) , was r e p o r t e d t o r e s p o n d t o t h e s y n t h e t i c b o l l w e e v i l 
b l e n d (26). Thus t h e s e compounds and s i m i l a r o n e s may s e r v e a s 
pheromone components i n s e v e r a l c u r c u l i o n i d s p e c i e s f r o m d i f f e r e n t 
g e n e r a . I n t e r e s t i n g l y , f e m a l e s o f a c e r a m b y c i d s p e c i e s D e c t e s 
t e x a n u s t e x a n u s L e C o n t e have been r e p o r t e d t o be a t t r a c t e d by 
t h e s e compounds (27). When we c o n s i d e r t h a t t h e t r i c y c l i c a c e t a l 
l i n e a t i n , a s c o l y t i d pheromone, h a s t h e same c a r b o n s k e l e t o n a s 
g r a n d i s o l , i t seems p o s s i b l e t h a t t h i s t y p e o f s t r u c t u r e may be 
f a i r l y w i d e s p r e a d among

V e r y r e c e n t l y ( R * , S
i d e n t i f i e d a s t h e ma j o r component o f t h e a g g r e g a t i o n pheromone o f 
t h e r i c e w e e v i l , S i t o p h i l u s o r y z a e L., and t h e m a i z e w e e v i l , S. 
z e a m a l s M o t s c h . (28). T h i s compound i s o b v i o u s l y v e r y d i f f e r e n t 
i n s t r u c t u r e f r o m t h e p r e v i o u s l y i d e n t i f i e d c u r c u l i o n i d p h e r o 
mones. I n f a c t , i t i s v e r y s i m i l a r t o t h e pheromone o f two o t h e r 
s t o r e d - p r o d u c t s p e s t s , t h e d r u g s t o r e b e e t l e and t h e c i g a r e t t e 
b e e t l e , w h i c h a r e i n t h e f a m i l y A n o b i i d a e ( s e e l a t e r ) . Undoubt
e d l y , we w i l l f i n d more d i v e r s i t y i n s t r u c t u r e a s more c u r c u l i o n i d 
pheromones a r e i d e n t i f i e d . 

S i n c e s o few c u r c u l i o n i d pheromones have been i d e n t i f i e d , we 
do n o t y e t know what r o l e c h i r a l i t y w i l l p l a y o r t h e i m p o r t a n c e o f 
b l e n d s i n m e d i a t i n g b e h a v i o r w i t h i n t h i s f a m i l y . O b v i o u s l y , s i n c e 
t h e b o l l w e e v i l r e s p o n s e t o i n d i v i d u a l components o r p a i r s o f com
p o n e n t s i s a l m o s t n i l , t h e b l e n d i s i m p o r t a n t . However, t h e b o l l 
w e e v i l i s e s s e n t i a l l y an i n t r o d u c e d p e s t , h a v i n g m i g r a t e d i n t o t h e 
U. S. i n ab o u t t h e s e c o n d d e c a d e o f t h i s c e n t u r y f r o m C e n t r a l 
A m e r i c a . Thus i n t e r a c t i o n s r e l a t e d t o c h e m i c a l c o m m u n i c a t i o n s 
between t h e b o l l w e e v i l and o t h e r c l o s e l y r e l a t e d s p e c i e s have n o t 
been s t u d i e d . Much more r e s e a r c h i s needed i n t h i s a r e a b e f o r e we 
w i l l b e g i n t o u n d e r s t a n d how t h i s i n s e c t and r e l a t e d s p e c i e s 
i n t e r a c t i n t h e e c o s y s t e m . 

S c a r a b a e i d a e 

The e x i s t e n c e o f c h i r a l i t y i n pheromone m o l e c u l e s h a s been 
r e c o g n i z e d s i n c e 1966, b u t a s S i l v e r s t e i n (7) e x p l a i n s , most o f u s 
i g n o r e d i t b e c a u s e t h e i n s e c t s r e s p o n d e d t o t h e s y n t h e s i z e d 
r a c e m i c compounds. Thus t h e i n s e c t s ' r e s p o n s e t o t h e c h i r a l 
pheromones i d e n t i f i e d i n e a r l i e r work a p p e a r e d t o f a l l i n t o t h e 
f i r s t c a t e g o r y d e s c r i b e d by S i l v e r s t e i n (5), i . e . , t h e i n s e c t 
p r o d u c e d and r e s p o n d e d t o a s i n g l e e n a n t i o m e r and t h e o t h e r 
e n a n t i o m e r was i n a c t i v e . F u r t h e r m o r e , t h e p a u c i t y o f n a t u r a l 
pheromone o b t a i n a b l e f r o m t h e i n s e c t s makes i t d i f f i c u l t , and i n 
most c a s e s i m p o s s i b l e , t o d e t e r m i n e t h e s t e r e o c h e m i s t r y o f t h e 
n a t u r a l m a t e r i a l . 
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I t was i n e v i t a b l e t h a t e v e n t u a l l y we w o u l d be f o r c e d t o 
c o n s i d e r e f f e c t s o f c h i r a l i t y o n pheromone a c t i v i t y . The 
i m p o r t a n c e o f g e o m e t r i c a l i s o m e r i s m i n d e t e r m i n i n g t h e a c t i v i t y o f 
l e p i d o p t e r o u s pheromones was w e l l r e c o g n i z e d . However, i t was 
s t i l l somewhat s u r p r i s i n g when we d i s c o v e r e d t h a t t h e s y n t h e s i z e d 
r a c e m i c J a p a n e s e b e e t l e , P o p i l l i a j a p o n l e a Newman, pheromone was 
i n a c t i v e e v e n t h o u g h we had p u r i f i e d b o t h t h e n a t u r a l ( a c t i v e ) 
pheromone and t h e s y n t h e s i z e d pheromone t o g r e a t e r t h a n 99%, and 
t h e two were i n d i s t i n g u i s h a b l e by e v e r y c h r o m a t o g r a p h i c and 
s p e c t r o s c o p i c a n a l y t i c a l method a v a i l a b l e ( 2 9 ) . I t was o n l y when 
t h e (R) and (S) e n a n t i o m e r s o f X I I I were s y n t h e s i z e d (30) t h a t we 
d i s c o v e r e d t h a t t h e p u r e ( R ) ( - ) e n a n t i o m e r o f X I I I was v e r y 
a t t r a c t i v e t o m a l e s and t h e ( S ) ( + ) was an i n h i b i t o r t h a t , e v e n 
when p r e s e n t i n o n l y a few p e r c e n t , s i g n i f i c a n t l y r e d u c e d t h e 
a c t i v i t y o f t h e ( R ) ( - ) . 

T h e r e a r e two o t h e r f a c t o r s w o r t h n o t i n g i n r e g a r d t o t h e 
J a p a n e s e b e e t l e pheromone  A s i n g l e compound a p p a r e n t l y p o s s e s s e s 
a l l t h e a c t i v i t y o f t h
when we n o t e t h a t t h e m a t e r i a
a b out 15% o f t h e (E) i s o m e r and 3% o f t h e a n a l o g w i t h a s a t u r a t e d 
s i d e c h a i n . However, t h e s e o t h e r two compounds had no e f f e c t o n 
t h e a c t i v i t y o f t h e ( R ) ( Z ) - i s o m e r when added i n t h e a p p r o p r i a t e 
r a t i o s w h e t h e r t h e r a c e m i c o r t h e p u r e e n a n t i o m e r i c f o r m s were 
u s e d . 

S i n c e t h e J a p a n e s e b e e t l e i s an i m p o r t e d p e s t , i t r e m a i n s t o 
be s e e n w h e t h e r t h e s e o t h e r i s o m e r s a nd/or e n a n t i o m e r s have a more 
s i g n i f i c a n t r o l e i n i n t e r a c t i o n s among c l o s e l y r e l a t e d s p e c i e s i n 
i t s n a t i v e h a b i t a t . O n l y one o t h e r s e x a t t r a c t a n t has been 
i d e n t i f i e d f o r a s c a r a b s p e c i e s . P h e n o l a t t r a c t s m a l e s o f t h e 
g r a s s g r u b b e e t l e , C o s t e l y t r a z e a l a n d i c a ( W h i t e ) ( 3 1 . ) . Thus, we 
do n o t know what t y p e s o f compounds a r e l i k e l y t o be most 
p r e v a l e n t among t h e pheromones o f t h e S c a r a b a e i d a e . However, i t 
i s w o r t h n o t i n g t h a t a t t r a c t a n t s d e r i v e d f r o m p l a n t s a p p e a r t o 
s y n e r g i z e t h e r e s p o n s e o f b o t h male and f e m a l e J a p a n e s e b e e t l e s t o 
t h e pheromone ( 3 2 , 3 3 ) , and t h u s i t i s s i m i l a r t o many o t h e r 
c o l e o p t e r o u s s p e c i e s i n t h i s r e s p e c t . 

C h r y s o m e l i d a e 

I n t h i s v e r y l a r g e c o l e o p t e r o u s f a m i l y t h e s e x pheromone o f o n l y 
two s p e c i e s have been i d e n t i f i e d . D i a b r o t i c a v i r g i f e r a v i r g i f e r a 
L e C o n t e , t h e w e s t e r n c o r n r o o t w o r m (WCR), p r o d u c e s and r e s p o n d s t o 
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( R , R ) - 8 - m e t h y l - 2 - d e c a n o l p r o p a n o a t e ( 3 4 ) . S o n n e t e t a l . (35) 
s y n t h e s i z e d t h e f o u r s t e r e o i s o m e r s o f t h i s pheromone i n h i g h 
s t e r e o i s o m e r i c p u r i t y ( T a b l e I ) . C o m p a r i s o n o f t h e c a p t u r e s o f 
WCR m a l e s i n t h e f i e l d w i t h t r a p s b a i t e d w i t h t h e i n d i v i d u a l 
s t e r o i s o m e r s and w i t h t h e r a c e m i c m i x t u r e d e m o n s t r a t e d t h a t t h e 
ma l e s r e s p o n d s t r o n g l y t o t h e ( R , R ) - i s o m e r and t o a l e s s e r e x t e n t 
t o t h e ( 2 S , 8 R ) - i s o m e r . The o t h e r two i s o m e r s a r e i n a c t i v e ; i . e . , 
t h e y n e i t h e r a t t r a c t n o r i n h i b i t t h e r e s p o n s e o f WCR m a l e s , n o r do 
t h e y s y n e r g i z e t h e a c t i v i t y o f t h e ( R , R ) - i s o m e r ( 3 6 ) . The 
( R , R ) - i s o m e r a p p e a r s t o be a s a t t r a c t i v e a s an e q u a l amount o f t h e 
n a t u r a l pheromone i n v o l a t i l e s c o l l e c t e d f r o m f e m a l e s . Thus i t i s 
p o s s i b l e t h a t t h e WCR i s u t i l i z i n g a s i n g l e component pheromone. 

T a b l e I . P u r i t y o f t h e s y n t h e s i z e d s t e r e o i s o m e r s o f 8 - m e t h y l - 2 -
d e c a n o l p r o p a n o a t e t h a t were t e s t e d i n t h e f i e l d f o r 
a t t r a c t i v e n e s s t o s e v e r a l s p e c i e s o f D i a b r o t i c a . 

G r o s s p u r i t
Isomer (%) 2S,8S 2R,8S 2S,8R 2R,8R 

2S,8S 99.3 98.8 0.4 0.8 

2R,8S 99.1 0.9 99.3 - 0.8 
2S,8R 98.3 1.9 - 97.4 0.7 
2R,8R 95.3 - 1.9 0.3 97.8 
2RS,8RS 99+ 

E v i d e n c e f r o m s t u d i e s o f t h e r e s p o n s e o f s e v e r a l c l o s e l y 
r e l a t e d D i a b r o t i c a s p e c i e s t o t r a p s i n t h e f i e l d b a i t e d w i t h WCR 
f e m a l e v o l a t i l e s , t h e r a c e m i c s y n t h e t i c pheromone, and t h e f o u r 
s t e r e o i s o m e r s s u g g e s t s t h a t a number o f c l o s e l y r e l a t e d s p e c i e s 
may be r e l y i n g o n t h e s t e r e o c h e m i s t r y o f t h i s m o l e c u l e t o e f f e c t 
s p e c i f i c c o m m u n i c a t i o n . The M e x i c a n c o r n r o o t w o r m (MCR), D. v . 
z e a K r y s a n & S m i t h r e s p o n d e d t o t h e same s t e r e o i s o m e r s a s t h e 
WCR. T h i s i s n o t t o o s u r p r i s i n g s i n c e t h e MCR a l s o r e s p o n d s t o 
v o l a t i l e s c o l l e c t e d f r o m WCR f e m a l e s , and t h e s e two t a x a a r e 
s u b s p e c i e s t h a t have been r e p o r t e d t o i n t e r b r e e d i n t h o s e a r e a s 
where t h e i r g e o g r a p h i c a l r a n g e s a b u t ( 3 7 ) . I n o t h e r f i e l d t e s t s 
we f o u n d t h a t t h e n o r t h e r n c o r n rootworm (NCR), D. b a r b e r i S m i t h & 
Law r e n c e , r e s p o n d e d t o t h e r a c e m i c m a t e r i a l a t l o w c o n c e n t r a t i o n s 
(optimum 0.1 pg on c o t t o n w i c k s ) , b u t a s t h e do s e was i n c r e a s e d 
t o 1 ug, t h e NCR r e s p o n s e d i m i n i s h e d r a p i d l y and a t 10 ug i t 
was a l m o s t n i l . C o n v e r s e l y , i n t h e same t e s t t h e WCR r e s p o n s e 
c o n t i n u e d t o i n c r e a s e t o 100 y g , t h e h i g h e s t d o s e t e s t e d . T h i s 
b e h a v i o r was e x p l a i n e d when c a p t u r e s o f NCR m a l e s i n t r a p s b a i t e d 
w i t h t h e s t e r e o i s o m e r s was i n v e s t i g a t e d . NCR m a l e s were c a p t u r e d 
o n l y i n t r a p s b a i t e d w i t h t h e ( 2 R , 8 R ) - i s o m e r a t t h e 1 \ig d o s e . 
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F u r t h e r m o r e , NCR male r e s p o n s e t o t h e ( 2 R , 8 R ) - i s o m e r was r e d u c e d 
t o t h e l e v e l o f t h e b l a n k when an e q u a l amount o f t h e ( 2 S , 8 R ) — 
i s o m e r was added t o t h e ( 2 R , 8 R ) . The ( 2 S , 8 S ) - i s o m e r a l s o s i g n i f i 
c a n t l y r e d u c e d r e s p o n s e t o t h e ( 2 R , 8 R ) , b u t n o t a s much a s 
( 2 S , 8 R ) , w h i l e (2R,8S) n e i t h e r enhanced n o r d i m i n i s h e d r e s p o n s e t o 
(2R,8R) ( 3 8 ) . 

Two o t h e r s p e c i e s i n t h i s g r o u p , D. p o r r a c e a H a r o l d , w h i c h i s 
s y m p a t r i c w i t h t h e MCR b u t n o t w i t h WCR, and D. l o n g i c o r n i s ( S a y ) , 
s y m p a t r i c w i t h WCR and NCR, r e s p o n d t o t h e r a c e m i c s y n t h e t i c p h e r 
omone, b u t o n l y t o t h e ( 2 S , 8 R ) - i s o m e r ( 3 6 , 3 8 ) . 

These f i e l d t r a p p i n g s t u d i e s w i t h t h e s t e r e o i s o m e r s have p r o 
v i d e d s t r o n g c i r c u m s t a n t i a l e v i d e n c e t h a t t h e WCR f e m a l e p r o d u c e s 
o n l y t h e ( 2 R , 8 R ) - i s o m e r , a l t h o u g h WCR m a l e s r e s p o n d t o b o t h 
(2R,8R) and ( 2 S , 8 R ) . These r e s u l t s a r e summarized i n T a b l e I I . 
S i n c e t h e NCR m a l e s , w h i c h a r e s t r o n g l y i n h i b i t e d by ( 2 S , 8 R ) , 
r e s p o n d t o v o l a t i l e s f r o m WCR f e m a l e s t h i s s u g g e s t s t h a t t h e s e 
v o l a t i l e s do n o t c o n t a i n t h e i n h i b i t o r y i s o m e r  F u r t h e r m o r e  D
p o r r a c e a r e s p o n d s t o (2S,8R
i s n o t i n h i b i t e d by t h
p o r r a c e a does n o t r e s p o n d t o WCR f e m a l e v o l a t i l e s a l s o i n d i c a t e s 
t h a t t h e s e v o l a t i l e s do n o t c o n t a i n ( 2 S , 8 R ) . A t t h i s t i m e we h a v e 
d i s c e r n e d no o b v i o u s r e a s o n why WCR m a l e s r e s p o n d t o an i s o m e r 
t h e i r f e m a l e s do n o t p r o d u c e . T h i s i s e v e n more c u r i o u s when we 
c o n s i d e r t h a t t h e ( 2 S , 8 R ) - i s o m e r may be t h e pheromone o f a 
s y m p a t r i c s p e c i e s , D. l o n g i c o r n i s . 

T a b l e I I . A t t r a c t i v e n e s s o f v o l a t i l e s c o l l e c t e d f r o m v i r g i n 
D i a b r o t i c a v i r g i f e r a v i r g i f e r a f e m a l e s , s y n t h e s i z e d 
r a c e m i c , ( 2 R , 8 R ) - , and ( 2 S , 8 R ) - 8 - m e t h y l - 2 - d e c a n o l p r o 
p a n o a t e t o m a l e s o f 4 D i a b r o t i c a s p e c i e s i n f i e l d t e s t s . 

S p e c i e s 0 

D. v i r g i f e r a 8 - M e t h v l - 2 - d e c v l p r o p a n o a t e 
v o l a t i l e s R a c emic 2R,8R 2S,8R 

WCR D. v . 
v i r g i f e r a 

MCR D. v . z e a 

D. p o r r a c e a 

++b 

4-4-

Ob 

4-4-

+4-

4-4-

+4-

NCR 
D. b a r b e r i 4-c 4-4- — b 

aWCR = w e s t e r n c o r n rootworm, MCR = M e x i c a n c o r n rootworm, NCR = 
n o r t h e r n c o r n rootworm. 
b4- i n d i c a t e s a t t r a c t i o n ; 4-4- i n d i c a t e s s t r o n g a t t r a c t i o n ; — 
i n d i c a t e s s t r o n g i n h i b i t i o n ; 0 i n d i c a t e s no a c t i v i t y . 
c T h e r a c e m i c m a t e r i a l i s a t t r a c t i v e t o NCR m a l e s a t low c o n 
c e n t r a t i o n s ( c a . 0.1 pg) b u t i n h i b i t o r y a t h i g h e r c o n c e n t r a t i o n s 
( c a . 10 u g ) . 
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D i a b r o t i c a c r i s t a t a ( H a r r i s ) , a n o n p e s t s p e c i e s t a x o n o r a i c a l l y 
c l a s s i f i e d i n t h e v i r g i f e r a s p e c i e s g r o u p , h a s a p p a r e n t l y 
d e v e l o p e d a s l i g h t l y d i f f e r e n t mechanism f o r s p e c i e s i s o l a t i o n . 
The male D. c r i s t a t a r e s p o n d t o 8 - m e t h y l - 2 - d e c a n o l a c e t a t e . 
However, when t h e f o u r i s o m e r s o f t h e a c e t a t e were t e s t e d , D. 
c r i s t a t a m a l e s r e s p o n d e d o n l y t o t h e ( 2 S , 8 R ) - i s o m e r ( 3 9 ) . Thus 
b o t h s t r u c t u r a l d i v e r s i t y and s t e r e o i s o m e r i s m a r e b e i n g u s e d by 
t h i s g r o u p o f i n s e c t s t o a c h i e v e s p e c i f i c i t y i n t h e i r c h e m i c a l 
s i g n a l s . No e v i d e n c e o f m u l t i c o m p o n e n t pheromones i n t h i s g r o u p 
has y e t been d i s c o v e r e d . 

The pheromone o f t h e s o u t h e r n c o r n r ootworm ( S C R ) , D. 
u n d e c l m p u n c t a t a h o w a r d i i B a r b e r , was i d e n t i f i e d a s 
( R ) - 1 0 - m e t h y l - 2 - t r i d e c a n o n e ( 4 0 ) . S i n c e i t h a s o n l y one 
a s y m m e t r i c c a r b o n , i t c a n e x i s t i n o n l y two e n a n t i o m e r i c f o r m s . 
S y n t h e s i s o f b o t h t h e ( R ) - and ( S ) - e n a n t i o m e r s by Sonnet (41.) i n 

h i g h e n a n t i o m e r i c p u r i t y a g a i n p r o v i d e d m a t e r i a l f o r f i e l d t e s t s . 
SCR m a l e s r e s p o n d o n l y t o t h e ( R ) - e n a n t i o m e r i n t h e f i e l d . 
A l t h o u g h e x t e n s i v e f i e l
p r e l i m i n a r y e v i d e n c e s u g g e s t
may r e s p o n d t o t h i s pheromone. S i n c e f e w e r i s o m e r s a r e a v a i l a b l e , 
t h e number o f s p e c i f i c s i g n a l s t h a t c a n be f o r m u l a t e d i s r e d u c e d 
c o r r e s p o n d i n g l y . Thus i t m i g h t be n e c e s s a r y f o r t h i s g r o u p t o 
employ more components, a l t h o u g h no e v i d e n c e i s a v a i l a b l e t o 
i n d i c a t e t h a t t h i s o c c u r s . 

O b v i o u s l y , much more r e s e a r c h o n pheromone c o m m u n i c a t i o n i n 
t h i s genus and i n o t h e r c h r y s o m e l i d s p e c i e s i s needed. However, 
i t seems p o s s i b l e t h a t t h e s e D i a b r o t i c a s p e c i e s a r e a c h i e v i n g 
s p e c i f i c i t y i n t h e i r s i g n a l s t h r o u g h t h e use o f s t e r e o i s o m e r s a s 
s i n g l e component pheromones. 

O t h e r F a m i l i e s 

The o n l y o t h e r f a m i l y f o r w h i c h pheromones have been i d e n t i f i e d 
f o r s e v e r a l s p e c i e s i s D e r m e s t i d a e . A p p r o x i m a t e l y 11 d e r m e s t i d 
pheromones have been i d e n t i f i e d t h u s f a r , and t h e y a r e o f two 
g e n e r a l t y p e s . Trogoderma s p e c i e s u t i l i z e 1 4 - m e t h y l - 8 - h e x a d e c e n a l 
and t h e a n a l o g o u s a l c o h o l and c a r b o x y l i e a c i d m e t h y l e s t e r s . 
A p p a r e n t l y a l l o f t h e s p e c i e s s t u d i e d t h u s f a r r e s p o n d t o t h e 
( R ) - e n a n t i o m e r o f t h e s e compounds ( 4 2 ) . O t h e r d e r m e s t i d p h e r o 
mones i d e n t i f i e d t h u s f a r a r e f a t t y a c i d s o r m e t h y l e s t e r s o f 
f a t t y a c i d s , an example b e i n g t h e b l a c k c a r p e t b e e t l e , A t t a g e n u s 
megatoma ( F a b r i c i u s ) , pheromone ( E , Z ) - 3 , 5 - t e t r a d e c a d i e n o i c a c i d 
( 4 3 ) . 

O n l y two A n o b i i d a e pheromones have been i d e n t i f i e d t h u s f a r . 
The d r u g s t o r e b e e t l e , S t e g o b i u m p a n i c e u m ( L . ) , pheromone was 
i d e n t i f i e d a s 2 , 3 - d i h y d r o - 2 , 3 , 5 - t r i m e t h y l - 6 - ( l - m e t h y l - 2 - o x o -
b u t y l ) - 4 H - p y r a n - 4 - o n e ( X I V ) ( 4 4 ) and t h e c i g a r e t t e b e e t l e , 
L a s i o d e r m a s e r r i c o r n e F., a s 4 , 6 - d i m e t h y l - 7 - h y d r o x y - n o n a n - 3 - o n e 
(XV) ( 4 5 ) . The s i m i l a r i t y o f t h e s e s t r u c t u r e s i s w o r t h n o t i n g . 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



26. TUMLINSON Beetles 377 

ο 

XIV XV 

Examples of s t r u c t u r e s i d e n t i f i e d from species i n other 
f a m i l i e s i l l u s t r a t e even f u r t h e r the d i v e r s i t y of coleopterous 
pheromone chemistry. The o n l y Bruchidae sex a t t r a c t a n t pheromone 
known so f a r i s methyl (E)-2,4,5-tetradecatrienoate from 
Acanthosce1ides obtectus (Say). The a l l e n i c nature of the 
o l e f i n i c bonds i n t h i s molecule imparts c h i r a l i t y to the 
s t r u c t u r e . The pheromone of the Tenebrionidae species Triboleum 
castaneum Herbst has been reported as 4,8-dimethyl decanal which 
a l s o has two c h i r a l center
Rhyzopertha dominica ( P a b r i c i u s )
family, uses a mixture o f e s t e r s as i t s pheromone, 
(S)-l-methylbutyl (E)-2-methyl-2-pentenoate and (S)-l-methylbutyl 
(B)-2,4-dimethylpentenoate (49). 

Very r e c e n t l y seven macrolide lactones have been i s o l a t e d and 
i d e n t i f i e d from v o l a t i l e s c o l l e c t e d from males of f i v e species of 
g r a i n b eetles i n the family Cucujidae. The number of lactones 
produced by each o f these species v a r i e s from two to f i v e , 
although four of the species use only two components as t h e i r 
pheromone and the f i f t h uses only three. Thus the rusty g r a i n 
beetle, C r y p t o l e s t e s ferrugineus (Stephens), uses a s y n e r g i s t i c 
blend of (E,E)-4,8-dimethyl-4,8-decadien-10~olide and 
(3Z,HS)-3-dodecen-ll-olide (50); the f l a t g r a i n b e e t l e , C. 
p u s i l l u s (Schônerr), uses (Z)-3-dodecenolide and 
(Z)-5-tetradecen-13-olide (51); and the f l o u r m i l l beetle, C. 
t u r c i c u s (Grouvelle), uses (Z,Z)-5,8-tetradecadien-13-olide and 
(Z)-5-tetradecen-13-olide (52). Oryzaephilus mercator (Fauvel) 
uses a blend of ( 3 Z , l l R ) - 3 - d o d e c e n - l l - o l i d e and 
(Z,Z)-3,6-dodecadien-ll-olide, while O. surinamensis (L) uses a 
three component blend of (Z,Z)-3,6-dodecadien-ll-olide, 
(Z,Z)-3,6-dodecadienolide, and (Z,Z)-5,8-tetradecadien-13-olide 
(53) . The c h i r a l i t y o f o n l y one o f these male produced pheromones 
has been determined, i . e . (Z)-3-dodecen-ll-olide. However, i t 
appears that here again both multicomponent blends and c h i r a l i t y 
are being used to achieve s p e c i f i c i t y i n the pheromone s i g n a l s 
(54) . 

In at l e a s t some cases where s i n g l e component pheromones have 
been i d e n t i f i e d the pheromone i d e n t i f i c a t i o n probably can be 
labeled incomplete. As more research i s conducted on the behavior 
of these species and t h e i r i n t e r a c t i o n s with other species, 
p a r t i c u l a r l y those i n the same family and genus, more compounds 
w i l l undoubtedly be i d e n t i f i e d that are a c t i v e i n mediating the 
behavior of these species. At t h i s time I can only r e i t e r a t e that 
considerably more research i s needed on coleopterous pheromones 
before we can begin to understand these complex i n t e r a c t i v e 
systems. For natural products chemists t h i s should be a f r u i t f u l 
area f o r i n v e s t i g a t i o n f o r some time. 
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27 
Sexual Messages of Moths: Chemical Themes Are 
Known and New Research Challenges Arise 

JEROME A. KLUN 

Organic Chemical Synthesis Laboratory, Beltsville Agricultural Research Center, Agricultural 
Research Service, U.S. Department of Agriculture, Beltsville, MD 20705 

Female moths produce chemical signals to attract and 
sexually stimulat
decades has define
these messages. The females employ fairly simple 
aliphatic compounds in their communications; the major 
variables are carbon-chain length, olefinic site and 
geometry, functionality, and optical form, and various 
combinations of compounds involving these variables 
constitute the chemical message. Attainment of a 
fundamental understanding of these chemical themes has 
brought this field to a threshold of new research 
challenges. There is now a need to understand the 
intermediary metabolic processes that regulate 
composition of the molecular message, the endogenous 
factors that regulate timely onset of biosynthesis and 
release of the chemical message, the nature of the 
olfactory chemoreceptor, and the molecular basis of 
perception and transduction of chemical stimuli into 
electrophysiological events in the sensory neurons. 

Entomologists have been f a s c i n a t e d with molecular messages or "sex 
scents" of moths f o r a long time. Near the turn of the 20th 
century, researchers provided v i v i d d e s c r i p t i o n s of the amorous 
v i s i t a t i o n s of male moths to s i t e s containing captive v i r g i n female 
moths (1, 2). However, the famous French entomologist, Jean-Henri 
Fabre, had d i f f i c u l t y proving that the behavior e x h i b i t e d by the 
male moths was tr i g g e r e d by an airborne scent emanating from the 
v i r g i n females, and he underrated the importance of o l f a c t o r y 
perception. In 1900, while studying the peacock moth (Saturnia 
p y r i ) , Fabre formed the f o l l o w i n g hypothesis ( 1 ) : 

" P h y s i c a l science i s to-day preparing to give us w i r e l e s s 
telegraphy, by means of the Hertzi a n waves. Can the 
Great Peacocks have a n t i c i p a t e d our e f f o r t s i n t h i s 
d i r e c t i o n ? In order to s e t the surrounding a i r i n motion 
and to inform pretenders miles away, can the 
newly-hatched bride have a t her d i s p o s a l e l e c t r i c or 
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magnetic waves, which one s o r t of screen would a r r e s t and 
another l e t through? In a word, does she, i n her own 
manner, employ a k i n d o f w i r e l e s s telegraphy? 1 see 
nothing impossible i n t h i s : Insects are accustomed to 
invent things q uite as wonderful." 

Fabre tested t h i s hypothesis and subsequently r e j e c t e d the idea 
that electromagnetic r a d i a t i o n was involved i n the sexual communi
c a t i o n systems of moths; however he remained s k e p t i c a l of the 
involvement of the sense of smell* S i x t y years l a t e r the case f o r 
smell was f i n a l l y s e t t l e d when German chemists, l e d by A. Butenandt 
(3-5), were the f i r s t to i s o l a t e , i d e n t i f y , and synthesize an 
i n s e c t sex pheromone, that o f the female silkworm (Bombyx mori). 
They found that the compound responsible f o r e l i c i t i n g sexual 
behavior from the male moth was (E,Z)-10,12-hexadecadien-l-ol* 
This i d e n t i f i c a t i o n was no t r i v i a l accomplishment inasmuch as i t 
required e x t r a c t i o n o f 500,000 silkworm females (most moths produce 
only nanogram amounts o
i n the days before the
other m i c r o - a n a l y t i c a l t o o l s * Seven years l a t e r , i n 1966, the 
i d e n t i t y of a sex pheromone from a second species o f moth, the 
cabbage looper ( T r i c h o p l u s i a n i ) , was announced by R. S. Berger 
(6)· By 1970, pheromonal components had been i d e n t i f i e d from three 
a d d i t i o n a l species of moths; (Z ) - 9 - t e t r a d e c e n - l - o l acetate (7) from 
the f a l l armyworm (Spodoptera fugiperda) and ( Z ) - l l - t e t r a d e c e n - l - o l 
acetate (8, 9) from the redbanded l e a f r o l l e r (Agyrotaenia 
velutinana) and the European corn borer ( O s t r i n i a nubilalis)· 
Discovery of the same compound i n the l e a f r o l l e r and c o m borer was 
perplexing a t the time because i t was thought that the sex 
pheromone of a species should be a s i n g l e compound with a s t r u c t u r e 
unique to each species* This naïveté was s h o r t - l i v e d and an 
explosive growth period i n the f i e l d of moth sex pheromone 
chemistry ensued* 

V i r t u a l l y a l l of the e a r l i e s t pheromone i d e n t i f i c a t i o n s were 
chemically incomplete and sometimes inaccurate owing to inadequa
c i e s o f e a r l y a n a l y t i c a l techniques and instrumentation and methods 
of behavioral assay* However, over a p e r i o d of 25 years much of 
the chemistry o f pheromones and the i n s e c t behavior they evoke was 
defined with reasonable completeness and a c l e a r p i c t u r e of the 
chemical themes used by the moths i n t h e i r sexual communications 
has emerged through the c o l l e c t i v e f i n d i n g s of s c i e n t i s t s 
throughout the world* We now know that moth sex pheromone 
chemistry Involves r e l a t i v e l y simple s t r a i g h t carbon-chain 
compounds (Figure 1 ) ; chain length, f u n c t i o n a l i t y , s i t e s and 
geometry of double bonds, s p e c i f i c proportions of compounds, and 
permutations of these v a r i a b l e s c o n s t i t u t e the essence of moths' 
sexual messages* O p t i c a l form i s seemingly relegated to a minor 
r o l e i n moth sex pheromone chemistry* Only a handful o f the 
s e v e r a l hundred i d e n t i f i e d moth pheromones (10, 11) i n v o l v e 
asymmetry of the epoxide moiety (12, 13), methyl branching (14, 
15), or an e s t e r o f a secondary a l c o h o l (16)* 

The chemical p i c t u r e i s d e c e p t i v e l y simple u n t i l one appre
c i a t e s the f a c t that each species may use very s p e c i f i c permuta
tion s and/or proportions of compounds i n the a r r a y of Figure 1. I t 
then becomes apparent that moths have evolved an elegant and 
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Figure 1. Structures of representative compounds secreted by 
female moths as sex pheromones* 
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s p e c i f i c s i g n a l i n g system that i s based upon multi-dimensional sets 
of simple chemical v a r i a b l e s . 

Development of s y n t h e t i c r e p l i c a s of the sets of compounds 
i d e n t i f i e d as sex pheromone components has c o n s t i t u t e d a s i g n i f i 
cant challenge to s y n t h e t i c organic chemists, because the r e q u i r e 
ments f o r pheromonal a c t i v i t y i n c l u d e s t r i n g e n t chemical and 
isomeric p u r i t y that was not e a s i l y a t t a i n e d by t r a d i t i o n a l 
s y n t h e t i c organic chemical methods. These challenges were met 
admirably by ingenious and imaginative organic chemists (17, 18). 

Our recent study of the female sex pheromones of two c l o s e l y 
r e l a t e d moths, the pickleworm (Diaphania n i t i d a l i s ) (19) and 
melonworm (D. h y a l i n a t a ) (20), provides an example of how trace 
components and mixtures of compounds with d i f f e r e n t f u n c t i o n a l i t y 
make up a moth*s pheromonal s i g n a l . Figure 2 shows gas 
chromatograms obtained by d i r e c t a n a l y s i s of heptane extracts of 
sex pheromone glands ( l o c a t e d a t the t i p of the female abdomen) of 
the two species. The chromatograms are arranged as opposing images 
to allow comparison of th
species. Ten compounds
seven were found i n the pickleworm. The major chromatographic 
peaks represent ca. 50 ng compound. Consistent with the chemical 
theme depicted i n Figure 1, a l l of the compounds were C^g 
s t r a i g h t - c h a i n compounds with aldehyde, a l c o h o l , or acetate func
t i o n a l i t y and with geometrical forms of mono-enes and conjugated 
dienes. Figure 2 i n d i c a t e s that both species shared s i m i l a r phero
monal components, but yet the complement of compounds from each was 
unique. This q u a l i t y makes f o r the species s p e c i f i c i t y of phero
monal s i g n a l s among moths. In behavioral assays using male moths 
i n a wind tunnel, the s p e c i f i c i t y of male response could be e a s i l y 
demonstrated. As an example, when a p r o p o r t i o n a l amount of 
melonworm pheromone component 6 [(E,£)-10,12-hexadecadlenal] was 
added to a s y n t h e t i c mixture of pickleworm compounds the mixture 
was rendered t o t a l l y u n a t t r a c t i v e to pickleworm males. 

Trace components i n a s e t of compounds produced by a female 
o f t e n are e s s e n t i a l f o r the expression of b i o l o g i c a l a c t i v i t y of a 
sex pheromone and the pickleworm pheromone exemplifies t h i s q u a l i t y . 
Figure 2 shows that component 4 c o n s t i t u t e d only 0.1% of the t o t a l 
mixture of compounds produced by the pickleworm female. Bioassays 
showed, however, that i f t h i s compound was deleted from the s e t of 
compounds produced by the female, males were b e h a v i o r a l l y 
unresponsive to the mixture despite the f a c t that a l l other 
components of the pheromone complement were present. S i m i l a r l y , 
when component 2 [ ( Z ) - l l - h e x a d e c e n a l ] , a l s o a trace component (ca., 
3%), was deleted from the s e t of pickleworm compounds, the tendency 
of males to f l y upwind to the stimulus was reduced by 70% r e l a t i v e 
to the response e l i c i t e d by the complete s e t of compounds. 

The development of our understanding of the chemical themes of 
moth sex pheromones has been d i r e c t l y l i n k e d to spectacular 
advancements i n the technologies of a n a l y t i c a l chemistry such as 
open tubular c a p i l l a r y chromatography (OTCC), combined OTCC-mass 
spectroscopy, and microchemical c h a r a c t e r i z a t i o n techniques. 
Surely, substances l i k e component 4 of the pickleworm pheromone 
would never have been discovered without such a n a l y t i c a l 
c a p a b i l i t y . Combined with advancements i n a n a l y t i c a l chemistry, 
i n c r e a s i n g l y o b j e c t i v e and e f f e c t i v e behavioral and 
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Figure 2. Chromatograms obtained by d i r e c t a n a l y s i s of heptane 
ex t r a c t s of the sex pheromone glands of pickleworm and melonworm 
females on a 60 m χ 0.25 mm (ID) DB-1 column ( J & W S c i e n t i f i c , 
Inc., Rancho Cordova, CA 95670). 1. (E)-ll-hexadecenal; 
2. (Z)-ll-hexadecenal; 3. hexadecanal; 
4. (E,Z)-10,12-hexadecadienal; 5. (Z,Z)-10,12-hexadecadienal, 
6. (E,E)-10,12-hexadecadienal; 7. ( E ) - l l - h e x a d e c e n - l - o l ; 
8. ( Z ) - l l - h e x a d e c e n - l - o l ; 9. hexadecan-l-ol; 
10. TE,E)-10,12-hexadecadien-l-ol; 11. ( E ) - l l - h e x a d e c e n - l - o l 
acetate; 12. (E,E)-10,12-hexadecadien-l-ol acetate. Unnumbered 
chromatographic peaks are e i t h e r solvent contaminants or 
components that were not observed c o n s i s t e n t l y i n r e p l i c a t e d 
analyses. The geometrical proportion of 11-hexadecenal i n 
pickleworm e x t r a c t was 96:4 (E:Z). 
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e l e c t r o p h y s i o l o g i c a l bioassays (21-24) have been developed, and 
continue to be r e f i n e d , that allow f o r b e t t e r understanding of the 
b i o l o g i c a l relevance of the various chemicals that i n f l u e n c e the 
behavior of i n s e c t s * 

The moth sex pheromones are among the most b i o l o g i c a l l y potent 
chemicals known and we have developed an in-depth understanding of 
the chemical themes in v o l v e d . The enthusiasm of researchers i n the 
f i e l d of i n s e c t sex pheromone chemistry and behavior i s not only 
d i r e c t e d to the expansion of fundamental understanding of t h i s 
phenomenal b i o l o g i c a l system but a l s o to how t h i s knowledge may 
e v e n t u a l l y be a p p l i e d p r a c t i c a l l y to r e l i e v e some of the many pest 
i n s e c t problems that confront us. So f a r , our knowledge of i n s e c t 
sex pheromone systems has had l i m i t e d impact a g r i c u l t u r a l l y ; 
however, fundamentally important research challenges l i e ahead i n 
t h i s area of biology that, i f met s u c c e s s f u l l y , may y i e l d 
unimagined and e f f e c t i v e approaches to p e s t - i n s e c t manipulation. 
There are many promising avenues of research. 

L i t t l e i s known of
pheromones are produced
i n d i c a t e that mono-unsaturated acetate moth sex pheromones may 
a r i s e v i a a b i o s y n t h e t i c pathway i n v o l v i n g Δ-11-desaturases that 
operate on long chain saturated f a t t y a c y l moieties of 
g l y c e r o l i p i d s to generate an o l e f i n i c s i t e and enyzmes that shorten 
or lengthen f a t t y a c y l chain l e n g t h by 2 carbons. A t e n t a t i v e 
o u t l i n e f o r the b i o s y n t h e t i c o r i g i n of a major component of the sex 
pheromone of the cabbage looper, (Z)-7-dodecen-l-ol acetate, i s 
shown i n Figure 3. Much remains to be done, however, to expand our 
understanding of the Intermediary metabolic pathways that regulate 
the q u a l i t a t i v e and q u a n t i t a t i v e composition of the p r e c i s e sets of 
compounds that we know make up most pheromonal messages. As 
example, the f a c t o r s that regulate production of the s p e c i f i c 
mixtures of geometrical isomers, used so f r e q u e n t l y by the moths, 
are undefined as i s the b i o s y n t h e t i c o r i g i n of pheromones having 
skipped and conjugated diene f u n c t i o n a l i t y . 

Related to the i s s u e of the b i o s y n t h e t i c o r i g i n of the phero
mones, Ashok Raina and I r e c e n t l y discovered that female sex phero
mone production i n a t l e a s t one species of moth i s regulated by a 
neurohormonal peptide that i s produced i n the female b r a i n (27). 
We observed that when a d u l t females of the corn earworm moth 
( H e l i o t h i s zea) were l i g a t e d between the head and thorax so that 
normal hemolymph c i r c u l a t i o n between the b r a i n and the r e s t of the 
body was i n t e r r u p t e d , they d i d not produce sex pheromone. However, 
the l i g a t e d females could be stimulated to produce pheromone, i n 
amounts not d i f f e r e n t from that produced by normal females, by an 
i n j e c t i o n of a s a l i n e e x t r a c t of the female b r a i n . Our studies 
with t h i s nocturnal moth i n d i c a t e that the neurohormone i s stored 
i n the b r a i n and released i n t o the hemolymph i n the scotophase 
causing timely production of pheromone by the female. 

Adding to the puzzlement of t h i s system, we found that phero
mone production could a l s o be induced i n the glands of l i g a t e d corn 
earworm females by i n j e c t i o n of b r a i n e x t r a c t s of the male corn 
earworm and e x t r a c t s of females from four d i f f e r e n t f a m i l i e s of 
moths (P y r a l i d a e , Lymantriidae, Geometridae, and Psychidae) (27). 
The sex pheromones of females representing these f a m i l i e s have 
l i t t l e or no chemical s i m i l a r i t y to the c o m earworm sex pheromone 
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and the f u n c t i o n of the neurohormone i n the male corn earworm i s 
unknown. Thus, the hormone may be widely d i s t r i b u t e d i n the order 
but there i s no obvious connection between i t s occurrence and the 
p h y s i o l o g i c a l functions i t may have i n these assorted i n s e c t s . 
E l u c i d a t i o n of the chemistry and p h y s i o l o g i c a l modes of a c t i o n and 
f u n c t i o n a l s i g n i f i c a n c e o f t h i s neuroendocrine substance may not 
only expand our knowledge of endogenous f a c t o r s that regulate 
pheromone biosynthesis i n moths but a l s o serve as a stepping stone 
to the understanding of the mechanisms by which the b r a i n exerts 
i t s i n f l u e n c e upon the v i t a l l i f e processes o f the i n s e c t s . 

Another promising avenue f o r research that i s unquestionably 
a t the f r o n t i e r of science concerns development of an understanding 
of processes involved i n o l f a c t o r y perception. We know from our 
research on the sex pheromones that male moths possess a phenomenal 
a b i l i t y to perceive and respond b e h a v i o r a l l y to i n c r e d i b l y minute 
q u a n t i t i e s of pheromonal compounds i n the a i r . The chemoreceptive 
s e n s i t i v i t y of t h i s detector system i s c e r t a i n l y u n r i v a l e d by any 
organic-chemical detecto

We know that the i n s e c t s
l o c a t e d on the antennae, and considerable work has been done to de
s c r i b e the general morphological and f i n e s t r u c t u r e features of 
moth antennae (28). A t y p i c a l moth antenna i s o f t e n filamentous and 
multisegmented. The v e n t r a l surface of each segment i s h e a v i l y 
clothed with h a i r - l i k e p r o j e c t i o n s c a l l e d s e n s i l l a (Figure 4) that 
have pr o p r i o c e p t i v e , mechanoreceptive, or chemoreceptive sensory 
fun c t i o n s , according to morphological and e l e c t r o p h y s i o l o g i c a l 
s t u d i e s . S e n s i l l a responsible f o r pheromone d e t e c t i o n are u s u a l l y 
the most numerous on the antennae of male moths (29). Microscopic 
studies of the chemoreceptive s e n s i l l a i n d i c a t e that they are porous 
extensions of the i n s e c t ' s c u t i c l e and each s e n s i l i u m o f t e n houses 
one to f i v e sensory neuron c e l l s . Each sensory c e l l has dendrites 
that p r o j e c t from the c e l l body to p o s i t i o n s near the pores of the 
sensillum and each c e l l sends an axon, without synapse, to a cen
t r a l j u n c t i o n i n the b r a i n (30). E l e c t r o p h y s i o l o g i c a l studies (30, 
31) show that these sensory c e l l s send e l e c t r i c a l impulses to the 
b r a i n when the pheromone molecules are moved over the antenna. I t 
i s by these s e n s o r y - c e l l a c t i o n p o t e n t i a l impulses that the b r a i n 
receives information about i t s environment and then, o s t e n s i b l y , 
orchestrates appropriate p h y s i o l o g i c a l - b e h a v i o r a l responses 
b e n e f i c i a l to the organism's s u r v i v a l . 

Despite t h i s seemingly straightforward d e s c r i p t i o n of pheromone 
perception, l i t t l e i s a c t u a l l y known of the mechanistic d e t a i l s of 
the process. The exact l o c a t i o n and biochemical nature o f the r e 
ceptor s i t e i s unknown. Because most pheromones are s p e c i f i c 
mixtures of compounds, i t i s probable that the o r g a n i z a t i o n of the 
receptor system may i n v o l v e an a r r a y of s e v e r a l receptors, each 
designed to r e c e i v e c e r t a i n components of the mixture, that operate 
i n concert (32). Bestmann and Vostrowsky (33) proposed a 
h y p o t h e t i c a l model of a pheromone receptor based upon study of the 
e l e c t r o p h y s i o l o g i c a l a c t i v i t y of sex pheromone analogs and the 
i n f l u e n c e of pheromone-like compounds on temperature-dependent 
phase t r a n s i t i o n s of s y n t h e t i c d i p a l m i t o y l l e c i t h i n m i c e l l e s . The 
model depicts the receptor as being composed of 4 or more p r o t e i n 
subunits surrounded by a c r y s t a l l i n e l i p i d matrix and l o c a t e d on 
the dendrites of the sensory c e l l s . According to t h e i r 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



388 BIOREGULATORS FOR PEST CONTROL 

C 1 6oate 
Δ - 1 1 - d e s a t u r a s e 

2H 

Z-11-C1 6oate 
β - o x i d a t i o n 

- 2C 

Z-9-C 1 4oate 

r — 
Z-7-C 1 2oate 

2C 

1. reductase 
"2. acetylase 

Z-7-C 1 2oac 

Figure 3. Probable b i o s y n t h e t i
component of the cabbage looper ( T r i c h o p l u s l a n i ) i n v o l v i n g a c y l 
moiety of t r i a c y l g l y c e r o l s . 

Figure 4. Scanning e l e c t r o n photomicrograph of a segment 
of the male antenna of the tobacco budworm moth ( H e l i o t h i s 
v i r e s c e n s ) . The h a i r - l i k e p r o j e c t i o n s on the antenna are 
sensory s e n s i l i a responsible f o r de t e c t i o n of female sex 
pheromone. Photomicrograph by Michael Blackburn, Entomology 
Dept., U of MD, College Park. 
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speculations, pheromone molecules were thought to impinge on the 
s e n s i l l a , d i f f u s e through the pores of the s e n s i l l a , and then 
i n t e r a c t with the dendrite-based receptor, causing the opening of 
i o n channels v i a a conformational change i n the receptor 
p r o t e i n - l i p i d matrix. Their model d i d not in c l u d e any 
conside r a t i o n of how the receptor might be cl e a r e d of the pheromone 
and the i o n gate returned to i t s o r i g i n a l closed conformation. On 
the other hand, Vogt and R i d d i f o r d (33) have focused t h e i r 
a t t e n t i o n upon proteins of the s e n s i l l a and s p e c i f i c a l l y on a 
p r o t e i n that binds pheromone and an esterase. They propose a 
molecular model i n which pheromone reception may inv o l v e a dynamic 
k i n e t i c e q u i l i b r i u m i n which the pheromone (an e s t e r ) can f o l l o w 3 
possible pathways i n the re c e p t i o n process: s e n s i l i u m pore to 
binding p r o t e i n to receptor to the esterase; pore to binding 
p r o t e i n to esterase; and pore to esterase. They suggest that t h i s 
s h i f t a b l e - e q u i l i b r i a model system can e x p l a i n the broad 
stimulus-response range e x h i b i t e d by some species of moths. The 
idea here i s that as pheromon
p r o p o r t i o n a l l y l a r g e r amount
sens i l l u m are shunted d i r e c t l y to the esterase and thereby 
s a t u r a t i o n of the receptor i s prevented. A combination of these 
h y p o t h e t i c a l models might begin to be t t e r approximate the 
biochemical events i n v o l v e d i n the chemoreceptive process. There 
i s an obvious need to expand our knowledge of the pheromone 
receptor system. 

We c e r t a i n l y know much about the chemical s t i m u l i that the 
receptor system i s designed to r e c e i v e . I t i s time to begin the 
search f o r substances that might bind, antagonize, or d e b i l i t a t e 
the receptor. Discovery of such substances would prove u s e f u l i n 
l o c a l i z a t i o n of the receptor s i t e and i n e l u c i d a t i o n of the 
b i o l o g i c a l chemistry of o l f a c t o r y perception. I t i s very p o s s i b l e 
that the chemistry of substances that w i l l antagonize the receptor 
w i l l bear l i t t l e resemblance to the chemistry of the n a t u r a l 
product i t i s designed to r e c e i v e . Precedents f o r t h i s idea may be 
found i n the neurosciences. As examples, opiates are not peptides, 
but they block endorphin receptors (34); and avermectins, 
macrocyclic lactones derived from an actinomycete (Streptomyces 
a v e r m i t i l l i s ) , do not resemble the neurotransmitter, 
γ-aminobutyric a c i d , but they nevertheless block receptors f o r 
that compound (35). I n t u i t i v e l y , one i s i n c l i n e d to think that 
many of the techniques and technologies that have been developed 
and a p p l i e d i n the neurosciences (36) may have u t i l i t y i n probing 
the nature of the pheromonal o l f a c t o r y receptor system. Although 
the moth pheromones have l i t t l e s t r u c t u r a l s i m i l a r i t y to the 
molecular messengers of the neurosciences, a c e t y l c h o l i n e , e t c . , the 
machinery by which they are perceived may in v o l v e v a r i a t i o n s on the 
nervous system receptor theme rather than an e n t i r e l y novel 
mechanism. 

The momentum of research on the i d e n t i t y and f u n c t i o n a l 
s i g n i f i c a n c e of the molecular messengers i n i n s e c t s (neurotransmit
t e r s , pheromones, and neurohormones) and t h e i r receptors w i l l 
undoubtedly b u i l d and, as i t does, so too w i l l the p r o b a b i l i t y that 
novel, e f f i c a c i o u s , and environmentally sound methods of p e s t - i n s e c t 
c o n t r o l w i l l emerge. For those of us in v o l v e d w ith studies of 
i n s e c t sex pheromones, the avenues f o r research are c l e a r . We are 
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no longer content to ask, "What Is the chemistry of these molecular 
messengers?" We must now a l s o ask, "How are they produced and how 
are they perceived?" 
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28 
Alkaloidal Ant Venoms: Chemistry and Biological 
Activities 

M U R R A Y S. BLUM 

Department of Entomology, University of Georgia, Athens, GA 30602 

By producin
chemical compounds which are employed 
as defensive agents, ants have 
prospered in the insect world. The 
alkaloidal ant venoms are biologically 
active natural products that produce a 
range of responses in insect 
ecosystems. Some possess bacterial 
and fungicidal properties; others are 
insecticidal, or repellents, or dermal 
necrotoxins, and have diverse 
pharmacological activit ies . This 
report discusses the nitrogen 
heterocycles produced by ants in order 
of structural complexity 
(pyrrolidines, pyrrolines, pyrroles, 
piperidines, piperideines, pyridines, 
pyrrolizidines, indolizidines, 
pyrazines, and indoles), and allocates 
the corresponding biological 
properties. 

S o l o m o n ' s e x h o r t a t i o n , " G e t t h e e t o t h e a n t s " , i s 
p r o b a b l y e v e n more a p p r o p r i a t e t o d a y t h a n i t was a t 
t h e t i m e t h a t he u t t e r e d i t . A n t s a r e an e m i n e n t l y 
s u c c e s s f u l g r o u p o f i n s e c t s , and u n d o u b t e d l y 
c o n s i t u t e t h e m a j o r g r o u p o f p r e d a t o r y a n i m a l s on 
e a r t h , a d e v e l o p m e n t o f t e n a t t r i b u t e d t o t h e en 
masse a t t a c k s so c h a r a c t e r i s t i c o f t h e s e s o c i a l 
a r t h r o p o d s . B u t t h e i r f o r m i d a b i l i t y as a d v e r s a r i e s 
i s a l s o c o r r e l a t e d w i t h t h e i r c h e m i c a l a r s e n a l s , 
w h i c h , when u n l e a s h e d a t t h e i r o m n i p r e s e n t 
a n t a g o n i s t s , may o f t e n p r o d u c e s e v e r e b i o c h e m i c a l 
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l e s i o n s . In p a r t i c u l a r , the venoms of ants are 
f o r t i f i e d with a p o t p o u r r i of compounds that o f t e n 
c o n s t i t u t e novel d e t e r r e n t s , and the e v o l u t i o n of 
these poison gland products must be regarded as a 
major f a c t o r in the great success of these s o c i a l 
L i l l i p u t i a n s . Perhaps Solomon foresaw that man, 
locked in h i s unending b a t t l e with pest i n s e c t s that 
have f r e q u e n t l y developed r e s i s t a n c e to man-made 
i n s e c t i c i d e s , would e v e n t u a l l y need the powerful 
t o x i c a n t s present i n the venoms of ants f o r h i s own 
use. Indeed, the s u c c e s s f u l u t i l i z a t i o n of these 
n a t u r a l i n s e c t i c i d e s f o r c o u n t l e s s m i l l e n i a 
demonstrates that they have stood the t e s t of time 
as b i o c i d e s par e x c e l l e n c e . 

In the present review, an e f f o r t has been made 
to c h a r a c t e r i z e the major compounds that have been 
r e c e n t l y i d e n t i f i e d i n the venoms of ants
s p e c i f i c a l l y the a l k a l o i d s
e x t r a o r d i n a r i l y d i v e r s
these venom products are d e s c r i b e d . H o p e f u l l y , t h i s 
b r i e f e x p o s i t i o n w i l l leave l i t t l e doubt that ants' 
b i o s y n t h e t i c v i r t u o s i t y has provided them with 
chemical weaponry not only for prédation, but f o r 
use i n b l u n t i n g the a t t a c k s of the h o s t i l e organisms 
with which they share t h e i r world. 

A l k a l o d i a l Chemistry of Ant Venoms 

For more than 300 years (_1) ant venoms were 
synonymized with formic a c i d , a well-known 
c y t o t o x i n . However, t h i s poison-gland product i s 
now known to be l i m i t e d to s p e c i e s i n the most 
s p e c i a l i z e d of the ant s u b f a m i l i e s — the Formicinae 
— the members of which do not possess f u n c t i o n a l 
s t i n g s . In c o n t r a s t , the venoms of s t i n g i n g ants 
have g e n e r a l l y been demonstrated to be a l k a l i n e , 
o f t e n c o n s i s t i n g of complex mixtures of enzymes, 
t o x i c p r o t e i n s , and b i o g e n i c amines (2, 3), i n 
common with poison gland products of bees and wasps. 
However, the venoms of some ants are dominated by a 
d i v e r s i t y of a l k a l o i d s , compounds whose known 
d i s t r i b u t i o n i s l i m i t e d to s p e c i e s i n a few genera. 
These novel n i t r o g e n h e t e r o c y c l e s are now known to 
possess a wide range of b i o l o g i c a l a c t i v i t i e s , 
endowing t h e i r producers with t r u l y formidable 
d e f e n s i v e c a p a b i l i t i e s . 

A l k a l o i d s have only been i d e n t i f i e d in the 
venoms of ant s p e c i e s i n the Myrmicinae, the l a r g e s t 
of the f o r m i c i d s u b f a m i l i e s . This d i v e r s e subfamily 
i n c l u d e s f i r e ants and h a r v e s t e r ants, the s p e c i e s 
of which produce h i g h l y algogenic venoms. In 
a d d i t i o n , t h i s ant taxon i n c l u d e s t h i e f ants and 
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Pharaoh's ant, s p e c i e s which, while they do not 
s t i n g , are known to u t i l i z e t h e i r venoms i n 
o f f e n s i v e contexts ^4). Although the venoms of some 
myrmicine s p e c i e s may c o n t a i n up to 95% a l k a l o i d s , 
minor amounts of enzymes, c h a r a c t e r i s t i c products of 
animal venoms, are a l s o present and appear to 
c o n s t i t u t e the a l l e r g e n s a s s o c i a t e d with these 
venoms {5). Indeed, even the formic a c i d - r i c h 
venoms of f o r m i c i n e ants are f o r t i f i e d with 
n i t r o g e n - c o n t a i n i n g c o n s t i t u e n t s ( i . e . , p e p t i d e s ) , a 
probable b i o c h e m i c a l legacy of the nitrogenous 
metabolism that has been emphasized i n the 
hymenopterous poison g l a n d . 

In p a r t i c u l a r , the venom chemistry of myrmicine 
sp e c i e s i n the genera S o l e n o p s i s and Monomorium 
appears to have d i g r e s s e d from that of sp e c i e s i n 
other myrmicine genera  being c h a r a c t e r i z e d by an 
emphasis on the s y n t h e s i
h e t e r o c y c l e s (β)
c o n s t i t u e n t s . These a l k a l o i d s , which are r e s t r i c t e d 
i n t h e i r animal d i s t r i b u t i o n to ant s p e c i e s i n 
s e v e r a l genera, are represented by both mono- and 
b i c y c l i c compounds. They may possess some 
chemotaxonomic value f o r taxa i n these myrmicine 
genera {]_) . In the present r e p o r t , these n i t r o g e n 
h e t e r o c y c l e s are organized according to t h e i r 
s t r u c t u r e s , the sat u r a t e d monocyclic compounds being 
presented f i r s t , followed by the b i c y c l i c a l k a l o i d s , 
and f i n a l l y the monocyclic compounds c o n t a i n i n g more 
than one n i t r o g e n atom, i . e . , p y r a z i n e s and 
h e t e r o c y c l i c amines, the i n d o l e s . 

P y r r o l i d i n e s . 

More than a dozen 2 , 5 ^ d i a l k y l p y r r o l i d i n e s have been 
i d e n t i f i e d i n the venoms of S o l e n o p s i s and 
Monomor ium s p e c i e s {!_) . A l l of these compounds are 
of the tra n s c o n f i g u r a t i o n . Whereas S o l e n o p s i s 
s p e c i e s may produce only one compound i n t h e i r 
poison glands, the venoms of Monomorium sp e c i e s 
g e n e r a l l y c o n s i s t of mixtures of these a l k a l o i d s . 

The d i a l k y l p y r r o l i d i n e s (I) c o n t a i n unbranched 
s i d e chains in which one a l k y l group i s 
even-numbered whereas the other group i s 
odd-numbered. These compounds have been i d e n t i f i e d 
i n the venoms of a v a r i e t y of S o l e n o p s i s s p e c i e s (S, 
2r 10), a l l members of the subgenus Diplorhoptrum. 
A v a r i e t y of Monomorium s p e c i e s i n the subgenus 
Monomor ium produce these a l k a l o i d s (I) (j5, ]A, 12) , 
as does one s p e c i e s i n the subgenus Xeromyrmex (6) · 

Monomorium s p e c i e s a l s o produce 
d i a l k y l i d e n e p y r r o l i d i n e s c o n t a i n i n g a t e r m i n a l l y 
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unsaturated double bond i n one s i d e chain (II) (£, 
11, 12̂ ) or t e r m i n a l l y unsaturated double bonds i n 
both s i d e chains (III) (12). These are i n admixture 
with p y r r o l i d i n e s i n which both s i d e chains are 
sat u r a t e d (I) (6, 11, _12) . 

Several N - m e t h y l p y r r o l i d i n e s have been 
i d e n t i f i e d in the venoms of Monomorium (Monomorium) 
s p e c i e s . M. l a t i n o d e , an Old World s p e c i e s , i s 
d i s t i n c t i v e in producing an a l k a l o i d a l - r i c h venom 
c o n t a i n i n g two N - m e t h y l p y r r o l i d i n e s with s a t u r a t e d 
s i d e chains (IV) (61). On the other hand, the poison 
gland s e c r e t i o n s of s e v e r a l North American s p e c i e s 
c o n t a i n N-methylated compounds i n which one (V) or 
both s i d e chains (VI) are t e r m i n a l l y unsaturated 
{β); they are accompanied by the corresponding 
n o r p y r r o l i d i n e s . 

P y r r o l i n e s . 

Both p o s s i b l e isomers of the 2 , 5 - d i a l k y l -
1- p y r r o l i n e s have been i d e n t i f i e d i n the venoms of 
So l e n o p s i s and Monomorium s p e c i e s . These compounds 
g e n e r a l l y accompany the corresponding 
d i a l k y l p y r r o l i d i n e s as venom c o n s t i t u e n t s . The 
venom of S. p u n c t a t i c e p s , an A f r i c a n s p e c i e s , 
c o n t a i n s b o t h S 1 - and S5-pyrrolines (VII) (J3) as do 
the venoms of three North American Monomorium 
sp e c i e s {12) . The l a t t e r d i a l k y l p y r r o l i n e s (VIII) 
are d i s t i n g u i s h e d by the presence of two t e r m i n a l l y 
unsaturated s i d e c h a i n s . The p y r r o l i n e s i n the 
venom of M. l a t i n o d e are d i s t i n c t i v e i n c o n s t i t u t i n g 
the only 5 - p y r r o l i n e s (IX) i n ant venoms that are 
not accompanied by the 1 - p y r r o l i n e s {6). 

P y r r o l e . 

A t r a c e c o n s t i t u e n t i n the venoms of the myrmicines 
A t t a texana, A. c e p h a l o t e s , A. sexdens, and 
Acromyrmex octospinosus i s methyl 4-methylpyrrole-
2- c a r b o x y l a t e (X) (1J3, Ij4, 1!5) . This simple p y r r o l e 
e s t e r i s a t r a i l pheromone for some of these s p e c i e s 
(13, 14) . 

P i p e r i d i n e s . 

2 - A l k y l - 6 - m e t h y l p i p e r i d i n e s have only been detected 
i n the venoms of S o l e n o p s i s workers and t h e i r queens 
(16, 17, 18). These compounds, which are sometimes 
r e f e r r e d to as s o l e n o p s i n s , are c o n s i s t e n t poison 
gland products of S o l e n o p s i s s p e c i e s i n the subgenus 
S o l e n o p s i s , the f i r e ants (JL7^ 1_8) . In a d d i t i o n , 
some sp e c i e s i n the subgenus Diplorhoptrum ( t h i e f 
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C H 3 < C H 2 > r ^ ^ 
H 

m = 1 η = 6 

m = 3 η = 4, 6 

m = 5 η = 4 

Η 
η = 4 , 6 , 8 

H.C=HC(CHJ Ν (CH2) CH = CH 2 2 2 7 j ^4 
Η 

11 

C H 3 ( C H 2 ) ^ V ^ ( C H 2 ) 3 C H 3 

CH 3 

η = 4, 6 

C H 3 ( C H 2 ) ^ ^ ^ ( C H 2 ) 4 C H = CH 2 

CH 3 

31 

H 2 C = H C ( C H 2 ) ^ \ ^ 
CH 3 
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C H 3 C H ^ % j / ^ ( C H 2 ) n C H 3 

C H 3 C H ^ S j^(CH 2) nCH 3 

η = 4, 6 

2ΊΓ 

H 2C =

H2C = H C ( C H 2 ) ^ N ^ "(CH 2) 4CH = CH 2 

T7TTT 

C H 3 < C H 2 ) ^ N ^ ( C H 2 ) m C H 3 

m = 4,6 

IE 

CH, u 
^ Ç O C H 3 
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X 
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ants) and a member of the subgenus Euophthalma (_6) 
s y n t h e s i z e these compounds. Queens of some s p e c i e s 
of S o l e n o p s i s both s y n t h e s i z e fewer 
d i a l k y l p i p e r i d i n e s than t h e i r workers and produce 
d i f f e r e n t r a t i o s of isomers as w e l l (19). 

The c i s - t r a n s isomers of four 2 - a l k y l - 6 -
m e t h y l p i p e r i d i n e s , i n which the a l k y l groups c o n s i s t 
of r e l a t i v e l y long a l k y l chains ( C g - C i c ) , have been 
i d e n t i f i e d i n f i r e ant venoms ( X I ) (16, 17); members 
of each S o l e n o p s i s (Solenopsis) s p e c i e s group appear 
to produce c h a r a c t e r i s t i c a l k a l o i d s . The presence 
of a f i f t h 2 - a l k y l - 6 - m e t h y l p i p e r i d i n e , 2-hepytl-6-
m e t h y l p i p e r i d i n e f i n the venom of queens of S. 
r i c h t e r i i s i n d i c a t e d by mass s p e c t r a l data (2Ό) . 

Two N - m e t h y l - 2 , 6 - d i a l k y l p i p e r i d i n e s ( X I I ) have 
been i d e n t i f i e d i n the venoms of two S o l e n o p s i s 
(Diplorhoptrum) s p e c i e s (β)  These a l k a l o i d s  which 
are minor concomitant
n o r d i a l k y l p i p e r i d i n e s

The poison gland s e c r e t i o n s of S o l e n o p s i s 
(Solenopsis) s p e c i e s i n c e r t a i n taxa are enriched 
with 2 - a l k y l - 6 - m e t h y l p i p e r i d i n e s in which the long 
s i d e chains c o n t a i n a carbon-carbon double bond at 
the n i n t h carbon from t h e i r t e r m i n a l methyl groups 
( X I I I ) (16_, 24). The s i d e chain double bonds of 
these 6 - a l k y l i d e n e - 2 - m e t h y l p i p e r i d i n e s are a l l c i s 
(16), and both the c i s - and t r a n s - s t e r e o i s o m e r s of 
these a l k a l o i d s have been i d e n t i f i e d i n a v a r i e t y of 
S o l e n o p s i s s p e c i e s IS) . Whereas the a l k a l o i d 
c o n t a i n i n g the 4 - t r i d e c e n y l s i d e chain ( X I I I , n=3) 
c o n s t i t u t e s the only unsaturated d i a l k y l p i p e r i d i n e 
present in the venoms of some s p e c i e s (17, IS), the 
compound with a 6-pentadecenyl s i d e chiXn ( X I I I , 
n=5) i s always accompanied by the 
t r i d e c e n y l - c o n t a i n i n g a l k a l o i d ( X I I I , n=3) (18). 
The corresponding s a t u r a t e d 2 , 6 - d i a l k y l p i p e r T d i n e s 
( X I , n=12, 14) always accompany t h e i r unsaturated 
c o u n t e r p a r t s ( X I I I , n=3, 5). On the other hand, 
2-( c i s - 8 - h e p t a d e c e n y l ) - 6 - m e t h y l p i p e r i d i n e ( X I I I , 
n=7), a minor c o n s t i t u e n t i n the venom of S. i n v i c t a 
(21) , occurs i n the absence of i t s s a t u r a t e d 
c o u n t e r p a r t . 

P i p e r i d e i n e s . 

Two p i p e r i d e i n e s have been i d e n t i f i e d i n S o l e n o p s i s 
venoms, and i n n e i t h e r case do these compounds 
appear to be t y p i c a l products of t h i s genus. 
2 - M e t h y l - 6 - u n d e c y l - l - p i p e r i d e i n e (XIV) i s a minor 
c o n s t i t u e n t i n the venom of S. x y l o n i (17), but i t 
has not been detected i n the venoms of c l o s e l y 
r e l a t e d s p e c i e s of f i r e ants i n the subgenus 
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Diplorhoptrum, produces 2 - ( 4 - p e n t e n - l - y l ) -
1 - p i p e r i d e i n e (XV) (_16) , which i s p a r t i c u l a r l y 
d i s t i n c t i v e because i t l a c k s a 6 - a l k y l group. 

P y r i d i n e s . 

Anabasine (XVI) i s a poison gland product of sp e c i e s 
of Aphaenogaster (22) , a North American genus i n the 
subfamily Myrmicinae. 

P y r r o l i z i d i n e s . 

In c o n t r a s t to the d i a l k y l p y r r o l i d i n e theme that 
c h a r a c t e r i z e s the venoms of many So l e n o p s i s 
(Diplorhoptrum) s p e c i e s (j>) , that of S. xenovenenum 
i s d i s t i n c t i v e i n c o n t a i n i n g a p y r r o l i z i d i n e as the 
s o l e a l k a l o i d . -̂H and 1 3 C NMR spectroscopy show 
that t h i s compoun
i s the (5Z^8E) isome
p y r r o l i z i d i n e (XVII) (23). 

I n d o l i z i d i n e s . 

I n d o l i z i d i n e s have been detected as poison gland 
products of both Monomorium and S o l e n o p s i s s p e c i e s . 
Monomorine-1, 3-buty1-5-methyloctahydrοindoli z i d i n e 
(XVIII), i s a major c o n s t i t u e n t in the venom of M. 
pharaonis and i s accompanied by i t s congener, 
3 - ( 3 - h e x e n - l - y l ) - 5 - m e t h y l i n d o l i z i d i n e (XIX) (11). 
Monomorine-1, which i s produced on the poison gland 
as the a l l c i s - i s o m e r , i s accompanied by 
p y r r o l i d i n e s , c h a r a c t e r i s t i c Monomorium a l k a l o i d s 
(12). On the other hand, 3-ethyl-5-
m e t h y l i n d o l i z i d i n e (XX), a major c o n s t i t u e n t i n the 
venom of £>. c o n j u r a t a , i s a concomitant of 
2 , 6 - d i a l k y l p i p e r i d i n e s (24). Queens of an 
u n i d e n t i f i e d Costa Rican S o l e n o p s i s (Diplorhoptrum) 
s p e c i e s produce a s i n g l e poison gland product, 
3 - h e x y l - 5 - m e t h y l i n d o l i z i d i n e (XXI) (^4). 

P y r a z i n e s . 

A l k y l p y r a z i n e s , which are commonly produced i n the 
mandibular glands of ants and wasps (7̂ ) , appear to 
have a l i m i t e d d i s t r i b u t i o n i n the venoms of a n t s . 
2,5-Dimethyl-3-ethylpyrazine (XXII) has been 
i d e n t i f i e d as a t r a c e c o n s t i t u e n t i n the venom of 
A t t a sexdens (15), a myrmicine s p e c i e s that a l s o 
produces a p y r r o l e (X) as a poison gland product. 
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I n d o l e s . 

S k a t o l e , 3-methylindole (XXIII), i s a major 
c o n s t i t u e n t i n the hypertrophiée poison gland of 
s o l d i e r s of the myrmicine Phe i d o l e f a l l a x (25) and 
of other P h e i d o l e s p e c i e s as w e l l ( 2 4 ) . 

B i o l o g i c a l A c t i v i t i e s of A l k a l o i d s 

A wide v a r i e t y of a c t i v i t i e s have been demonstrated 
f o r the a l k a l o i d s i d e n t i f i e d i n myrmecine ant 
venoms, i n d i c a t i n g that these small n i t r o g e n 
h e t e r o c y c l e s have been adapted to subserve m u l t i p l e 
f u n c t i o n s . Both the p i p e r i d i n e s and p y r r o l i d i n e s 
possess d i v e r s e pharmacological a c t i v i t i e s (reviewed 
i n ]_) , and i t seems l i k e l y that t h e i r r o l e s i n 
r e g u l a t i n g both i n t r a
i n t e r a c t i o n s are ver

T o x i c o l o g y . 

Studies on the modes of a c t i o n of d i a l k y l p i p e r i d i n e s 
have shown that these compounds cause d i v e r s e 
b i o c h emical l e s i o n s . These a l k a l o i d s which are 
powerful hemolysins (^6) and dermal n e c r o t o x i n s ( 2 7 , 
28) , a l s o r e l e a s e histamine from mast c e l l s (29) , 
thus f u n c t i o n i n g as e f f e c t i v e algogens. In 
a d d i t i o n , these f i r e ant products i n h i b i t Na + and K + 

ATPases (30) and at low c o n c e n t r a t i o n s uncouple 
o x i d a t i v e p h o s p h o r y l a t i o n l e a d i n g to reduced 
m i t o c h o n d r i a l r e s p i r a t i o n ( 3 1 ) . 2 , 6 - D i s u b s t i t u t e d 
p i p e r i d i n e s a l s o i n t e r f e r e wTth the c o u p l i n g between 
the ion channel and the r e c o g n i t i o n s i t e of the 
v e r t e b r a t e n i c o t i n i c a c e t y l c h o l i n e receptor ( 3 2 ) . 
Recent i n v e s t i g a t i o n s demonstrate that these 
compounds i n t e r a c t with the c l o s e d a c e t y l c h o l i n e 
r e c e p t o r / i o n channel complex at a s i t e which i s 
separate from the b i n d i n g s i t e of p r e v i o u s l y known 
b l o c k i n g agents (33_) . 

These r e s u l t s emphasize the broad spectrum 
a c t i v i t i e s of 2 - a l k y l - 6 - m e t h y l p i p e r i d i n e s which 
o f f e r novel probes fo r i d e n t i f y i n g and exposing 
t a r g e t s i t e s f o r new c l a s s e s of i n s e c t neurotoxins 
(33) . 

I n s e c t i c i d a l A c t i v i t i e s . 

F i r e ants r a p i d l y immobilize i n s e c t prey by 
s t i n g i n g , demonstrating that the venom i s s t r o n g l y 
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i n s e c t i c i d a l . T r o p i c a l a p p l i c a t i o n s o f n e a t venom 
t o f l i e s and b e e t l e s r e s u l t s i n h i g h m o r t a l i t y o f 
t h e t a r g e t i n s e c t s , w h i c h e x h i b i t p a r a l y t i c symptoms 
s h o r t l y a f t e r t r e a t m e n t (34). On t h e o t h e r h a n d , 
s y n t h e t i c c i s and c i s - t r a n s m i x t u r e s o f 
2 - u n d e c y l - 6 - m e t h y l p i p e r i d i n e o r 2 - t r i d e c y l -
6 - m e t h y l p i p e r i d i n e were n o n t o x i c t o a d u l t s o f t h e 
A m e r i c a n c o c k r o a c h , P e r i p l a n e t a a m e r i c a n a (33). 

W o r k e r s o f Monomorium minimum r a p i d l y k i l l 
t e r m i t e w o r k e r s ( R e t i c u l i t e r m e s s p e c i e s ) w i t h t h e i r 
p o i s o n g l a n d s e c r e t i o n s (_35) · The venom o f t h i s 
s p e c i e s i s p r i m a r i l y f o r t i f i e d w i t h 2 , 4 - d i a l k y l -
p y r r o l i d i n e s (1^) w h i c h must f u n c t i o n as c o n t a c t 
i n s e c t i c i d e s s i n c e t h e venom i s a p p l i e d t o p i c a l l y 
r a t h e r t h a n b e i n g s u b d e r m a l l y a d m i n i s t e r e d . The 
same r e s u l t s h a v e b e e n r e p o r t e d f o r E u r o p e a n s p e c i e s 
o f Monomor ium a t t a c k i n g t e r m i t e s (36)

R e p e l l e n t ( D e t e r r e n t

The d i s u b s t i t u t e d p y r r o l i d i n e s and p i p e r i d i n e s h a v e 
b e e n d e m o n s t r a t e d t o be e x c e l l e n t r e p e l l e n t s f o r 
a n t s u n d e r f i e l d c o n d i t i o n s . W o r k e r s o f Monomorium 
p h a r a o n i s e f f e c t i v e l y r e p e l o t h e r s p e c i e s o f a n t s 
w i t h venom d r o p l e t s w h i c h a c c u m u l a t e on t h e t i p o f 
t h e s t i n g (37), a s t r a t e g y t h a t i s us e d w i t h e q u a l 
s u c c e s s by w o r k e r s o f N o r t h A m e r i c a n Monomorium 
s p e c i e s (38) and t h e E u r o p e a n t h i e f a n t , S o l e n o p s i s 
f u g a x (37). The venom o f t h e l a t t e r s p e c i e s 
c o n t a i n s a s i n g l e a l k a l o i d , t r a n s - 2 - b u t y l -
5 - h e p t y l p y r r o l i d i n e ( I , m=3, n=6) (JJ3) , and t h e 
s y n t h e t i c compound i s as a c t i v e as t h e n e a t venom i n 
r e p e l l i n g o t h e r a n t s p e c i e s a f t e r b e i n g a p p l i e d t o 
f o o d o r a n t l a r v a e . 

Some o f t h e d i a l k y l p i p e r i d i n e s and 
d i a l k y l i n d o l i z i d i n e s a r e o u t s t a n d i n g a n t r e p e l l e n t s . 
A l a r g e s e r i e s o f t h e s e compounds were r e c e n t l y 
e v a l u a t e d as f e e d i n g r e p e l l e n t s f o r f o u r s p e c i e s o f 
a n t s t h a t a r e c o n s i d e r e d t o be m a j o r p e s t s p e c i e s 
b e c a u s e o f t h e i r a g g r e s s i v e h a b i t s . Hungry w o r k e r s 
o f t h e f i r e a n t S o l e n o p s i s i n v i c t a , t h e A r g e n t i n e 
a n t , I r i d o m y r m e x h u m i l i s , T a p i n o m a m e l a n o c e p h a l i u m , 
and P h a r a o h ' s a n t , Monomorium p h a r a o n i s , were 
r e p e l l e d b y t r a c e amounts o f s e l e c t e d p i p e r i d i n e s 
and i n d o l i z i d i n e s added t o d r o p l e t s o f s u c r o s e 
s o l u t i o n (35). T h e s e r e s u l t s c l e a r l y document t h e 
a b i l i t i e s o f t h e a n t - d e r i v e d a l k a l o i d s , a_t n a t u r a l 
c o n c e n t r a t i o n s , t o r e p e l f e e d i n g by a n t w o r k e r s a t 
v e r y a c c e p t a b l e f o o d s o u r c e s , n o t w i t h s t a n d i n g t h e i r 
p r o l o n g e d f o o d d e p r i v a t i o n . 
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A n t i m i c r o b i a l A c t i v i t i e s . 

More than 25 years ago i t was demonstrated that f i r e 
ant venom (S. i n v i c t a = s a e v i s s i m a ) possessed 
b a c t e r i c i d a l and f u n g i c i d a l a c t i v i t i e s {34). 
Subsequently, the s y n t h e t i c d i a l k y l p i p e r i d i n e s were 
shown to possess pronounced a b i l i t i e s to i n h i b i t the 
growth of a v a r i e t y of b a c t e r i a at low 
c o n c e n t r a t i o n s {38). D e t a i l e d s t u d i e s on the 
f u n g i c i d a l a c t i v i t i e s of these a l k a l o i d s v i s - a - v i s 
commercial f u n g i c i d e s i n d i c a t e d that they were 
eminently capable of m a n i f e s t i n g pronounced 
f u n g i s t a t i c and/or f u n g i c i d a l a c t i v i t y a g a i n s t a 
wide v a r i e t y of fungi (40̂ ) . 

Both c i s and trans-isomers of a l l the a l k a l o i d s 
i d e n t i f i e d i n the venom of the f i r e ant S. i n v i c t a 
(16) were evaluated a g a i n s t fungi that c o n s t i t u t e d 
human and p l a n t pathogens
were i s o l a t e d fro
In g e n e r a l , the stereoisomers were of equal a c t i v i t y 
over a wide range of c o n c e n t r a t i o n s and r i v a l e d 
commercial f u n g i c i d e s (e.g., J^-undecenoic acid) as 
fungal growth i n h i b i t o r s . There i s a tendency f o r 
the a l k a l o i d s with 6 - a l k y l i d i n e s i d e chains to 
e x h i b i t g r e a t e r f u n g i t o x i c i t y than t h e i r s a t u r a t e d 
c o u n t e r p a r t s (40). 

C o n c l u s i o n s 

Although r e l a t i v e l y few myrmicine s p e c i e s have been 
subjected to a n a l y t i c a l s c r u t i n y , the members of 
t h i s subfamily c l e a r l y demonstrate great v i r t u o s i t y 
i n the b i o s y n t h e s i s of a l k a l o i d s {]_) . Species of 
Monomorium are p a r t i c u l a r l y abundant i n the Old 
World (4JL) , and analyses of a few members of t h i s 
genus {6, _11) i n d i c a t e that great a l k a l o i d a l 
d i v e r s i t y may c h a r a c t e r i z e t h e i r poison gland 
s e c r e t i o n s . The same i s true f o r the genus 
So l e n o p s i s {&, 16). Furthermore, a l k a l o i d a l 
s u r p r i s e s w i l l probably be forthcoming when the 
venoms of s p e c i e s i n a d d i t i o n a l myrmicine genera are 
examined. Indeed, a new p y r r o l i z i d i n e has been 
c h a r a c t e r i z e d i n a s p e c i e s i n the genus Chelaner 
(24), an Old World taxon c l o s e l y r e l a t e d to 
Monomorium (41) . In s h o r t , there are strong grounds 
for concluding that myrmicine s p e c i e s , with t h e i r 
great e c o l o g i c a l d i v e r s i t y , w i l l continue to be an 
e x c e l l e n t source of i n t e r e s t i n g n i t r o g e n 
h e t e r o c y c l e s for some time to come. In a d d i t i o n , i n 
terms of a l k a l o i d s , analyses of ant s p e c i e s i n 
nonmyrmicine s u b f a m i l i e s could a l s o prove to be very 
f r u i t f u l . 
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A v a r i e t y o f a l k a l o i d a l c o n s t i t u e n t s , n o t 
p r o d u c e d i n p o i s o n (venom) g l a n d s , have b e e n 
i d e n t i f i e d as n a t u r a l p r o d u c t s o f a n t s p e c i e s i n 
f o u r s u b f a m i l i e s , i n c l u d i n g t h e M y r m i c i n a e ( s e e 
r e v i e w i n 1) . T h i s d e m o n s t r a t e s t h a t t h e b i o g e n e s i s 
o f n i t r o g e n h e t e r o c y c l e s o c c u r s w i d e l y i n t h e 
F o r m i c i d a e and s t r e s s e s t h a t s p e c i e s i n a l l 
s u b f a m i l i e s s h o u l d be r e g a r d e d as p o s s i b l e a l k a l o i d 
p r o d u c e r s . S i g n i f i c a n t l y , n o v e l n i t r o g e n - c o n t a i n i n g 
compounds ( e . g . , a l i p h a t i c a m i n e s and amides) h a v e 
r e c e n t l y b e e n i d e n t i f i e d as venom p r o d u c t s o f two 
s p e c i e s i n t h e s u b f a m i l y P o n e r i n a (42) , e s t a b l i s h i n g 
t h a t t h e p o n e r i n e p o i s o n g l a n d c a n s y n t h e s i z e 
n o n - p r o t e i n a c e o u s n i t r o g e n o u s c o n s t i t u e n t s . T h u s , 
t h e p o i s o n g l a n d s o f n o n m y r m i c i n e a n t s c a n be 
r e g a r d e d as p o s s i b l e s o u r c e s o f n i t r o g e n o u s 
compounds. 

A n t s h a v e p r o s p e r e
have had t o o v e r c o m
i n c l u d e p a t h o g e n s as w e l l as i n v e r t e b r a t e and 
v e r t e b r a t e p r e d a t o r s . F o r many a n t s p e c i e s , i t 
a p p e a r s t h a t t h e i r a b i l i t y t o s u r v i v e i n s u c h a 
m a n i f e s t l y h o s t i l e w o r l d i s i n no s m a l l way due t o 
t h e a l k a l o i d a l a r s e n a l s s t o r e d i n t h e i r p o i s o n g l a n d 
r e s e r v o i r s . T h e s e compounds h a v e b e e n d e m o n s t r a t e d 
t o p o s s e s s a w i d e s p e c t r u m o f t o x i c o l o g i c a l 
p r o p e r t i e s (J7) w h i c h i n c l u d e p r o n o u n c e d n e u r o t o x i c , 
a n t i m i c r o b i a l , and i n s e c t i c i d a l a c t i v i t i e s . L i v i n g 
i n m o i s t s u b t e r r a n e a n e n v i r o n m e n t s , a n t s h a v e b e e n 
a b l e t o p r e v e n t o m n i p r e s e n t p a t h o g e n i c b a c t e r i a and 
f u n g i f r o m o v e r w h e l m i n g them, and a l k a l o i d s h a v e 
p l a y e d a m a j o r a n t i b i o t i c r o l e i n t h i s c o n t e x t ( 3 9 , 
40) . The d e m o n s t r a t e d i n s e c t i c i d a l p o t e n c i e s o f 
a l k a l o i d a l venoms (34^, 35) f u r t h e r d o c u m e n t s t h e 
b i o c i d a l p r o p e r t i e s o f t h e s e compounds and a u g u r s 
w e l l f o r t h e i r f u t u r e c o n s i d e r a t i o n as v i a b l e 
i n s e c t i c i d e s . I n d e e d , m a n k i n d c a n i l l a f f o r d t o 
i g n o r e t h i s wondrous c r o p o f n a t u r a l f u n g i c i d e s and 
i n s e c t i c i d e s t h a t a r e a v a i l a b l e f o r h a r v e s t i n g . I t 
i s t i m e t o g i v e Solomon h i s d u e . 
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29 
Use of Natural Products and Their Analogues 
For Combating Pests of Agricultural and Public Health Importance 
in Africa 

D . L . WHITEHEAD 

International Centre of Insect Physiology and Ecology (I.C.I.P.E.), P.O. Box 30772, Nairohi, Kenya 

Ectoparasites such as ticks  mites and haematophagous 
flies together wit
"managed" by us
tones) or hormone analogues and by immunization of 
the hosts with antigens derived from the vectors or 
parasites themselves. Recently this combined 
approach has been used most effectively against 
helminth infestations as well as against ticks and 
flies. Use of components of host odors and pheromo
nes to trap, sterilize or ki l l tsetse flies is 
described as well as inexpensive methods of crop and 
livestock protection, such as oils and plant 
extracts, used traditionally in less developed 
countries. 

There are urgent economic reasons f o r t r y i n g to c o n t r o l prédation 
i n A f r i c a by b i t i n g , sucking f l i e s and acarines ( t i c k s and mites) . 
Among them are i d e n t i f i e d the vectors of mammalian p a r a s i t i c and 
v i r u s diseases such as trypanosomiasis ( s l e e p i n g s i c k n e s s ) , 
f i l a r i a s i s such as onchocerciasis ( r i v e r b l i n d n e s s ) , l e i s h m a n i a s i s , 
malaria, Dengue fever and East Coast fever ( T h e i l e r i o s i s ) (ECF). 

One disease alone, caused by trypanosomes transmitted by the 
ts e t s e f l y ( G l o s s i n a spp.), i s estimated (1) to l i m i t ranching and 
human settlement i n over 4 m i l l i o n square miles of A f r i c a . 
E f f e c t i v e t r y p a n o c i d a l drugs have been a v a i l a b l e f o r 35 years, but 
because of t h e i r expense, t o x i c i t y and now r e s i s t a n c e to them, the 
only sure way to eliminate the disease completely i s considered to 
be by vector e r a d i c a t i o n (_2). A more r e a l i s t i c approach adopted i n 
West A f r i c a (3) i s aimed at introducing trypanotolerant breeds of 
l i v e s t o c k i n areas where the challenge from i n f e c t e d f l i e s i s not 
unduly high. 

Control of reproduction 

Research c a r r i e d out i n t h i s laboratory and at the Tsetse Research 
Laboratory near B r i s t o l i n England has focused on attempts to 

0097-6156/85/0276-0409$07.00/0 
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dis r u p t reproduction or s t e r i l i z e t s e t s e . Their s p e c i a l i z e d mode 
of a adenotrophic larviparous reproduction, whereby a s i n g l e l a r v a 
(stage I I I ) i s deposited every 8 - 1 0 days, would seem to o f f e r an 
avenue whereby population s i z e could be e f f e c t i v e l y and s e l e c t i v e l y 
c o n t r o l l e d ( 4 ) . The quantity and frequency of blood meals 
a v a i l a b l e to pregnant females does, of course, c o n s t i t u t e a l i m i t 
on the s i z e and therefore success of the next generation. 

In 1971 i t was reported (5) that some substance(s) present i n 
the d i e t of the host r e s u l t e d i n reduced fecundity when Glossina 
morsitans morsitans were fed on these animals. Subsequently Turner 
and Marashi reported s i m i l a r problems with (î. m. morsitans fed on 
ra b b i t s which had eaten contaminated food 06). The toxin(s) were 
not i d e n t i f i e d i n e i t h e r case, but the e f f e c t s of c o c c i d i o s t a t s 
added to the d i e t were not r e a l i z e d u n t i l Jordan and Trewern 
reported that sulphaquinoxaline (75 ppm) with pyrimethamine (7.5 
ppm) together markedly lowered fecundity of G. austeni and G* m. 
morsitans when fed to the rabbit hosts ( 7 ) . 

Using hormones as Insec

These observations prompted an i n v e s t i g a t i o n i n t o the use of insect 
growth regulators (IGR) and in s e c t hormones - applied t o p i c a l l y or 
added to the d i e t of tsetse fed i n v i t r o (8) ( i . e . through a 
s t e r i l e s i l i c o n e membrane) - to di s r u p t reproduction. Further 
impetus was given to these studies i n B r i s t o l when Delinger 
reported from ICIPE that 5-10 ug of 20-hydroxyecdysone (20-OHE) or 
j u v e n i l e hormone (JH) analogue, when i n j e c t e d or applied t o p i c a l l y 
( r e s p e c t i v e l y ) to pregnant (5. m. morsitans, caused over h a l f to 
abort ( 9 ) . By comparison, feeding of 20-OHE to pregnant (î. m. mor
sit a n s was s u r p r i s i n g l y more e f f e c t i v e (Figure 1) than i n j e c t i n g 
the hormone (10). This could mean that a metabolite of the s t e r o l 
i s the a c t i v e a b o r t i f a c i e n t , e s p e c i a l l y as entry from the gut i n t o 
the haemolymph of l a b e l from 3H-20-OHE (NEN, Boston) was very slow 
(10). 

Ecdysone i t s e l f and the phytoecdysones, inokosterone and 
makisterone A, were much l e s s e f f e c t i v e as a b o r t i f a c i e n t s than 
20-OHE (Table I ) . Cyasterone and ponasterone A were i n a c t i v e ; the 
i m p l i c a t i o n being that the hydroxyl group on C25 i s required f o r 
a c t i v i t y (10). 

Observation of the d i s t a l tubules of the u t e r i n e gland respon
s i b l e f o r nourishment of the l a r v a i n utero showed (Figure 2) that 
adding ecdysteroids to the d i e t of female t s e t s e i n h i b i t e d gland 
f u n c t i o n i n some way. As a r e s u l t , l e s s "milk" from the gland was 
a v a i l a b l e to nourish the l a r v a , hence smaller pupae were produced, 
or the l a r v a was aborted. The diameter of d i s t a l tubules was a l s o 
smaller i n females to which JH had been ap p l i e d (Table II) but, 
contrary to Denlinger's observation (9), i n t h i s experiment (where 
HPLC pure JH I I I was used instead of h i s crude mixture), no abor
t i o n s r e s u l t e d . 

Attempts to use 20-OHE as a systemic a b o r t i f a c i e n t - i t was 
i n j e c t e d i n t o r a b b i t s used as host - was not su c c e s s f u l (10). The 
s t e r o l (mixed with ^H-OHE) had r a p i d l y been removed from c i r 
c u l a t i o n . Therefore, analogues of the s t e r o l which w i l l not 
r a p i d l y be metabolized ( i n t o sulphates or glucuronides) i n the mam
malian l i v e r might be longer a c t i n g . The 2, 22 - d i t o s y l d e r i v a t i v e 
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• = ABORTIONS/STILLBIRTHS 
ο = STERILE / INFERTILE 

0 . 2 0.4 0.6 0.8 1 2 4 β 8 1 0 2 0 

LOG DOSE pg IN 50 mg MEAL 

Figure 1 
Dose response curve f o r percentage observed abortions or s t i l l 
b i r t h s and f o r percentage s t e r i l e females ( i n c l u d i n g unrecorded 
egg abortions) r e s u l t i n g from feeding 20-OHE i_n v i t r o to 
pregnant G. m. morsitans ( E D 5 0 - 2,5 ug f o r abortions alone 
(Y = 37.07 + 17.34X) or = 1.0 pg f o r a l l abnormalities) 
"Reproduced with permission from Ref. 10. Copyright 1981* 
'Insect S c i . A p p l i c . Pergamon Press, Oxford 1." 
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W H I T E H E A D Combating Pests with Natural Products 413 

Figure 2 
V a r i a t i o n i n diameter of d i s t a l tubules of u t e r i n e gland during 
second pregnancy c y c l e of (3. m. morsitans fed i n v i t r o on day 1 
with 20-OHE (4 yg/50 mg blood) i n d e f i b r i n a t e d p i g blood com
pared with c o n t r o l ( a n a l y s i s of variance gives P<.001 f o r 
treatment and time on day 5 - 7 ) . ( V e r t i c a l bars - ± S.D.) 
"Reproduced with permission from Ref. 10. Copyright 1981 
'Insect S c i . A p p l i c . Pergamon Press, Oxford'." 
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was synthesized (10) with a view to exchanging the l a b y l groups 
with naked f l u o r i n e ions but y i e l d s were extremely low (<1%). 
20-Fluorophytosterols have r e c e n t l y (11) proved to be s e l e c t i v e 
p r o - i n s e c t i c i d e s because i n s e c t s and not mammals dealkylate the 
si d e chain r e l e a s i n g f l u r o o a c e t a t e . 

Table I I . The E f f e c t on L a r v a l Development and Uterine Gland 
A c t i v i t y of feeding 20-hydroxyecdysone (20-OHE) on 
day 1 with or without J u v e n i l e Hormone I I I on day 2, 
A, and 6 of Second Pregnancy Cycle of G • m. morsitans 

Added to d i e t Treatment Diameter of d i s t a l Percent larvae 
( T o p i c a l ) tubules (minus lumen) normally 

(pm + S. Ε. M.) (n) developed 

20-OHEa N i l 
20-OHE Aceton
20-OHE JH I I I b 49.6+6.2(16) 44 
NIL JH I I I 37.4+4.6(10) 90 
NIL N i l 68.0+2.2(25) 100 

a) 5 ug i n 50 mg blood, b) 5 \ig i n acetone, n) no. of f i l e s 
d i s s e c t e d 

P r e v i o u s l y i t was thought that JH from the corpora a l l a t a (CA) 
regulated the a c t i v i t y of the uterine gland (4). Hence JH I I I was 
used (Table II) to attempt to a b o l i s h the e f f e c t on the gland of 
feeding 20-OHE; the i n h i b i t i o n , however, was not reversed. 

The reason f o r t h i s may be that there i s now evidence to show 
that the corpora cardiaca (CC) secretes a peptide (12) which stimu
l a t e s amino a c i d uptake by the gland. Furthermore, many attempts 
to demonstrate that JH i s present i n the pregnant tsetse have so 
f a r f a i l e d . A c t i v i t y of the large sexual accessory gland of a l l a -
tectoraized P e r i p l a n e t a americana i s also i n h i b i t e d jLn v i v o by 
20-OHE (13). 

Ivermectin feeding studies 

Recently, the present author and Langley and Roe (14 j have demon
s t r a t e d independently that Ivermectin (MK933) i s >10 times more 
e f f e c t i v e than 20-OHE when t h i s mixture of avermectins (Figure 3) i s 
fed to female G. m. morsitans through a membrane (Figure 4). More 
importantly, i t was e f f e c t i v e f o r 2-3 weeks when pregnant f l i e s were 
fed on blood taken from a horse t r e a t e d once o r a l l y (0.4 mg/kg) 
with the drug (Table I I I ) . Species of f l i e s that l ay t h e i r eggs i n 
the manure of c a t t l e which were given o r a l capsules d a i l y (5 Mg/kg) 
(Table IV) or given a s i n g l e i n j e c t i o n (200 Mg/kg) of MK933, f a i l e d 
to develop normally ( 1_5). Not only d i p t e r s can be c o n t r o l l e d i n t h i s 
way but also t i c k s (Table V) (16) and mites (17) which s t a r t to imbibe 
the blood of tr e a t e d animals are unable to engorge pr o p e r l y , therefore 
metamorphosis or reproduction i s incomplete or prevented. 
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B 2 a OH Et H 
B 2 b OH Me H 

Where Rj is absent, the double bond (----) is present. Both sugars 
are L — ο lea nd rose. 

22,23-Dihydroewrmpctin B l a which may aUo contain up to W"t 22.2a 
dihydroavrrmectin B l t ) 

Figure 3 
S t r u c t u r a l formulae f o r the avermectins showing (bottom) 
Ivermectin - MK933. 
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7n 
Y«5.716 + 1126X 

5^ 

t « 
1 3H 

I 2 H 

LD 5 0 =0.23 ng/fly 

H 

02 05 Ο Ι 02 ÔS î Î 4 Ï Î ) 
log^ dose ng/fhy 

Figure 4 
Maximum l i k e l i h o o d p r o b i t a n a l y s i s (65) of dose response data 
f o r l a r v a l m o r t a l i t y obtained following a d d i t i o n of Ivermectin 
to d e f i b r i n a t e d p i g blood fed once _in v i t r o to pregnant (?. m. 
morsitans ( χ2 (7df) = 8.82 ns) 
"Reproduced with permission adapted from Ref. 14 
Copyright 1984. 'Ent. Exp. A p p l i c . Dr. W. Junk, The Hague 1." 
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420 BIOREGULATORS FOR PEST CONTROL 

Because the avermectins, a family of lactones found i n the f e r 
mentation broth of a unique s o i l bacterium from Japan, Streptomyces 
a v e r m l t i l l s (18), are reputed to act by blocking s i g n a l trans
mission from interneurons to e x c i t a t o r y motoneurons ( i . e . they are 
gamma-amino-butyric a c i d (GABA) a g o n i s t s ) . They have been tested 
and found e f f e c t i v e f o r immobilizing the root knot nematode (19) 
and f o r i n h i b i t i n g feeding of the larvae of a beetle, the A l f a f a 
weevil, when l e a f disks had been treated with MK933 at doses of 
1-10 p.p.m. or when f i e l d t r i a l s using 0.01 - 0.10 Kg/ha were con
ducted (20)· Such a p p l i c a t i o n i n the future f o r crop p r o t e c t i o n 
would depend on formulation of a stable form of the degradable drug 
which i s non-toxic to mammals (18)· 

Mention should be made at t h i s point that the avermectins have 
been used p r i m a r i l y to c l e a r l i v e s t o c k of those i n f e s t i n g endopara-
s i t e s (18) that u t i l i z e GABA as a transmitter between nerve c e l l s . 
World-wide losses of production i n l i v e s t o c k i n f e s t e d with 
helminths cannot be overemphasized. 

With regard to th
t i c k c o n t r o l i n A f r i c a
MK936, the l e s s expensive precursor, might f i n d a p p l i c a t i o n f o r the 
treatment of domestic and even w i l d animals i f the drug were to be 
o f f e r e d i n combination with a c o c c i d i o s t a t l i k e Pancoxin 
(sulphaquinoxaline and pyrimethamine) i n a s a l t l i c k block ( 7 ) . 
Any form of s a l t , which i n nature i s i n short supply, i s h i g h l y 
a t t r a c t i v e and d e s i r a b l e to the tsetse's w i l d hosts, many species 
of which harbour the trypanosomes responsible f o r causing sleeping 
sickness i n man and nagana i n l i v e s t o c k (1_). 

Unfortunately, protozoan f l a g e l l a t e s l i k e trypanosomes are 
unaffected by ivermectin (21) but, at l e a s t , the animals that take 
up the ivermectin (with c o c c i d i o s t a t ) w i l l be r i d of most g a s t r o i n 
t e s t i n a l nematodes and ec t o p a r a s i t e s . E x t r a i n t e s t i n a l f i l a r i a s i s 
can a l s o be treated: f o r example, m i c r o f i l a r i a l d e r matitis i n hor
ses (22) and even onchocerciasis i n humans (23), which i s 
transmitted by the b i t e of i n f e c t e d black f l i e s (Simulium spp.). 
However, the doses required (30 - 50 yg/kg) i n the l a t t e r case were 
not without short term side e f f e c t s . 

Safety 

The most remarkable property of these d e r i v a t i v e s of m i c r o b i a l 
n a t u r a l products i s the wide margin of sa f e t y accorded to treated 
mammals - the reason being that the drug does not r e a d i l y cross the 
blood-brain b a r r i e r to any extent (18). Fortunately i n mammals, 
GABA mediated nerves only occur i n the c e n t r a l nervous system. 
Doses as high as 6 mg/kg (30 times the e f f e c t i v e dose) were 
i n j e c t e d i n t o c a t t l e with impunity and no f o e t a l abnormalities 
r e s u l t e d when pregnant animals received doses higher than those 
recommended (18). Furthermore, ivermectin residues proved to be 
extremely low i n muscle, kidney and urine at any time a f t e r 
l i v e s t o c k were treated o r a l l y or by i n j e c t i o n . More than 98% of 
the residue of the drug was excreted i n the faeces, regardless of 
the method used during treatment of l i v e s t o c k . Obviously c u l t u r i n g 
of the actinomycete Streptomyces a v e r m i t i l i s by the K i t a s a t o 
I n s t i t u t e i n Japan has l e d to the most f o r t u i t o u s breakthrough i n 
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WHITEHEAD Combating Pests with Natural Products 421 

combating "pests", both endo- and e c t o p a r a s i t e s , since the d i s c o 
very of DDT. Unfortunately, the cost of the chemically derived 
ivermectin makes i t u n l i k e l y that t h i r d world countries can a f f o r d 
i t . However, the avermectins, although l e s s a c t i v e , should be 
c o s t - e f f e c t i v e i f c u l t u r e s of S. a v e r m i t l l i s mutants were to be set 
up i n A f r i c a . 

The need f o r integrated c o n t r o l programs 

Research at ICIPE and i n Zimbabwe i s aimed at f i n d i n g inexpensive 
p r a c t i c a l ways of monitoring and eventually c o n t r o l l i n g t s e t s e 
populations thus reducing the challenge to man and h i s l i v e s t o c k by 
i n f e c t e d f l i e s . The use of s a l t blocks impregnated with coc-
c i d i o s t a t s and avermectins, formulated to s t a b i l i z e them, could be 
used as part of an integrated program i n areas where tse t s e are 
i s o l a t e d such as i n the Lambwe V a l l e y i n Western Kenya, a focus of 
human and l i v e s t o c k trypanosomiasis  A e r i a l spraying of the v a l l e y 
with Endosulphan i n 198
1983 f a i l e d to c o n t r o
employed to prevent resurgence of the f l y population. Deployment of 
i n s e c t i c i d e impregnated screens and odor baited b i c o n i c a l traps, 
a f t e r the c o s t l y spraying operation, would have been more e f f e c 
t i v e . Use of host odors markedly increased trap catches of (?· 
p a l l i d i p e s i n the Nkuruman escarpment area of Kenya's R i f t V a l l e y 
(24) (Table V I ) . 

Table VI - Comparison* of Means of transformed f i g u r e s of catch 
s i z e of G. p a l l i d i p e s i n B i c o n i c a l Traps baited with 
Odors from a B u f f a l o . 
"Reproduced with permission. Ref. 24 Copyright 1984. 
'Insect S c i . A p p l i c , Pergamon Press, Oxford'." 

Trap Females Males 

Means S i g n i f i c a n t * Means S i g n i f i c a n t * 

1. Control 2.17(165.6) * 1.93(93.0) 

2. with 4 black s t r i p s 2.23(243.6) * 1.90(117.2) 

3. with body wash 2.10(74.4) * 1.65(47.2) 

4. with faeces 2.10(166.4) * 1.93(104.2) 

5. with urine 3.00(1177.2) 2.67(625.0) 

* P<0.01 1 Using Duncan's m u l t i p l e comparison 
t e s t . 

L i k e l y , components of the odors such as acetone, methylethylketone 
(MEK), and methylvinylketone (MVK), have also been tested sépara-
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422 BIOREGULATORS FOR PEST CONTROL 

t e l y and i n conjunction (25) with some success (Table V I I ) . The 
a t t r a c t i v e n e s s of tsetse to ox breath, acetone, CO2, acetone and 
CO2 (26) and l-octen-3-ol (one a c t i v e component of ox odor) had 
p r e v i o u s l y been e s t a b l i s h e d i n Zimbabwe (24). 

Use of the most a t t r a c t i v e odors such as b u f f a l o urine (which 
increased catches of females 11.6 f o l d ) to entrap and then s t e r i 
l i z e t s e t s e before r e l e a s i n g them again would contribute g r e a t l y to 
an integrated c o n t r o l program. Since the a t t r a c t a n t i s a com
b i n a t i o n of many n a t u r a l products, the e f f o r t to mimic b u f f a l o 
urine with laboratory chemicals might not i n the long run be worth 
the expense and e f f o r t f o r f i e l d a p p l i c a t i o n . However, the use at 
ICIPE, of electroantennagram (EAG) techniques (27) has shown the 
order of responsiveness to be: acetone>l-octen-3-ol>MEK>pentanol. 

A u t o - s t e r i l i z a t i o n 

Attempts to s t e r i l i z e t s etse caught i n the w i l d have been made 
using aerosol sprays w i t h i
male (ï. m. morsitans migh
az a r i d i n e ) was applied to decoys, attached to c l o t h or n e t t i n g 
screens, treated with the sex stimulant "Morsilure" (29) (15, 19, 
23-trimethyl heptatriacontane). Successful r e s u l t s i n the l a b o r a 
t o r y had encouraged these f i e l d t r i a l s (30). 

The sex-stimulant f o r male G. p a l l i d i p e s , the (13R, 23S) - 13, 
23 - dimethylpentatriacontrane (Figure 5) has been synthesized (31) 
and tested (Figure 6) (32). I t i s problematical whether t h i s 
short-range " P a l l i d i l u r e " pheromone can be used to immobilise male 
f l i e s f o r long enough to allow s u f f i c i e n t chemosterilant to be 
absorbed through the t a r s a l and abdominal c u t i c l e . The search i s 
continuing f o r a chemosterilant safe enough f o r humans to use (33). 
More r e a c t i v e analogues might t o t a l l y d i s r u p t mating behaviour. 

D e r i v a t i v e s of n a t u r a l products (the benzyl phenols and 
benzyl-1, 3-benzodioxoles) (Figure 5) e f f e c t i v e l y s t e r i l i z e 
screwworm f l i e s (34), i n s e c t i c i d e - r e s i s t a n t female house f l i e s (35) 
and female G. m. morsitans (36). In the l a t t e r case, 2 ug/fly of 
benzyl-1, 3-benzodioxole was e f f e c t i v e . This group of n a t u r a l pro
ducts was found to be nonmutagenic i n standard Ames b a c t e r i a l t e s t s 
and the compounds were r e l a t i v e l y non-toxic to mammals (36)· 
Therefore, i n c o r p o r a t i o n of these compounds i n s a l t blocks might be 
envisaged, or trapped tsetse might be exposed to them before 
r e l e a s e , as part of an integrated c o n t r o l programme. S t e r i l i z i n g 
i n s e c t s reduces populations f a r more q u i c k l y than t r y i n g to k i l l 
them. 

Immunological methods 

The systemic route remains the most d e s i r a b l e method f o r 
c o n t r o l l i n g haematophagous pests or e c t o p a r a s i t e s , e s p e c i a l l y i f 
they happen to be vectors of v i r u s , protozoan or metazoan i n f l i c t e d 
d iseases. I t has been understood f o r q u i t e some time that the b i t e 
of the t i c k t r a n s f e r s substances, l i k e an anticoagulant f o r 
instance, which somehow eventually leads to acquired r e s i s t a n c e to 
i n f e s t a t i o n by that t i c k (37). Therefore, use of proteins from the 
e c t o p a r a s i t e , as antigen to immunize l i v e s t o c k l i k e l y to be exposed 
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29. WHITEHEAD Combating Pests with Natural Products 423 

Table VII. The e f f e c t of various Ketones and l-0cten-3-ol on 
the s i z e of 6h catches of G. p a l l i d i p e s i n B i c o n i c a l 
Traps set under Nkuruman Escarpment (25) 

Treatment Dose rate 
(mg/h) 

Detransformed 
mean catches 

Index of 
Increase 

F 
r a t i o 

Acetone Control 0 10.2 _ 
5.9* Low dose 139 18.1 xl.8 5.9* 

Medium dose 463 18.2 xl.8 
High dose 2391 27.9 x2.7 

Methylethylketone 
(MEK) Control 

Low dose 
Medium dose 190 10.3 xl.7 
High dose 1546 9.8 xl.7 

Me thy1vinyIke t one 
(MVK) Control 0 30.0 — 

5.4* Low dose 64 25.2 x0.8 5.4* 
Medium dose 145 29.6 xl.O 
High dose 703 37.7 xl.2 

High dose of 3 ketones 
Control 0 44.9 -
Acetone 2216 81.9 xl.8 2.9ns 
MEK 1694 69.4 xl.5 
MVK 936 48.0 x l . l 

Acetone+l -0cten-3-ol 
Con t r o l 0 26.3 -
Acetone 2216 62.2 x2.4 12.5*** 
l - 0 c t e n - 3 - o l 50 30.0 x l . l 
Acetone+1-
Octen-3-ol 1 2216/50 53.7 xl.O 

MEK+l-0cten-3-ol 
Con t r o l 0 47.0 — 
MEK 85 73.9 xl.6 10.3*** 
Octenol 50 88.0 xl.9 
MEKfOctenol 85/50 125.9 x2.7 

*P <0.05. ***P <0.001. ns = n o n s i g n i f i c a n t . O c t e n o l d i s c o l o 
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C12H25 (CH2Î9 C12H25 C12H25 (CHàg C12H25 

12H25 C12H25 (C C12H25 (CH^  C12H25 C12H25 (CH^3 C18H37 * 3 Ci) 
III 

C12H25 (CH2)9 C12H25 C12H25 
V 

(CH2Î3 

VI 

C18H37 

.OR „ O M e ,OMe 

Figure 5 
•Pheromones (I-IV) 
Diastereoisomers (1-111) of the sex-stimulant ' P a l l i d i l u r e * 
13,23-dimethylpentatriacontane (V) and 13,17-isomers (IV, VI) 
synthesized f o r t e s t i n g on decoys to a t t r a c t G. p a l l i d i p e s 
males. 

•New Chemosterilants (a, b) modified b i o l o g i c a l l y a c t i v e 
a l l e l o c h e m i c a l s 
a) Benzyl-1,3-benzodioxoles (R = et h y l (A 13-53024) or 2-pro-

penyl (A 13-70714)) 
b) Ortho Benzylphenol 

2,4-bis (1, l-dimethylethyl)-6-(4-methoxy phenylmethyl) 
phenol (A 13-70691). 
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2 (5 K> 1̂5 
LOG DOSE^ig(x) 

Figure 6 
Maximum l i k e l i h o o d p r o b i t analyses (65) of f i g u r e s f o r male G. 
p a l l i d i p e 8 sexual a c t i v i t y responding to various doses of three 
compounds shown i n f i g u r e 5 or the n a t u r a l ' P a l l i d i l u r e ' 
extracted from females: 

• I; (13R, 23S) f p a l i d i l u r e f E D 5 0
 β 4.47 ± 1 . 0 9 yg 

Y « 3.256 + 2.681 Χ; χ 2 (4df) - 1.02 ns 

0 Nat; n a t u r a l ' p a l l i d i l u r e ' from female c u t i c l e 
E D 5 0 - 8.07 ± 1.17 yg; Y - 3.35 + 1.82 x; 
X2 (4df) = 0.487 ns 

• V; racemic s y n t h e t i c ' p a l l i d i l u r e ' ED50 - 8.88 ±1.15 yg; 
Y - 3.437 + 1.648 x; χ2

 3 · 4 3 7 + ! · 6 4 8 xî X2 < 4 d f> 
= 0.205 ns 

• VI; racemic 13, 17-dimethylpentatriacontane 
E D 5 0 - 17.88 ± 1.25 yg; Y - 3.048 + 1.555 χ; χ2 (4df) 
= 1.10 ns. 

"Reproduced with permission from Ref: 32 Copyright 1985. 
'Physiol Entomol. Royal Entomological Society'." 
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on the range, should slowly reduce the population of the pest i n 
question to a l e v e l where the threat of disease i s lowered. (38). 

Midgut c e l l proteins have been used as antigens i n guinea pigs 
to induce r e s i s t a n c e to the t i c k Dermacentor v a r i a b i l i s , the vector 
of R i c k e t t s i a l disease, commonly c a l l e d Rocky Mountain Spotted 
Fever (39). S i m i l a r t r i a l s with calves and r a b b i t s have been con
ducted (40, 41). With some success, we at ICIPE have followed t h i s 
approach - immunizing rabbits with the homogenates of various 
t i s s u e s from two t i c k species and the t s e t s e G. m. morsitans. In 
the l a t t e r case, fecundity was reduced i n females i f guts, u t e r i i 
or s a l i v a r y glands were used (42). Proteins from the gut a l s o 
decreased d i g e s t i o n of the bloodmeal (43) i n males as w e l l as fema
l e s as does feeding of t r y p s i n i n h i b i t o r s . 

P a r t i a l host r e s i s t a n c e to engorgement, development, and repro
duction i n Rhipicephalus appendiculatus (ECF vector) appears to 
r e s u l t i f whole t i c k horaogenate (44), gut or egg preparations are 
used. Currently we are t a r g e t i n g on the use of i n d i v i d u a l p u r i f i e d 
egg proteins (45, 46) t
v i t e l l i n (500,000 daltons
(106,000 daltons) (47) which weakly bind and carry (46, 48) the 
morphogenic 20-OHE to the developing embryo, are both a n t i g e n i c 
(18, 49). 

The immunological approach does not prevent spread of diseases, 
l i k e T h e i l e r i o s i s , because the vectors w i l l s t i l l attempt to feed 
on p o t e n t i a l hosts, thus endangering them i f they are not r e s i s t a n t 
to the pathogen. However, i n the long run, as part of an 
i n t e g r a t e d approach to c o n t r o l vector population, the r e s u l t must 
b e n e f i t the rancher or p a s t o r a l i s t . Obviously, greater immediate 
b e n e f i t accrues when l i v e s t o c k can be immunized against the disease 
i t s e l f (50) but, i n the case of trypanosomiasis, success has not 
been achieved yet because the p a r a s i t e s can r a p i d l y acquire a new 
surface coat thus p r o t e c t i n g themselves against the r e a c t i o n caused 
by c i r c u l a t i n g antibodies (51, 52). Tolerance to trypanosomes 
which evolved i n game animals i s unfortunately more d i f f i c u l t to 
acquire for l i v e s t o c k i n the course of a few generations. Even 
among trypanotolerant breeds of c a t t l e , meat and milk production 
are r e s t r i c t e d once the challenge from i n f e c t e d tsetse r i s e s above 
a c e r t a i n threshold (3). 

An i n t e r e s t i n g discovery has been reported concerning tremato-
des (Digenea) which are unaffected by avermectins - they do not 
have GABA receptors. I n j e c t i n g antibodies, r a i s e d to a p r o t e i n 
c o v a l e n t l y bound to ecdysone, i n t o r a t s i n f e s t e d with Schistosoma 
mansoni reduced the burden of worms s i g n i f i c a n t l y (53). Cestodes, 
f i l a r i a l nematodes and trematodes a l l appear to produce, u t i l i z e 
and secrete ecdysteroids (54). This prompted the suggestion that 
not only antibodies (designed for R.I.A.) but ecdysteroids them
selves and anti-ecdysones (55) might be used to i n t e r f e r e with the 
reproduction and growth of these p a r a s i t i c helminths. 

Use of o i l s and a l l e l o c h e m i c a l s 

On a small s c a l e , there i s p o s s i b l y no l e s s expensive way of pro
t e c t i n g stored a g r i c u l t u r a l produce l i k e g r a i n against prédation by 
pests than using a t h i n coating of vegetable o i l . I t must be 
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remembered that the cost of p e s t i c i d e s l i k e MK933 or conventional 
i n s e c t i c i d e s , whatever t h e i r use, u s u a l l y places them beyond the 
reach of the farmer i n most of A f r i c a , A s i a and S. America (56). 
Therefore, t r a d i t i o n a l methods which u t i l i z e r e a d i l y a v a i l a b l e 
plant materials need to be encouraged i n t h i s day and age. The 
Giriama, a c o a s t a l t r i b e l i v i n g i n Kenya, use smoke from open wood 
f i r e s to protect t h e i r granaries from attack by weevils and 
b e e t l e s . For centuries sunflower o i l has been used i n A s i a to 
deter predators of stored r i c e (57). Peanut, coconut, safflower 
and even mineral o i l or polyethylene g l y c o l has been shown to be 
e f f e c t i v e f o r cowpeas (58). Elsewhere, the o i l from seeds which 
cost l e s s l i k e Indian Neem (Azadirachta i n d i c a ) has been 
demonstrated (59) to be equally e f f e c t i v e (Table V I I I ) . We have 
shown that o i l s from turmeric contain i n s e c t i c i d a l sesquiterpenoids 
e s p e c i a l l y a c t i v e against the brown plant hopper, a r i c e pest (60). 
Such herbs have been used f o r centuries to preserve g r a i n In A s i a . 

Neem o i l a p p l i c a t i o n s i n d i r e c t l  protect r i c e crops against 
Rice Tungro V i r u s (RTC) b
t o r Nephotettix v i r e s c e n s
a l l e l o c h e m i c a l i n Neem seeds i s A z a d i r a c h t i n , a potent antifeedant 
against many a g r i c u l t u r a l pests (56, 57), reputed to be an a n t i e c -
dysone (55), which, i n some extraordinary way, can be taken up 
through the roots of crops (58) l i k e maize or r i c e to protect the 
plant from i n s e c t pests (59). Synthesis of such molecules, apart 
from the sheer d i f f i c u l t y , would put t h e i r cost beyond the reach of 
a g r i c u l t u r e even i n N. America. Here, therefore, i s an e x c e l l e n t 
example of the wisdom of r e v e r t i n g to t r a d i t i o n a l methods i n the 
l e s s developed T h i r d World instead of having to r e l y on c o s t l y 
conventional p e s t i c i d e s (51). 

However, no one w i l l deny that new remedies l i k e those o f f e r e d 
by the broad spectrum ivermectin or by p r o p h y l a c t i c s , i n the form 
of s p e c i f i c vaccines, must eventually become a v a i l a b l e to boost 
food production and f i g h t famine and disease i n A f r i c a . 
Governments, therefore must explore ways of s u b s i d i z i n g farmers, 
ranchers and h e a l t h s e r v i c e s to a f f o r d the new vaccines, drugs, or 
chemicals which research workers are developing. T r a d i t i o n a l 
methods must a l s o be better understood by modern science i n order 
that they may be even more f u l l y e x p l o i t e d . 

Legend of Symbols 

ECF - East Coast Fever 
EL (estimated larvae) - g. of eggs χ % hatch χ 20 3 

R.I.A. = radioimmunoassay 
20-OHE - 20-hydroxyecdysone 
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INSECT SURVIVAL (%) TUNGRO INFECTION (%) 

DAYS DAYS 

Figure 7 
Average s u r v i v a l of and TRV transmission by N. v i r e s c e n s 
exposed for d i f f e r e n t periods on TNI r i c e seedlings treated 
with 50% e m u l s i f i e d o i l s . 
"Reproduced with permission, Ref: 61 Copyright 1983, f J . Econ. 
Entomol. Entomological Society of America 1." 
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Insect Antifeedant Terpenoids in Wild Sunflower 
A Possible Source of Resistance to the Sunflower Moth 

JONATHAN GERSHENZON1,4, MARYCAROL ROSSITER1,5, TOM J. MABRY1, 
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Sunflower (Helianthus annuus) cultivation in the United 
States is frequently limited by the severity of insect 
damage. However, many wild Helianthus species are resis
tant to the major insect pests of cultivated sunflower. 
This resistance has been suggested to have a chemical 
basis. We found high concentrations of sesquiterpene 
lactones and diterpenes in glandular hairs on several 
resistant wild species of Helianthus and demonstrated 
that these compounds were toxins and antifeedants towards 
some major sunflower insect pests. Experiments were 
conducted on the southern armyworm (Spodoptera eridania), 
the migratory grasshopper (Melanoplus sanguinipes) and 
the sunflower moth (Homoeosoma electellum). Of particu
lar interest was the presence of terpenoids on the por
tions of the flower immediately adjacent to the pollen. 
The early larval stages of the sunflower moth, the most 
destructive insect pest of cultivated sunflower in the 
United States, feed principally on pollen. Examination 
of several cultivated lines of sunflower showed that 
these had lower densities of glandular hairs than the 
wild species. Thus, increased resistance to sunflower 
moth predation might be achieved simply by breeding for 
an increased density of glandular hairs on floral parts 
surrounding the pollen. 
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The e n v i r o n m e n t a l a n d e c o n o m i c d r a w b a c k s t o t h e l a r g e s c a l e u s e o f 
s y n t h e t i c i n s e c t i c i d e s h a v e f o c u s e d a t t e n t i o n o n w a y s o f u s i n g p l a n t 
n a t u r a l p r o d u c t s t o c o n t r o l i n s e c t p e s t s o f c r o p p l a n t s . P e r h a p s t h e 
b e s t - s t u d i e d a p p r o a c h o f t h i s t y p e i s s i m p l y t o b r e e d f o r g r e a t e r 
l e v e l s o f t o x i c o r a n t i f e e d a n t n a t u r a l p r o d u c t s i n p l a n t p a r t s 
s u b j e c t t o i n s e c t a t t a c k t o i n c r e a s e t h e i r r e s i s t a n c e t o i n s e c t 
d a m a g e (1). O u r i n v e s t i g a t i o n s w i t h s u n f l o w e r ( H e l i a n t h u s a n n u u s ) 
s u g g e s t t h a t p l a n t - p r o d u c e d n a t u r a l p r o d u c t s may make a s i g n i f i c a n t 
c o n t r i b u t i o n t o w a r d s i n c r e a s i n g r e s i s t a n c e t o i n s e c t damage i n t h i s 
c r o p . 

S u n f l o w e r h a s b e c o m e o n e o f t h e w o r l d ' s m a j o r v e g e t a b l e o i l 
c r o p s i n r e c e n t y e a r s b e c a u s e o f i t s a d a p t a b i l i t y t o a w i d e r a n g e o f 
s o i l , t e m p e r a t u r e a n d w a t e r c o n d i t i o n s (2) a n d b e c a u s e o f t h e 
d e v e l o p m e n t o f new h y b r i d v a r i e t i e s w i t h v e r y h i g h c o n c e n t r a t i o n s o f 
o i l i n t h e i r a c h e n e s (3). I n t h e U n i t e d S t a t e s , s u n f l o w e r c u l t i v a 
t i o n h a s i n c r e a s e d o v e r a h u n d r e d - f o l d i n t h e l a s t 20 y e a r s (3). 
E x t e n s i v e i n s e c t d a m a g e i s o n e o f t h e p r i n c i p a l f a c t o r s l i m i t i n g 
f u r t h e r c u l t i v a t i o n o f s u n f l o w e
I n s e c t p r o b l e m s a r e p a r t i c u l a r l
t h e g e n u s H e l i a n t h u s i s n a t i v e t o N o r t h A m e r i c a (5) a n d t h e r e f o r e 
many i n s e c t t a x a i n t h i s c o u n t r y h a v e h a d t h e o p p o r t u n i t y t o a d a p t t o 
f e e d o n s u n f l o w e r s (4). H o w e v e r , a n u m b e r o f w i l d s u n f l o w e r s 
( s p e c i e s o f H e l i a n t h u s ) h a v e b e e n s h o w n t o b e r e s i s t a n t t o s o m e o f 
t h e m a j o r i n s e c t p e s t s o f t h e c u l t i v a t e d v a r i e t i e s (6-12). B e c a u s e 
t h e r e i s n o o b v i o u s m o r p h o l o g i c a l f e a t u r e i n t h e s e r e s i s t a n t p l a n t s 
w h i c h m i g h t a c c o u n t f o r t h e i r r e l a t i v e i m m u n i t y t o i n s e c t p r é d a t i o n , 
i t was s u g g e s t e d t h a t t h i s r e s i s t a n c e h a s a c h e m i c a l b a s i s (12). 

I n t h i s c h a p t e r , we f i r s t r e v i e w t h e t e r p e n o i d c o n s t i t u e n t s 
i s o l a t e d f r o m r e s i s t a n t w i l d s p e c i e s o f H e l i a n t h u s a n d p r e s e n t t h e 
r e s u l t s o f s o m e i n s e c t b i o a s s a y s w i t h t h e s e c o m p o u n d s . T h e n we 
d i s c u s s t h e e v i d e n c e w h i c h i m p l i c a t e s t e r p e n o i d s i n t h e r e s i s t a n c e t o 
t h e s u n f l o w e r m o t h ( H o m o e o s o m a e l e c t e l l u m ) , t h e m o s t d e s t r u c t i v e 
i n s e c t p e s t o f c u l t i v a t e d s u n f l o w e r i n t h e U n i t e d S t a t e s (4), a n d 
d e s c r i b e how t h i s i n f o r m a t i o n m i g h t b e e x p l o i t e d i n r e d u c i n g i n s e c t 
damage t o c u l t i v a t e d s u n f l o w e r . 

T e r p e n o i d s f r o m w i l d s p e c i e s o f H e l i a n t h u s 

A p p r o x i m a t e l y h a l f o f t h e f i f t y s p e c i e s o f H e l i a n t h u s h a v e s h o w n some 
r e s i s t a n c e t o t h e m a j o r i n s e c t p e s t s o f c u l t i v a t e d s u n f l o w e r i n 
g r e e n h o u s e a n d f i e l d t r i a l s (6-12). We b e g a n o u r s t u d i e s b y 
c h e m i c a l l y i n v e s t i g a t i n g a s m a l l g r o u p o f H e l i a n t h u s s p e c i e s w h i c h 
w e r e r e p o r t e d t o b e e s p e c i a l l y i n s e c t r e s i s t a n t . T h e m a j o r 
l i p o p h i l i c s e c o n d a r y m e t a b o l i t e s o f t h e a e r i a l p a r t s o f t h e s e p l a n t s 
p r o v e d t o b e t e r p e n o i d c o m p o u n d o f t w o t y p e s : s e s q u i t e r p e n e l a c t o n e s 
a n d d i t e r p e n e s . We h a v e n o w s t u d i e d 17 s p e c i e s o f H e l i a n t h u s 
c h e m i c a l l y a n d h a v e f o u n d h i g h l e v e l s o f s e s q u i t e r p e n e l a c t o n e s a n d 
d i t e r p e n e s i n m o s t o f t h e s e (13-25). B o t h s e s q u i t e r p e n e l a c t o n e s a n d 
d i t e r p e n e s h a v e b e e n i s o l a t e d f r o m s p e c i e s o f H e l i a n t h u s b y o t h e r 
w o r k e r s (26-44). 

S e s q u i t e r p e n e l a c t o n e s a r e t y p i c a l s e c o n d a r y m e t a b o l i t e s o f 
many m e m b e r s o f t h e A s t e r a c e a e , t h e c o m p o s i t e f a m i l y (45, 46). T h e 
l a c t o n e m o i e t y i n t h e s e c o m p o u n d s i s u s u a l l y p r e s e n t a s a n α -

m e t h y l e n e - γ - l a c t o n e f u n c t i o n w i t h t h e l a c t o n e b r i d g e j o i n i n g c a r b o n 
a t o m s 12 a n d 6 o r 12 a n d 8 o n t h e s e s q u i t e r p e n e s k e l e t o n ( s e e F i g u r e 
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1 f o r numbering scheme). Most Helianthus sesquiterpene lactones are 
c h a r a c t e r i z e d by the f u s i o n o f the l a c t o n e r i n g t o carbon 6 and the 
p r e s e n c e of a f i v e carbon a n g e l a t e or a n g e l a t e - d e r i v e d a c i d s i d e 
chain e s t e r i f i e d t o p o s i t i o n 8. Four s t r u c t u r a l types of s e s q u i t e r 
pene l a c t o n e s have been i s o l a t e d from H e l i a n t h u s : g e r m a c r o l i d e s f 

h e l i a n g o l i d e s , eudesmanolides and guaianolides (Figure 1). The b i o -
s y n t h e t i c a l l y - s i m p l e r g e r m a c r o l i d e and h e l i a n g o l i d e types are the 
most common i n the genus. 

Four s t r u c t u r a l types of diterpenes are known from Helianthus; 
labdanes, kauranes, a t i s i r a n e s and trachylobanes (Figure 2), with the 
t e t r a c y c l i c kaurane type being the most widespread i n the genus. The 
majority of Helianthus diterpenes have an α-oriented c a r b o x y l i c a c i d 
f u n c t i o n attached to carbon 4. 

T o x i c i t y and a n t i f e e d a n t a c t i v i t y o f H e l i a n t h u s s e s q u i t e r p e n e 
lactones to sunflower i n s e c t s 

Terpenoids i s o l a t e d i n l arg
t e s t e d w i t h s e v e r a l s u n f l o w e r i n s e c t p e s t s . S i n c e s e s q u i t e r p e n e 
lactones were present i n much higher concentrations than diterpenes 
i n the most r e s i s t a n t species studied, our i n v e s t i g a t i o n s emphasized 
sesquiter-pene lactones. Three species of i n s e c t s were used i n these 
studies: Spodoptera e r i d a n i a , Melanoplus sanguinipes and Homoeosoma 
el e c t e l l u m . 

Spodoptera e r i d a n i a (Lepidoptera: Noctuidae) - the southern armyworm. 
This species was chosen f o r study because i t i s c l o s e l y r e l a t e d t o S. 
exigua, the beet armyworm, an i n s e c t which has p e r i o d i c a l l y damaged 
f i e l d s of c u l t i v a t e d sunflower i n the southern Great P l a i n s (47). A 
laboratory colony of S^ exigua could not be s u c c e s s f u l l y maintained. 
Both S^ e r i d a n i a and S^ exigua are termed g e n e r a l i s t feeders because 
they can f e e d on v a r i o u s organs of a v a r i e t y of t a x o n o m i c a l l y -
unrelated p l ants (48, 49). Experiments on £L e r i d a n i a were performed 
i n c o l l a b o r a t i o n w i t h Dr. K. N a k a n i s h i ' s l a b o r a t o r y a t Columbia 
U n i v e r s i t y . 

The growth of S^ e r i d a n i a larvae was s i g n i f i c a n t l y reduced by 
s e s q u i t e r p e n e l a c t o n e s added t o t h e i r d i e t . Two s e s q u i t e r p e n e 
lactones were used i n these t e s t s : 8 3 -sarracinoyloxycumambranolide 
(8 3 SC) from Helianthus m a x i m i l i a n i (18) and desacetyleupasserin from 
H. m o l l i s (13) ( F i g u r e 3). These compounds were added t o an 
a r t i f i c i a l d i e t a t c o n c e n t r a t i o n s of 0.1% and 1.0% and f e d t o f i f t h 
i n s t a r l a r v a e of S^ e r i d a n i a . At a c o n c e n t r a t i o n of 1.0%, both 
compounds caused s i g n i f i c a n t growth i n h i b i t i o n ( T able 1). Both 
compounds are present i n Helianthus leaves at l e v e l s of 1-5%. 

Larvae of S^ e r i d a n i a were a l s o subjected to preference t e s t s 
to see i f they would avoid i n g e s t i n g sesquiterpene lactones i f given 
the c h o i c e of f e e d i n g on t r e a t e d or u n t r e a t e d food. S t a r v e d f i f t h 
i n s t a r l a r v a e were s i m u l t a n e o u s l y p r e s e n t e d w i t h bean l e a v e s 
(Phaseolus v u l g a r i s ) c o a t e d w i t h a 1% acetone s o l u t i o n i n which a 
sesquiterpene lactone had been d i s s o l v e d and bean leaves coated with 
s o l v e n t o n l y . A f t e r 24 hours, l e a v e s c o a t e d w i t h 8 3 SC showed 
s i g n i f i c a n t l y l e s s f e e d i n g than the s o l v e n t - c o a t e d c o n t r o l s , but 
la r v a e showed no preference between c o n t r o l s and leaves coated with 
desacetyleupasserin (Table 2). 
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Germacrolides 

Heliangolides 
Guaianolides 

Figure 1. S t r u c t u r a l types of sesquiterpene lactones i n 
Helianthus. 

labdane atisirane 

kaurane trachylobane 

Figure 2. S t r u c t u r a l types of diterpenes i n Helianthus. 
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ο 
80-Sarracinoyloxycumambranolide (8pSC ) 

Ο 
Desacetyleupasserin 

Figure 3. Sesquiterpene lactones used in the insect bioassays. 

Table 1. Effect of two Helianthus sesquiterpene lactones on 
the growth of S^ eridania larvae.* 

compound and 
concentration 

average daily weight gain, 
1st dav 2nd day 3rd day 

mg 
4th day 

8 3 SC 
control 122 97 143 82 
0.1% 128 102 118 71 
1.0% -28** -14** _g** -11** 

desacetyleupasserin 
45 control 97 83 76 45 

0.1% 76 67 64 40 
1.0% 44** 56** 45** 50 

•Sesquiterpene lactones were added to a r t i f i c i a l diets at concentra
tions indicated. Ten early f i f t h instar larvae were raised on 
each concentration. Gain in weight was measured daily for each 
individual. Negative numbers indicate average weight loss for 
larvae in that group. 

••Significantly different from control at 1% level (t-test). 
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Mel a n o p l u s s a n g u i n i p e s ( O r t h o p t e r a : A c r i d i d a e ) - the m i g r a t o r y 
grasshopper. 
Grasshoppers o c c a s i o n a l l y damage c u l t i v a t e d sunflower i n the United 
S t a t e s (4). Mel a n o p l u s s a n g u i n i p e s i s a g e n e r a l i s t f e e d e r and a 
major c r o p p e s t s p e c i e s w i d e l y d i s t r i b u t e d i n North America (50). 
8 3 SC added t o the d i e t o f M̂_ s a n g u i n i p e s a t a c o n c e n t r a t i o n of 1% 
had no e f f e c t on the growth or s u r v i v o r s h i p of t h i s i n s e c t or i t s 
rate of development t o the adult stage (Table 3). However, 8 3 SC was 
shown to be a s i g n i f i c a n t feeding deterrent i n preference t e s t s with 
M. sanguinipes. Grasshoppers tha t had been starved f o r 48 hours were 
g i v e n the c h o i c e of f e e d i n g on s u c r o s e - t r e a t e d n i t r o c e l l u l o s e 
membrane f i l t e r d i s k s with and without added 83 SC. 8 3 SC was d r i e d 
onto t he d i s k s i n c h l o r o f o r m s o l u t i o n s a t l e v e l s of 0.25%, 2.5% and 
25% of the dry weight of the disks. Control disks were t r e a t e d with 
c h l o r o f o r m o n l y . A t a l l l e v e l s of 8 3SC t e s t e d , s a n g u i n i p e s 
consumed more of the c o n t r o l d i s k s than the t e s t d i s k s (Table 4). 

Homoeosoma e l e c t e l l u m (Lepidoptera
In c o n t r a s t t o S^ e r i d a n i
s p e c i a l i s t which feeds on the i n f l o r e s c e n c e s of a few species of the 
A s t e r a c e a e (4, 51). S i n c e s e s q u i t e r p e n e l a c t o n e s a r e found i n 
s e v e r a l p a r t s o f the i n f l o r e s e n c e s o f Helianthus species which are 
considered to be r e s i s t a n t to the sunflower moth (52), i t was thought 
that these compounds might serve to l i m i t the damage caused by t h i s 
i n s e c t . 

Larvae of IL e l e c t e l l u m were r a i s e d on a r t i f i c i a l wheat germ-
based d i e t s to which varying concentrations of 8 3 SC had been added. 
This compound was d i s s o l v e d i n acetone, coated on c e l l u l o s e powder 
under vacuum and then mixed i n t o the d i e t a t concentrations of 0.01%, 
0.1% and 1%. The c o n t r o l d i e t contained c e l l u l o s e powder which had 
been soaked i n acetone and d r i e d under vacuum. At l e v e l s of 0.1% and 
1%, 8 3 SC s i g n i f i c a n t l y reduced p u p a l w e i g h t (Table 5). However, 
l a r v a l s u r v i v a l and development time were not a f f e c t e d . 

For f e e d i n g p r e f e r e n c e t e s t s , 8 3 SC was added t o squares o f 
a r t i f i c i a l d i e t a t a c o n c e n t r a t i o n of 5%. S t a r v e d Ĥ_ e l e c t e l l u m 
l a r v a e were p l a c e d i n the c e n t e r of a d i s h c o n t a i n i n g both t r e a t e d 
and c o n t r o l d i e t squares and a l l o w e d t o f e e d . A f t e r two hours, 
s i g n i f i c a n t l y more f i r s t and second i n s t a r larvae were found feeding 
on t h e c o n t r o l d i e t (73%) than on the t r e a t e d d i e t (12%) (T a b l e 6). 
However, the t h i r d , f o u r t h and f i f t h i n s t a r s d i d not show a 
s i g n i f i c a n t preference i n t h i s experiment. 

The r e s u l t s of t h e s e b i o a s s a y s i n d i c a t e t h a t s e s q u i t e r p e n e 
l a c t o n e s i s o l a t e d from s p e c i e s o f H e l i a n t h u s r e s i s t a n t t o major 
i n s e c t p e s t s o f c u l t i v a t e d s u n f l o w e r a r e t o x i n s and f e e d i n g 
deterrents to some of these i n s e c t s . P r e v i o u s i n v e s t i g a t i o n s have 
shown t h a t s e s q u i t e r p e n e l a c t o n e s have t o x i c and a n t i f e e d a n t 
a c t i v i t i e s towards a v a r i e t y o f phytophagous i n s e c t s (53-62). 
E v o l u t i o n a r i l y , sesquiterpene lactones may have come to f u n c t i o n as 
f e e d i n g d e t e r r e n t s because i n s e c t s have been s e l e c t e d f o r t h e i r 
a b i l i t y t o r e c o g n i z e the pr e s e n c e of t h e s e t o x i c compounds i n 
p o t e n t i a l f o o d s t u f f s and a v o i d i n g e s t i n g them. S e s q u i t e r p e n e 
l a c t o n e s e x h i b i t a number of t o x i c e f f e c t s a t the c e l l u l a r l e v e l , 
i n c l u d i n g the i n h i b i t i o n of p r o t e i n synthesis (63, 64), n u c l e i c a c i d 
synthesis (63-66) and r e s p i r a t o r y enzyme a c t i v i t y (67). The t o x i c i t y 
of these compounds i s thought t o be due to t h e i r a b i l i t y to a l k y l a t e 
n u c l e o p h i l i c s i t e s on proteins (63, 68-70) or DNA (64, 66). 
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Table 2. Feeding deterrence of two Helianthus sesquiterpene 
lactones t o S. e r i d a n i a l a r v a e . * 

average amount of leaves eaten 
compound c o n t r o l t r e a t e d 
8 3 SC 54.2% 21.0%** 
desacetyleupasserin 30.0% 36.7% 

*1% Acetone s o l u t i o n s o
bean leaves. Contro
Starved f i f t h i n s t a r l arvae were given a choice of feeding on 
c o n t r o l or treated leaves. Tests of each compound against a 
c o n t r o l were repeated with ten l a r v a e . 

• • 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 5% l e v e l ( t - t e s t f o r paired 
comparisons). 

Table 3. E f f e c t of 8 3SC on the growth and development of 
Melanoplus sanguinipes.* 

d i e t 
c o n t r o l c o n t r o l with 

added 8 β SC 
average adult weight, g ± s.d. 

female 0.224 .021 0.210 t .015 
male 0.187 + .033 0.198 ± .024 

average time of development from 
f i r s t i n s t a r t o ad u l t , days + 
s.d. 40.3 f 1.9 41.7 -t 3.6 

*Diet consisted of finely-ground f r e e z e - d r i e d rye grass. 8 3SC i n 
dichloromethane s o l u t i o n was coated on the d i e t at a l e v e l of 1% 
of the dry weight of the d i e t and the solvent allowed t o 
evaporate. Control d i e t was t r e a t e d with solvent only. Twenty 
i n s e c t s were i n d i v i d u a l l y reared on each treatment. There were 
no s i g n i f i c a n t d i f f e r e n c e s between the treatments. 
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Table 4. E f f e c t of 8 É ISC on the feeding preference of 
sanguinipes· 

percentage of 8 (3SC average amount of c o n t r o l disks 5 eaten 
per dry wgt. of disk i n excess of t e s t d i s k s , cit£ ± s.d. 

0.25 . 0.30 + 0.46** 
2.5 1.19 + 0.99** 

25 0.97 + 1.25** 

•Grasshoppers that had been starved f o r 48 hours were presented with 
5 cm n i t r o c e l l u l o s
s o l u t i o n had been added
chloroform s o l u t i o n while c o n t r o l disks received chloroform 
only. A l l disks were a i r - d r i e d . Area of disk eaten was deter
mined with an area meter. 

* * S i g n i f i c a n t preference at the 1% l e v e l ( t - t e s t f o r paired compari
sons ) · 

Table 5. E f f e c t of 8 3 SC on the s u r v i v a l , development and pupal 
weight of e l e c t e l l u m l a r v a e . * 

concentration i n d i e t 
c o n t r o l 0.01% 0,1% 1.0% 

s u r v i v a l to a d u l t , % 82 83 89 77 
development time (from hatch 

to ad u l t e c l o s i o n ) , days 25.7 25.6 25.7 25.7 
pupal weight, g 34.4 33.3 32.4** 31.3** 

*8 3 SC was d i s s o l v e d i n acetone and coated on c e l l u l o s e powder which 
was added to the d i e t to give the concentrations i n d i c a t e d . 
Control d i e t contained c e l l u l o s e powder which had been soaked i n 
acetone. Each concentration was t e s t e d on at l e a s t 100 l a r v a e . 

* * 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 s a t the 5% l e v e l (analysis of 
variance). Data on development time and s u r v i v a l d i d not show 
any s i g n i f i c a n t e f f e c t of 8 3 SC dose. Development time data 
were subjected to an a n a l y s i s of variance and s u r v i v a l data to a 
t e s t of independence using the G - s t a t i s t i c . 
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P o s s i b l e r o l e o f s e s q u i t e r p e n e l a c t o n e s i n r e s i s t a n c e t o the 
sunflower moth. 

Homoeosoma e l e c t e l l u m , the s u n f l o w e r moth, i s c u r r e n t l y the most 
s e r i o u s p e s t of c u l t i v a t e d s u n f l o w e r i n the u n i t e d S t a t e s (4). In 
the p r e v i o u s s e c t i o n , we showed t h a t s e s q u i t e r p e n e l a c t o n e s from 
s p e c i e s of H e l i a n t h u s r e s i s t a n t t o FL e l e c t e l l u m a r e t o x i c and 
antifeedant to IL e l e c t e l l u m larvae when added to a r t i f i c i a l d i e t s . 
To e v a l u a t e the p o s s i b l e i n v o l v e m e n t of s e s q u i t e r p e n e l a c t o n e s i n 
r e s i s t a n c e t o H. e l e c t e l l u m i n the i n t a c t p l a n t , i t i s n e c e s s a r y t o 
c o n s i d e r the f e e d i n g h a b i t s of t h i s i n s e c t i n r e l a t i o n t o the 
l o c a t i o n of sesquiterpene lactones i n the i n f l o r e s e n c e s of r e s i s t a n t 
species of Helianthus. Sesquiterpene lactones are found i n glandular 
trichomes on the t e r m i n a l anther appendages, immediately adjacent to 
the p o l l e n (52) ( F i g u r e 4). Young H. e l e c t e l l u m l a r v a e ( f i r s t and 
second i n s t a r s ) eat p r i n c i p a l l y p o l l e n , while l a t e r i n s t a r s feed on a 
v a r i e t y of f l o r a l p a r t s : c o r o l l a s , s t y l e s , o v a r i e s , d e v e l o p i n g 
achenes and parts of th

How might young I
f l o r e t s open, the p o l l e n i s produced and s t o r e d i n the a n t h e r s . To 
r e a c h t h e p o l l e n i n an unopened f l o r e t , l a r v a e must c r a w l or e a t 
t h e i r way i n t o the f l o r e t and then e a t i n t o t h e a n t h e r s . The 
sesquiterpene lactone-containing g l a n d u l a r t r i c h o m e s on the a n t h e r 
t i p s seem t o be s i t u a t e d i n j u s t the r i g h t l o c a t i o n t o p r e v e n t the 
larvae from reaching the p o l l e n (Figure 4 ). 

A f t e r a f l o r e t opens, p o l l e n i s shed i n t o t h e c e n t e r o f a 
c y l i n d e r formed by the fused anthers and the s t y l e branch pushes up 
through the c y l i n d e r r a i s i n g the p o l l e n above t he a n t h e r s f o r 
presentation t o p o t e n t i a l p o l l i n a t o r s (72). To reach the p o l l e n at 
t h i s stage, young larvae would have to crawl up and over the anthers 
(Figure 4). The sesquiterpene lactone-containing glandular trichomes 
on the anther appendages could a l s o deter l a r v a e from the anthers (or 
stigmas) i n t h i s manner a f t e r the f l o r e t s are open. However, there 
i s as yet no evidence to support t h i s p o s s i b i l i t y . 

The p r o x i m i t y o f s e s q u i t e r p e n e l a c t o n e s t o the p o l l e n i n 
r e s i s t a n t species of Helianthus, i n conjunction with the d e l e t e r i o u s 
e f f e c t s of these compounds on IL e l e c t e l l u m when incorporated i n t o 
a r t i f i c i a l d i e t s , s u g g e s t s t h a t t h e pr e s e n c e o f s e s q u i t e r p e n e 
l a c t o n e s may have been s e l e c t e d f o r because t h e s e compounds can 
reduce sunflower moth prédation by preventing the young larvae from 
reaching t h e i r p r i n c i p a l food source. I f young IL e l e c t e l l u m larvae 
cannot o b t a i n s u f f i c i e n t p o l l e n , t h e y may not s u r v i v e t o cause 
fu r t h e r damage to the i n f l o r e s e n c e . Observations on the c u l t i v a t e d 
l i n e s o f s u n f l o w e r s u p p o r t the r o l e o f s e s q u i t e r p e n e l a c t o n e s i n 
r e s i s t a n c e t o the s u n f l o w e r moth. C u l t i v a r s which a r e f r e q u e n t l y 
h e a v i l y damaged by IL e l e c t e l l u m larvae were found to have much lower 
d e n s i t i e s of glandular trichomes on t h e i r anthers than the r e s i s t a n t 
species of Helianthus (52). 

T h e r e f o r e , i t may be p o s s i b l e t o i n c r e a s e the r e s i s t a n c e of 
c u l t i v a t e d s u n f l o w e r t o IL e l e c t e l l u m by b r e e d i n g f o r i n c r e a s e d 
c o n c e n t r a t i o n s o f s e s q u i t e r p e n e l a c t o n e - c o n t a i n i n g g l a n d u l a r 
t r i c h o m e s on the a n t h e r t i p s . The development of new c u l t i v a t e d 
l i n e s with high d e n s i t i e s of glandular trichomes may prove to be an 
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Table 6. E f f e c t of 8 |3SC on the feeding preference of IL e l e c t e l l u m 
l a r v a e . * 

l a r v a l i n s t a r feeding feeding on not 
on c o n t r o l t r e a t e d d i e t feeding 

1st and 2nd 73%** 12% 15% 
3rd, 4th and 5th 45% 32% 23% 

*Larvae were allowed t o choose between feeding on a d i e t containing 
5% 8 BSC and a c o n t r o
tested. Results f o
and f o r t h i r d , f o u r t h and f i f t h i n s t a r s , on the other, were 
s i m i l a r and therefore combined. 

* * S i g n i f i c a n t preference a t the 5% l e v e l (chi-square t e s t ) . 

Unopened disk floret Disk floret 
(cut-away view ) (pollen-donor phase) 

Figure 4. Location of sesquiterpene lactone-containing glandular 
trichomes on sunflower disk f l o r e t s . 
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e f f i c i e n t and p r a c t i c a l way of c o n t r o l l i n g the sunflower moth at an 
e a r l y stage i n i t s development. Glandular trichomes act to put the 
d e t e r r e n t compounds when and where t h e y a r e needed f o r d e f e n s i v e 
purposes w i t h o u t the hazar d s and expense of a p p l y i n g s y n t h e t i c 
i n s e c t i c i d e s . 

G l a n d u l a r t r i c h o m e c o n s t i t u e n t s have been a s s o c i a t e d w i t h 
i n s e c t r e s i s t a n c e i n a number of o t h e r c r o p s , i n c l u d i n g c o t t o n , 
tomato, potato, tobacco and a l f a l f a (73). However, t h i s i s the f i r s t 
time th a t glandular trichomes or any pl a n t n a t u r a l product has been 
implicated i n the defense of p o l l e n against prédation. 

Sesquiterpene l a c t o n e - c o n t a i n i n g g l a n d u l a r t r i c h o m e s may not 
serve as e f f e c t i v e defenses against o l d e r IL e l e c t e l l u m larvae since, 
i n our preference bioassays, l a t e r i n s t a r s ( t h i r d , f o u r t h and f i f t h 
i n s t a r s ) were not s i g n i f i c a n t l y d e t e r r e d by 8 β SC (Table 6). In 
a d d i t i o n , o l d e r l a r v a e f e e d i n g on c u l t i v a r s have been o b s e r v e d t o 
chew through the base o f the c o r o l l a s o f unopened f l o r e t s t o r e a c h 
the p o l l e n (71). T h i s b e h a v i o r a l l o w s the l a r v a e t o a v o i d any 
glandular trichomes whic
c h e m i c a l and m o r p h o l o g i c a
r e s i s t a n c e t o o l d e r H. e l e c t e l l u m l a r v a e , such as the pre s e n c e o f a 
s o - c a l l e d "phytomelanin" l a y e r i n the w a l l s of d e v e l o p i n g achenes 
which may form a b a r r i e r t o l a r v a l f e e d i n g (74). The p r o t e c t i o n of 
sunflower from damage by a l l stages of IL e l e c t e l l u m larvae may thus 
re q u i r e the development of c u l t i v a r s with a combination of defensive 
t r a i t s . 
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31 
Insect Feeding Deterrents from Semiarid and Arid Land 
Plants 

ELOY RODRIGUEZ 

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

Phytochemical investigations of plant 
species of Parthenium, Εncelia and Dicοria 
(Asteraceae) from semi-arid and arid
of the United
resulted in
identification of numerous sesquiterpene 
lactones and benzopyrans that are active 
insect feeding deterrents. The chemistry, 
biological effects and possible mode of 
action of bioactive pseudoguaianolides and 
chromenes are reviewed. 

D u r i n g t h e c o u r s e o f e v o l u t i o n , a r i d l a n d p l a n t s , l i k e 
many o t h e r s p e c i e s o f p l a n t s f r o m d i v e r s e e n v i r o n m e n t a l 
z o n e s , h a v e e v o l v e d an a r r a y o f n a t u r a l o r g a n i c 
c h e m i c a l s t h a t f u n c t i o n p r i m a r i l y i n r e g u l a t i n g i n s e c t 
g r o w t h and r e p r o d u c t i o n . N a t u r a l c o n s t i t u e n t s l i k e 
p r e n y l a t e d q u i n o n e s and b e n z o f u r a n s f r o m d e s e r t p l a n t s 
a r e known t o be e x t r e m e l y t o x i c when t o p i c a l l y a p p l i e d 
t o l e p i d o p t e r a n l a r v a e and p a t h o g e n i c m i c r o o r g a n i s m s 
(1_). I n many c a s e s o f d e s e r t p l a n t - i n s e c t i n t e r a c t i o n s , 
i t i s b e c o m i n g a p p a r e n t t h a t s e c o n d a r y c h e m i c a l s 
p r i m a r i l y f u n c t i o n i n r e p e l l i n g a l a r g e p e r c e n t a g e o f 
h e r b i v o r o u s i n s e c t s , w i t h t h e p l a n t s u f f e r i n g a c e r t a i n 
d e g r e e o f l e a f , f l o w e r a nd s e e d l o s s . I n s u r v e y i n g t h e 
l i t e r a t u r e f o r r e p e l l e n t s and a n t i f e e d a n t s f r o m s e m i -
a r i d and a r i d l a n d p l a n t s , i t i s s u r p r i s i n g t o f i n d t h a t 
v e r y l i t t l e r e s e a r c h h a s b e e n d one on t h e c h e m i s t r y , 
mode o f a c t i o n a n d d i s t r i b u t i o n o f d e s e r t p l a n t 
a n t i f e e d a n t s a nd r e p e l l e n t s . F o r e x a m p l e , i n a r e c e n t 
s u r v e y o f n a t u r a l l y o c c u r r i n g i n s e c t i c i d e s , i n s e c t 
r e p e l l e n t s and a t t r a c t a n t s i n h i g h e r p l a n t s , J a c o b s o n 
(2^) l i s t s o n l y one s p e c i e s t h a t i s f r o m an a r i d z o n e , 
w h i l e t h e o t h e r s p e c i e s e x a m i n e d f o r b i o a c t i v i t y a r e 
f r o m s u b - t r o p i c a l a nd t r o p i c a l a r e a s . T h i s i s i n d e e d 
v e r y s u r p r i s i n g w h e n o n e c o n s i d e r s t h a t i n N o r t h 
A m e r i c a , a b o u t 2 5 % o f t h e U n i t e d S t a t e s i s s e m i - a r i d t o 
a r i d , w h i l e i n M e x i c o , a p p r o x i m a t e l y 4 6% i s d r y l a n d ( 3 ) . 
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D e s e r t r e g i o n s w h i c h a r e o f g r e a t i m p o r t a n c e t o t h e 
U n i t e d S t a t e s and M e x i c o a r e t h e a r i d L a n d s o f t h e 
S o u t h w e s t and B a j a C a l i f o r n i a , M e x i c o - I t i s i n t h e s e 
a r i d r e g i o n s t h a t we h a v e c o n c e n t r a t e d o u r r e s e a r c h 
e f f o r t s i n i s o l a t i n g and e l u c i d a t i n g t h e s t r u c t u r e s o f 
new p h y t o c h e m i c a l s t h a t i n h i b i t i n s e c t and f u n g a l g r o w t h 
( 4 ) . 

I n t h i s b r i e f c o m m u n i c a t i o n we s u m m a r i z e some o f 
ou r r e c e n t f i n d i n g s on s e s q u i t e r p e n o i d s f r o m s p e c i e s o f 
Pa r t h en i u m, En c e I i a and D i c o r i a ( A s t e r a c e a e ) f r o m t h e 
C h i h u a h u a n and S o n o r a n D e s e r t s , t h a t e x h i b i t i n s e c t 
r e p e l l e n t and a n t i f e e d a n t a c t i v i t i e s . 

S e s q u i t e r p e n e L a c t o n e s as I n s e c t F e e d i n g D e t e r r e n t s 

S e s q u i t e r p e n e l a c t o n e s a r e s t r u c t u r a l l y d i v e r s e and 
b i t t e r c o n s t i t u e n t s o f t h e A s t e r a c e a e t h a t a r e known t o 
e x h i b i t numerous b i o l o g i c a
a c i d d e r i v e d c o n s t i t u e n t
c y t o t o x i c and a n t i t u m o r a c t i v i t i e s , a r e p o t e n t e l i c i t o r s 
o f a l l e r g i c c o n t a c t d e r m a t i t i s i n humans and have been 
i m p l i c a t e d i n l i v e s t o c k p o i s o n i n g s (5_). S e v e r a l s t u d i e s 
a l s o i n d i c a t e t h a t s e s q u i t e r p e n e l a c t o n e s a r e i m p o r t a n t 
d e f e n s i v e c o n s t i t u e n t s a g a i n s t known i n s e c t p e s t s , 
b e c a u s e o f t h e i r f e e d i n g d e t e r r e n t and i n s e c t g r o w t h -
i n h i b i t i n g p r o p e r t i e s (£). F o r e x a m p l e , g l a u c o l i d e A 
( 1 ) , a g e r m a c r a n o l i d e p r e s e n t i n v a r i o u s s p e c i e s o f 
V e r n o n i a ( A s t e r a c e a e ) , i s a f e e d i n g d e t e r r e n t and 
o v i p o s i t i o n a I d e t e r r e n t t o t h e f a l l , s o u t h and y e l l o w -
s t r i p e d a r m y w o r m s ^Ζ.ζ2.^· P a r t h e n i n ( 2 ) , a 
p s e u d o g u a i a n o l i d e p r e s e n t i n s p e c i e s o f Pa r t h e n i urn, 
H y m e n o c l e a and A m b r o s i a, i s p h y s i o l o g i c l l y a c t i v e 
a g a i n s t Me l a n o p l u s s a n g u i n i pes ( 1 0 ) . B a k k e n o l i d e A ( 3 ) , 
a s e s q u i t e r p e n e s p i r o l a c t o n e f r o m Hymogyne a I p i na (L.) 
C a s s , was r e c e n t l y s h o w n t o be an e f f e c t i v e r e p e l l e n t 
a g a i n s t t h e g r a n a r y w e e v i l a d u l t b e e t l e (S i t op h i l u s 
g r a n a r i u s ) t h e f l o u r b e e t l e l a r v a e and a d u l t s ( T r l b o I i urn 
c o n f usum) and t h e K h a p r a b e e t l e l a r v a e (T r opcode r m a 
g r a n a r i u m ) ( 1 2 ) . 

R e c e n t s t u d i e s i n o u r l a b o r a t o r y h a v e a l s o 
d e m o n s t r a t e d t h a t C <j 4 a n d C ̂  5 o x y g e n a t e d 
p s e u d o g u a i a n o l i d e s ( p a r t h e n o l i d e s ) f r o m t h e s e m i - a r i d 
and a r i d g e n u s P a r t h e n i u m ( A s t e r a c e a e ) a r e e f f e c t i v e 
i n s e c t l a r v a e f e e d i n g r e p e l l e n t s (1.2^ - We h a v e 
i n v e s t i g a t e d t h e e f f i c a c y o f s e v e r a l s e s q u i t e r p e n e 
l a c t o n e s as i n h i b i t o r s o f e a r l y l a r v a l g r o w t h o f t w o 
s p e c i e s o f p h y t o p h a g o u s p e s t s , t h e b o l l worm H e l i o t h u s 
z e a and t h e b e e t a r m y worm S p o d o p t e r a e x i g u a , u s i n g a 
s t a n d a r d l a b o r a t o r y c h r o n i c f e e d i n g b i o a s s a y ( 1 2 ) . I n 
p a r t i c u l a r , we have c o m p a r e d t h e i n h i b i t o r y e f f e c t s o f a 
s e r i e s o f s e s q u i t e r p e n e l a c t o n e s d i f f e r i n g b o t h i n 
s k e l e t a l t y p e and d e g r e e o f s u b s t i t u t i o n ( 1 3 ) . 

The s e s q u i t e r p e n e p h e n o l i c e s t e r s , g u a y u l i n A (4) 
a n d -B (5) f r o m t h e d e s e r t r u b b e r p l a n t g u a y u l e 
( P a r t hen i urn a r g e n t a t u r n ) w e r e f o u n d t o be r e l a t i v e l y 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



31. RODRIGUEZ Insect Feeding Deterrents 449 

0 

(6) 
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n o n - i n h i b i t o r y ( 1 3 ) , T h i s was s u r p r i s i n g , s i n c e p r e v i o u s 
s t u d i e s h a d e s t a b l i s h e d t h a t g u a y u l i n A was a p o t e n t 
e l i c i t o r a o f d e l a y e d h y p e r s e n s i t i v i t y r e a c t i o n s 
( a l l e r g i c s k i n d e r m a t i t i s ) i n g u i n e a p i g s ( 1 4 ) , T w e l v e 
s e s q u i t e r p e n e l a c t o n e s f r o m o t h e r a r i d a n d s e m i - a r i d 
s p e c i e s o f P a r t h e n i u m w e r e f o u n d t o be s i g n i f i c a n t l y 
i n h i b i t o r y t o H e l i o t h u s z e a . The x a n t h a n o l i d e , i v a l b a t i n 
a c e t a t e ( 6 ) , i s o l a t e d f r o m f r u t i cosum v a r . t r i l o b a t u m 
( 1_5_) a n d D_j_£o £j_a_ £ a. IIe. / was t h e l e a s t 
i n h i b i t o r y ; w h e r e a s t h e t e t r a n e u r i n A p a r t h e n o l i d e , 
t e t r a n e u r i n A ( 7 ) f r o m f r u t i cosum and a I p i num v a r . 
t e t r a n e u r i s , was f o u n d t o be e q u a l l y i n h i b i t o r y t o H. 
z e a a n d e x i gu a ( 1 3 ) , At a d i e t a r y c o n c e n t r a t i o n o f 
3 . 0 m M / k g f r . w t . , t e t r a n e u r i n A r e d u c e d l e v e l s o f 
g r o w t h o f Hm_ z e a by 88% r e l a t i v e t o c o n t r o l s i n c h r o n i c 
f e e d i n g b i o a s s a y . D o s e - r e s p o n s e r e l a t i o n s h i p s f o r f o u r 
p s e u d o g u a i a n o l i d e s f e d t o z e a were r e l a t i v e l y l i n e a r 
o v e r t h e d o s e r a n g e t e s t e
a r e o x y g e n a t e d at t h
more i n h i b i t o r y t h a n t h e n o n - o x y g e n a t e d a m b r o s a n o l i d e s . 
F o r e x a m p l e , t e t r a n e u r i n A ( 7 ) i s m o r e i n h i b i t o r y t h a n 
c o r o n o p i l i n (8 ) and p a r t h e n i n ( 3 ) . S i m i l a r l y , l i g u l a t i n 
Β ( 9 ) i s m o r e i n h i b i t o r y t h a n c o n f e r t i n ( 1 0 ) , t h e m a j o r 
c o n s t i t u e n t o f P. t o m e n t o s u m f r o m M e x i c o . 

S i m i l a r f e e d i n g d e t e r r e n t e f f e c t s a g a i n s t H e l i o t h u s 
z e a w e r e a l s o o b s e r v e d w i t h d e h y d r ο l e u c o d i n ( 1 1 ) f r o m 
A r t e mi s i a t r i d e n t a t a v a r . v a s e y a n a ( 1 7 ) . On t h e o t h e r 
h a n d , f a r i n o s i n ( 1 2 ) , t h e m a j o r e u d e s m a n o l i d e i n E n c e l i a 
f a r i no s a d o e s n o t s e e m t o a f f e c t t h e r e l a t i v e g r o w t h 
r a t e o f HL_ z e a . T h e c h l o r o f o r m e x t r a c t o f E^ f a r i n o s a , 
w h i c h c o n t a i n s b o t h s e s q u i t e r p e n e l a c t o n e s a n d 
c h r o m e n e s , i s d e t e r r e n t t o t h e f i f t h i n s t a r o f z e a 
( 1 7 ) . T h e d e t e r r e n t was i d e n t i f i e d as e n c e c a l i n (1_3^/ a 
b e n z o p y r a n p r e s e n t i n t h e b r i t t l e b u s h ( E ^ f a r i n o s a ) . 
C o m p a r i s o n o f e n c e c a l i n w i t h p r e c o c e n e I ( 1 4 ) a n d 
p r e c o c e n e I I ( 1 5 ) , s u g g e s t s t h a t t h e p r e c o c e n e s a r e more 
e f f e c t i v e i n r e p e l l i n g i n s e c t l a r v a e , w i t h t h e i n s e c t s 
s t a r v i n g t o d e a t h . A l s o , no l a r v a e a p p e a r e d t o grow p a s t 
t h e s e c o n d i n s t a r ( 1 4 ) . At c o n c e n t r a t i o n s o f 0.6% w w t , 
e n c e c a l i n a n d t h e p r e c o c e n e s w e r e e f f e c t i v e f e e d i n g 
d e t e r r e n t s . T h i s i s n o t e w o r t h y , s i n c e t h e n a t u r a l 
c o n c e n t r a t i o n s o f e n c e c a l i n a r e 8 - 1 0 t i m e s t h i s a m o u n t . 

A l t h o u g h a n u m b e r o f new s e s q u i t e r p e n e l a c t o n e s 
h a v e b e e n s h o w n t o i n h i b i t i n s e c t g r o w t h , f e w s t u d i e s 
h a v e d i s t i n g u i s h e d b e t w e e n b e h a v i o u r a l e f f e c t s a n d 
a c t u a l p o s t - i n g e s t i ve p h y s i o l o g i c a l i n h i b i t i o n ( I s m a n , 
p e r s o n a l c o m m u n i c a r t i o n ) , I s m a n ( 1 8 ) , h a s r e c e n t l y 
d e m o n s t r a t e d t h a t p a r t h e n i n ( 1 ) i s e x t r e m e l y t o x i c t o 
t h e g r a s s h o p p e r M e l a n o p u s s a n g u i n i p e s when i n j e c t e d i n t o 
t h e h e m o c o e l a t d o s e s g r e a t e r t h a n 0 . 2 5 JJ m ο I e p e r 3 0 0 mg 
i n s e c t . D o s e - d e p e n d e n t s u b l e t h a l s ymptoms r a n g e f r o m a 
r e d u c t i o n i n n o r m a l l o c o m o t a r y a b i l i t y t o p a r a l y s i s and 
e v e n t u a l d e a t h . The t o x i c s ymptoms o b s e r v e d by I sman a r e 
c o n s i s t e n t w i t h t h e g r a s s h o p p e r h e a r t as a m a j o r t a r g e t 
s i t e 2 H v i vo» F u r t h e r m o r e , t h e t o x i c i t y o f p a r t h e n i n and 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



RODRIGUEZ Insect Feeding Deterrents 

(15) 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



452 BIOREGULATORS FOR PEST CONTROL 

o t h e r a c t i v e s e s q u i t e r p e n e l a c t o n e s i s d e p e n d e n t on t h e 
p r e s e n c e o f t h e e x o c y c l i c m e t h y l e n e f u n c t i o n and t h e 
c y c l o p e n t o n e r i n g . F u r t h e r s t u d i e s a r e s t i l l n e e d e d t o 
c l e a r l y u n d e r s t a n d t h e r o l e o f d i f f e r e n t s k e l e t a l 
s u b s t i t u e n t s on s e s q u i t e r p e n e l a c t o n e s t h a t e f f e c t i v e l y 
d e t e r f e e d i n g by p h y t o p h a g o u s i n s e c t s . 

C o n c l u d i n g Remarks 

One r e a s o n t h a t d o m i n a n t p l a n t s a r e s u c c e s s f u l i n s e m i -
a r i d a n d a r i d e c o s y s t e m s i s d u e t o t h e h i g h 
c o n c e n t r a t i o n o f t e r p e n o i d s and p r e n y l a t e d p h e n o l i c s 
t h a t r e p e l a n d / o r d e t e r f e e d i n g by h e r b i v o r o u s i n s e c t s . 
C o m p o u n d s l i k e s e s q u i t e r p e n e l a c t o n e s and b e n z o p y r a n s 
a r e p r e s e n t i n h i g h q u a n t i t i e s i n t h e l e a v e s o f s p e c i e s 
ο f £.ajltjheji i_u_jn, Lu£JL-LÎ.a. a n d D_J_£0£J_a_ a n d h a v e b e e n 
d e m o n s t r a t e d t o be e f f e c t i v e f e e d i n g d e t e r r e n t s a g a i n s t 
k n o w n e c o n o m i c i n s e c
s t i l l needed i n t h e
b e t t e r u n d e r s t a n d t h e i r e f f e c t s on n a t i v e p h y t o p h a g o u s 
i n s e c t s . 

A c k n o w l e d g e m e n t s 
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and Ν S F (PC M-831 7 2 2 4 0 ) . I am g r e a t l y i n d e b t e d t o my 
r e s e a r c h a s s o c i a t e s c i t e d i n t h e r e f e r e n c e s , i n 
p a r t i c u l a r , D r . M. I s m a n ( U n i v e r s i t y o f B r i t i s h 
C o l u m b i a , V a n c o u v e r ) who p r o v i d e d me w i t h u n p u b l i s h e d 
d a t a on t h e p h y s i o l o g i c a l t o x i c i t y o f s e s q u i t e r p e n e 
l a c t o n e s t o i n s e c t s . 
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Secondary Metabolites from Plants and Their 
Allelochemic Effects 
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U.S. Department of Agriculture, Athens, GA 30613 

Lower and higher plants are sources of 
secondary metabolites
allelochemic effects
bacteria and vertebrates. Examples of two 
biologically active natural products from a 
fungus and one from a higher plant are 
presented. Ophiobolin G and H are new 
metabolites from Aspergillus ustus whose 
stereochemistry differs from other fungal 
ophiobolins but resembles those of insect 
origin. Both inhibit growth of etiolated 
wheat coleoptiles and Bacillus subtilis. 
Ophiobolin H is more active than ophiobolin 
G, induces phytotoxicity in corn plants and 
causes hyperacusia in chicks. The higher 
plant product is carboxyatractyloside from 
Xanthium strumarium. It is a hypoglycemic 
agent and has selective phytotoxic 
properties. It inhibits etiolated wheat 
coleoptiles, stunts corn plants, and 
produces slightly malformed leaves in 
tobacco plants. It has fungistatic 
properties. Both sets of compounds are 
discussed relative to their potential as 
biological agents, markers for elucidating 
biochemical pathways, and in synthesis of 
novel products. 

The i s o l a t i o n and i d e n t i f i c a t i o n of na t u r a l products f o r 
p o t e n t i a l use i n a g r i c u l t u r e has increased sharply during the 
p a s t d e c a d e . W i t h few e x c e p t i o n s t h e s y n t h e s i s and 
a l t e r a t i o n of these compounds f o r f u r t h e r use has been slow. 
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Perhaps p l a n s have not been formulated i n several cases, or 
r e s u l t s d i s s e m i n a t e d . The avenues o f r e s e a r c h t h a t t h e 
i d e n t i f i c a t i o n of a n a t u r a l p r o d u c t may open are many, so 
that i n the t r u e sense these compounds may be c o n s i d e r e d 
a l l e l o c h e m i c (l.)as opposed t o s t r i c t l y a l l e l o p a t h i c , For 
example, the discovery of a novel b i o l o g i c a l l y a c t i v e n a t u r a l 
product l o g i c a l l y presupposes that the metabolic pathway w i l l 
e v e n t u a l l y be e l u c i d a t e d , that p o s s i b l e synthesis, or p a r t i a l 
synthesis may be attempted, that homologs and analogs w i l l be 
described and that other areas may be considered f o r eventual 
employment of these m a t e r i a l s , not only i n more obvious uses 
such as p e s t i c i d e s , but a l s o m e d i c i n a l and no n - b i o l o g i c a l 
a r e a s . An example of a n o n - b i o l o g i c a l use i s t h a t o f 
o r l a n d i n (J) which i s denatured i n acetone to produce an a c i d 
and base r e s i s t a n t product which i s ceramic-like and i s not 
soluble i n organic s o l v e n t s . 

B i o c h e m i c a l pathways may be followed with r e l a t i v e ease 
i n one organism becaus
a v a i l a b i l i t y of larg
w i t h another organism m e t a b o l i c pathways a r e e x t r e m e l y 
d i f f i c u l t to e l u c i d a t e because the organism i s f a s t i d i o u s and 
the y i e l d o f an i n t e r e s t i n g m e t a b o l i t e i s m i n u t e . The 
o c c u r r e n c e of a n o v e l m e t a b o l i t e common to both d i s c r e t e 
organisms then becomes a r a t i o n a l s t a r t i n g p o i n t f o r the 
study of the m e t a b o l i c sequences i n the organism t h a t i s 
simple to c u l t u r e and g i v e s h i g h y i e l d s of the m e t a b o l i t e 
under s t u d y . Upon c l a r i f i c a t i o n of the biochemical pathways 
i t i s then g e n e r a l l y e a s i e r to c h a r t and e x p e r i m e n t a l l y 
d i s c e r n the n a t u r e of the biochemical sequences i n the more 
f a s t i d i o u s organism. 

We now examine two organisms, one a fungus, the other a 
h i g h e r p l a n t , w i t h r e s p e c t t o t h e p r o d u c t i o n o f 
a l l e l o c h e m i c a l s and t h e i r u t i l i t y , both d i r e c t and i n d i r e c t . 
This includes t h e i r p o t e n t i a l use as a g r i c u l t u r a l c h e m i c a l s , 
or m e d i c i n a l agents, t h e i r use i n model systems f o r studying 
biochemical pathways, or as templates f o r f u r t h e r s y n t h e s i s 
work. As each of the examples i s e x p l o r e d i t w i l l become 
apparent that the study of na t u r a l p r o ducts g e n e r a l l y takes 
p l a c e as i s o l a t e d p i e c e s of research wherein t h e i r r o l e s as 
b i o l o g i c a l l y u s e f u l t o o l s may not be l i n k e d u n t i l some time 
h a s e l a p s e d . T h e r e f o r e , t h e i r f u l l p o t e n t i a l as 
al l e l o c h e m i c a l s may not be obvious upon i n i t i a l i s o l a t i o n 
and, upon f i r s t c o n s i d e r a t i o n , they may only be regarded as 
novel s t r u c t u r e s . 

In 1965, A r i g o n i r e p o r t e d the i s o l a t i o n of gascardic 
a c i d , a s e s t e r t e r p e n e from the s e c r e t i o n s of t h e s c a l e 
i n s e c t Q a a ^ a r 4 i a madagascarJlensis (£) ( F i g u r e 1). L a t e r , 
o t h e r se s t e r t e r p e n e s based on the op h i o b o l a n e s k e l e t o n 
( F i g u r e 2) were i s o l a t e d f r o m a n o t h e r s c a l e i n s e c t , 
CeropXaates albolÂReatus, and were shown to be c e r o p l a s t o l , 
c e r o p l a e t e r i c a c i d (£.) (Figure 3) and a l b o l i c a c i d (J) · A l l 
t h r e e compounds have s i m i l a r c o n f i g u r a t i o n s , with the only 
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Figure 1. Gascardic a c i d . 
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OPHIOBOLANE SKELETON 

Figure 2. Opiobolane skeleton and numbering system. 
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R-COOH CEROPLASTERIC ACID 
R-CH 2 OH CEROPLASTOL 

Figure 3 . C e r o p l a s t o l and c e r o p l a s t e r i c a c i d . 
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d i f f e r e n c e between c e r o p l a s t e r i c a c i d and a l b o l i c a c i d being 
a C2-C3 double bond i n the l a t t e r . The unique common feat u r e 
o f these t h r e e ins e c t d e r i v a t i v e s i s the trans c o n f i g u r a t i o n 
between the A and Β r i n g s . Other i n s e c t ophiobolins, i f they 
e x i s t , have not been e l u c i d a t e d . 

E a r l i e r , c o c h l i o b o l i n was i s o l a t e d from Helmjnt fro s por ium 
oxygae ( Ç Q ç h X v i v Q v h Q l u s mjyabeanus, pe r f e c t stage) by Orsenigo 
i n 1957 (£.) , and i t was shown to be t o x i c to r i c e seedlings. 
Even at low c o n c e n t r a t i o n s the metabolite was t o x i c to root 
and c o l e o p t i l e growth. No s t r u c t u r a l data were reported even 
though the m a t e r i a l was a white c r y s t a l l i n e powder and had a 
m e l t i n g p o i n t o f 1 8 0 - 1 8 2 ° C . O p h i o b o l i n A, and o t h e r 
o p h i o b o l o n e s , were i s o l a t e d f r o m o r y A g e _ and o t h e r 
ReAmjnthpsfliarium s p e c i e s (L>§.»2.>ifi) » a n < * there followed a 
d e s c r i p t i o n o f t h e s t r u c t u r e and s t e r e o c h e m i s t r y o f 
o p h i o b o l i n A (11 ,12) ( F i g u r e 4 ) , which was found to be 
i d e n t i c a l to c o c h l i o b o l i n . Reports of the i s o l a t i o n s of 
o t h e r o p h i o b o l i n s f o l l o w e
o p h i o l o b i n C (ϋ_>11.
( c e p h a l o n i c a c i d ) ( J ^ ) from Ç e p f r a l P v S j x Q rium caeruleng; and 
o p h i o l o b i n F ( \±) f r o m C o c k l i o K o J ^ u s k e t erAs.tr PPvhu s . 
O p h i o b o l i n Ε remains an enigma and one can only speculate 
that the substance was i d e n t i c a l to a p r e v i o u s p r o d u c t , was 
u n s t a b l e upon p u r i f i c a t i o n , o r was n o t a v a i l a b l e i n 
s u f f i c i e n t q u a n t i t i e s f o r p h y s i c a l , c h e m i c a l and b i o l o g i c a l 
s t u d i e s . Whatever, the l i t e r a t u r e i s blank f o r ophiobolin 
E. A l l of these f u n g a l l y d e r i v e d o p h i o b o l i n s have one 
s t r u c t u r a l f e a t u r e i n common: the j u n c t i o n between rings A 
and Β i s c i s . 

We have r e c e n t l y i s o l a t e d two new ophiobolins, G and H, 
from a n o v e l source, A s p e r g i l l u s ugtus_ (ATCC No. 38849) (16) 
( F i g u r e s 5 and 6 ) . S t r u c t u r a l l y , these two compounds are 
i n t e r e s t i n g i n that the r i n g f u s i o n between r i n g s A and Β i s 
t r a n s , as o p p o s e d t o c i s i n the o p h i o b o l i n s p r e v i o u s l y 
described from other fungal sources. In t h i s r e s p e c t these 
new m e t a b o l i t e s more c l o s e l y resemble the o p h i o b o l i n s 
extracted from i n s e c t s . S t r u c t u r a l f e a t u r e s common to both 
the i n s e c t and f u n g a l o p h i o b o l i n s a re the double bonds at 
C7-C8 and C18-C19. O p h i o b o l i n s G and H are unique i n the 
possession of a C16-C17 c i s double bond. 

There i s o n l y s l i g h t s t r u c t u r a l m o d i f i c a t i o n between 
ophiobolins G and H. Ophiobolin G i s a ketoaldehyde with the 
ketone fu n c t i o n present at C5 i n the A r i n g and the aldehyde 
group at C7 i n the Β r i n g . O p h i o b o l i n Η i s an hemiacetal 
having the A-B ri n g s j o i n e d by an oxygen b r i d g e between C5 
and C21 (C21 jo i n s to C7) and OH groups i s located at C5, and 
C3. I t i s p r e c i s e l y t h i s d i f f e r e n c e t h a t seems to account 
f o r the d i v e r s e a l l e l o c h e m i c e f f e c t s of the two molecules. 
In p l a n t b i o a s s a y s , e t i o l a t e d wheat c o l e o p t i l e s ( T r i t i c u m 
ae&tivum L.,) were s i g n i f i c a n t l y i n h i b i t e d (P<0.01) by both 
compounds at c o n c e n t r a t i o n s r a n g i n g from 10~3 to 10""* M i n 
buffered aqueous so l u t i o n s containing sucrose. O p h i o b o l i n G 
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Figure 6. Opiobolin H. Reproduced from Ref. 16. Copyright 1984 
American Chemical Society. 
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i n h i b i t e d c o l e o p t i l e s 81, 53 and 23% while H i n h i b i t e d 99, 70 
and 58% at 10-3, iQ-b a n d 10" 5 M r e s p e c t i v e l y , r e l a t i v e to 
c o n t r o l s , i n d i c a t i n g that o p h i o b o l i n H i s the more a c t i v e of 
t h e m e t a b o l i t e s i n t h i s b i o a s s a y . When i n t a c t , 
greenhouse-grown plants were treated with the two ophiobolins 
a h i g h degree of p h y t o t o x i c s p e c i f i c i t y was observed. Bean 
and tobacco p l a n t s sprayed w i t h s o l u t i o n s that ranged from 
10~2 t o 1 0 " ^ M were g e n e r a l l y u n a f f e c t e d by e i t h e r 
m e t a b o l i t e . Corn plants (Zea mays L.,) each treated with 100 
u l d r o p l e t s of each m e t a b o l i t e p l a c e d i n t o uppermost l e a f 
sheaths were u n a f f e c t e d by o p h i o b o l i n G, but e f f e c t s w i t h 
o p h i o b o l i n H were quite pronounced(16) . That i s , o p h i o b o l i n 
H caused complete necrosis of the innermost sheath of leaves 
w i t h i n 5 days f o l l o w i n g treatment at 10" 2 M. The i n i t i a l 
response was marked by a w i l t i n g of the s e n s i t i v e l e a v e s 
f o l l o w e d by n e c r o s i s i n d i c a t i n g a p o s s i b l e e f f e c t on the 
stomates. Since treatment consisted of droplets being placed 
i n t h e b a s e o f t h
t r e a t e d ; but the respons
surface of the treated leaves i n d i c a t i n g t r a n s l o c a t i o n w i t h i n 
the i n d i v i d u a l l e a f . However, the w i l t i n g was u n i f o r m 
t h r o u g h o u t t h e t r e a t e d l e a f though i t would have been 
a n t i c i p a t e d that severe necrosis would have been obvi o u s at 
the s i t e of a p p l i c a t i o n . By c o n t r a s t , the remainder of the 
l e a v e s on the p l a n t s showed no e v i d e n c e of a p h y t o t o x i c 
r e s p o n s e . F u r t h e r s t u d i e s are needed to determine whether 
the transport and, therefore, the induction of p h y t o t o x i c i t y 
i s u n i d i r e c t i o n a l a l o n g the l e a f or not. Another member of 
the same c l a s s , o p h i o b o l i n A, has been shown t o be t h e 
p r o b a b l e a l 1 e l o c h e m i c agent r e s p o n s i b l e f o r brown spot 
symptoms i n r i c e (U) , another member of the Graminiae. A 
r e c e n t study (Jj|) u s i n g s p i n a c h l e a f s l i c e s or ÇflxlQrella 
eH X v t s Q i A e a C-27 and an o x y g e n e l e c t r o d e r e p o r t s t h a t 
o p h i o b o l i n A and the newly d i s c o v e r e d 6 - e p i o p h i o b o l i n A, 
anhydroophiobolin A and anhydro-6-epiophiobolin A, i s o l a t e d 
from the c u l t u r e f i l t r a t e of a phytopathogenic species of 
iQlmintfrQspQrium. were i n h i b i t o r y to photosynthesis. The I 5 Q 
values were between 10" 3 and 10~* M f o r a l l those ophiobolins 
t h a t i n h i b i t e d p h o t o s y n t h e s i s . In c o m p a r i s o n , d i u r o n , 
b r o m a c i l and i o x y n i l , known i n h i b i t o r s of the H i l l r e a c t i o n , 
were a c t i v e between 1 0 " 5 and 10" 7 M i n the same b i o l o g i c a l 
s y s t e m s . A d d i t i o n a l l y , o p h i o b o l i n s B, C a n d F a r e 
p h y t o t o x i n s (Jj[) w h i l e the f u s i c o c c i n s , which are c l o s e 
s t r u c t u r a l r e l a t i v e s of the ophiobolins (even though there i s 
some d i s p u t e as t o w h e t h e r t h e f u s i c o c c i n s a r e 
s e s t e r t e r p e n e s , or d i t e r p e n e s [JJJ)> a r e a l s o reported to 
have p h y t o t o x i c p r o p e r t i e s ( 2 Q . New e v i d e n c e (22) 
o b t a i n e d from b i o a s s a y s i n c o r p o r a t i n g 6-epiophiobol i n A and 
3 - a n h y d r o - 6 - e p i o p h i o b o l i n A i n d i c a t e t h a t they a r e h o s t 
s p e c i f i c i n h i b i t o r s of Texas-male-sterile corn mitochondria, 
and the mitochondria are o rie hundred times less s e n s i t i v e to 
o p h i o b o l i n A than to 6-epiophiobolin A. It would appear that 
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the o p h i o b o l i n s may have s e l e c t i v e phytotoxic p r o p e r t i e s and 
may be u s e f u l t emplates f o r s y n t h e s i z i n g p r o d u c t s f o r 
a g r i c u l t u r a l use against pests. 

Of f u r t h e r i n t e r e s t i s the a n t i b a c t e r i a l a c t i v i t y of 
o p h i o b o l i n G and H ( 16). Both compounds, prepared on assay 
d i s k s , were challenged with B a c i l l u s s u b t i l i s and E s c h e r i c h i a 
ςοΛj i n p e t r i d i s h b i o a s s a y s , w i t h c o n c e n t r a t i o n s ranging 
from 25 to 1000 ug per d i s k . F o l l o w i n g i n c u b a t i o n f o r 18 
hours at 37°C i t was noted that n e i t h e r compound i n h i b i t e d £. 
Q Q!j development, but both compounds i n h i b i t e d jJ. s u b t i l i g . . 
F u r t h e r , o p h i o b o l i n G m o d e r a t e l y i n h i b i t e d g. s u b t i l i g at 
concentrations of 50 to 1000 ug/disk and the i n h i b i t i o n zones 
were uniformly c i r c u l a r . In co n t r a s t , ophiobolin H i n h i b i t e d 
from 250 to 1000 u g / d i s k and the zones of i n h i b i t i o n were 
g r e a t e r than doubled, but the i n h i b i t i o n zones were n o t 
c i r c u l a r . A pH o r s o l u b i l i t y f a c t o r a p p e a r e d t o be 
responsible f o r the lack of u n i f o r m i t y . A g a i n , t h e a c t i v i t y 
of o p h i o l o b i n H wa
o p h i o b o l i n s as c o n t r o
populations needs f u r t h e r study and these preliminary r e s u l t s 
sugest that they may have s e l e c t i v e p r o p e r t i e s . 

T e s t i n g of the b i o l o g i c a l a c t i v i t y of ophiolobin G and H 
has not been l i m i t e d to p l a n t s and b a c t e r i a , but has been 
expanded t o i n c l u d e p r e l i m i n a r y s t u d i e s w i t h v e r t e b r a t e s 
(16) . D a y - o l d - c h i c k s were dosed v i a crop i n t u b a t i o n with 
c o r n o i l c o n t a i n i n g each metabolite at concentrations up to 
375 mg/kg. Results were dramatic with o p h i o b o l i n H. Wit h i n 
an hour of d o s i n g a t 375 mg/kg the c h i c k s were extremely 
n e r v o u s , r e f u s e d f e e d and had symptoms o f h y p e r a c u s i a , 
i n d i c a t i n g i n c r e a s e d i r r i t a b i l i t y of the sen s o r y n e u r a l 
mechanism. The threshold dose for hyperacusial induction was 
c a . 2 50 mg/kg. Chicks had t o t a l l y recovered w i t h i n 24 hours 
and there were no apparent long term i l l e f f e c t s . The l a c k 
of m o r t a l i t y and need of r e l a t i v e l y high dosages to induce 
hyperacusia suggest the use of o p h i o b o l i n H as a t o o l f o r 
s t u d y i n g t h e mechanisms o f h y p e r a c u s i a l i n d u c t i o n of 
e p i l e p t i c seizure i n c l i n i c a l s t u d i e s . 

The b i o c h e m i c a l l i n k a g e s b e t ween t h e o p h i o b o l i n s 
i s o l a t e d from the i n s e c t s , Çasça^cUa madigasçariensjs and 
Cerpp,l,aates a l b o l i n e a t u s . and the fungus, A s p e r g i l l u s ustus_, 
remain t o be e v a l u a t e d . The f a c t that both the in s e c t and 
fungal ophiobolins have a s i m i l a r conformation between the A 
and Β r i n g s i n d i c a t e s that s i m i l a r biochemical pathways may 
e x i s t . In the other f u n g i , i n which the A to Β r i n g f u s i o n 
i s c i s , i t i s necessary f o r a double bond i n g e r a n y l f a r n e s y l 
pyrophosphate to i s o m e r i z e t o the c i s c o n f i g u r a t i o n (&L). 
A p p a r e n t l y t h i s d o e s n o t t a k e p l a c e i n e i t h e r t h e 
a f o r e m e n t i o n e d i n s e c t s o r 4J- UgLtLu_s_. I f , t h e n , t h e 
b i o s y n t h e t i c systems are i d e n t i c a l i n both A s p e r g i l l u s and 
the scale i n s e c t s , the fungus, because of the a v a i l a b i l i t y of 
large q u a n t i t i e s of metabolites and ease of c u l t u r e , becomes 
an i d e a l model f o r s t u d y i n g methods f o r b l o c k i n g , or 
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shunting, pathways that give r i s e to ophiobolin production i n 
those i n s e c t s . The nature of the s c a l e i n s e c t s i s such t h a t 
they are d i f f i c u l t t o c o n t r o l f o r many reasons. F i r s t , they 
tend to congregate as masses on stems and under l e a v e s ; 
second, they produce waxy secretions which cover the body of 
the i n s e c t s and act as p h y s i c a l b a r r i e r s against d e s i c c a t i o n 
(£.)· It i s probable that the waxy secretions may a l s o act as 
a b a r r i e r against chemical sprays. Whatever, the ophiobolins, 
c e r o p l a s t e r i c a c i d and c e r o p l a s t o l are an i n t e g r a l p a r t o f 
t h e s e s e c r e t i o n s . A g e n t s , w h i c h are b i o r e g u l a t o r y i n 
f u n c t i o n , are also produced by the i n s e c t s and these induce 
l o s s of v i g o r i n i n f e c t e d p l a n t s , r o s e t t i n g of new shoot 
growth, and p i t t i n g of the bark on stems (1£) · I f c i f i n o t 

known whether these b i o r e g u l a t i n g agents are ophiobolins or 
n o t . I t should a l s o be pointed out that the genus Qasçardia 
i s c o n s i d e r e d t o be a j u n i o r synonym of Ceroplastes by some 
e n t o m o l o g i s t s . Other fungal ophiobolins are p r e s e n t l y 
under i n v e s t i g a t i o n

We now t u r n ou
compound from the h i g h e r plant Xantbium etrumarium that has 
i n t e r e s t i n g a l l e l o c h e m i c p r o p e r t i e s i n both p l a n t s and 
a n i m a l s . The genus, %anthium, produces b u r r s ( f r u i t i n g 
b o d i e s ) t h a t a r e b i l o c u l a t e , each of which contains a seed. 
One seed i s located j u s t above and to one side of the o t h e r . 
The s u p e r i o r seed i s commonly r e f e r r e d to as the "upper" and 
the i n f e r i o r seed as the "lower". The lower seed i s known to 
germinate r a p i d l y upon d i s p e r s a l but the upper one may take 
months or even years to imbibe and g e r m i n a t e , e v e n when 
e n v i r o n m e n t a l conditions are p e r f e c t It has long been 
r e c o g n i z e d that cocklebur seed contain a s e l f i n h i b i t o r , and 
r e s e a r c h to e l u c i d a t e the mechanisms and substances t h a t 
c o n t r o l dormancy has been conducted f o r almost ninety years 
( 1 £ , 11,15., 12.) · I n 1957, Wareing and Foda (£5.) showed the 
p r esence of two p l a n t growth i n h i b i t o r s i n cocklebur seed. 
They made water e x t r a c t s of seed and these p r o v e d t o be 
i n h i b i t o r y t o e t i o l a t e d wheat c o l e o p t i l e ( T r i t i c u m aegtivum 
L.,) growth. The extracts were placed on paper chromatograms 
which were developed i n isopropanol - 1% NH4OH i n water (4:1, 
v/v) by the a s c e n d i n g method. Two i n h i b i t o r y zones were 
observed, one at Rf 0.0-0.3 designated i n h i b i t o r A, the other 
a t Rf 0.4-0.5, d e s i g n a t e d i n h i b i t o r B. No f u r t h e r 
p u b l i c a t i o n s followed the 1957 report and f u r t h e r work on the 
i s o l a t i o n and c h a r a c t e r i z a t i o n of the m e t a b o l i t e s c e a s e d . 
The p r e s e n c e of a b s c i s i c a c i d , a p o t e n t p l a n t growth 
i n h i b i t i n g substance s i n c e found i n many p l a n t s and p l a n t 
p a r t s i n c l u d i n g ash, b i r c h , sycamore, willow, young cotton 
b o l l s and seeds of ash and pear (JQ) , was not detected i n the 
seed at that time. Furthermore, i n h i b i t o r s A and Β could not 
have been a b s c i s i c a c i d because they were both much more 
polar (P. F. Wareing, personal communication, 1982). 

An apparently unrelated but s i g n i f i c a n t event o c c u r r e d 
i n 197 2 when D a n i e l i and co-workers i s o l a t e d two chemically 
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i n t e r e s t i n g g l y c o s i d e s from the M e d i t e r r a n e a n t h i s t l e , 
A t r a & t v l i s gummifera L . ( 2 i ) . These were a t r a c t y l o s i d e and 
c a r b o x y a t r a c t y l o e i d e (Figure 7 ) . The l a t t e r was unstable i n 
the free state and r a p i d l y degraded when kept i n s o l u t i o n , 
except i n the s a l t form (a c h a r a c t e r i s t i c a l s o noted by Cole 
et a l . , (12.)). Four y e a r s l a t e r (22) carboxyatractyloeide 
was i s o l a t e d f r o m n t fri^um s t.r.umar.lum because of i t s 
h y p o g l y c e m i c p r o p e r t i e s . Then i n 1980, a t o x i c agent 
implicated i n the death of pigs i n South Georgia was i s o l a t e d 
from c o c k l e b u r b u r r s c o n t a i n i n g seed. The t o x i c p r i n c i p l e 
was found t o be c a r b o x y a t r a c t y l o e i d e (32) and not, as had 
been p r e v i o u s l y c l a i m e d (24)» hydroquinone. Because of the 
s t r i k i n g c h e m i c a l f e a t u r e s of c a r b o x y a t r a c t y l o e i d e , i t s 
unique b e h a v i o u r i n some e a r l y e x p e r i m e n t s w i t h p a p e r 
c h r o m â t o g r a m s and wheat c o l e o p t i l e b i o a s s a y s , we became 
in t e r e s t e d i n i t s b i o l o g i c a l p r o p e r t i e s i n plants (25)· 

I t became apparent to us that carboxyatractyloeide was 
p r o b a b l y i d e n t i c a
(23) . When d r i e d
g e n t l y heated, paper chromatograme revealed a br i g h t magenta 
area at RF 0.00-0.28, and when a complementary p a r t of the 
chromatogram was cut i n t o t h r e e e q u a l a r e a s , e l u t e d with 
b u f f e r - s u c r o e e s o l u t i o n and b i o a s s a y e d i n t h e wh e a t 
c o l e o p t i l e a s s a y , c o l e o p t i l e s were e i g n i f i c a n t l y i n h i b i t e d 
88, 76 and 86% r e e p e c t i v e l y , r e l a t i v e to contrôle. Another 
a r e a at Rf 0.46-0.56 aleo reacted p o e i t i v e l y to aniealdehyde 
reagent to g i v e a salmon p i n k c o l o r , b u t t h i e was n o t 
i n h i b i t o r y to c o l e o p t i l e s . A d d i t i o n a l l y , ( i ) a b e c i e i c a c i d 
was chromatographed i n the i d e n t i c a l s o l v e n t , and upon 
treatment w i t h a n i e a l d e h y d e and heat i t produced a brown 
c o l o r at Rf 0.60-0.90. E q u i v a l e n t areas on chromatograms 
induced 100% i n h i b i t i o n i n c o l e o p t i l e bioassays, as expected. 
Professor Wareing's observation that a b s c i s i c a c i d was l e s s 
p o l a r was c o r r e c t , though the absolute proof f o r e i t h e r the 
presence or absence of a b s c i s i c a c i d i n c o c k l e b u r s e e d 
remains t o be t e s t e d . A l s o , the choice of solvent by those 
e a r l i e r p i o n e e r s was s e r e n d i p i t o u s because, as has been 
e a r l i e r stated, p u r i f i e d carboxyatractyloeide i e p a r t i c u l a r l y 
unetable i n s o l u t i o n as the free a c i d . In l a t e r étudiée we 
have a l e o d i s c o v e r e d t h a t t h e d i p o t a e e i u m s a l t l o s e s 
b i o l o g i c a l a c t i v i t y i f i t becomes h y d r a t e d i n a humid 
atmosphere, even at 4° C. 

Insofar as the allelochemic e f f e c t s on higher plants are 
concerned the most dramatic e f f e c t s were obtained with i n t a c t 
w e e k - o l d c o r n p l a n t s ( Z,ea ma.y g L . ) t r e a t e d w i t h 
c o n c e n t r a t i o n of carboxyatractyloeide at 10""^ 10"^ and 10"^ 
M (100 u l p l a c e d i n s i d e the uppermoet l e a f sheath) (15). 
Reeponeee were v i e i b l e at 72 houre and consisted of n e c r o t i c 
l e s i o n s on leaves at 10~2 M and c h l o r o s i s w i t h i n l e a f sheaths 
at 10~3 and 10""^ M. One week fo l l o w i n g treatment there wae 
maeeive necroeie of the leaves at 10"^ M and a 50% i n h i b i t i o n 
o f growth, w h i l e 10~3 M t r e a t e d p l a n t e were i n h i b i t e d 25% 
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Figure 7. Carboxyatractyloside. 
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compared t o c o n t r o l s . By comparison there were no apparent 
e f f e c t s on week-old bean p l a n t s w i t h a p p l i c a t i o n s of the 
m e t a b o l i t e a t 10~2 to 10"^" M. E f f e c t s on s i x - w e e k - o l d 
tobacco s e e d l i n g s were q u i t e s u b t l e b ut t h e r e was no 
p h y t o t o x i c i t y . Treatments with carboxyatractyloside at a l l 
concentrations induced cupping of leaves w i t h i n 24 hours so 
t h a t the tobacco p l a n t s had the appearance of having been 
t r e a t e d w i t h c o l d n i g h t temperatures (2-7° C) , and these 
e f f e c t s l a s t e d f o r more than 72 hours. 

The somewhat s e l e c t i v e a c t i o n of carboxyatractyloside 
a g a i n s t the monocotyledon c o r n s u g g e s t s t h a t i t may be 
d e v e l o p e d as an h e r b i c i d e to c o n t r o l g r a s s e s i n c r o p s . 
Indeed the chemistry of the m o l e c u l e i s such t h a t s e v e r a l 
s y n t h e t i c a d a p t a t i o n s are suggested. One, which i s r e a d i l y 
a v a i l a b l e , i s the compound a t r a c t y l o s i d e , which d i f f e r s from 
c a r b o x y a t r a c t y l o s i d e by la c k i n g a carboxyl group (£J) . I t i s 
b i o l o g i c a l l y i n a c t i v e i n plants (2JL) and i n animals (R  J
C o l e , B. P. S t u a r t
Another compound, th
r e a d i l y o b t a i n e d by r e f l u x i n g carboxyatractyloside with 20% 
KOH f o l l o w e d by a c i d i f i c a t i o n (31.). S u r p r i s i n g l y , t h i s 
compound has not been tested f o r a c t i v i t y i n plant systems, 
but i t should be b i o l o g i c a l l y a c t i v e . Because the methyl 
e s t e r of c a r b o x y a t r a c t y l i g e n i n can be simply prepared with 
diazomethane, t h i s i n turn can be ox i d i z e d with chromic a c i d 
t o y i e l d d i k e t o c a r b o x y a t r a c t y l i g e n i n methyl e s t e r ( H ) . 
P a r t i a l , or t o t a l r e d u c t i o n of t h i s m o l e c u l e should y i e l d 
i n t e r e s t i n g s t a r t i n g m a t e r i a l f o r f u r t h e r t e s t i n g as 
b i o l o g i c a l s , i n c l u d i n g the p o s s i b i l i t y of phosphate esters to 
a i d i n t r a n s l o c a t i o n . The b i o l o g i c a l a c t i v i t y o f 
c a r b o x y a t r a c t y l o s i d e i s a t t r i b u t e d to i t s r o l e i n i n h i b i t i n g 
t r a n s l o c a t i o n of adenine nucleotides across the m i t o c h o n d r i a l 
membrane (J§_) . 

P r e l i m i n a r y bioassays with carboxyatractyloside i n d i c a t e 
t h a t i t has s e l e c t i v e f u n g i s t a t i c p r o p e r t i e s ( C u t l e r , 
u n p u b l i s h e d d a t a ) . I n r e p e a t e d d i s k t e s t s v a r i o u s 
concentrations of the metabolite have c o n s i s t e n t l y i n h i b i t e d 
(>15 mm z o n e o f i n h i b i t i o n ) c u l t u r e s o f ChaetQmAum 
çQçhl,ip,ideg 189 grown i n p e t r i d i s h e s c o n t a i n i n g n u t r i e n t 
a g a r . However, c a r b o x y a t r a c t y l o s i d e d i d not i n h i b i t 
Chaetomium çocbUoides 195, A s p e r g i l l u s f l a v u s , or C u r v u l a r i a 
L^naça 49. 

C a r b o x y a t r a c t y l o s i d e has not yet been tested f o r e i t h e r 
i n s e c t i c i d a l or i n s e c t r e p e l l i n g p r o p e r t i e s . We have 
observed t h a t cocklebur does not appear to be the subject of 
massive i n f e s t a t i o n s by i n s e c t s , and we a n t i c i p a t e t h a t the 
p l a n t c o n t a i n s s u b s t a n c e s t h a t r e p e l , or are t o x i c t o 
i n s e c t s . And, as we s h a l l see s h o r t l y , t h e e f f e c t s o f 
c a r b o x y a t r a c t y l o s i d e on enzyme systems a r e noteworthy and 
furt h e r suggest the po s s i b l e use of c a r b o x y a t r a c t y l o s i d e as 
an i n s e c t i c i d e . 

Any d i s c u s s i o n o f t h e a l l e l o c h e m i c e f f e c t s o f 
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c a r b o x y a t r a c t y l o e i d e must include the work c a r r i e d out with 
v e r t e b r a t e s . In 1981, Stuart and co-workers (J2.) redefined 
t h e c a u s e o f s w ine i n t o x i c a t i o n i n d u c e d by c o c k l e b u r 
(%aj!tfr(i(Um strumAr.ium L . ) . U s i n g c o t y l e d o n a r y c o c k l e b u r 
s e e d l i n g s , ground burrs containing seed, aqueous extracts of 
burrs, and authentic c a r b o x y t r a c t y l o s i d e administered e i t h e r 
o r a l l y or i n t r a v e n o u s l y a t v a r i o u s c o n c e n t r a t i o n s , i t was 
demonstrated that carboxyatractyloeide was the c a u s a l agent 
o f c o c k l e b u r i n t o x i c a t i o n . The c l i n i c a l eigne obeerved were 
s i m i l a r to those deecribed i n e a r l i e r r e p o r t e and i n c l u d e d 
d e p r e s s i o n , nausea, l a c k o f c o o r d i n a t i o n , convulsions with 
p a d d l i n g o f t h e f e e t , coma a n d d e a t h . T h e r e v a s 
h y p o g l y c e m i a , as determined from serum chemistry p r o f i l e s , 
w i t h i n c r e a s e s i n serum o x a l o a c e t i c t r a n s a m i n a s e and 
i s o c i t r i c dehydrogenase. Hypoglycemia appeared to be r e l a t e d 
t o the u n c o u p l i n g of o x i d a t i v e p h o s o p h o r y l a t i o n (2&) and 
d e a t h was due to h y p o g l y c e m i a . Blood sugar l e v e l s were 
r e c o r d e d a t zero (R
A d d i t i o n a l l y , the g r o s
acute h e p a t i c n e c r o s i s , c e n t r i l o b u l a r a c c e n t u a t i o n and 
d i s r u p t i o n o f the l o b u l a r hepatocytes (JJ) · Although i t was 
o r i g i n a l l y p o s t u l a t e d t h a t hydroquinone was the o r i g i n of 
swine i n t o x i c a t i o n (34) i t could not be found i n cocklebur. 
A d d i t i o n a l l y , a u t h e n t i c hydroquinone did not induce l e s i o n s 
( s e r o f i b r i n o u s a s c i t e s , edema of the g a l l b l a d d e r w a l l and 
l o b u l a r a c c e n t u a t i o n o f t h e l i v e r ) but i t d i d induce 
h y p e r g l y c e m i a ( 3 7). t h e e x a c t o p p o s i t e r e s p o n s e t o 
c a r b o x y a t r a c t y l o e i d e . I n t e r e s t i n g l y , hydroquinone has been 
shown to regulate auxin-oxidase a c t i v i t y and i s , t h e r e f o r e , 
considered to be a plant growth r e g u l a t o r ( . Further, i t i s 
an i n h i b i t o r of wheat c o l e o p t i l e growth and root formation i n 
ghaseolus c u t t i n g s (^2.). 

W h i l e t h e r e l a t i v e m a m m a l i a n t o x i c i t y o f 
c a r b o x y a t r a c t y l o e i d e would seem to p r e c l u d e i t s use as an 
a g r i c u l t u r a l chemical, there i s some e x c i t i n g chemistry to be 
c a r r i e d out r e l a t i v e to b i o l o g i c a l a c t i v i t y and f u r t h e r 
t e s t i n g i n plant and other systems. A l l i n d i c a t i o n s are that 
carboxyatratyloside i s not p e r s i s t e n t and i s e a s i l y degraded 
so t h a t even though i n i t i a l a p p l i c a t i o n may pose problème to 
the a p p l i c a t o r t h e r e a r e no l o n g t e r m e f f e c t s on t h e 
environment. In the case of m e d i c i n a l drugs, hypoglycemic 
agents are e s p e c i a l l y u s e f u l when i t i s necessary to c o n t r o l 
h i g h b l o o d s u g a r l e v e l s i n p a t i e n t s ; f o r example, when 
i n s u l i n production i s l a c k i n g or i n s u f f i c i e n t to e q u i l i b r a t e 
the b i o l o g i c a l system. 

O p h i o b o l i n s G and H and carboxyatractyloeide exemplify 
the r i c h d i v e r e i t y of n a t u r a l product etructuree that possess 
b i o l o g i c a l a c t i v i t y and have the p o t e n t i a l f o r use i n 
a g r i c u l t u r a l and other a r e a s . L i n k a g e s , which are slow i n 
d e v e l o p i n g , need to be e s t a b l i s h e d across the various f i e l d s 
of research and include t h e i r use f o r e l u c i d a t i n g biochemical 
pathways i n u n r e l a t e d organisms and s y n t h e t i c s t r u c t u r a l 
changée to give novel products. 
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Insect Antifeedants from the Peruvian Plant Alchornea 
triplinervia 
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The boll weevil antifeedants, anthranilic acid, 
gentisic acid, senecioic
trans-cinnamaldehyde
from the Peruvian plant Alchornea triplinervia 
(Euphorbiaceae). Anthranilic acid and camphor 
also showed significant inhibition of growth of 
the tobacco budworm. 

Although p e s t i c i d e s continue to be the major approach to b o l l 
weevil c o n t r o l , problems r e l a t e d to t h e i r use have l e d to a 
search f o r a l t e r n a t i v e forms of pest c o n t r o l . These include 
chemicals that modify behavior and/or development, b i o l o g i c a l 
agents, and genetic manipulation. 

Antifeedants appear to be a promising approach to a g r i c u l t u r a l 
pest c o n t r o l . Kubo e t . a l . (1) define i n s e c t antifeedants 
as "substances which when tasted can r e s u l t i n c e s s a t i o n of 
feeding e i t h e r temporarily or permanently depending upon potency." 
Since antifeedants do not d i r e c t l y k i l l the i n s e c t , problems 
associated with p e s t i c i d e s , hormones, b i o l o g i c a l agents, or 
genetic manipulation may not be opera t i v e ; however, other problems 
may be oper a t i v e . Antifeedants may be obtained by the i s o l a t i o n 
of n a t u r a l l y o c c u r r i n g antifeedants or by syn t h e s i s . 

Antifeedants have been i s o l a t e d which represent many broad 
c l a s s e s of compounds (2) · Since i t i s widely accepted that 
t r o p i c a l f l o r a have b u i l t - i n defense mechanisms (2) due to 
t h e i r constant exposure to attack by many types of b i o l o g i c a l 
organisms i n c l u d i n g i n s e c t s , the plants chosen f o r t h i s study 
were se l e c t e d from the Amazon River basin of Peru and the southern 
p o r t i o n of the United States ( M i s s i s s i p p i ) . The et h a n o l i c e x t r a c t s 
of more than f i v e hundred p l a n t s from Peru and M i s s i s s i p p i were 
evaluated f o r potency with a b o l l weevil antifeedant bioassay. 
Those plants which showed t o t a l i n h i b i t i o n of feeding were f r a c t i o n 
ated and examined i n a d d i t i o n a l bioassays using the tobacco 
budworm. Three of the plants which were s e l e c t e d f o r f u r t h e r 
examination i n c l u d e the Peruvian plants Alchornea t r l p l i n e r v l a 
(Euphorbiaceae) and Machaerium floribundum Bentham (Leguminosae) 
and the M i s s i s s i p p i plant Heterotheca camporum (Compositae). 
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Recent p u b l i c a t i o n s (3,4) i n regard to the l a t t e r two plants 
i n d i c a t e that they were a l s o t o x i c to two b a c t e r i a which occur 
i n the gut of the tobacco budworm H e l i o t h i s v i rescens (Fab.) 
and the corn earworm H e l i o t h i s zea (Boddie)· The compounds, 
rhamnetin 3-0-glucoside and i s o q u e r c i t r i n , were i s o l a t e d (3) 
from H^ camporum based upon t h e i r a c t i v i t y against Pseudomonas 
m a l t o p h i l i a and Enterobacter cloacae. A l s o , a procyanidin was 
i s o l a t e d (4) from floribundum on the ba s i s of a c t i v i t y against 
P. m a l t o p h i l i a . 

B o l l Weevil Antifeedant Bioassay 

The agar-plug bioassay procedure developed by Hedin e t . a l . (5) 
was used with a few m o d i f i c a t i o n s . The agar plugs were formed 
by b o i l i n g 3 grams of agar and 3 grams of f r e e z e - d r i e d cotton 
b o l l s i n 100 ml of d i s t i l l e d water to e f f e c t a viscous s o l . The 
s o l was poured i n t o 13 mm diameter hollow glass rods and g e l a t i o n 
occurred a f t e r c o o l i n g . Thes
i n d i v i d u a l 3.5 cm plugs

The e x t r a c t s of the p l a n t samples were applied to preweighed 
4 cm squares of Whatman / / l chromatography paper by dipping the 
paper i n t o a s o l u t i o n of the e x t r a c t . A f t e r d r y i n g , the papers 
were weighed to determine the "concentration" of the extract 
being t e s t e d . A c o n t r o l paper was prepared by dipping a 4 cm 
square of paper i n t o the solvent used f o r the e x t r a c t and allowing 
the paper to a i r - d r y . The papers were wrapped around the agar-
cotton plugs and fastened with s t a p l e s . The ends of the plugs 
were sealed with corks. The plugs were then placed s t a p l e - s i d e 
down i n the p e t r i dishes so that the b o l l weevils could feed 
only by puncturing the papers. 

Twenty newly emerged b o l l weevils were placed i n 14 χ 2 
cm p e t r i dishes containing the t e s t and c o n t r o l plugs. The bioassay 
was c a r r i e d out i n the dark at 80°F f o r 4 hours, a f t e r which 
the papers were removed and the punctures counted. 

Antifeedant a c t i v i t y was expressed as a %T/C value, where 

%T/C β # P U N C T U R E S °f t e s t paper (Τ) χ ^QQ 
//punctures of c o n t r o l paper (C) 

%T/C values of zero represented t o t a l i n h i b i t i o n of feeding, while 
values greater than 100 represented feeding a t t r a c t a n c y . 

Tobacco Budworm L a r v a l Growth Bioassay 

The bioassay was performed according to the procedure of Hedin 
e t . a l . (β). A randomized complete block of eight r e p l i c a t e s of 
f i v e larvae were used f o r each data p o i n t . Compounds were 
tested at 5-6 concentrations ranging from 0.02 to 0.50% of the 
t o t a l d i e t . L a r v a l weights were expressed as percent of c o n t r o l 
(%T/C). For estimation of ED^Q values, the l a r v a l weight expressed 
as %T/C was regressed as the percent of the compound i n the d i e t 
using the l i n e a r p o r t i o n of the curve. The percent of the compound 
that would decrease the weight gain by 50% (E D 5 0 ) was then 
estimated. 
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E x t r a c t i o n of Alchornea t r i p l i n e r v i a Leaves 

The Alchornea t r i p l i n e r v i a used i n t h i s p r o j e c t was c o l l e c t e d by 
the I n s t i t u t e f o r B o t a n i c a l E x p l o r a t i o n at t h e i r research f a c i l i t y 
i n I q u i t o s , Peru, i n the upper Amazon V a l l e y during the f i r s t 
quarter of 1980. 

The plant m a t e r i a l was extracted according to the procedure 
i n Figure 1. The ethanol e x t r a c t [2] (Figure 1) e x h i b i t e d t o t a l 
i n h i b i t i o n of feeding against the cotton b o l l weevil at l e v e l s 
of 10, 25, and 50 mg (Table I ) . Further f r a c t i o n a t i o n of the 
ethanol e x t r a c t [2] showed no abatement of t h i s antifeedant a c t i v i t y 
i n e i t h e r the CHC1 3 [3] or the aqueous f r a c t i o n [4] with %T/C 
values of l e s s than 12% a t the 10-50 mg dose l e v e l s as i n d i c a t e d 
i n Table I. Further f r a c t i o n a t i o n (Figure 1) and bioassay (Table 
I) showed that the methanol f r a c t i o n [ 6 ] , and the CHC^/ethanol 
f r a c t i o n [7] demonstrated e x c e l l e n t antifeedant a c t i v i t y . 

The CHCl-j/ethanol e x t r a c t [7] was s u c c e s s i v e l y extracted 
with 5% a c e t i c a c i d , 5%
5% sodium carbonate, an
f r a c t i o n s i n d i c a t e d that antifeedant a c t i v i t y r e s i d e d i n the 
sodium bicarbonate and sodium carbonate f r a c t i o n s . 

A c r y s t a l l i n e m a t e r i a l (compound jL, mp 144-145°C) was i s o l a t e d 
from the sodium bicarbonate f r a c t i o n by c r y s t a l l i z a t i o n from 
ether. Compound 1̂  was shown to be a n t h r a n i l i c a c i d according 
to IR, NMR, and UV comparisons with an authentic sample ( A l d r i c h 
Chemical Company). 

C0 2H 

1 2 3 

4 5 6 
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Alchomea t r i p l i n e r v i a Spreng. Leaves 

CH 2C1 2 [1] 

EtO

extracted 16 hours 
with CH 2C1 2 

Marc 

extracted 16 hours 
with EtOH 

p a r t i t i o n e d between 
CHC1 3 and H 20 (1:1) 

CHC13 [3] H 20 [4] 

p a r t i t i o n e d 
between 
hexane and 
Me0H-H20 (9:1) 

extracted 
with 
CHCln-EtOH 
(1:1) 

Hexane 
[5J 

MeOH-H20 
[6]' 

I 
CHCl,-EtOH 

3 [ 7 ] 
H 20 

[8] 

Figure 1. F r a c t i o n a t i o n Scheme f o r the Leaves of Alchomea 
t r i p l i n e r v i a Spreng. (Euphorbiaceae) 
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Table I. Bioassay Test Results from E x t r a c t i o n F r a c t i o n s of 
Alchornea t r i p l i n e r v i a 

Layer 10 mg 
%T/C 
25 mS 50 mg 

1 (CH 2C1 2) 66 31 19 1 (CH 2C1 2) 
161 100 219 
237 263 148 

2 (Ethanol) 0 0 0 
0 0 0 
0 0 0 

3 ( C H C I 3 ) 3 0 0 

4 (H 20) 3 0 6 
0 0 1 

11 1 0 

5 (Hexane) 78 0 6 
54 24 1 
51 1 7 

6 (Methanol) 0 1 3 
0 0 0 
0 0 0 

7 (CHCl 3/Ethanol) 0 0 0 
2 0 0 
0 1 0 

8 (H 20) 9 0 0 
1 4 1 
0 0 0 
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Column chromatography on s i l i c a g e l of the sodium carbonate 
f r a c t i o n u t i l i z i n g benzene, chloroform, and methanol as the e l u t i n g 
solvents r e s u l t e d i n the i s o l a t i o n of compounds 2 (mp 199-200°C) 
and _3. Compound 2 was shown to be g e n t i s i c a c i d according to 
IR, NMR, UV and mixed melting point comparison with an authentic 
sample ( A l d r i c h Chemical Company). 

Compound 3_ was shown to be s e n e c i o i c a c i d based on IR, NMR, 
and mixed melting point comparison with an authentic sample ( A l d r i c h 
Chemical Company). 

In v e s t i g a t i o n of the chloroform f r a c t i o n [3] i n Figure 1 
r e s u l t e d i n the i s o l a t i o n of compounds 4_, _5, and 16. This was 
achieved through extensive column chromatography on s i l i c a g e l . 
Compounds 4̂  and _5 were present i n the o i l y chromatographic f r a c t i o n 
which had the c h a r a c t e r i s t i c smell of cinnamon. Compound 4̂  was 
i s o l a t e d as an o i l and i d e n t i f i e d as cinnamaldehyde by formation 
of the 2,4-dinitrophenylhydrazine d e r i v a t i v e which melted at 
251-253° [ l i t ( 7 ) m.p. 255°C]. NMR, IR, and UV data were consistent 
with t h i s assignment. Furthe
to form a white c r y s t a l l i n
with compound _5 which upon IR, NMR, and UV comparison with an 
authentic sample ( A l d r i c h Chemical Company) was shown to be cinnamic 
a c i d . 

Compound 6̂  was i s o l a t e d v i a r e p e t i t i v e column chromatography 
of the CHCl^ f r a c t i o n [ 3 ] . Compound 16 was shown to be i d e n t i c a l 
upon IR, NMR, and UV comparison with an authentic sample of camphor. 

B o l l Weevil Antifeedant Bioassay Results 

The r e s u l t s of the b o l l weevil antifeedant bioassays with a n t h r a n i -
l i c a c i d , g e n t i s i c a c i d , s e n e c i o i c a c i d , cinnamaldehyde and 
cinnamic a c i d are presented i n Table I I . Camphor was not b i o -
assayed due to i t s extreme v o l a t i l i t y . However camphor i s a 
known moth r e p e l l e n t (§) and i s probably a b o l l weevil antifeedant 
s i n c e the f r a c t i o n from which i t was i s o l a t e d was a c t i v e . 

The r e s u l t s with cinnamaldehyde are perhaps the most s i g n i f i 
cant since t o t a l i n h i b i t i o n of feeding was demonstrated at a 
dose of 30 mg f o r an e n t i r e agar plug (area = 16 cm 2). Moreover 
the a c t i v i t y remained at a high l e v e l (96% i n h i b i t i o n ) as the 
dose was reduced to 20 mg and 10 mg. A dose of 10 mg f o r the 
e n t i r e plug i s equivalent to a dose of 0.62 mg per cm 2. Tests 
w i l l be performed at even lower doses i n the f u t u r e . 

Tobacco Budworm Growth Study 

A n t h r a n i l i c a c i d , g e n t i s i c a c i d , s e n e c i o i c a c i d , cinnamic a c i d , 
and camphor were tested as i n h i b i t o r s of tobacco budworm l a r v a l 
growth. The r e s u l t s of t h i s study are presented i n Table I I I . 
This tab l e shows that g e n t i s i c a c i d and s e n e c i o i c a c i d d i d not 
show s i g n i f i c a n t i n h i b i t i o n of l a r v a l growth of the tobacco 
budworm. However a n t h r a n i l i c a c i d , cinnamic a c i d , and camphor 
showed s i g n i f i c a n t i n h i b i t i o n of growth with E D 5 Q l e v e l s of 
0.68%, 0.38%, and 0.50% r e s p e c t i v e l y . This compares f a i r l y 
w e l l with tannins, gossypol, and anthocyanin which have ED^Q 
values of 0.05-0.07% as reported by Hedin (9). 
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Table I I . B o l l Weevil Antifeedant A c t i v i t y of Compounds Iso l a t e d 
from A^ t r i p l i n e r v i a 

Compound Dose 
Lev e l (mg) 

%T/C Average 
%T/C 

A n t h r a n i l i c Acid 10 12 11 13 12 
20 14 8 10 11 
30 4 7 8 6 

G e n t i s i c Acid 5 48 95 51 65 
10 8 9 6 8 
12 17 11 14 14 

Senecioic Acid 10 6 16 24 15 
15 15 14 21 17 
40 1 4 2 2 

Cinnamaldehyde 
20 0 10 3 4 
30 0 0 1 0 

Cinnamic Acid 10 42 26 12 27 
20 31 24 24 26 
30 9 46 21 25 

Table I I I . Tobacco Budworm Growth I n h i b i t i o n by Compounds I s o l a t e d 
from A^ t r i p l i n e r v i a 

Compound ^ D50 

A n t h r a n i l i c Acid 0.68 
G e n t i s i c Acid NS° 
Senecioic Acid NS b 

Cinnamic Acid 0.38 
Camphor 0.50 

a EDcQ = percent of compound required to reduce weight gain 
by 50%. 

bNS = not s i g n i f i c a n t . 

Conclusion 

Tliis study describes the i s o l a t i o n and bioassay against i n s e c t s of 
s i x compounds from the Peruvian plant Alchornea t r i p l i n e r v i a . The 
compounds a n t h r a n i l i c a c i d , cinnamic a c i d , and camphor showed 
s i g n i f i c a n t i n h i b i t i o n of the growth of the tobacco budworm. 
A n t h r a n i l i c a c i d , g e n t i s i c a c i d , s e n e c i o i c a c i d , cinnamic a c i d , and 
cinnamaldehyde demonstrated low to moderate a c t i v i t y i n the b o l l 
weevil antifeedant bioassay. Cinnamaldehyde, a con s t i t u e n t of 
the s p i c e cinnamon, showed the highest l e v e l of i n h i b i t i o n to 
b o l l weevil feeding. 
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Biotechnology in Crop Improvement 

JOHN T. MARVEL 

Monsanto Agricultural Products Company, St. Louis, MO 63167 

Biotechnology promises to play a significant role 
in crop improvement and productivity in the 1990's 
and beyond. Early advances will probably be in 
the development
pesticides and
traits to agronomic crops. While microbial pesti
cides are technically fairly straightforward, 
genetically improving crop plants, using recombi
nant techniques, will require the solution of numer
ous technical problems. Of initial importance is 
the development of transformation vectors and re
generation technology in key crop plants, particu
larly legumes and cereals. Once these hurdles have 
been overcome, the key emphasis will shift to the 
discovery of genes to be transferred. 

This paper reviews the status of regeneration and 
transformation technology in the major crop plants 
and highlights recent progress in plant biochem
istry which may serve as a source of important 
traits for genetic engineering. 

A g r i c u l t u r a l biotechnology has been i n the p u b l i c eye a good 
deal r e c e n t l y . However, the bas i c t h r u s t of biotechnology i n a g r i 
c u l t u r e i s a c t u a l l y mundane. In f a c t , genetic engineering of plants 
w i l l be j u s t another t o o l f o r plant breeders to use i n t h e i r c o n t i n 
uing e f f o r t s to improve plant p r o d u c t i v i t y . 

C l a s s i c a l breeding has been the mainstay of crop improvement 
since the rediscovery of Mendelian genetics at the beginning of t h i s 
century. The improvements have been s i g n i f i c a n t , e.g., the develop
ment of hybrid corn r e s u l t e d i n a steady 1-2% increase i n y i e l d per 
year. Other crop breeding programs l e d to the development of s t r a i n s 
that would s u s t a i n food production i n p r e v i o u s l y s t e r i l e environ
ments. 

C e l l b iology, i n conjunction with genetic engineering, prom
i s e s new ways to improve t h i s record by enhancing y i e l d p o t e n t i a l , 
improving pest tolerance, decreasing stresses due to the environment 
and to a g r i c u l t u r a l chemicals, and improving o v e r a l l agronomic 
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a c c e p t a b i l i t y . In order to comprehend how these new improvements 
w i l l occur, an understanding of c l a s s i c a l breeding methods i s 
e s s e n t i a l . 

C l a s s i c a l breeding c o n s i s t s of four d i s t i n c t a c t i v i t i e s : 
(1) screening f o r d e s i r a b l e t r a i t s and t r a n s f e r r i n g those t r a i t s to 
adapted l i n e s by sexual crosses (2-4 y e a r s ) ; (2) s e l e c t i n g progeny 
with the desired combinations of t r a i t s (3-4 y e a r s ) ; (3) f i e l d 
e v a luation of the selected v a r i e t i e s f o r y i e l d and performance under 
se v e r a l environments (3-4 y e a r s ) ; and f i n a l l y (4) seed increase f o r 
s a l e (2-3 y e a r s ) . In a l l , the process requires 10-15 years to pro
duce a new v a r i e t y which w i l l t y p i c a l l y have a l i f e t i m e of only 6-8 
years. 

In a d d i t i o n , t h i s process i s l i m i t e d by the sexual compati
b i l i t y between the l i n e s used f o r a c r o s s . T y p i c a l l y , only l i n e s 
from the same species or very c l o s e l y r e l a t e d ones can be used as a 
source of new t r a i t s . Biotechnology can address these bottlenecks 
of time and gene sources by g e n e t i c a l l y engineering plant c e l l s and 
then regenerating them i n t
i s p o s s i b l e because p l a n t s
regenerated i n t o whole plants from somatic c e l l s . This i s a 
phenomenon c a l l e d "totipotency". 

The regeneration c y c l e i s i l l u s t r a t e d f o r a l f a l f a i n Figure 
1. A c u t t i n g , or expiant, taken from the parent p l a n t , i s put onto 
a medium containing plant hormones and n u t r i e n t s . Soon the t i s s u e 
begins to p r o l i f e r a t e c e l l s i n a rather disorganized mass to form a 
c a l l u s . Upon treatment with appropriate plant n u t r i e n t s and hor
mones, the c a l l u s w i l l form st r u c t u r e s which develop i n t o shoots, a 
process r e f e r r e d to as "organogenesis". These shoots may be r e 
moved from the c a l l u s , rooted, and grown i n t o normal f e r t i l e 
p l a n t s (1). 

This process, o u t l i n e d i n Figure 2, could be u s e f u l i n a 
breeding program. As i n c l a s s i c a l breeding, f i r s t a q u a l i t y c u l t i -
var i s chosen. E s t a b l i s h e d t i s s u e c u l t u r e techniques are then 
u t i l i z e d . The m a t e r i a l i s placed i n t o c u l t u r e which allows s e l e c 
t i o n by c l a s s i c a l methods or the i n s e r t i o n of new genes. A f t e r the 
t i s s u e with a new t r a i t has been produced, i t can be regenerated 
in t o a q u a l i t y c u l t i v a r containing the new desired t r a i t . 

The p o t e n t i a l b e n e f i t s of t h i s scheme are two-fold. F i r s t , 
the t i m e - l i n e s to develop new c u l t i v a r s may be d r a m a t i c a l l y s h o r t 
ened. In c e l l b i o l o g y - f a c i l i t a t e d breeding, the i d e n t i f i c a t i o n , 
i s o l a t i o n and c l o n i n g of a gene requires 1-3 years. To c u l t u r e a 
plant t i s s u e , transform i t and regenerate i t takes approximately 
6 months. F i e l d evaluation and seed increase are unchanged by t h i s 
technology, so the t o t a l time i s 6-10 years, a considerable savings 
i n time over conventional breeding. 

Genetic engineering allows the i n t r o d u c t i o n of genes from any 
source i n t o p l a n t s ; hence, a crop's germplasm base becomes a l l l i v 
i ng organisms rather than j u s t c l o s e l y r e l a t e d , s e x u a l l y compatible 
p l a n t s . This means that genes (Figure 3A) become a v a i l a b l e from 
b a c t e r i a which produce i n s e c t i c i d a l p r o t e i n s , from b a c t e r i a or 
fungi which produce a n t i b i o t i c s a c t i v e against plant pathogens, or 
from s t r e s s - t o l e r a n t w i l d plants which would normally be sexually 
incompatible. The promise of t h i s technology i s i n i t s a b i l i t y to 
"teach" plants to produce t h e i r own i n s e c t i c i d e s , fungicides and 
growth r e g u l a t o r s . 
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Figure 1. A l f a l f a regeneration (clockwise). A c u t t i n g i s 
taken from a p e t i o l e (expiant), placed on medium to induce the 
formation of a c a l l u s , then t r a n s f e r r e d to an a l t e r e d medium 
causing shoots to form. 

QUALITY CULTIVAR 

\ 

TISSUE EXPLANT 

CALLUS INITIATION 

/ * \ 
SELECTION SUSPENSION CALLUS PROTOPLASTS GENETIC 

CULTURE I s ENGINEER SX TISSUE WITH 
NEW TRAIT 

I 
REGENERATION 

• 
QUALITY CULTIVAR WITH 

NEW TRAIT 

Figure 2. Tissue c u l t u r e crop improvement. Sequence shows the 
i n t e g r a t i o n of c e l l b i o l o g y techniques i n t o crop improvement. 
Hurdles to using the scheme include c a l l u s i n i t i a t i o n , proto
p l a s t preparation, s e l e c t i o n i n cu l t u r e , and pla n t 
regeneration. 
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A Insecticidal Fungicidal Stress Tolerant 
Bacterium Streptomyces Wild Plant 

Novel Soybean Cultivar 

Β 

Plant Cell 

Figure 3. Examples of de s i r a b l e genes to be in s e r t e d into crop 
p l a n t s . A. Unrelated organisms may have genes b e n e f i c i a l to 
crop p l a n t s . B. Suggested extension of a biochemical pathway 
i n p l a n t s . B a c t e r i a produces desired molecule Ε by enzymatic 
steps E i to E 4 ; pla n t pathway stops at intermediate C. Intro
duction of b a c t e r i a l genes f o r steps E3 and E 4 causes plant 
c e l l to produce E. 
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Even more s o p h i s t i c a t e d improvements may be p o s s i b l e 
(Figure 3 B ) . For example, i f a microbe produces a molecule Ε 
which i s nematocidal, and the plant has the b i o s y n t h e t i c machinery 
to make a key intermediate of t h i s molecule, C9then perhaps genes, 
coding f o r the enzymes necessary to complete the b i o s y n t h e t i c path
way, could be moved int o the pl a n t , causing the plant to produce 
i t s own nematocide. The r e s u l t i s l i t e r a l l y chemical synthesis i n 
l i v i n g t i s s u e s . Plant genetic engineering could be competitive 
with the chemical p e s t i c i d e business. 

However, enough must be understood about plant metabolism to 
support the u s e f u l manipulation of the p l a n t s ' b i o s y n t h e t i c appara
tus to respond b e t t e r to stresses or disease. Genetic manipulation 
of complex pathways, such as the shikimate pathway (Figure 4 ) , w i l l 
be a large task r e q u i r i n g considerably more biochemical knowledge 
about plants than i s c u r r e n t l y a v a i l a b l e . 

Having considered the kinds of advances that t i s s u e c u l t u r e 
and genetic engineering can make i n crop improvements  i t i s neces
sary to explore the t e c h n i c a
changes (Figure 2). Fo
a b i l i t y to c u l t u r e and regenerate plants from various explants. 
Unfortunately, not a l l crops respond to current t i s s u e c u l t u r e 
techniques and regenerate i n v i t r o . I t i s also necessary to have 
the technology to e i t h e r s e l e c t new c e l l l i n e s i n c u l t u r e or to 
g e n e t i c a l l y engineer new t r a i t s i n t o those t i s s u e s that are i n c u l 
ture, and then regenerate plants that w i l l express the new t r a i t . 
F i n a l l y , these new c u l t i v a r s must be ext e n s i v e l y evaluated i n the 
f i e l d to assure that the desired t r a i t has been i n s e r t e d and i s 
expressed at the proper time and i n the proper plant t i s s u e . 

Much progress has been made i n the regeneration of plants and 
i n understanding the regeneration process. This includes the de
velopment of s e l e c t i o n technology with p a r t i c u l a r emphasis on 
re s i s t a n c e and the development of genetic engineering technology 
using the Agrobacterium tumefaciens vector system. 

The process of plant regeneration begins with the s e l e c t i o n 
of the proper expiant which, when placed i n the appropriate c u l t u r e 
media, w i l l form a c a l l u s . In the case of a l f a l f a , somatic embryos 
w i l l form on the c a l l u s surface (Figure 5A) a f t e r the c a l l i have 
been exposed to the appropriate r a t i o of cy t o k i n i n s and auxins. 
Eventually these embryos w i l l p r e c o c i o u s l y germinate and form 
shoots. The developing embryos can be excised and placed onto a 
ro o t i n g media to develop a root system (Figure 5B). A f i n a l t r a n s 
f e r of the rooted plants to gravel tubs and gradual exposure to 
greenhouse conditions r e s u l t i n the development of normal p l a n t s 
(Figure 5C). In time they flower and produce seeds. When these 
seeds are planted, they produce normal f e r t i l e p l a n t s . Some v a r i 
a b i l i t y i n phenotype has been observed i n plants a r i s i n g from the 
t i s s u e c u l t u r e process. These somaclonal v a r i a t i o n s may be present 
i n 2-20% of the opoulation, and may depend upon the stresses en
countered during the t i s s u e c u l t u r e process. 

This kind of media manipulation i s indispensable i n t i s s u e 
c u l t u r e f o r maximizing the frequency of regeneration. When the 
regeneration system f o r a new species i s i n the e a r l y stages of 
development, experimental m o d i f i c a t i o n s are necessary i n order to 
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Figure 4. Shikimate-derived metabolism i n p l a n t s . A compli
cated b i o s y n t h e t i c pathway i s a p o s s i b l e genetic engineering 
target. 
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Figure 5. A l f a l f a embryogenesis. A. An a l f a l f a somatic 
embryo, E, about to germinate, which i s surrounded by c a l l u s C. 
B. P l a n t l e t s rooting. C. Regenerated plants i n gravel i n the 
greenhouse. 
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achieve optimal r e s u l t s . Figure 6 shows the e f f e c t of manipulating 
the amino a c i d composition of the media on the frequency of regener
a t i o n (2). I t i s evident that when e i t h e r Shenk and Hildebrandt 1 s 
or Blaydes basal media are used, the frequency of embryo formation 
i s low. However, i f e i t h e r media i s supplemented with alanine or 
p r o l i n e , the frequency of embryogenesis i s g r e a t l y enhanced. 

Research of a more fundamental nature i s also necessary i n 
order to understand and e f f e c t i v e l y manipulate the regeneration 
process. This i s p a r t i c u l a r l y true i n crops such as soybean and 
ce r e a l s which are r e c a l c i t r a n t to regeneration. For example, h i s t o 
l o g i c a l and histochemical studies can be conducted during regenera
t i o n i n order to understand the growth and development process. The 
formation of a l f a l f a somatic embryos (Figure 5A) i s w e l l su i t e d f o r 
such a b a s i c i n v e s t i g a t i o n . Very e a r l y i n regeneration, a l f a l f a 
c a l l u s (as v i s u a l i z e d i n a c r o s s - s e c t i o n stained with s a f r a n i n and 
f a s t green i n Figure 7A) has already d i f f e r e n t i a t e d i n t o d i s t i n c t 
t i s s u e s . The darkly s t a i n i n g purple t i s s u e h i g h l i g h t s the embryo 
i n an e a r l y stage of formation
below the embryo have bee
appear to f u n c t i o n as c e l l u l a r progenitors to the embryo (3). From 
t h i s proregenerative mass, the i n c i p i e n t embryo develops from a 
s i n g l e c e l l . This i s an i n t e r e s t i n g and s i g n i f i c a n t f i n d i n g because 
i t c l a r i f i e s an e a r l y o r g a n i z a t i o n a l event which occurs i n regenera
t i o n . In Figure 7B the proregenerative mass remains as the embryo 
grows l a r g e r ; i n f a c t , when the embryo i s approximately at the stage 
of the whole embryo shown i n Figure 5A, the proregenerative mass 
remains attached to the embryo (Figure 7C). 

I t i s speculated that t h i s mass s u b s t i t u t e s f o r the suspensor, 
an organ that normally aids i n feeding developing embryos i n p l a n t a . 
R e c a l c i t r a n t soybean and c e r e a l t i s s u e c u l t u r e systems are c u r r e n t l y 
being i n v e s t i g a t e d f o r evidence that these kinds of proregenerative 
c e l l masses are formed (4). 

Another approach to studying the developmental process i n 
regeneration i s to observe the histochemical changes i n c e l l s . 
Figure 8A i l l u s t r a t e s a l f a l f a c e l l s which have been stained with 
a n i l i n e blue-black f o r t o t a l p r o t e i n before induction of the r e 
generation process. These normal c a l l u s c e l l s are elongated and 
not densely s t a i n i n g . Figure 8B shows a c e l l mass which has been 
induced to regenerate. The c e l l s are very compact and t i g h t l y 
a ssociated, and the cytoplasm i s darkly s t a i n i n g with a n i l i n e blue, 
i n d i c a t i n g a high concentration of proteins which may be necessary 
f o r the regeneration process. Studies of t h i s type w i l l a i d i n the 
design of biochemical experiments designed to b e t t e r understand the 
molecular b a s i s f o r regeneration i n p l a n t s . 

The development of s e l e c t i o n technology i s necessary i n order 
to derive c e l l l i n e s with s p e c i f i c t r a i t s , such as h e r b i c i d e r e 
s i s t a n c e , from t i s s u e c u l t u r e . Figure 9 depicts the somatic c e l l 
s e l e c t i o n process using c e l l c u l t u r e techniques. At the bottom 
l e f t i s a f l a s k containing a suspension of a l f a l f a c e l l s . These 
c e l l s have been cu l t u r e d f o r 4-8 weeks and then sieved to y i e l d 
very small c e l l clumps which w i l l be used f o r s e l e c t i o n i n v i t r o . 
In the example shown here, s e l e c t i o n was made f o r h e r b i c i d e r e 
s i s t a n c e . In the upper left-hand corner, glyphosate, the a c t i v e 
ingredient i n Roundup, i s added to the growth media. A f t e r s e v e r a l 
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Figure 6. E f f e c t on a l f a l f a regeneration of amino acid addi
t i o n to media. The top row shows p e t r i p l a t e s of Shenk and 
Hildebrandt medium with no amino a c i d a d d i t i o n , SHO; with the 
a d d i t i o n of L-alanine, SHA; or with L - p r o l i n e , SHP. The bottom 
row shows Bladyes medium, with no amino a c i d a d d i t i o n , BI2Y; 
with the a d d i t i o n of L-alanine, BIA; or with L - p r o l i n e , BIP. 
These amino acid additions enhance the frequency of 
embryogenesis. 
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Figure 7. Histology of a l f a l f a somatic embryogenesis. 
A. Cross-section of c a l l u s a f t e r i n d u ction of embryogenesis. 
L i g h t l y s t a i n i n g c e l l s are the proregenerative mass (PRM) 
which gives r i s e to the darkly s t a i n i n g c e l l s , the embryo (Ε), 
surrounded by very l i g h t l y s t a i n i n g non-regenerating c a l l u s (C) 
B. A somatic embryo at a l a t e r stage of development. C. 
Somatic embryo beginning to germinate, comparable to the whole 
embryo shown i n Figure 5A. 
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Figure 8. Histochemical studies of a l f a l f a c a l l u s c e l l s . 
A. Normal c a l l u s c e l l s stained with a n i l i n e blue black f o r 
t o t a l p r o t e i n before induction of regeneration. B. Callus 
c e l l s stained with a n i l i n e blue black a f t e r i n d u ction of 
regeneration; very darkly s t a i n i n g m a t e r i a l i s p r o t e i n . 
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days 1 exposure to glyphosate, the c e l l s are plated onto s o l i d media 
as shown i n the center p i c t u r e . From these plated c e l l s only a few 
w i l l develop i n t o c a l l i . 

Once these c a l l i are formed, the hormone l e v e l s can be ma
nip u l a t e d to induce shoot formation. This i s followed by the r o o t 
ing, hardening and transfer-to-greenhouse processes. During t h i s 
sequence the se l e c t e d l i n e s can be screened at the c e l l u l a r l e v e l , 
at the regenerated p l a n t l e t l e v e l , at the whole plant l e v e l i n the 
greenhouse, and f i n a l l y i n the f i e l d which i s the " a c i d t e s t " . 

Figure 10 shows, i n considerably more d e t a i l , the sequence of 
mutagenesis and s e l e c t i o n which has been a c t u a l l y used to develop 
h e r b i c i d e r e s i s t a n t l i n e s . C a l l i were i n i t i a t e d from a healthy a l 
f a l f a p l a n t . A f t e r 4-8 weeks, these c a l l i were broken up int o sus
pensions, and e i t h e r treated with a mutagenizing agent or screened 
simply by s e l e c t i o n f o r spontaneous mutations. A f t e r e i t h e r pro
cedure, the sel e c t e d l i n e s , i . e . , the l i n e s which survived exposure 
to the h e r b i c i d e , were then regenerated, and the pl a n t s were evalu
ated i n a number of schemes
c e l l u l a r l e v e l f o r r e s i s t a n c
tem of mutagenesis and s e l e c t i o n to enhance the des i r e d r e s i s t a n c e 
t r a i t . 

A number of c e l l l i n e s i d e n t i f i e d i n c e l l c u l t u r e were r e 
s i s t a n t to 10 m i l l i m o l a r glyphosate. These l i n e s were regenerated 
and the p l a n t l e t s were placed on media containing 10 or 100 m i l l i 
molar glyphosate. For comparison, regenerated but not selected 
c o n t r o l p l a n t l e t s were placed on s i m i l a r media. Some of the se
l e c t e d l i n e s grew and developed on the glyphosate-containing media. 
In c o n trast, unselected c o n t r o l p l a n t l e t s f a i l e d to survive. Sur
v i v o r s were rooted and t r a n s f e r r e d to the greenhouse where they were 
sprayed with Roundup at rates equivalent to 2 or 4 pounds per acre. 
Survivors of t h i s t e s t were subsequently evaluated f o r t h e i r r e 
sist a n c e to Roundup i n the f i e l d . 

The data f o r t h i s f i e l d experiment are summarized i n Table 1. 
Data are presented here f o r 13 l i n e s which were derived from c u l t u r e 
and f i e l d - e v a l u a t e d f o r r e s i s t a n c e to Roundup h e r b i c i d e . Each of 
these l i n e s was s i g n i f i c a n t l y more t o l e r a n t to Roundup than the r e 
generated non-selected c o n t r o l B74. However, the l e v e l of r e s i s t a n c e 
i n these 13 c e l l l i n e s was not commercially s i g n i f i c a n t . Neverthe
l e s s , t h i s does i n d i c a t e that r e s i s t a n t p l a n t s can be derived by 
s e l e c t i o n s at the c e l l u l a r l e v e l . 

Eleven-thousand c e l l l i n e s were mutagenized and screened to 
i d e n t i f y these 13 l i n e s which were r e s i s t a n t at the whole plant 
l e v e l i n the f i e l d . This i s a frequency of approximately one-tenth 
of one percent; undoubtedly t h i s frequency can be improved by 
genetic engineering. 
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Figure 9 . Somatic c e l l s e l e c t i o n f o r herb i c i d e r e s i s t a n c e . 
Bottom l e f t , a f l a s k of a l f a l f a c e l l s i n suspension. Top l e f t , 
a d d i t i o n of herb i c i d e to the c e l l s . Center, c e l l s p l a t e d 
onto s o l i d medium containing h e r b i c i d e ; a r e s i s t a n t c a l l u s 
growing on her b i c i d e - c o n t a i n i n g medium. Top r i g h t , r e s i s t a n t 
p l a n t l e t s regenerating. Bottom r i g h t , t o l e r a n t plants s e l e c t e d 
from t i s s u e c u l t u r e growing i n the f i e l d a f t e r being sprayed 
with the he r b i c i d e . 
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Mutagenesis Mutagenesis 
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and 
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Figure 10. Generalized scheme f o r c e l l u l a r s e l e c t i o n i n v o l v i n g 
spontaneous or induced mutagenesis. 
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Table 1. Superior A l f a l f a Clones from the Glyphosate F i e l d Test 
Based on S u r v i v a l 21 Days P o s t - A p p l i c a t i o n . 

Percent S u r v i v a l and 
One-Tailed Ρ V a l u e 6 

Clone ID 
Mutagenesis and 

S e l e c t i o n Conditions 2 Lbs/Acre 4 Lbs/Acre 

B74 None 5% 0% 

64s-8 EMS-AMP2 (not tested) 30% .0288 

65S-1 1 57% .0012 30% .0288 

65s-2 31% .0386 
65S-8 1 57% .0004 

141s-3 29% .0586 
141S-61 

80s-3 PF-GLY 3 63% .0001 27% .0425 

ls-1 5FU-GLY4 44% .0014 
ls-2 38% .0139 
B62-3-10 1 NQO-GLY5 63% .0001 
B62-3-13 47% .0031 
B62-3-26 42% .0076 
B89-4 31% .0490 

^"Also superior to the 20% s u r v i v a l 
2 l b / a c r e treatment. 

l e v e l of RA3-24 (p<0.05) i n the 

^Ethylmethanesulfonate - aminomethylphosphonic a c i d . 
3 
Proflavin-glyphosate. 

4 

5-Fluorouracil-glyphosate. 

^ N i t r o q u i n o l i n e oxide-glyphosate. 
S values were obtained from a binary T-test comparison with B74, 
an unselected, non-mutagenized regenerated clone. 

A number of systems and plant species have been used to study 
the mode of a c t i o n of glyphosate. Figure 11 i l l u s t r a t e s the e f f e c t 
of t r e a t i n g soybean leaves with glyphosate. The s o l u b l e organic 
ex t r a c t s from those leaves were analyzed using high pressure l i q u i d 
chromatography, HPLC. The chromatogram of the extract from the 
untreated l e a f i s shown at the top. The p r o f i l e from the glypho-
sate-treated l e a f i s shown at the bottom. There are some d i f f e r 
ences between the chromatograms. E s p e c i a l l y s i g n i f i c a n t i s a large 
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UNTREATED 
LEAF 

GLYPHOSATE 
TREATED 
LEAF 

Figure 11. HPLC chromatograms comparing organic extracts of 
glyphosate treated soybean leaves to extracts of non-treated 
leaves. Origins of the chromatograms are on the l e f t . Right
most peak from treated l e a f e x t r a c t i s shikimate-3-biphosphate. 
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peak not present i n the untreated c o n t r o l , which appears i n the 
extract of the treated plant (rightmost peak i n the lower chrom-
atogram). On f u r t h e r a n a l y s i s i t was found that t h i s peak i s 
shikimate-3-Diphosphate, the substrate of enolpyruvyl shikimate 
phosphate (EPSP) synthase, the enzyme which glyphosate i s thought 
to i n h i b i t . 

A l f a l f a p l a n t s , derived from t i s s u e c u l t u r e and t o l e r a n t to 
Roundup, were evaluated to i n v e s t i g a t e t h e i r mechanism of r e s i s t 
ance. No d i f f e r e n c e was found i n the l e v e l of shikimate-3-
biphosphate which accumulated i n both r e s i s t a n t and s u s c e p t i b l e 
l i n e s upon treatment with glyphosate. 

This r e s u l t i n d i c a t e s that the s t r u c t u r a l gene coding f o r 
EPSP synthase has not been modified to code f o r a glyphosate-
r e s i s t a n t enzyme because these t i s s u e s s t i l l accumulate high l e v e l s 
of shikimate-3-biphosphate. Radio-labeled glyphosate has been used 
to study uptake of the chemical i n both s u s c e p t i b l e and t o l e r a n t 
l i n e s . The data tends to support the conclusion that the s e l e c t e d 
regenerated a l f a l f a l i n e
t h e i r non-selected counterparts
uptake i s probably the mechanism of t h i s r e s i s t a n c e . This type of 
r e s i s t a n c e i s not d i s s i m i l a r from r e s i s t a n c e to some anti-cancer 
drugs i n c u l t u r e d cancer c e l l l i n e s . In those systems the c o n s t i t u 
t i v e l e v e l of membrane glycoproteins increases g r e a t l y with continu
ous exposure to the drug. I t can be hypothesized that exposure of 
plant c e l l s to glyphosate might also induce g l y c o p r o t e i n synthesis 
which make the membranes of the c e l l s l e s s permeable to the chemical. 

Other problems, besides obtaining commercially i n s i g n i f i c a n t 
l e v e l s of r e s i s t a n c e and the requirement to screen large numbers of 
l i n e s , were encountered using t i s s u e c u l t u r e s e l e c t i o n . Figure 12A 
shows one of the glyphosate t o l e r a n t regenerates, HG-2. I t i s no 
longer a normal t r i f o l i a t e a l f a l f a p l a n t . The e f f e c t of long-term 
t i s s u e c u l t u r e , mutagenesis and s e l e c t i o n f o r glyphosate r e s i s t a n c e 
or tolerance was d e f i n i t e l y d e l e t e r i o u s and increased the somaclonal 
v a r i a t i o n . Figure 12B shows the flower of t h i s same l i n e ; i t i s 
evident that the flower morphology more c l o s e l y resembles a hya
c i n t h than an a l f a l f a flower. Because of r e s u l t s such as these 
observed from t i s s u e c u l t u r e s e l e c t i o n , the advent of genetic 
engineering technology i n plants was greeted with great enthusiasm. 

A n a t u r a l transformation system that has been discovered and 
e x p l o i t e d f o r plants (Figure 13) depends on a n a t u r a l s o i l b a c t e r 
ium which i s a pathogen of dicotyledonous p l a n t s , Agrobacterium 
tumefaciens. A. tumefaciens contains a plasmid ( c i r c u l a r e x t r a -
chromosomal DNA) c a l l e d the "Ti-plasmid l f. This plasmid i s so named 
because i t c a r r i e s the tumor inducing DNA which i s t r a n s f e r r e d i n t o 
the plant c e l l s . During the course of i n f e c t i o n , a 16 k i l o b a s e 
piece of DNA c a l l e d the "T-DNAM i s t r a n s f e r r e d from the Ti-plasmid 
i n t o the chromosomal DNA of the plant c e l l . In the w i l d , t h i s 
r e s u l t s i n the formation of a crown g a l l , a disorganized tumorous 
growth of plant c e l l s which can be seen on trees and other plants 
i n the f i e l d . These tumors can be removed from the plant and grown 
i n c u l t u r e . There are s e v e r a l points which have been observed about 
these c u l t u r e s . 

F i r s t , the tumor c u l t u r e s produce t h e i r own p l a n t hormones; 
thus, u n l i k e other c a l l u s , they do not r e q u i r e hormone supplemented 
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Figure 1 2 . HG-2 glyphosate t o l e r a n t a l f a l f a derived from 
t i s s u e c u l t u r e s e l e c t i o n . A. Abnormal m u l t i f o l i a t e l e a f 
s t r u c t u r e . B. Abnormal flower morphology. 
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media. In a d d i t i o n , they produce unusual amino a c i d metabolites 
c a l l e d "opines 1 1 which are not present i n the untransformed plant 
t i s s u e . These metabolites are d e r i v a t i v e s of arg i n i n e and provide 
a n u t r i e n t source f o r the b a c t e r i a . I t was noted that, a f t e r the 
b a c t e r i a were eliminated by treatment of the c a l l u s t i s s u e with 
appropriate a n t i b i o t i c s , the plant c e l l s s t i l l produced opines and 
s t i l l grew independent of plant hormones. 

Researchers perceived that i n tumor formation A. tumefaciens 
T-DNA was t r a n s f e r r e d i n t o the plant c e l l s . An organism with a 
na t u r a l DNA transformation a b i l i t y could be very u s e f u l f o r g e n e t i 
c a l l y engineering or t r a n s f e r r i n g t r a i t s i n t o plant c e l l s . Of 
course, there were a number of obstacles to be overcome i n using 
A. tumefaciens f o r plant genetic engineering. 

F i r s t , the t i s s u e that came from i n f e c t i o n of plants with 
A. tumefaciens was a chimeric t i s s u e containing a mixture of tr a n s 
formed and non-transformed c e l l s . Second, vector technology was 
needed f o r a c t u a l l y p u t t i n g f o r e i g n genes i n t o the T-DNA of 
A. tumefaciens. T h i r d ,
formants. Fourth, i t ha
regenerate normally before transformation, were i n h i b i t e d from r e 
generation a f t e r transformation due to the hormone genes (tumor 
genes) that were t r a n s f e r r e d i n t o the plant c e l l s . Therefore, tech
niques were needed to remove the tumor genes to allow regeneration 
of transformed c e l l s . 

The chimeric t i s s u e problem has been solved by c o - c u l t i v a t i n g 
plant p r o t o p l a s t s with A. tumefaciens (Figure 14), then t r e a t i n g 
these p r o t o p l a s t suspensions with an a n t i b i o t i c that s e l e c t i v e l y 
k i l l s the A. tumefaciens. The pr o t o p l a s t s are pla t e d onto a nurse 
l a y e r of tobacco c e l l s which feed the i n d i v i d u a l p r o t o p l a s t s and a i d 
them i n regenerating i n t o pure c o l o n i e s . The colonies u l t i m a t e l y 
form c a l l u s , and t h i s allows f o r the production of pure c u l t u r e s of 
transformed c e l l s . These c u l t u r e s can then be regenerated i n t o 
p l a n t s . 

The technology f o r s h u t t l i n g the desired f o r e i g n genes i n t o 
the A. tumefaciens T-DNA i s shown i n Figure 15. The s a l i e n t f e a 
tures are: f i r s t , the intermediate plasmid (pMON120) has homology 
with the A. tumefaciens Ti-plasmid, allowing c o - i n t e g r a t i o n i n t o the 
Ti-plasmid and the i n s e r t i o n of desired genes i n t o the T-DNA of 
A. tumefaciens. Second, the plasmid contains the gene coding f o r 
nopaline synthase which serves as a convenient, r a p i d l y assayable 
marker f o r transformation i n pl a n t s because t h i s metabolite can be 
e a s i l y i d e n t i f i e d by chromatography. In a d d i t i o n , the intermediate 
plasmid c a r r i e s the gene f o r spectinomycin and streptomycin r e s i s t 
ance which allows i t s s e l e c t i o n and manipulation i n J£. c o l i and 
A. tumefaciens. I t a l s o contains a unique Eco RI r e s t r i c t i o n s i t e 
which allows the opening or c u t t i n g of t h i s plasmid f o r the i n s e r 
t i o n of desired genes. 

When f o r e i g n genes were o r i g i n a l l y put i n t o p l a n ts using the 
A. tumefaciens Ti-plasmid c o - i n t e g r a t i o n technology, they were not 
expressed. I t was hypothesized that the problem was that b a c t e r i a l 
promoters are not recognized i n p l a n t s . Hence, three chimeric genes 
were constructed as shown i n Figure 15. One gene was composed of 
the nopaline synthase (NOS) promoter, which i s known to fu n c t i o n i n 
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Expiant tumor 

Teratoma maintains 
several copies per cell 
of T-DNA only 

harboring Ti plasmic 

Figure 13. Agrobacteriu
t i o n system f o r pl a n t s
piece of DNA, the Ti-plasmid. The bacterium i n f e c t s a 
dicotyledonous plant and t r a n s f e r s the T-DNA from the T i -
plasmid to the plant chromosomal DNA causing a tumor to form. 
The tumor i s c a l l e d a "crown g a l l " . The g a l l , or teratoma, can 
be removed from the plant and placed into c u l t u r e on medium 
without exogenous hormones. 

— Many advantages over in planta 
inoculations 

— Permits optimization of selection 
schemes 

Regenerating Protoplasts 
(~ 10Vml) 

A. tumefaciens cells 
(~ 107 — Wml) 

— lower hormones 
— reduce osmoticum 
— plate on selection 

medium 

Figure 14. C o - c u l t i v a t i o n procedure f o r transformation of 
plan t p r o t o p l a s t s by Agrobacterium tumefaciens. 
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Cla l 

PMON129 
Eco RI Bgl II 

I 
Bam HI Eco RI 
I I 

(128) NOS 
promoter 

Tn5 NPTII Coding Sequence NOS 
poly A site 

pMON131 
Eco RI Bam HI Eco RI 

(130) NOS 
promoter 

Tn601 NPTI Coding Sequence NOS 
poly A site 

PMON140 
Eco RI 
I 

Bgl II Bam HI Eco RI 
I I 

(139) Tn5 NPTII 
promoter 

Tn5 NPTII Coding Sequence NOS 
poly A site 

Figure 15. Plasmid vector system f o r s h u t t l i n g chimeric genes 
i n t o the T-DNA. Upper, the intermediate vector, pMON120, 
cons i s t s of a segment of pBR322, a gene f o r resis t a n c e to 
spectinomycin and streptomycin, a nopaline systhase gene (NOS) 
and a region of homology (LIH) with the Ti-plasmid to allow 
c o i n t e g r a t i o n and i n s e r t i o n of chimeric genes i n t o the T-DNA. 
Lower, the three chimeric kanamycin resistance genes shown were 
in s e r t e d i n t o the unique Eco RI s i t e of pM0N120 to create the 
new intermediate plasmids, pM0N129, pM0N131 and pM0Nl40. 
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p l a n t s , coupled to a gene coding for kanamycin r e s i s t a n c e (the Tn5 
neomycin phosphotransferase I I coding sequence). The Tn 601 neo
mycin phosphotransferase I coding sequence was also fused with the 
NOS promoter. F i n a l l y , Tn5-NPTII with i t s own promoter was used to 
te s t whether or not b a c t e r i a l promoters would, i n f a c t , f u n c t i o n i n 
p l a n t s . These three genes were i n s e r t e d i n t o the Eco RI s i t e of 
pMON120 to produce the intermediate plasmids designated pM0N129, 
pM0N131 and pMON140. 

In Figure 16 the recombination, which s h u t t l e s the vector 
with the chimeric gene coding f o r kanamycin r e s i s t a n c e (Tn5-NPTII) 
i n t o the Ti-plasmid, i s demonstrated. A f t e r c o - i n t e g r a t i o n occurs, 
a new Ti-plasmid i s formed which c a r r i e s a l e f t - and a right-hand 
border. The border sequences form the ends of the T-DNA segment 
which in t e g r a t e s i n t o the plant chromosome. The new Ti-plasmid a l s o 
contains the chimeric kanamycin r e s i s t a n c e gene and the nopaline 
synthase gene, as w e l l as the tumor genes which were on the o r i g i n a l 
Ti-plasmid. 

When A. tumefacien
a l l these genes, i n c l u d i n
p l a n t genome. S e l e c t i o n f o r transformants can then be accomplished 
on kanamycin-containing media. Because the pMON vector system, 
which co-integrates i n t o the Ti-plasmid, contains a right-hand bor
der next to the NOS gene, the T-DNA a c t u a l l y has two right-hand bor
ders. E i t h e r of these r i g h t borders can f u n c t i o n as one end of the 
tr a n s f e r r e d T-DNA. This o c c a s i o n a l l y allows f o r i n t e g r a t i o n of a 
shortened segment of DNA. When t h i s "short t r a n s f e r " occurs, the 
tumor genes are deleted and plant regeneration can proceed. 

Information to support the t r a n s f e r of these s e l e c t a b l e 
markers i s shown i n Figure 17. Figure 17A shows the r e s u l t s of a 
paper e l e c t r o p h o r e s i s separation of petunia c a l l i which were 
sel e c t e d on the b a s i s of nopaline production. Comparison of the 
spots observed, a f t e r s t a i n i n g with phenanthrene quinone reagent, 
demonstrates that opines are being produced by these plant c e l l s . 

Figure 17B shows the a c t u a l s e l e c t e d c a l l u s . C a l l i on the 
l e f t were derived from transformed p r o t o p l a s t s which d i d not con
t a i n the gene coding f o r kanamycin r e s i s t a n c e , while those on the 
r i g h t were derived from transformed p r o t o p l a s t s which contained the 
re s i s t a n c e gene. In a media containing 50 pg /ml of kanamycin, 
those c e l l s containing the r e s i s t a n c e gene have regenerated to form 
a healthy green c a l l u s , while the transformed c o n t r o l c e l l s have 
not. 

The k i l l curve i n Figure 17C g r a p h i c a l l y i l l u s t r a t e s the 
nec e s s i t y of the nopaline promoter i n the chimeric gene rather than 
depending upon the b a c t e r i a l promoter f o r gene expression. The top 
curve i s the k i l l curve f o r the neomycin phosphotransferase I I 
system connected to the nopaline synthase promoter, while the middle 
curve i s the same promoter now fused to the neomycin phosphotrans
ferase I gene. The bottom curve, showing the same r e s i s t a n c e as a 
non-transformed c o n t r o l , i s the neomycin phosphotransferase I I with 
i t s own b a c t e r i a l promoter. The chimeric gene with the NOS promoter 
and the NPT-II coding sequence gives an LD50 f o r kanamycin of ap
proximately 150pg/ml. 

Southern h y b r i d i z a t i o n , shown i n Figure 17D, confirmed that 
the DNA from A. tumefaciens had been t r a n s f e r r e d i n t o the plant 
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SEV System 

"short transfer" 
=*HUHH^ spc/„rf K^j}»= 

Figure 16. Using the Ti-plasmid vector system f o r pl a n t 
transformation. The arrows represent the T-DNA border sequenc
es. LIH i s a region of homologous DNA f o r recombination 
between T i and the pMON vector. The tumor genes are denoted 
tms and tmr. OCS and NOS are octopine and nopaline synthase 
genes, r e s p e c t i v e l y . The chimeric kanamycin re s i s t a n c e gene i s 
designated Kan . The res i s t a n c e gene f o r spectinomycin and 
streptomycin i s designated s p c / s t r . Recombination between the 
LIH regions on the Ti-plasmid and pMON vector produces the 
cointegrate plasmid with two r i g h t borders. A f t e r co-
c u l t i v a t i o n and s e l e c t i o n f o r kanamycin resistance e i t h e r the 
e n t i r e T-DNA i n c l u d i n g the tumor genes ("long t r a n s f e r " ) or a 
truncated T-DNA without tumor genes ("short t r a n s f e r " ) i s 
integrated i n t o the pl a n t genome. Only plant c e l l s r e c e i v i n g 
the short t r a n s f e r can regenerate. 
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c e l l s . These b l o t s were prepared from the t o t a l plant chromosoma± 
DNA. 

The e n t i r e t i s s u e c u l t u r e sequence, used to o b t a i n the 
transformed petunia p l a n t s , i s shown i n Figure 18. Two types of 
c a l l u s are growing i n the p e t r i p l a t e containing kanamycin media. 
One received the "long" t r a n s f e r i n c l u d i n g the tumor genes which 
prevent regeneration. The other i s a c a l l u s which was derived 
from a "short" t r a n s f e r of the T-DNA, i . e . , one that d i d not con
t a i n the tumor genes. As a consequence, t h i s c a l l u s i s beginning 
to send out shoots which can be rooted and grown i n t o whole p l a n t s . 
Leaves from these regenerated transformed p l a n t s s t i l l express the 
kanamycin r e s i s t a n c e t r a i t when put back i n t o c u l t u r e . This t r a i t 
i s i n h e r i t e d i n a dominant Mendelian fashion (3:1) (6). 

The e n t i r e technology has been reduced to p r a c t i c e . A f o r 
eign gene has been i n s e r t e d i n t o plant c e l l s , those c e l l s have 
been regenerated, and the regenerated plants expressed the t r a i t 
(kanamycin resi s t a n c e ) which was i n s e r t e d  Although many problems 
remain, the technology i
genetic engineering can
fashion. 

The next issue to confront i s the question of the source of 
genes. One p o t e n t i a l l y u s e f u l gene i s the B a c i l l u s t h u r i n g i e n s i s 
(B.t.) p r o t e i n t o x i n gene. This p r o t e i n i s not t o x i c to mammals, 
but i t i s t o x i c to lepidopterous i n s e c t s at nanogram l e v e l s (7). 
This p r o t e i n has a b i l l i o n - f o l d safety f a c t o r f o r humans and i s 
acceptable f o r engineering i n t o plants f o r i n s e c t c o n t r o l . The 
Farm Chemicals Handbook contains t h i s statement about the B.t. 
t o x i n : "Harmless to humans, animals and u s e f u l i n s e c t s . Safe f o r 
the environment. Exempt from requirements f o r a tolerance on a l l 
raw a g r i c u l t u r a l commodities when applied to growing crops, f o r both 
preharvest and postharvest uses" (8). 

When the bacterium sporulates at the end of i t s growth c y c l e , 
i t produces a proteinaceous c r y s t a l which i s the a c t i v e ingredient 
i n the B.t. t o x i n . I t i s thought that t h i s c r y s t a l i s degraded i n 
the a l k a l i n e gut of lepidopteran pests to form a p r o t o x i n p r o t e i n 
of 134,000 dalton molecular weight, and that these protoxins are 
f u r t h e r degraded to lower molecular weight toxins i n the range of 
60,000-70,000 daltons (9). 

The t r i g o n a l p r o t e i n c r y s t a l s , which are v i s i b l e i n crude 
13. t h u r i n g i e n s i s c e l l preparations, can be i s o l a t e d by c e n t r i f u g a -
t i o n , p u r i f i e d and treated with a pH-10 b u f f e r to mimic the condi
t i o n s found i n the i n s e c t gut. The manipulations allow the i s o l a 
t i o n and p u r i f i c a t i o n of the 134,000 molecular weight pro t o x i n , 
Figure 19. The amino a c i d sequence from the amino terminus of t h i s 
B.t. p r o t e i n was determined, the p o s s i b l e DNA coding sequences were 
deduced, and a set of degenerate DNA probes was synthesized. The 
amino a c i d sequence and the probes are shown below: 
AA Sequence: MET - ASP - ASN - ASN - PRO - ASN - ILE 

DNA Probes: ATG - GAT 
C 

- AAT 
C 

- AAT 
C 

- CCA 
G 

- AAT 
C 

- ATT 
C 

Τ A 
C 
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Figure 17. See caption on next page. 
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Figure 17. V e r i f i c a t i o n of pla n t transformation. A. Nopaline 
production i n transformed petunia. Arrow i n d i c a t e s nopaline. 
Lanes, l e f t to r i g h t : 1, c a l l u s ; 2, p e d i c e l ; 3, sepal; 4, 
p e t a l ; 5, stigma; 6, anther; 7, nopaline (bottom) and octopine 
(top) standard; 8-10, not relevant. B. Growth of transformed 
petunia c a l l i on kanamycin-containing media. C a l l i i n p e t r i 
p l a t e on the r i g h t were derived from transformed p r o t o p l a s t s 
containing a f u n c t i o n a l chimeric kanamycin res i s t a n c e gene. 
C a l l i on l e f t were derived from transformed p r o t o p l a s t s which 
did not contain the re s i s t a n c e gene. C. Comparison of the 
a c t i v i t y of chimeric kanamycin-resistance genes. Curves show 
r e l a t i v e growth of transformed petunia c a l l i containing d i f f e r 
ent chimeric genes over a range of kanamycin concentrations. 
Genes tested were: NOS promoter-NPTII from pM0N129 (closed 
c i r c l e s ) , NOS promoter-NPTI from pM0N131 (open t r i a n g l e s ) , 
NPTII with i t s b a c t e r i a l promoter from pMONl40 (open c i r c l e s ) , 
untransformed c o n t r o l (dots). D. Detection of f o r e i g n DNA i n 
transformed petunia c a l l i . T o t a l p l a n t DNA from transformants 
selected f o r kanamycin res i s t a n c e or hormone independent growth 
(f o r pMON120 transformants) was digested with Eco RI, separated 
by e l e c t r o p h o r e s i s and hybridized with probes s p e c i f i c f o r 
NPTII (panel a) or NPTI (panel b). Numbers above each lane 
r e f e r to pMON vectors shown i n Figure 14. Lane 1 i n each panel 
contains a plasmid DNA marker. 
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Figure 18. Tissue c u l t u r e sequence to obtain transformed 
petunia plants expressing a f o r e i g n gene, kanamycin r e s i s t a n c e . 
The p e t r i p l a t e at the bottom contains two c a l l i . The c a l l u s 
not forming shoots received the "long t r a n s f e r " , and the 
shoot-forming c a l l u s , the "short t r a n s f e r " . The "short trans
f e r " shoots are removed from the c a l l u s and rooted i n the 
container i n the center. The rooted p l a n t i s t r a n s f e r r e d to 
the greenhouse. The leaves of the regenerated p l a n t express 
the f o r e i g n gene. 
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Figure 19. Bacillus thuringiensis crystal toxin protein. 
Isolated protein crystals were solubilized as indicated and 
analyzed by denaturing polyacrylamide gel electrophoresis. 
Solubilization in E l l i s buffer yields the 134,000 dalton 
protoxin. 
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The probes were hy b r i d i z e d to b l o t s of t o t a l plasmid DNA pre
pared from JB. t h u r i n g i e n s i s . This i s shown schematically i n Figure 
20. Plasmid DNA from toxin-producing IS. t h u r i n g i e n s i s i s f i r s t cut 
with r e s t r i c t i o n enzymes, r e s u l t i n g i n a c o l l e c t i o n of r e s t r i c t i o n 
fragments which can be s i z e d by g e l e l e c t r o p h o r e s i s . H y b r i d i z i n g 
the g e l with the DNA probe i d e n t i f i e s the fragments that correspond 
to the DNA coding f o r the t o x i n . 

The a c t u a l Southern h y b r i d i z a t i o n i s shown i n Figure 21. In 
the l e f t panel i s an agarose g e l showing r e s t r i c t i o n enzyme a n a l y s i s 
of plasmid DNAs containing the B.t. t o x i n gene. In the r i g h t panel 
i s the b l o t of the same g e l h y b r i d i z e d with the r a d i o - l a b e l e d DNA 
probe. The leftmost lane i s plasmid DNA i s o l a t e d from 
IS. t h u r i n g i e n s i s i t s e l f . The other lanes are E. c o l i plasmids con
t a i n i n g cloned segments of IS. t h u r i n g i e n s i s DNA. In the 
IS. t h u r i n g i e n s i s plasmid only a s i n g l e Bam HI fragment h y b r i d i z e s 
with the probe. Two of the IS. c o l i plasmids, pMAPl and pMAP2, con
t a i n cloned copies of t h i s h y b r i d i z i n g fragment which contains the 
B.t. t o x i n coding sequence

Once t h i s gene ha
be cloned and expressed i n IS. c o l i . Using an appropriate plasmid 
c l o n i n g vector, such as pBR322, t h i s gene can be i n s e r t e d i n t o 
IS. c o l i f o r m u l t i p l e copy production. Southern h y b r i d i z a t i o n can 
be used to v e r i f y that the gene i s being cloned (Figure 21), and 
Western b l o t s using antibodies to the B.t. t o x i n can be used to 
confirm that the p r o t e i n i s being produced. A d d i t i o n a l l y , whole 
c e l l s or p r o t e i n extracts of the c e l l s can be fed to s u s c e p t i b l e 
i n s e c t s to v e r i f y that the p r o t e i n t o x i n i s being made and i s 
a c t i v e . Presently, t h i s gene should be put i n t o the appropriate 
A. tumefaciens vectors and tested f o r t r a n s f e r and expression i n 
plant c e l l s . 

Although t h i s i s a graphic example of what can be done with 
a s i n g l e gene which has been thoroughly studied, many u s e f u l t r a i t s 
are multigenic. Response to s t r e s s i s almost c e r t a i n l y c o n t r o l l e d 
by m u l t i p l e genes. Stress i s one of the most important areas f o r 
i n v e s t i g a t i o n i n a g r i c u l t u r a l b i o l o g y . Figure 22 i s a graphic rep
r e s e n t a t i o n of the y i e l d l o s s e s incurred by environmental and b i o 
l o g i c a l s t r e s s e s . I t i s estimated that some 60% of the genetic 
y i e l d p o t e n t i a l i s l o s t to heat, c o l d , water and disease s t r e s s . 

Recently progress has been made i n studying various aspects 
of one p a r t i c u l a r s t r e s s , i . e . , the process by which plants pro
t e c t themselves from heat. Under normal con d i t i o n s , i t has been 
found that plants produce enzymes required f o r normal c e l l u l a r 
metabolism (Figure 23A). Figure 23B i l l u s t r a t e s the s i t u a t i o n 
when the plant senses an increase i n temperature. New genes, 
c a l l e d the "heat shock genes", are turned on, with the subsequent 
production of heat shock p r o t e i n s and expression of normal 
metabolism genes i s reduced. 

This phenomenon i s shown g r a p h i c a l l y i n Figure 24. Under a 
normal range of temperatures, normal c e l l u l a r p r o t e i n synthesis 
proceeds. However, as the temperature r i s e s , normal c e l l u l a r 
metabolism decreases and heat s t r e s s metabolism increases u n t i l 
f i n a l l y normal p r o t e i n synthesis i s stopped. Perhaps by under
standing how to c o n t r o l the expression of normal c e l l u l a r p r o t e i n s , 
i t may be p o s s i b l e to engineer plants that continue to express 
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Figure 20. Schematic diagram of the i s o l a t i o n of the B a c i l l u s 
t h u r i n g i e n s i s t o x i n gene. 

Figure 21. Cloning the B a c i l l u s t h u r i n g i e n s i s p r o t e i n t o x i n 
gene. L e f t panel, agarose g el r e s t r i c t i o n enzyme an a l y s i s of 
plasmid DNAs. Right panel, Southern b l o t of the same gel a f t e r 
h y b r i d i z a t i o n with a synthetic DNA probe 21 nucleotides i n 
length (21-mer) corresponding to the B.t. t o x i n amino a c i d 
sequence. Labels Β and Ε denote plasmid DNAs digested with 
r e s t r i c t i o n enzymes Bam HI or Eco RI, r e s p e c t i v e l y . B.t. 
denotes plasmid DNA i s o l a t e d from B a c i l l u s t h u r i n g i e n s i s 
i t s e l f . Clone #20, pMAPl, and pMAP2 are E^ c o l i plasmids 
containing cloned segments of B a c i l l u s DNA. 
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Figure 22. T h e o r e t i c a l graph of the genetic y i e l d p o t e n t i a l of 
an agronomic crop compared to act u a l y i e l d a f t e r losses due to 
environmental and b i o l o g i c a l s t r e s s e s . 
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Figure 23. The heat shock response. A. At normal tempera
ture, non-heat shock genes required f o r normal c e l l u l a r metabo
li s m are expressed, while heat shock genes are turned o f f . B. 
At high temperatures, heat shock genes are expressed, while 
expression of normal genes i s reduced. 
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Temperature 

Figure 24. Schematic representation of changes i n the p r o f i l e 
of p r o t e i n synthesis at normal and elevated temperatures. 

Figure 25. Schematic representation of phytoalexin production 
following exposure of the plant c e l l wall to a pathogen. Ε 
represents pla n t c e l l w a l l and pathogen enzymes; M, plant c e l l 
messengers. 
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t h e i r normal metabolism at higher temperatures while simultaneously 
producing the needed heat shock pr o t e i n s which protect the plant 
against heat s t r e s s , H y p o t h e t i c a l l y then, t h i s could r e s u l t i n an 
increased l e v e l of p r o t e i n synthesis at elevated temperatures which 
may r e l a t e to an increase i n y i e l d . Research towards t h i s end i s 
on-going i n many i n s t i t u t i o n s . 

Another system, which has been w e l l studied at the biochemi
c a l l e v e l , i s the induced r e s i s t a n c e to plant disease. For many 
years i t has been known that s u s c e p t i b l e plants can be treated with 
h e a t - k i l l e d or otherwise attenuated pathogens and have immunity 
induced. Figure 25 shows schematically what i s thought to happen 
during t h i s process. F i r s t , a pathogen, such as a fungal spore, 
contacts a plant c e l l and begins to germinate an i n f e c t i o n tube. 
As t h i s tube develops, i t secretes enzymes which begin to d i s s o l v e 
the plant c e l l w a l l s . This enzymatic a c t i o n i n turn releases plant 
enzymes which are cemented i n the w a l l . These plant enzymes i n turn 
begin to d i s s o l v e the c e l l w a l l of the fungus with r e s u l t i n g " b i o 
chemical warfare" betwee

As a consequence
both the fungal c e l l w a l l and the plant c e l l w a l l are released and 
recognized by the plant c e l l s . This stimulates as yet unknown 
messengers to i n i t i a t e de novo p r o t e i n synthesis, u l t i m a t e l y r e 
s u l t i n g i n the synthesis of compounds c a l l e d "phytoalexins". These 
plant a n t i b i o t i c s help to i n h i b i t the growth of the fungus i n the 
plant t i s s u e s . Understanding these mechanisms of r e s i s t a n c e at a 
molecular l e v e l should allow us to g e n e t i c a l l y engineer plants with 
improved disease r e s i s t a n c e i n the f u t u r e . 
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Why Are Green Caterpillars Green? 
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Insects use camouflage
avoiding predation. The green color of the tobacco 
hornworm larvae, (Manduca sexta) can be separated into 
constituent blue and yellow components. The water 
soluble blue component is the biliprotein, 
insecticyanin. The yellow color is derived from 
lipoprotein bound carotenes. This lipoprotein, 
lipophorin, is the major lipid transport vehicle in 
insect hemolymph. In addition to transporting dietary 
lipid, lipophorin is also involved in the transport of 
lipophilic insecticides. Nearly all the recovered 
radioactivity in hemolymph from topically applied 
[14C]-DDT is associated with lipophorin. Lipophorin 
of adult M. sexta is larger, less dense and is 
associated with small amounts of a third, adult 
specific, apoprotein. Alterations in adult lipophorin 
density, lipid content and apoprotein stoichiometry 
can be caused by injection of the decapeptide, 
adipokinetic hormone. 

Green is a popular color for insects. Green caterpillars abound. 
Who has grown tomatoes without encountering the ubiquitous tomato 
(and sometimes tobacco) hornworm? Its color blends so successfully 
with that of the host plant that finding the cause of the damage 
can be frustrating in the extreme. Even some adult insects are 
green and the green insect egg evades detection when placed on a 
host plant. Clearly, green coloration imparts a protective 
advantage to the phytophagous insect. 

Insecticyanin 

The remarkable matching of insect pigmentation to that of the host 
plant led to the idea that the pigment of host and pest were 
related, possibly identical. Early workers compared the green 
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pigments of plants and larval insects and concluded that the 
insects retained chlorophyll from the diet and sequestered it in 
their tissues for camouflage coloration (_1). 

The chlorophyll hypothesis was thoroughly destroyed by Lederer 
and Przibram in 1933, when they reported that the green color of 
some orthopterans could be resolved into a water soluble blue 
pigment and a fat soluble yellow carotene fraction (2). Subsequent 
work on a number of species showed that the blue color results from 
protein-bound bile pigments, usually biliverdin ΙΧγ or IXa (3) 
(Figure 1 ) . The yellow color results from protein-bound carotenes, 
which in the lepidoptera are usually lutein and β-carotene (4) 
(Figure 1 ) . It is interesting to note that the green coloration of 
the eggs of a tropical tree frog, Agalychnis dacnicolor, has 
recently been shown to result from a mixture of biliverdin IXa and 
lutein (5). 

Recent investigations have been focused on the identification 
of the protein-pigment complexes of insects. For example, in the 
tobacco hornworm, Manduc
has been found in the hemolymph
This protein was purified to homogeneity and crystallized by 
Cherbas (6). It was shown to be an oligomeric protein composed of 
22,000 daTton subunits. The chromophore was tentatively identified 
as biliverdin ΙΧγ, associated by non-covalent bonds to the 
apoproteins. 

The structure of the insecticyanin apoprotein has recently 
been determined (7) (Figure 2). In comparing this protein with 
others that bind File pigments, short regions of homology have 
emerged. Those segments may thus represent the sites of bile 
pigment binding to insecticyanin. The holoprotein appears to be a 
tetramer, as indicated by cross-linking experiments (7). 

We do not know how insects produce bile pigments. Some 
evidence points to de novo synthesis (8), but it is possible that 
some dietary component is involved. In mammals, protoporphyrin IX 
is cleaved to biliverdin IXa (Figure 1 ) , but we do not know if an 
analogous process leads to insect biliverdins. Mammals process 
large amounts of protoporphyrin IX resulting from heme 
degradation. As insects do not make hemoglobin for oxygen 
transport, their supply of protoporphyrin IX is much more limited. 
If one could understand the route of bile pigment synthesis in 
insects and disrupt i t , interference with camouflage coloration 
might be an attainable goal. 

Hemolymph Lipoprotein 

The yellow carotene binding protein of M. sexta hemolymph is a more 
complicated case. Carotenes are extremely water-insoluble 
materials. They share this property with several other natural 
products including sterols, fats and hydrocarbons, all of 4;hich are 
important to insects. This property is also shared by many 
xenobiotics, including pesticides. Transport of hydrophobic 
materials within the aqueous compartments of living organisms, e.g. 
blood or hemolymph, is accomplished by lipoproteins. Extensive 
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Figure 1. Bile pigments and carotenes used by insects for 
coloration. The conversion of protoporphyrin IX to the various 
bile pigments is indicated. 
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Figure 2. The covalent amino acid structure of the blue 
biliprotein of M. sexta. Residues 60-90, 102-108 and 147-154 
show some homology with other bile pigment binding proteins and 
may represent regions involved in chromophore binding. 
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studies on human serum lipoproteins have provided a model in which 
extremely hydrophobic materials (e.g. triacylglycerol, sterol 
esters, hydrocarbons) form a spherical core (9). The acyl chains 
of a phospholipid monolayer as well as the apolar ring system and 
side chain of free sterols associate with the hydrophobic core, 
while the polar phospholipid head groups and sterol hydroxyl groups 
face the aqueous exterior. Interspersed near the aqueous interface 
are the apoproteins, which have well defined, segregated, 
hydrophobic and hydrophilic regions on their surfaces. The 
hydrophilic regions of the apoproteins interface with the aqueous 
environment while the hydrophobic regions associate with the 
phospholipids. Based on this structural organization, the 
apoproteins are said to be amphiphilic. This arrangement provides 
for the packaging of hydrophobic material within a water compatible 
envelope that may be efficiently transported through the blood. 

Human lipoproteins exist in several sizes and densities with 
differing lipid to protein ratios. These various lipoproteins have 
different origins in th
functions (10). Thus, chylomicron
particles formed in the intestine and designed to deliver dietary 
fat to adipose tissue. Very low density lipoproteins (VLDL), on 
the other hand, are smaller, more dense particles designed to 
deliver lipids from the liver to adipose and other tissues. Low 
density lipoproteins (LDL), formed from VLDL or produced in the 
liver or intestine deliver cholesterol to peripheral tissue, while 
high density lipoproteins (HDL) function to return cholesterol from 
peripheral tissues to the liver for catabolism. There is a complex 
exchange of lipids and apoproteins between the lipoprotein classes. 

If one draws hemolymph from the green larva of Manduca sexta 
and mixes it with potassium bromide to a concentration of 
44 percent, places this solution in an ultracentrifuge tube, 
overlayers with saline and subjects the mixture to centrifugation 
at 200,000 χ g for 4 hours in a vertical rotor, one resolves the 
green color into a lower blue phase, a clear zone and a bright 
yellow band in the middle of the tube (Figure 3). This is the 
result of a density gradient of KBr set up in the centrifugal 
f ield. Most proteins, including the blue insecticyanin, have a 
density greater than 1.30 g/ml and thus are sedimented to the 
bottom of the tube. The yellow carotene is associated with the 
lipoprotein of larval hemolymph, which has a density of 1.15 g/ml, 
and thus floats above the remainder of the hemolymph proteins. 

It is thought that dietary carotene is transferred to the 
hemolymph lipoprotein, which is called lipophorin ( Π . ) , at the 
midgut during digestion of food. It is transported to epidermal 
cells, where it probably associates with a different protein inside 
the cells. Unlike the blue component of green coloration, insects 
appear to be completely dependent upon dietary carotenes for the 
yellow component (4J. M. sexta larvae, raised on a standard 
laboratory diet, are distinctly blue in color, rather than green. 

What do we know about the structure and multiple functions of 
insect lipophorin? Larval lipophorin from M. sexta (12,13), with a 
density of 1.15 g/ml, is comparable to the ïïTgh dens i ty 1i poprotei η 
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of human serum. Table I compares the composition of mammalian HDL 
with M. sexta larva l l ipophor in. The differences are in the 
content of chacylg lycero l , a major component of l ipophor in, and 
sterol esters, which are present in only small amounts in 
l ipophor in. The polypeptide components are also d i f f e ren t . 
Mammalian HDL contains several copies of r e l a t i v e l y small 
apoproteins, the apoA ser ies , while l ipophorin contains an 
extremely large apoprotein, apoLp-I, of about 240,000 daltons, and 
a moderate sized apoLp-II of about 80,0000 daltons (13). Each 
l ipophorin pa r t i c l e has only one copy of each apoprotein. 

Table I . Composition of High Density Lipoproteins 
in Insects and Man 

Lijrid Component 

Percent Total Weight 

Tr iacy lg lycero l 0.9 2 
Diacylglycerol 14.9 0.4 
Sterol ( % as esters) 2.0 (0%) 18 (84%) 
Phospholi pi d 14.9 18 
Hydrocarbon 4.7 — 
Protein 62.7 58 
Density (g/ml) 1.15 1.06-1.21 
*Taken from Prasad (26) 
**Taken from Chapman~T27 )̂ 

Xenobiotic transport by l ipophor in. We believe that the function 
of the larva l l ipophorin is to transport water-insoluble materials 
consumed by the larva from the s i t e of digestion and absorption in 
the midgut to the t issues of storage or u t i l i z a t i o n . Among these 
are f a t s , s tero ls and carotenes. We also know that hydrocarbons, 
produced in blood c e l l s , are transported by l ipophorin to epidermal 
c e l l s , where they are exported to the surface of the exoskeleton 
(14). Lipophorins may also transport hydrophobic xenobiot ics. 
Figure 4 shows the resu l t of an experiment in which a sublethal 
dose of l̂ C-DDT was applied to the cu t i c l e of a f i f t h instar 
larva of M. sexta. After 19 hours, hemolymph was drawn and 
subjected to KBr density gradient centr i fugat ion. The 
rad ioac t i v i ty in each f ract ion was determined, and the resu l t can 
be seen. The amount of radioact ive DDT in the hemolymph 
represented only about 0.5-1 percent of the applied dose, but 
v i r t u a l l y a l l of the radioact ive material was associated with the 
l ipophor in. While the mode of transport of insect ic ides in insects 
is a matter of some controversy (l!5) i t can be c l ea r l y stated that 
i f DDT gets into the hemolymph, i t associates with l ipophor in. 
Ear l i e r workers (16-18) have mixed labeled insect ic ides with 
hemolymph and shown that they become associated with l ipoprote ins, 
but none of these reports ident i fy the l ipoproteins in the 
hemolymph. 
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Figure 3. Potassiu
ultracentrifugation of M. sexta hemolymph. The less dense 
yellow colored lipophorin floats above the layer of more dense 
ordinary proteins, including the blue insecticyanin. Arrow 
designates position of lipophorin in the gradient. 
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Figure 4. Distribution of [14]C-DDT in larval M. sexta 
hemolymph. 19 h after topical application, hemolymph was 
subjected to density gradient ultracentrifugation as shown in 
Figure 3. Following centrifugation the tube was fractionated 
and the radioactivity in each fraction determined. Most of the 
labeled pesticide was found in the lipophorin fraction. 
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Adult Lipophorin 

When the larva undergoes metamorphosis to an adult moth, a somewhat 
different lipophorin is found in the blood. The density of this 
adult form is 1.08 g/ml, and a new apoprotein, apoLp-III, 17,000 
daltons (19), associates with the lipophorin, in addition to 
apoLp-I ancT apoLp-II. Analysis shows that the particle has twice 
the lipid content as the larval form and an apoprotein ratio of 1 
apoLp-I to 1 apoLp-II to 2 apoLp-III. 

ApoLp-III is one of the most abundant proteins of adult 
hemolymph, reaching a concentration of 17 mg/ml. In hemolymph 
apoLp-III can be found free or associated with lipophorin. Only a 
small part of the total apoLp-III is associated with lipophorin 
when the animal is resting. 

A major difference between metabolism of the larva and that of 
the adult is that connected with flight in the latter. Some adult 
insects (e.g. f l ies and honeybees) use sugar to fuel flight, while 
others, particularly thos
flight (e.g. butterflies
tsetse fl ies and Colorado potato beetles) have an unusual reliance 
on proline as a flight fuel (20). In the case of fat utilization, 
it is necessary to transport Targe amounts of fat from the 
reservoirs in the fat body to the flight muscle. It is well 
established in the locust, Locusta migratoria, that fat is 
transported as diacylglycerol associated with lipophorin (20). 

The process of fat mobilization for use in flight metâEolism 
in L. migratoria is initiated by the release of a decapeptide, the 
adipokinetic hormone (ΑΚΗ) from the corpus cardiacum (20), a gland 
posterior to the brain and a part of the neuroendocrine system. 
Similar polypeptide hormones are probably found in all adult 
insects and are involved in preparing the animal for flight. In 
the cockroach, ΑΚΗ causes mobilization of carbohydrate in the form 
of the disaccharide, trehalose, which is produced in the fat body 
from the glycogen reserves and transported through the hemolymph 
(20). In the Colorado potato beetle Leptinotarsa decern!ineata, ΑΚΗ 
stimulates production of proline by the fat body (21). Since 
synthetic locust ΑΚΗ causes these effects in all oT~these animals, 
it is likely that each has a similar and homologous polypeptide 
hormone that signals the onset of flight metabolism. 

In the locust, ΑΚΗ is thought to act upon receptors in the fat 
body cell membrane to activate adenyl cyclase, which then activates 
the enzymatic machinery to convert triacylglycerol to 
diacylglycerol. The exact nature of that enzymatic machinery is 
unclear, but there is an obvious parallel to the action of glucagon 
on mammalian adipose tissue. When diacylglycerol leaves the locust 
fat body, it is accepted by locust lipophorin in the hemolymph, and 
at the same time, a small polypeptide, called "C protein" 
associates with the diacylglycerol loaded lipophorin (22J. We 
believe that M. sexta apoLp-III is analogous to locust C protein. 

To test t i ï i s hypothesis, we carried out experiments in which 
we injected synthetic locust ΑΚΗ into adult M. sexta. We observed 
a dramatic shift in the density of the adultTipophorin from 
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1.08 g/ml to 1.03 g/ml, or into the LDL class of lipoprotein (23). 
This change was accompanied by a large increase in size, 
diacylglycerol content and apoLp-III content (Figure 5). It can be 
seen that when most of the lipophorin has been loaded to capacity, 
the free apoLp-III in the hemolymph is greatly depleted. 

ApoLp-III has been isolated and characterized (19). It is 
devoid of cysteine and tryptophan, and contains only one tyrosine 
residue. It is poor in glycine and proline, which tend to destroy 
helical conformation, and rich in leucine, glutamate and lysine, 
which are good helix formers. In keeping with this composition, 
the circular dichroism spectrum indicates a high content of helix. 
In addition, viscosity experiments, as well as studies on 
monolayers of apoLp-III at the air-buffer interface suggest that 
apoLp-III is a compact molecule, a characteristic of proteins with 
a high content of α - h e l i x . The N-terminal sequence can be arranged 
into a perfect amphiphilic helix and would provide an excellent 
lipid binding site. Indeed, current experiments show apoLp-III to 
be an excellent lipid bindin
phospholipid or diacylglycerol coated surfaces with high affinity. 

Larvae lack the ability to load lipophorin with 
diacylglycerol, even when apoLp-III and ΑΚΗ are supplied. On the 
other hand, larval lipophorin is readily converted to the adult 
form and loaded in the adult when ΑΚΗ is supplied. If a foreign 
larval lipophorin, that from the honeybee Apis mel1ifera, is 
injected into adult M. sexta along with ΑΚΗ, the foreign lipophorin 
is partially loaded. However, immunoprecipitation experiments with 
anti-apoLp-III antibodies indicate that apoLp-III did not associate 
with the honeybee lipophorin (24). This suggests that apoLp-III 
may recognize some feature of tfie apoproteins for binding and is 
not simply associating with exposed l ipid. 

Lipophorins from several orders of adult insects have been 
examined, and so far only in L. migratoria (22), M. sexta and a 
hemipteran, Leptoglossus zonatus (25), has apoLp-TTl been 
observed. Efforts are now underway to determine if apoLp-III is 
invariably associated with flight metabolism fueled by fat. 

As one can see the question posed by the t i t le can be answered 
at several levels. Pursuit of the question leads into the basic 
biochemistry and physiology of the insect and reveals fundamental 
facets of the transport of vital hydrophobic materials throughout 
the insect system. An understanding of the structure and functions 
of the lipoprotein transport vehicle may lead to a better 
understanding of normal physiology, as well as the mechanism for 
distribution of hydrophobic xenobiotics. 
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Figure 5. Effect of adipokinetic hormone on lipophorin. 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (4-15 
percent acrylamide gradient slab) of M. sexta adult hemolymph 
following density gradient ultracentrifugation. Centrifuge 
tubes were fractionated and aliquots applied to the gel. 
Above, saline injected control animals; below, adipokinetic 
hormone (200 pmoles/animal) injected. Reproduced with 
permission from Ref. 23. Copyright 1983 Academic Press. 
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structure, 377 

2,2-Dimethyl-3-chromanones 
anti juvenile hormone 

activity, 242 
reactivity, 242 

2.5- Dimethyl-3-ethylpyrazine, 
structure, 400, 403 

4.6- Dimethyl-7-hydroxynonan-3-one, 
structure, 377 

Direct modes of allelochemical action, 
mechanisms of growth 
regulation, 113, 114 

Disease resistance 
chemical factors, 329 
chemical response, 329 
plant immunization, 47 

Diterpenes 
isolation, 434 
structural types, 435, 436f 

DPC—See Mepiquat chloride 

Ε 

EBI—See Ergosterol biosynthesis 
inhibitors 

definition, 165 
hydroxylative metabolism, 169, 172 
metabolism, 169 
role in reproductive maturation, 171 
source, 167 
structures, 227, 228f 
synthesis, 167, 169, 170 

Ecdysone 20-hydroxylase 
description, 169 
location, 169 

Ecdysteroids 
examples, 167 
finctions, 170 
role in hormonal control of 

reproduction, 170 
role in insect molting and 

metamorphosis, 167 
structures, 167, I68f 

Ecochemicals 
application, 220 
definition, 220 
regulation of pests, 220 

Ecological chemistry 
chemical basis, 327, 328 
definition, 327 
resistant plants, 328 

Ecological plant immunization 
description, 48 
effectiveness, 48 

Edifenphos 
description, 38 
mode of action, 38 
resistance, 38 
usage, 38 

Effectiveness—See Resistance 
ELISA—See Enzyme-linked immunosorbent 

assays 
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Empirical approach, 104, 105 
o-Endotoxin(s) 

definition, 279 
examples, 280 
injected toxicity, 281, 283t 
oral toxicity, 281, 283, 284t 
preparation, 280, 281 
SDS-PAGE analysis, 281, 282f 
susceptibility, 281, 283 
toxicity, 281, 283, 284t, 285 

Entomologist cooperators of fr u i t 
f l i e s , 362t 

Enzyme-linked immunosorbent assays 
(ELISA) 

a b i l i t y to distinguish between 
optical isomers, 310 

advantages, 307, 315 
examples, 312, 313 
specificity, 309 

Enzyme-linked immunosorbent assa
methodology 

antigen measurement, 308, 309 
description, 307-9 
monoclonal antibody technology, 308 
polyclonal antibody technology, 308 

3,4-Epoxyprecocenes 
anti juvenile hormone activity-

epoxide chemical reactivity 
relationship, 241 

chemical studies, 240-42 
precocene-like activity- 1 3c 

chemical shift relationship, 241 
reactions, 241, 242 
stabilization, 240, 241 

Erectin 
application, 223 
chemical composition, 222, 223 

Ergosterol biosynthesis inhibitors 
control of fungal diseases, 39 
effectiveness, 40 
examples, 39 
mode of action, 39 
secondary effects, 39, 40 

Ethephon, uses, 104 
Ethylene, mechanism, 91 
3-Ethyl-5-methylindolizidine, 

structure, 400, 403 
Euapoplastic, definition, 15 

F 

Fabre's hypothesis, 381, 382 
First-generation fungicides 

effectiveness, 36 
examples, 36 
function, 36 

Florigen, definition, 91 
Florigen concept 

description, 91 
evidence, 91, 92 

Free energy change, mechanism of 
enzyme catalysis, 137, 138 

Frontalin 
action, 370 
structure, 371 

Fungal resistance 
description, 41 
types, 41 

Fungicides 
description, 35 
development, 35, 36 

G 

Gascardic acid 
isolation, 456 
structure, 456, 457f 

Genetic engineering 
Bacillus thuringiensis protein toxin 

gene, 499 
cocultivation procedure for plant 

protoplast 
transformation, 494, 495f 

obstacles, 494, 497 
plant transformation using 

Ti-plasmid vector 
system, 497, 498f 

plasmid vector system for shuttling 
chimeric genes into 
T-DNA, 494, 496f 

shikimate pathway, 481, 482f 
source of genes, 499 
tissue culture sequence to obtain 

transformed petunia 
plants, 499, 502f 

verification of plant 
transformation, 497, 499, 500f, 501f 

Gibberellins 
mechanism, 87 
role in flowering, 91, 92 

Gibberellin biosynthesis, 
inhibition, 97, 101f 

Gibberellin-dependent de novo 
synthesis 

evidence, 87 
inhibition, 87, 88 
level of action, 87 

Gibberellin-dependent enzyme release, 
evidence, 87 

Gluthathione—See GSH 
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Glyphosate 
HPLC chromatograms i l l u s t r a t i n g 

effect of glyphosate on soybean 
leaves, 490, 491f, 492 

mode of action, 490, 492 
Grandisol 

properties, 372 
structure, 372 

Growth retardants 
examples, 97 
reversal of effects, 97 

GSH-GSH-S-transferase 
effects of EPTC 

pretreatments, 77t, 80 
effects of R-25788 and EPTC on 

GSH-S-transferase 
a c t i v i t y , 80, 82f 

GSH-GSH-S-transferase system 
effects of R-25788 and EPTC on GSH 

content, 80, 8 l f 
effects of R-25788 pretreatments

H 

Hemolymph lipoprotein 
composition of high-density 

lipoproteins, 516t 
hydrophobic material 

transport, 512, 515 
potassium bromide density gradient 

ultracentrifugation, 515, 517f 
3-Heptyl-5-methylpyrrolizidine, 

structure, 400, 403 
Herbicidal antidotes 

examples, 70, 71t 
R-25788, 70 

Herbicidal antidote mechanism theories 
antidote-enhanced herbicidal 

mechanism, 70 
competitive inhibition, 70 
effects of antidote 

treatment, 70, 72f 
effects of herbicides on glutathione 

levels, 73t 
Herbicidal crop tolerance 

approaches, 69, 70 
herbicidal pretreatments, 70 

Herbicidal pretreatments 
effectiveness of CDAA 

pretreatments, 74, 78f 
effectiveness on metribuzin 

pretreatments, 74, 75f 
effects on later crop 

tolerance, 74, 77t 
increase of crop tolerance, 74 

Herbicidal pretreatments—Continued 
inhibition of 

photosynthesis, 74, 75f 
recovery after atrazine 

treatment, 74, 76t 
Herbicidal safeners—See Herbicidal 

antidotes 
Herbicides 

inhibition of plastoquinone 
reduction, 19, 24 

modification, 22, 24 
photoaffinity labels, 24 

Herbicide binding 
covalent attachment, 24 
DCMU-type herbicide, 20, 21f 
electron flow theory, 19, 20 
overlapping site theory, 20 
phenolic herbicide, 20, 21f 
property elucidation, 26 

unspecific, 20, 22 
Herbicide binding proteins 

discussion, 19, 20, 26 
identification, 24 
34-kilodalton protein, 24, 26 
photoaffinity labeling, 22, 24, 26 

Herbicide displacement, 22, 23f, 27 
Herbicide receptor proteins—See 

Herbicide binding proteins 
Herbicide-quinone interactions, 26, 27 
Herbicide-resistant weeds, binding 

with atrazine, 22 
Herbivore enzyme profiles 

association of trans-epoxide 
hydrolase with 
herbivory, 271, 273, 274, 275f 

comparisons, 271 
epoxide hydrolase profile relative 

to beneficial 
arthropods, 274, 276t 

lipophilic-mobilizing 
enzymes, 271, 272t, 274 

3-(3-Hexen-1-yl)-5-methylindolizidine, 
structure, 400, 403 

3-Hexyl-5-methylindolizidine, 400, 403 
Hydroprene, persistence, 208, 209t 
Hydroprene aquarium and chamber 

experiments 
changes in population size with time 

for Dallas aquarium 
tests, 211, 213f 

Dallas aquarium tests, 211 
Dallas chamber test, 211, 212 
population development for Dallas 

chamber test, 212, 231f 
population development for Purdue 

University kitchen 
test, 212, 215f 

Purdue University kitchen test, 212 
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Hydroprene f i e l d experiments 
effectiveness, 214, 216, 217 
experimental details, 212, 214 
population development for f i e l d 

tests, 214, 215f 
Hydroprene persistence 

effectiveness, 209, 210 
experimental details, 208, 209 

Hydroprene vapor test 
effects, 210, 211 
experimental details, 210 
raorphogenetic inhibition and effect 

on reproduction, 210t 
20-Hydroxyecdysone 

dose-response curve for feedings to 
tsetse, 410, 4l1f 

effect of 20-0HE on larval 
development and uterine gland 
activity, 410 

juvenile hormone effects, 41
usage as a systematic 

abortifacient, 410 

I 

IGR—See Insect growth regulators 
Immunological methods for pest control 

disadvantages, 426 
examples, 426 
systemic route, 422 

Indirect modes of allelochemical 
action, examples, 112 

Indoles, example, 402 
Indolizidines, examples, 400 
Insects, characteristics, 225 
Insect arrestants, definition, 353 
Insect attractants 
compounds isolated from food 

sources, 355, 356f 
definition, 353 
examples, 354, 356f 
problems, 362, 363 
synthetic, 355, 357f 
uses, 353, 354 

Insect behavioral compounds 
advantages and disadvantages, 332 
application in pest management 

systems, 332 
description, 331 
detection and survey of 

infestations, 332 
suppression or control of insect 

populations, 332 
Insect camouflage coloration 

bile pigments and 
carotenes, 512, 513f 

Insect camouflage coloration—Continued 
chlorophyll hypothesis, 512 
protein-pigment complex 

identification, 512 
Insect central nervous system 

description, 338, 339 
interference with chemical 

communication, 340 
Insect control strategies 

anti-juvenile-hormone 
agents, 255, 256 

chemically induced sexual 
s t e r i l i t y , 177 

Insect feeding deterrents, 
sesquiterpene lactones, 448 

Insect growth regulators 
effectiveness of potential 

larvicides, 410, 4l2t 

Insect phytohormones, types, 226 
Insect phytopheromones, examples, 233 
Insect sex pheromones 

biosynthetic pathways, 386, 387 
chemistry, 386 
gas chromatograms, 384, 385f 
identification, 382 
induced production, 386 
isolation, 382 
olfactory perception process, 387 
probable biosynthetic origin of a 

pheromone component, 386, 388f 
specificity of male response, 384 
structures, 382, 383f 
synthesis, 384 

Insect sexual messages, variables, 382 
Insect s t e r i l i z a t i o n methods 

direct s t e r i l i z a t i o n , 177 
ste r i l e insect release 

technique, 177 
Insecticyanin 

structures, 512, 5l4f 
synthesis, 512 

Integrated pest control programs 
effectiveness increase through use of 

ketones and 
1-octen-3-ol, 422, 423t 

effectiveness increase through use 
of host odors, 421t 

examples, 421 
Intermediate diffusion hypothesis 

description, 17 
diagram, 15, I6f 

Ipsdienol 
properties, 369, 370 
structure, 370 
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Ipsenol 
properties, 369, 370 
structure, 370 

Ivermectin 
effectiveness, 414 
feeding studies, 414 
structural formula, 414, 4l5f 

Ivermectin feeding studies 
fecundity, 414, 4l7t 
larval mortality, 414, 4l6f, 4l8t 
range of pest control, 414, 4l9t 

J 

JH—See Juvenile hormone(s) 
JH III biosynthesis 

effects of inhibitors, 261, 262f 
in vivo activity of 

inhibitors, 263, 26
inhibition, 261 
inhibition of oocyte 

growth, 263, 264f 
inhibitor selectivity, 263 
methyl farnesoate accumulation in 

corpora allata, 261, 264f 
Juvenile hormones (JH) 

background, 149, 151 
biosynthesis of juvenile hormone 

III, 171, 174f 
biosynthetic pathways, 325 
blockage, 324, 325 
examples, 171 
farnesoic acid precursors, 171 
function, 171 
properties, 171 
structures, 226, 228f 

Juvenile hormone esterase (JHE), 150 
Juvenile hormone esterase inhibitors 

inhibitory activity-molar equivalent 
relationship of JHE 
inhibitors, 151, 152f 

quantitative structure-activity 
relationships, 150-55 

Juvenoids 
effect on cockroaches, 201, 202, 216 
effects on 

reproduction, 204, 205t, 207 
hydroprene, 202 
structures, 204, 206 

Juvenoid control approach, 
assay, 202, 203 

Juvenoid hormones, 
chemistry, 227, 229t 

Juvenoid residue test 
effectiveness, 207, 208 
experimental details, 207 
influence of formulation, 207, 208t 

Κ 

Kaurene oxidase inhibitors, 
examples, 97, 100f 

32-34-Kilodalton herbicide binding 
protein 

binding, 28 
identification, 27, 28 
labeling, 27 

34-Kilodalton herbicide binding 
protein 

amino acid sequence, 28 
binding, 24, 26 
definition, 28 
displacement, 26 
hydropathy plot, 28, 29f 
identification, 27, 28 

L 

Larval lipophorin 
composition, 516 
distribution of P^clDDT, 516, 517f 
xenobiotic transport, 516 

Latent genetic information thesis, 
statement, 50 

Lignification 
definition, 57 
description, 57 
time course in cucumber, 57, 58f 

Lipophilic toxicants, metabolic 
transformation, 267, 268 

Lipophorin, types, 516, 517 

M 

Macrolide lactones, examples, 377 
Mammalian steroid hormone 

biosynthesis, cytochrome P-450 
mediated hydroxylatin 
reactions, 163, I64f 

Mechanism, definition, 85, 86 
Mechanisms of action 

effects on membranes, 114 
interaction with phytohormones, 114 

Melanin biosynthesis inhibitors 
description, 40 
examples, 40 
mode of action, 40, 41 
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Mepiquat chloride, use as 
bioregulator, 103, 104 

Metabolites of polycyclic aromatic 
hydrocarbons, mode of action, 241 

Metalaxyl 
description, 37 
mode of action, 37 
resistance, 37 

Methoprene, effectiveness, 216, 217 
Methyl farnesoate epoxidase 

inhibitors, 256 
reactions catalyzed, 256, 257f 

Methyl malonate 
metabolism, 247, 249t 
metabolism pathways, 247, 248f 
sources, 246 

N-Methyl-2,6-dialkylpiperidines, 
structures, 399, 401 

(8-Methyl-2-hydroxydecyl)propanoat
attractiveness of v o l a t i l e s
purity of synthesized 

stereoisomers, 374 
3- Methylindole, structure, 402, 403 
4- Methylpyrrole-2-carboxylate, 396 
2-Methyl-6-undecyl-1-piperideine 

iden t i f i c a t i o n , 399 
structure, 399, 401 

Michaelis-Menten mechanism, 139 
Microbial natural product derivatives, 

safety, 420, 421 
Midgut microsomal cytochrome P-450 

monooxygenase a c t i v i t i e s , 
i n h i b i t i o n , 261, 263t 

Mixed-function oxidases 
a c t i v i t y regulation, 165, I66f 
definition, 161 
role i n biochemical defense, 163 
role i n steroidogenic 

reactions, 163, 164 
sp e c i f i c i t y , 165 

Modes of action, 85, 86 
Modes of toxic i t y — S e e Modes of action 
Monomorine 

1,3-butyl-5-methyloctahydro-
indolizidine, 400, 403 

Multicomponent pheromones, 
examples, 369, 370 

Myrcene 
action, 370 
structure, 371 

N-Methylpyrrolidines 
ide n t i f i c a t i o n , 396 
structure, 396, 397 

Ν 

Natural plant growth regulators 
definition, 85 
examples, 85 

Natural plant growth regulators— 
Continued 

mechanisms, 85 
Natural products 

action on central nervous 
system, 331 

disadvantages, 331 
examples, 330, 331 
new pesticide development, 329, 330 

Natural products i n pest control 
application problems, 325, 326 
economic factors, 325 
effectiveness, 325 
u t i l i z a t i o n , 325 

Nereistoxin 
definition, 331 
structure, 331 

Neuromessenger releasers 
action  342 

action, 342 
examples, 342, 343 

Neuroregulation for insect 
control, 180 

Nicotine, structure, 340 
Nitrogen heterocycles 

See also Alkaloids 
examples, 395 

Nonspecific phytoalexin induction 
description, 49 
effectiveness, 49 

Nonspecificity of disease protection 
description, 52 
effectiveness, 52 
examples, 52, 54 

0 

20-OHE—See 20-Hydroxyecdysone 
Olfactory chemoreceptor system 

Bestmann-Vostrowsky pheromone 
receptor model, 387, 389 

description, 387 
mechanism, 387 
scanning electron photomicrograph of 

the male antennae, 387, 388f 
Vogt-Riddiford molecular model, 389 

Onium compounds 
definition, 97 
examples, 97, 99f 

Ophiobolane, skeleton and numbering 
system, 456, 457f 

Ophiobolins 
biochemical linkages, 461, 462 
properties, 460, 461 
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Ophiobolin G 
antibacterial activity, 461 
biological activity, 461 
properties, 460 
structure, 458, 459f 

Ophiobolin H 
antibacterial activity, 461 
biological activity, 461 
properties, 460 
structure, 458, 459f 

Organogenesis, definition, 478 
Ovicides, definition, 180 

Ρ 
Paraquat 

effects, 312 
ELISA, 312 
ELISA and colorimetry 

curves, 312, 313f 
GLC, 312 
sample preparation steps fo

paraquat analysis using ELISA 
and GC, 312 

Paraveinal mesophyll c e l l 
cross section, 12, 13f 
definition, 12 

Path region, 12 
PBR—See. Plant bioregulators 
PBR screening systems 

cost, 105 
efficiency, 105 
methods and techniques, 105, 106 

Penetration and germination, 
inhibition, 55, 57 

2-(4-Penten-1-yl)-1-piperideine, 
structure, 400, 401 

Permeability coefficient, 
definition, 17 

Pest management, concepts, 220 
Pesticidal plant immunization 

description, 48 
problems, 48 

Pesticide immunoassays 
examples, 309 
specificity, 309, 310 

Phenolic herbicides 
binding, 20, 21f, 22, 24, 26 
2,5-dibromo-3-methyl-6-isopropyl-

1,4-benzoquinone, 22 
displacement, 22 
(3H]-2-iodo-4-nitro-6-isobutyl-

phenol, 20, 21f, 22, 24, 26 
Pheromone activity, effects of 

chirality, 373 
Phloem, characteristics, 10 
Phloem loading 

characteristics, 10 
definition, 8 
process, 8, 9f 

Phloem transport, definition, 7 
Photoaffinity labels 

azidoplastoquinone, 27 
examples, 24 
properties, 24, 26 
property elucidation, 26 
structural formulas, 24, 25f 

Photosynthetic electron transport, 
inhibition, 19,22 

Photosystem II preparation, labeling 
pattern, 27 

Physiological alterations 
description, 49 
pr a c t i c i b i l i t y , 49 

Physostigmine 
action, 341, 342 
modification of insect 

behavior, 343, 344 
structure  341  342 

Phytoalexin accumulation 
description, 55 
time course, 55, 56f 

Phytoecdysteroids 
examples, 227 
structures, 227, 228f 

Phytohormones 
analogous compounds, 96 
antagonistic compounds, 96 
definition, 96 
interaction principle, 96 

Phytojuvenoids 
examples, 226 
mode of action, 226 

Piperideines, examples, 399, 400 
Piperidines, examples, 396 
Plant bioregulation, representations 

of modes of action, 97, 98t 
Plant bioregulators 

application, 102-4 
characteristics, 96 
definition, 96 
development, 102, 103 

104 
discovery concepts, 104, 105 
examples, 97, 103, 104 
identification, 105 
l i s t and classification, 96, 98t 

Plant defense strategies, types, 226 
Plant growth regulators—See Natural 

plant growth regulators 
Plant immunization, strategies, 47-50 
Plant regeneration 

a l f a l f a 
embryogenesis, 481, 483f, 484 

histochemical changes in 
cells, 484, 487f 

process, 481 
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Plant secondary chemicals, 
function, 225, 226 

Plant sensitization, description, 50 
Plant toxicant synergists, selective 

pest bioregulators, 274 
Plastohydroquinone oxidation, 

inhibition, 22 
Plastoquinone 

binding site, 27, 31 
description, 19 
displacement, 27 
interaction with herbicide, 27 
oxidation, 19 
reduction, 19 

Plastoquinone binding proteins, 
identification, 27 

Plastoquinone reduction, 
inhibition, 19 

Polyenes 
mode of action, 38 
resistance, 38 
usage, 38 

Polyoxins 
function, 38 
mode of action, 38 
resistance, 38 

Population controlling agents 
classes, 178 
definition, 178 

Precocenes 
bioactivation of precocene 

I, 174f, 173 
disadvantages, 256 
mechanism of bioactivation, 173 
mode of action, 240, 256 
problems, 242 

Precocene I 
mode of action, 237 
structure, 237 

Precocene II 
mode of action, 237 
structure, 237 

Precocene structures 
chemical stabilization, 238 
insect metabolic degradation 

stabilization,^ 239 
transport property 

modification, 239, 240 
Propionate 

13C analysis, 247, 250 
catabolism, 247 
determining factors, 247 
metabolic pathways, 250, 251 
metabolism, 247, 249t, 251 
metabolism pathways, 247, 248f 
precursor for juvenile hormone 

biosynthesis, 250 

P r o p i o n a t e — C o n t i n u e d 
r o l e s i n i n s e c t s , 245 
sources, 246 

P r o t e i n h y d r o l y s a t e s , c o n t r o l o f f r u i t 
f l y , 358, 359 

P r o t e i n hydrolysate v o l a t i l e m a t e r i a l 
i s o l a t i o n 

GC of pH 9 Nu-Lure Insect B a i t 
v o l a t i l e s , 359, 361f 

GC-MS, 359, 360f 
sep a r a t i o n method, 359 
s t r u c t u r e s o f Nu-Lure Insect B a i t 

pyrazines, 359, 361f 
v o l a t i l e components, 359, 362 

P r o t h o r a c i c o t r o p i c hormone, 
d e f i n i t i o n , 169 

Pseu d o p l a s t i c , d e f i n i t i o n , 15 
Psychomanipulants, examples, 340-43 
Psychomanipulation hypothesis

PVM—See P a r a v e i n a l mesophyll c e l l 
P y r i d i n e s , example, 400 
P y r r o l e , example, 396 
P y r r o l i d i n e s , examples, 395 
P y r r o l i n e s , examples, 396 
1-P y r r o l i n e s , s t r u c t u r e , 396, 398 
5 - P y r r o l i n e s , s t r u c t u r e , 396, 398 
P y r r o l i z i d i n e s , example, 400 

Q 

QSAR—See Q u a n t i t a t i v e 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 

Q u a n t i t a t i v e 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 

r e a c t i o n scheme of JH-esterase w i t h 
JH homologues and t r i -
fluoromethyl ketones, 153, 155 

r e l a t i o n between observed and 
c a l c u l a t e d PI50 values, 157f 

r e l a t i o n between observed and 
expected PI50 values, 154, 155f 

s e l e c t i v i t y toward JHE, 156, 157 
su b s t i t u e n t e f f e c t s , 156 

R 

R-25788, mode of a c t i o n , 70 
R a c e - s p e c i f i c fungal r e s i s t a n c e , 41 
Radiolabeled h e r b i c i d e s , 

b i n d i n g , 20, 22 
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Receptor agonists 
action, 340 
examples, 340, 341 

Receptor antagonists 
action, 341 
examples, 341 

Reserpine 
effects, 343, 345 
effects on blowfly 

behavior, 345, 346t, 347 
structure, 342 

Resistance 
chemical basis, 328 
effects, 328 
factors, 328 
mechanisms, 55, 328 

Resistance mechanisms 
examples, 41 
influx-efflux, 43 
inhibition, 43 

RNA and protein synthesis stimulation
mechanism, 86 

S 

Scarabaeidae pheromones 
chirality, 372 
example, 373 

Scolytidae pheromones, 
examples, 369, 371 

Second-generation fungicides 
advantages, 36, 37 
effectiveness, 37 
examples, 34, 38 
properties, 36 

Sensitization 
biotic, 51 
chemical, 51 
genetic, 51 
physical, 51 

Sesquiterpene lactones 
behavioral effects versus 

physiological 
inhibition, 450, 452 

description, 434, 435 
effect on feeding preference of 

grasshoppers, 438, 440t 
effect on feeding preference of 

sunflower moth 
larvae, 438, 442t, 443 

effect on grasshopper growth and 
development, 438, 439t 

effect on growth of armyworm 
larvae, 435, 437t 

Sesquiterpene, lactones—Continued 
effect on sunflower moth larvae 

survival, growth, development, 
and pupal weight, 438, 440t 

examples, 448, 450 
examples used in insect 

bioassays, 435, 437f 
feeding deterrence to armyworm 

larvae, 435, 439t 
feeding deterrent effects, 450 
inhibitory effects, 448, 450 
isolation, 434 
location in sunflower disk 

florets, 441, 442f 
properties, 448 
role in resistance to sunflower 

moth, 441, 443 
structural types, 434, 435, 436f 
structures  449  451 

Sink region, pathways, 12, I6f 
Solenopsins—See 

2-Alkyl-6-methylpiperidines 
Stereoselectivity, factors, 42 
S t e r i l i t y , definition, 180 
Sterilization by neuroregulators, 

evidence, 180 
Steroidogenesis in 

insects, 165, 167, 169, 170, 171 
Storage insect management, control 

methods, 220 
Succinate 

methyl malonate precursor, 246 
precursor to methyl branching 

unit, 246, 247 
propionate precursor, 246 

Sucrose 
loading, 8, 10 
pathways, 12, 14 

Sucrose accumulation, 8, 9f 
Sucrose uptake, mechanism, 10, 11f 
Sunflower, description, 434 
Surface protectants—See 

First-generation fungicides 
Symplast 

definition, 14 
transport, 12, 15 

Synaptic clearance antagonists 
action, 341 
examples, 341, 342 

Synthetic pesticides, 
selectivities, 268, 269 

Systemic immuization signal, 
evidence, 59 

Systemic toxicants—See 
Second-generation fungicides 
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Tephritid attractants, examples, 358 
Tephritid f r u i t f l i e s 

crop damage, 355 
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infestation detection, 355, 358 
lures, 358 

Terpenoids, types from Helianthus, 434 
Third-generation fungicides 

description, 40 
examples, 40, 41 

Ti-plasmid, function, 492 
Tissue culture, 

characteristics, 492, 494 
Tissue culture selection technology 

a l f a l f a clones from glyphosate f i e l d 
test, 488, 490t 

HG-2 glyphosate-tolerant 
a l f a l f a , 492, 493f 

natural transformation 
system, 492, 495f 

scheme involving spontaneous or 
induced mutagenesis, 488, 489f 

somatic c e l l selection for herbicide 
resistance, 484, 488, 489f 

Tobacco budworm larval growth bioassay 
description, 470 
results, 474, 475t 

Tolerance, definition, 328 
Totipotency, definition, 478 
Toxic phytochemicals 

analogy of trans-B-ethylstyrene 
oxide with plant-derived 
epoxides, 264, 270f 

propensity for trans- and çis-olefin 
biosynthesis, 269t 

Toxicity, definition, 337 
Toxins, modes of action, 338 
Transition-state analogues 

af f i n i t y , 143, 145, 146 
concept, 143 
extraordinarily powerful enzyme 

inhibitors, 147 
inhibitors of juvenile horm 

esterases, 149 
justification, 147 
schematic of free energy 

changes, 143, I44f, 145, 147 
Transition-state theory 

application to organophosphate and 
carbamate insecticides, 148, 149 

catalytic activity, 141 
correlation between log Ρ and 

k c at» 1̂ 2, I44f, 143 
description, 136-39 
description of enzyme catalysis, 143 
enthalpy, 138 
entropy, 138 

Transition-state theory—Continued 
enzyme-inhibitor dissociation 

constant, 147 
enzyme-substrate aff i n i t y , 146 
equilibrium association 

constant, 143 
equilibrium constant, 137, 138 
equilibrium constants and free 

energy changes, I45f 
Gibbs energy change, 138, 139, 141 

mechanism of enzyme 
catalysis, 137, 139 

plot of log K x vs. log 1/k, 149 
rate, 137 
schematic of free energy changes in 

an enzyme-catalyzed 
reaction, 137, I40f, 142 

second-order rate 
constant  137-39  141 

determining factors, 7, 14 
hypotheses, 15 
physiological basis, 8 

Translocation system, regions, 8 
Triadimefon 

activation, 42 
conversion mechanism, 42 
effectiveness, 42 

Triton N, structure, 310 
Triton X, structure, 310 
TSA—See Transition-state analogues 

U 

Use of o i l s and allelochemicals for 
pest control 

advantages, 426, 427 
effectiveness, 427, 428t, 429f 

V 

Vascular anatomy 
c e l l type, 10, 12 
differences, 10, 12 
influence on solute transport, 10 

cis-Verbenol 
properties, 369, 370 
structure, 370 

trans-Verbenol 
action, 370 
structure, 371 

Vernalin, definition, 91 
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description, 15 
diagram, 15, I6f 
evidence, 17 
exceptions, 17 
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description, 348 
effects of nectar, 348, 349 
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Xenobiotic metabolism 
enzymes, 162 
evolution, 162 
reactions, 162 
specificity, 162 

Indexing and production by Deborah H. Steiner 
Jacket design by Pamela Lewis 

Elements typeset by Hot Type Ltd., Washington, DC. 
Printed and bound by Maple Press Co., York, Pa. 

In Bioregulators for Pest Control; Hedin, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 


	Title Page
	Half Title Page
	Copyright
	ACS Symposium Series
	FOREWORD
	
	PREFACE

	
	1 Physiological Basis of Phloem Transport of Agrichemicals
	Physiological Basis of Phloem Translocation
	Agrichemical Transport
	Acknowledgment
	Literature Cited


	
	2 Interference by Herbicides with Photosynthetic Electron Transfer
	Herbicide Binding Experiments
	Herbicide-Resistant Weeds
	Herbicide Displacement Experiments
	Photoaffinity Labeling of the Herbicide Binding Proteins
	Herbicide/Quinone Interactions
	An Azidoplastoquinone Photoaffinity Label
	The 34 kDa Herbicide Binding Protein: The Molecular Level
	Acknowledgements
	Literature Cited


	
	3 New Approaches to Chemical Control of Plant Pathogens
	First Generation Fungicides
	Second Generation Fungicides
	Third Generation Fungicides
	Resistance Mechanisms
	Conclusions
	Literature Cited


	
	4 Elicitation of Disease Resistance in Plants by the Expression of Latent Genetic Information
	Protection of Plants Against Pests
	Statement of Thesis
	Methods of Sensitization
	General Occurrence of Resistance Induced by Biotic Agents
	Non-specificity of Protection
	Dynamics of Induced Resistance
	Practical Applications of Biotically Induced Resistance
	Chemically Induced Resistance
	Summary
	Acknowledgments
	Literature Cited


	
	5 Use of Subtoxic Herbicide Pretreatments to Improve Crop Tolerance to Herbicides
	Mode of Action of R-25788
	Increasing Crop Tolerance to Herbicides with Herbicide Pretreatments
	Effect of CDAA pretreatments on subsequent CDAA metabolism
	Effects of R-25788 and EPTC on the GSH/GSH-S-transferase System
	Summary
	Acknowledgments
	Literature Cited


	
	6 Regulation of Plant Growth and Development by Endogenous Hormones
	Auxins
	Gibberellins
	Cytokinins
	Abscisic Acid
	Ethylene
	Anthesins
	Literature Cited


	
	7 Plant Bioregulators: Overview, Use, and Development
	What are plant bioregulators and what is plant bioregulation?
	What substances and what principles of action are available?
	How have plant bioregulators been used so far in crop production and where are they employed in particular?
	What factors will have a major influence on determining the development of new plant bioregulators and on opening up further possibilities for use in crop production?
	Acknowledgments
	Literature Cited


	
	8 Effects of Allelopathic Chemicals on Crop Productivity
	Actions and Interactions of Allelochemicals
	Allelochemical Interference in Agricultural Fields
	Exploiting Allelopathy and Allelochemicals
	Conclusions
	Literature Cited


	
	9 Use of Transition-State Theory in the Development of Bioactive Molecules
	Transition State Theory
	Transition State Analogs (TSA)
	Application of TS Theory to Organophosphate and Carbamate Insecticides
	TSA as Inhibitors of Juvenile Hormone Esterase(s)
	Acknowledgments
	Literature Cited


	
	10 Role of Mixed-Function Oxidases in Insect Growth and Development
	Xenobiotic Metabolism
	Role of Mixed-function Oxidases in Steroidogenic Reactions
	Steroidogenesis in Insects
	Juvenile Hormone
	Summary
	Literature Cited


	
	11 Inhibition of Reproduction in Insect Control
	Compounds that Interfere with the Development and/or Function of the Gonads
	Compounds that Prevent the Development of Progeny
	Sterilization by Neuroregulators
	Literature Cited


	
	12 Potent Insect Antifeedants from the African Medicinal Plant Bersama abyssinica
	Isolation
	Structure of abyssinin
	Structure of Abyssinol A, B, and C
	Antifeedant Activity
	Acknowledgments
	Literature Cited


	
	13 Cockroach Control with Juvenoids
	Assay for Comparative Activity
	Residue test on latex painted surface
	Persistence of hydroprene residues on various household surface substrates
	Vapor test
	Aquarium and chamber experiments
	Field Experiments
	Discussion
	Literature cited


	
	14 Some Chemical Ecological Approaches to the Control of Stored-Product Insects and Mites
	Pest Management with Ecochemicals
	Control of Feeding Behavior
	Control of Mating Behavior
	Control of Oviposition Behavior
	Conclusion
	Literature Cited


	
	15 Phytochemical Disruption of Insect Development and Behavior
	Insect Phytohormones
	Insect Phytophreromones
	Summary
	Literature Cited


	
	16 Proallatocidins
	Chemical Stabilization of Precocene Structures
	Stabilization against Insect Metabolic Degradation
	Modification of transport properties
	Chemical Studies of 3,4-epoxyprecocenes
	Acknowledgments
	Literature cited


	
	17 Propionate and Methyl Malonate Metabolism in Insects
	Sources of Propionate and Methylmalonate
	Metabolism of Propionate
	Summary
	Acknowledgments
	Literature Cited


	
	18 Suicidal Destruction of Cytochrome P-450 In the Design of Inhibitors of Insect Juvenile Hormone Biosynthesis
	Materials and Methods
	Results
	Discussion
	Acknowledgments
	Literature Cited


	
	19 Detoxification Enzyme Relationships in Arthropods of Differing Feeding Strategies
	Enzyme Associations with Herbivore Status
	Synergists of Plant Toxicants as Selective Pest Bioregulators
	Relevance of Detoxification Dissimilarities to In Vivo Toxicosis
	Acknowledgments
	Literature Cited


	
	20 δ-Endotoxin of Bacillus thuringiensis var. israelensis Broad-Spectrum Toxicity and Neural Response Elicited in Mice and Insects
	SDS-PAGE Analysis of BTK and BTI δ-Endotoxin
	δ-Endotoxin Toxicity in Mice and Insects
	Neural Toxicity of BTI δ-Endotoxin
	Conclusions
	Acknowledgments
	Literature Cited


	
	21 Bioassay of Anti Juvenile Hormone Compounds: An Alternative Approach
	The Bioassay
	Discussion
	Acknowledgments
	Literature Cited


	
	22 Applications of Immunoassay to Paraquat and Other Pesticides
	General ELISA Methodology
	Examples of Pesticide Immunoassays
	Paraquat
	Conclusions
	Literature Cited


	
	23 Role of Natural Product Chemistry
	Biorational Approaches
	Natural Products in Pest Control
	Economic Aspects
	Resistant Plants and Ecological Chemistry
	Natural Products as Leads to New Pesticides
	Behavioural Compounds
	Conclusion
	Literature Cited


	
	24 Do Plants "Psychomanipulate" Insects?
	The Psychomanipulation Scenario
	Action in the CNS of Plant-derived Compounds
	Candidate Psychomanipulants of Plant Origin
	Summary
	Literature Cited


	
	25 Protein Hydrolysate Volatiles as Insect Attractants
	Uses of Attractants
	Tephritid Attractants
	Experimental Approach, Results, and Discussion
	Conclusions
	Acknowledgements
	Literature Cited


	
	26 Beetles: Pheromonal Chemists par Excellence
	Scolytidae
	Curculionidae
	Scarabaeidae
	Chrysomelidae
	Other Families
	Literature Cited


	
	27 Sexual Messages of Moths: Chemical Themes Are Known and New Research Challenges Arise
	Acknowledgments
	Literature Cited


	
	28 Alkaloidal Ant Venoms: Chemistry and Biological Activities
	Alkalodial Chemistry of Ant Venoms
	Pyrrolidines.
	Pyrrolines.
	Pyrrole.
	Piperidines.
	Piperideines.
	Pyridines.
	Pyrrolizidines.
	Indolizidines.
	Pyrazines.
	Indoles.
	Biological Activities of Alkaloids
	Toxicology.
	Insecticidal Activities.
	Repellent (Deterrent) Activities.
	Antimicrobial Activities.
	Conclusions
	Literature Cited


	
	29 Use of Natural Products and Their Analogues For Combating Pests of Agricultural and Public Health Importance in Africa
	Control of reproduction
	Using hormones as insect growth regulators
	Ivermectin feeding studies
	Safety
	The need for integrated control programs
	Auto-sterilization
	Immunological methods
	Use of oils and allelochemicals
	Legend of Symbols
	Acknowledgements
	Literature cited


	
	30 Insect Antifeedant Terpenoids in Wild Sunflower A Possible Source of Resistance to the Sunflower Moth
	Terpenoids from wild species of Helianthus
	Toxicity and antifeedant activity of Helianthus sesquiterpene lactones to sunflower insects
	Melanoplus sanguinipes (Orthoptera: Acrididae ) = the migratory grasshopper.
	Possible role of sesquiterpene lactones in resistance to the sunflower moth.
	Acknowledgments
	Literature Cited


	
	31 Insect Feeding Deterrents from Semiarid and Arid Land Plants
	Sesquiterpene Lactones as Insect Feeding Deterrents
	Concluding Remarks
	Acknowledgements
	Literature Cited


	
	32 Secondary Metabolites from Plants and Their Allelochemic Effects
	Literature Cited


	
	33 Insect Antifeedants from the Peruvian Plant Alchornea triplinervia
	Boll Weevil Antifeedant Bioassay
	Tobacco Budworm Larval Growth Bioassay
	Extraction of Alchornea triplinervia Leaves
	Boll Weevil Antifeedant Bioassay Results
	Tobacco Budworm Growth Study
	Conclusion
	Acknowledgements
	Literature Cited


	
	34 Biotechnology in Crop Improvement
	Acknowledgments
	Literature Cited


	
	35 Why Are Green Caterpillars Green?
	Insecticyanin
	Hemolymph Lipoprotein
	Adult Lipophorin
	Acknowledgments
	Literature Cited


	
	Author Index

	
	Subject Index
	A
	Β
	C
	D
	Ε
	F
	G
	H
	I
	J
	Κ
	L
	M
	N
	O
	Ρ
	Q
	R
	S
	T
	U
	V
	W
	X
	Y




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.000 x 9.000 inches / 152.4 x 228.6 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20090525155642
       648.0000
       Blank
       432.0000
          

     Tall
     1
     0
     No
     347
     179
    
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposing2
     Quite Imposing 2.1c
     Quite Imposing 2
     1
      

        
     0
     11
     10
     11
      

   1
  

 HistoryList_V1
 QI2base





