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Foreword 

T H E A C S S Y M P O S I U M S E R I E S was first published i n 1974 to 
provide a mechanism for publishing symposia quickly i n book 
form. The purpose of this series is to publish comprehensive 
books developed from symposia, which are usually "snapshots 
i n time" of the current research being done on a topic, plus 
some review material on the topic. F o r this reason, it is neces
sary that the papers be published as quickly as possible. 

Before a symposium-based book is put under contract, the 
proposed table of contents is reviewed for appropriateness to 
the topic and for comprehensiveness of the collection. Some 
papers are excluded at this point, and others are added to 
round out the scope of the volume. In addition, a draft of each 
paper is peer-reviewed prior to final acceptance or rejection. 
This anonymous review process is supervised by the organiz
e r^ ) of the symposium, who become the editor(s) of the book. 
The authors then revise their papers according to the recom
mendations of both the reviewers and the editors, prepare 
camera-ready copy, and submit the final papers to the editors, 
who check that al l necessary revisions have been made. 

A s a rule, only original research papers and original re
view papers are included i n the volumes. Verbatim reproduc
tions of previously published papers are not accepted. 

M. Joan Comstock 
Series Edi tor 
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Preface 

R E C E N T A D V A N C E S IN T H E D I S C O V E R Y and development of new syn
thetic and natural pest management agents and technologies that might 
play a role i n reducing the environmental impact of pest control are the 
focus of this volume. The material is organized into sections on weed, 
insect, and plant pathogen management. Wi th in each section are 
chapters on synthetic compounds, biotechnology, and natural products. 

A n introductory chapter sets the stage for the book, summarizing the 
current state of pest control and the increased pressures to develop safer 
and more environmentally benign pesticides and pest control technolo
gies. Weed management tools are addressed i n eight chapters. A n over
view of biorational design of herbicides is provided i n the first chapter of 
this section. Glufosinate is an environmentally and toxicologically benign 
herbicide, and a chapter is dedicated to the production of crops that are 
resistant to this herbicide. The next chapter discusses synergism as a stra
tegy for reduction of herbicide use rates. This is followed by considera
t ion of the potential of the porphyrin pathway as a target site for herbi
cide action. 

Three chapters on various aspects of biocontrol of weeds with 
mycoherbicides are presented. The first outlines the technological bar
riers of this approach, and the subsequent chapters offer potential solu
tions i n overcoming some of these barriers. The final chapter of the weed 
management section considers the potential of natural products as 
sources of new, safer herbicides. 

The section on insect control is addressed i n eleven chapters and cov
ers a broad cross section of the latest technologies involving chemical 
compounds and semiochemicals i n insect management. The material 
covered includes chapters on the application of insect receptor technol
ogy to discovery of selective insecticides, novel insect growth regulators, 
new insecticides based on heterocyclic moieties, natural products as insec
ticides, viral and microbial insecticides and use of semiochemicals i n 
managing parasitoids, and a final chapter on host plant resistance to 
insect attack based on genetically engineered cotton plants expressing an 
insecticidal protein toxin. 

A final section deals with management of plant pathogens. Chapters 
on naturally occurring nematicides, microbial compounds to control plant 
diseases, biocontrol of plant pathogens, and safer fungicides are found i n 
this section. 

ix 
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N o t every important pesticide, biocontrol agent, or biotechnological 
approach to pest control is covered i n these 24 chapters. However, our 
hope is that this eclectic collection of chapters on chemical strategies and 
technologies w i l l provide an accurate view of where we are and where we 
are going i n pest management. 

This volume is the outgrowth of a symposium held under the auspices 
of the Agrochemicals Divis ion, American Chemical Society, at the 
national meeting i n A p r i l 1992 i n San Francisco, California. The sympo
sium spanned two complete days, with half-day sessions i n the areas of 
herbicides, insecticides, biopesticides, and natural products and 
semiochemicals. 

W e thank the contributors to this volume for outstanding efforts i n 
synthesizing the latest information on their topics. W e also acknowledge 
the time and expertise of the many reviewers who helped to make these 
chapters even better. The assistance of Anne Wilson, Maureen R o u h i , 
Barbara Tansill , Cheryl Shanks, Donna Lucas, and other staff at the 
Books Department of the American Chemical Society is gratefully ack
nowledged. Finally, we thank the Agrochemicals Divis ion of the A m e r i 
can Chemical Society and the Agricultural Research Service of the U . S . 
Department of Agriculture for their willingness to support our sympo
sium. 

S T E P H E N O. DUKE 
Agricultural Research Service 
U . S . Department of Agriculture 
Stoneville, MS 38776 

J U L I U S J. MENN 

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

JACK R. P L I M M E R 
ABC Laboratories 
Columbia, MO 65205 

October 9, 1992 
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Chapter 1 

Challenges of Pest Control with Enhanced 
Toxicological and Environmental Safety 

A n Overview 

Stephen O. Duke1, Julius J. Menn2, and Jack R. Plimmer3 

1Southern Weed Science Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, P.O. Box 350, Stoneville, M S 38776 

2Plant Sciences Institute, Beltsville Agricultural Research Center, 
Agricultural Research Service, U.S. Department of Agriculture, 

Beltsville, MD  20705 
3ABC Laboratories, 7200 ABC Lane, Columbia, MO 62505 

Much of the increase in agricultural productivity over the past 
half century has been due to more efficacious and economical pest 
control through the use of synthetic chemical pesticides (SCPs). 
However, there is continued and growing social and legislative 
pressure to reduce the toxicological and environmental risks 
associated with control of agricultural pests with SCPs. Public 
and private sector research is being conducted to develop 
biorational pesticides and to replace or reduce the use of SCPs 
with natural product-based pesticides, biocontrol (including 
classical biocontrol), genetically-engineered pest resistance, 
and combinations of these replacement strategies. Nevertheless, 
these emerging pest control technologies will likely represent 
only a small percentage of the pest control market by the year 
2000. Therefore, methods to reduce use rates of synthetic 
pesticides and to develop more environmentally and 
toxicologically benign pesticides are also important in risk 
abatement. Such strategies as biorational design, development of 
pesticide synergists, and development of crops resistant to more 
environmentally safe herbicides, insects, and plant pathogens can 
improve the environmental quality, food safety, and allay 
societal fears concerning crop protection technology. 

In the 1990's, crop protection chemicals continue to be the major tool for 
protecting food and fiber crops from damaging insects, weeds and plant pathogens. 
The 1990 end-user world market value of pesticide chemicals reached almost $23 
billion (2). Herbicides accounted for a 47% share, insecticides accounted for 
28%, and fungicides for a 22% share of the world market. According to an 
unpublished study by McKinsey and Company, the current market share for biologicals 
was less than 1% in 1990. However, this sector will probably grow by 10% per annum 
through the remainder of the 1990's. Most likely, this growth will emanate from 
nonrecombinant bioproducts, including various strains of Bacillus thuringiensis 
(Bt), bioherbicides and biofungicides (2). Even with a 10% growth rate per 
year, biologicals will only represent about 2 to 10% of the pest control market by 
the turn of the century. 

0097-6156/93/0524-0001$06.00/0 
© 1993 American Chemical Society 
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2 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

The growth of biological pesticides will largely benefit from growing 
constraints imposed on synthetic chemical pesticides, including the high cost of 
development and registration, real and perceived food safety issues, environmental 
concerns, resistance of pests to pesticides, and social perceptions of risk 
associated with chemicals. 

Further impetus for the development of biologicals is coming from increased 
attention to and application of integrated pest management (IPM) practices in the 
agriculturally developed countries. 

It is likely that, in the next 5-10 years, the private sector will endeavor to 
develop more selective, efficacious, biodegradable, and nonhazardous chemical 
pesticides. These advances will be stimulated by greater emphasis on biochemical 
design, pharmacology, molecular design and synthetic modifications of natural 
products. In the public sector, research will concentrate on unconventional crop 
protection techniques; primarily on technologies that are highly compatible with 
I P M biologically based pesticides including microbials, viruses, semiochemicals, 
host plant resistance, and classical biological control agents. In the long term, 
recombinant D N A technology is likely to have a significant impact on pest 
management through recombinant microbials and transgenic crops. 

Environmental Considerations and Public Policy 

Growth of Pesticide Use and Environmental Concerns. The history of chemical 
pest control has been largely a record of success. The introduction of this 
technology worldwide has benefited the lives of millions of humans by improving 
health and nutrition. Campaigns against disease vectors have increased life 
expectancy in many tropical countries. In India in 1953 there were 75 million 
cases of malaria. By 1962,147 million pounds of D D T had been used, so that by 
1967 there were fewer than 100,000 cases (5). Synthetic chemicals have been 
remarkably effective in protecting crops against insects and diseases and in 
reducing the dependence of the farmer on laborious hand weeding. A n outcome of the 
changes brought about in farming is that the food supply of the United States is 
now produced by only 5% of the population (4). These early successes were so 
spectacular that they obscured a fuller understanding of the implications of 
pesticide use. Its widespread adoption was assured but there was a general failure 
to take into account the environmental impact of pesticide use and to examine its 
more subtle ecological effects. 

As part of an expanding chemical industry, pesticide manufacture developed 
rapidly after the second World War. Conditions favored the marketing of pest 
control chemicals. There were substantial incentives for the farmer to increase 
yields. Food prices rose and, as more affluent populations demanded more food of 
higher quality, farmers in the developed nations of the world prospered. The 
chemical manufacturers sought new markets, and the promise of D D T and other new 
synthetic insecticides showed that chemical control of pests had rich potential as 
a new area for market development. 

There were excellent opportunities for commercial successes and, because the 
biological activities of wide chemical classes of synthetic organic compounds had 
been largely unexplored, random screening programs offered a good chance of success 
within a short span of time. Therefore, the industry grew remarkably between 1945 
and 1975 when the world output of pesticides increased from 100 to 1,800 thousand 
tons (5). 

This growth appeared to be limited only by the further development of market 
and the ability of the chemist to synthesize new molecules possessing activity 
which differed sufficiently from those produced by industrial competitors to 
warrant patent protection. However, constraints were soon imposed on rapid growth 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
35

.4
2 

on
 O

ct
ob

er
 2

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
2,

 1
99

3 
| d

oi
: 1

0.
10

21
/b

k-
19

93
-0

52
4.

ch
00

1

In Pest Control with Enhanced Environmental Safety; Duke, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1993. 



1. DUKEETAL. Overview 3 

by findings that pointed out some negative aspects of SCP use. Not only were some 
pesticides extremely resistant to degradation, but it was also found that among 
large pest populations, some individuals survived pesticide treatment to become the 
progenitors of populations that were unaffected by subsequent use of the pesticide. 

Initially, justification for widespread pesticide application was provided by 
the belief that organic compounds would be ultimately degraded by soil organisms to 
mineral fractions (carbonate, nitrate, chloride, etc.). When developments in 
analytical instrumentation during the 1950s made available rapid, economical, and 
sensitive techniques for measurement of pesticide residues in food and 
environmental samples, it became possible to obtain realistic measurements of their 
occurrence and distribution. Although soil had been thought to possess an almost 
infinite capacity for mineralization, measurements of levels of organochlorine 
insecticides showed that the process could be extremely slow and that residues 
could also be transported from their site of application to become widely 
distributed in the environment. 

The chemical stability of organochlorine pesticide compounds and their 
lipophilicity were properties that favored their bioaccumulation. Residues in 
wildlife became widely distributed and, as their effects on birds, fish, and other 
species were studied, it became clear that the survival of some species was 
threatened and that some human and animal food items were at risk of pesticide 
contamination. 

Clearly, the continued use of such pesticides was undesirable and it was 
apparent that there had been insufficient study of the implications of pesticide 
use. However, it was felt that if there was adequate information about the 
environmental fate of pesticides and their effects on biota the issue of harm to 
the environment could be resolved by improvements in technology. The key to the 
solution of the problems was thought to lie in designing suitably modified chemical 
structures that had little or none of the undesirable properties of the persistent 
pesticides. 

This approach was followed with considerable success. Such compounds as the 
pyrethroid insecticides demonstrated the ingenuity of the chemist in combining 
pesticidal activity with low mammalian toxicity and extremely low potential for 
environmental harm. However, as understanding of environmental effects grew, the 
criteria by which environmental damage was judged also expanded to include such 
factors as the potential to contaminate water sources or to pose a potential threat 
to endangered or beneficial species. A n extremely difficult question is that of 
determining the absence or presence of subtle effects in natural ecosystems. The 
search for answers to these questions and technological solutions was not 
undertaken until pressures from society developed. A combination of societal 
initiatives and legislative actions have placed substantial constraints on the 
development of new SCPs. 

Regulation and Public Policy. The environmental movement that found expression 
in such works as Silent Spring (6) acquired sufficient strength and 
political support to affect legislation during the 1970's. In December 1970, the 
US. Environmental Protection Agency (EPA) was formed and took over many pesticide 
regulatory functions that were formerly the responsibility of the U.S. Department 
of Agriculture. Manufacturers seeking registration of pesticides began to receive 
requests for environmental fate data, and in 1975 the detailed guidelines for 
registration introduced by the E P A brought registrants face to face with 
comprehensive questions of safety and environmental persistence. 

The Federal Insecticide Fungicide and Rodenticide Act (FIFRA) has evolved 
through several versions since its first enactment in 1947 (7) and under F I F R A 
the E P A has authority to register or approve pesticide uses in the U.S.A. The basis 
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4 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

of EPA's approval is an assessment of the benefits of the pesticide use against the 
potential risks to human health and the environment. Under the Federal Food, Drug 
and Cosmetic (FFDC) Act, the E P A is charged with setting tolerances for pesticide 
residues that can be present in or on foods sold in interstate commerce. This 
process was examined recently in a National Research Council Report (8) 
commissioned by the E P A which asked the Board on Agriculture of the National 
Research Council to study the EPA's tolerance setting process, particularly with 
regard to current and future impacts of the Delaney Clause. This clause is a 
proviso of the F F D C Act that prohibits the setting of a tolerance for any pesticide 
that concentrates in processed foods and has been found to induce cancer in 
animals. 

Under FIFRA, the manufacturer or registrant submits data to E P A , including 
chemical and toxicological properties, possible effects on wildlife, plants and 
other biota in the environment, and likely distribution in the environment. In 
addition, before pesticide uses are approved for food crops, a tolerance must be 
granted under section 408 of the F F D C Act for residues in raw agricultural 
commodities and under section 409 of the F F D C Act for pesticides that concentrate 
in food. 

The process of tolerance-setting requires much of the same information as is 
required by the E P A to support registration. The registrant must furnish 
information on the quantities of residues expected to be present in meat, milk, 
poultry, fish, and eggs derived by feeding pesticide-treated products to animals. 
Toxicity tests are required for the parent compound, major impurities, degradation 
products, and metabolites. 

The studies required include both acute and chronic testing. Tolerances set by 
E P A for non-oncogenic pesticides are based on assessment of the risk faced by the 
individual consumer, derived by a calculation that requires knowledge of the "no 
observable effect levels" and assumptions concerning the dietary contribution of 
each food item that might contain residues of the pesticide. For oncogenic 
pesticides, a different process must be used to determine whether the use of the 
pesticide presents an undue risk to humans. 

When F I F R A was enacted in 1947, it included a provision for keeping 
registration data current and a 5-year renewal requirement was introduced. This 
was used primarily as a method for removing products that were no longer of 
interest to registrants. In 1988, amendments to F I F R A were enacted on the 
procedures for conduct of the reregistration process. This process has a lengthy 
history and the issue of reregistration has been discussed by Gray (9). 
Although reregistration was envisaged as a part of the registration process, it was 
not until the 1988 amendments to F I F R A were approved that resources became 
available to make re-registration effective. 

The amendment of FIFRA in 1964 brought about changes that included cancellation 
of pesticides that posed unacceptable risks. The procedural rights of the 
registrant included referral to an advisory committee and an adjudicatory hearing, 
if the cancellation process was initiated. U S D A regulations extended registrants 
formal hearing rights to disputes over 5 year renewals. Thus, the concept of 
registration developed almost as a property-like right to market a product. The 
concept that this was an almost permanent right created a favorable climate for 
industrial investment in pesticide research and development. 

In 1972, F I F R A was replaced by the Federal Environmental Pest Control Act 
(FEPCA) which modified the provisions of F I F R A by further regulating the use of 
pesticides by introducing the classifications of 'restricted use and general use.' 
The former were to be used only by trained, certified applicators. The law also 
called for reregistration and classification of all products marketed between 1974 
and 1976. 
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1. DUKEETAL. Overview 5 

By making it illegal to use a pesticide in a manner inconsistent with the 
label, the act recognized the principle that the risk of adverse effects was 
dependent on the way in which a toxic substance was handled. The provisions of 
this act also affected the evaluation of pesticides and addressed the need to 
reduce risks to humans and the environment. This is being achieved by processes 
that evolve continuously within federal and state agencies. 

Environmental chemistry study requirements for pesticides are discussed in 
Subdivision N of the E P A guidelines for Environmental Fate Studies (40 C F R 
Subsection N Sections 161-165). These call for the following types of studies: 

Hydrolysis 
Aerobic and anaerobic metabolism in soil 
Soil leaching and adsorption 
Laboratory and field volatility 
Dissipation studies 
Accumulation studies 

Some of these studies are conducted in greenhouse or laboratory situations and 
interpretation of data is straightforward. However, some field studies may require 
more complex and costly experimental designs and the data may be difficult to 
interpret. The necessity to conduct water monitoring studies is an example of such 
a study. Because large-scale studies may cost several hundred thousand dollars, 
there is reluctance to conduct such investigations until they are deemed essential 
by regulatory agencies. The implementation of such a study also delays the 
completion of the dossier that must be submitted by the registrant, and thus the 
entrO of the chemical into particular markets is also delayed. 

There is now a wealth of data concerning the environmental behavior of 
pesticides and it has become clear that several problems that currently attract 
attention could not be foreseen on the basis of existing knowledge and data 
acquired at a time when scientific understanding of environmental fate was more 
limited. As an example, the widespread contamination of water by trace quantities 
of herbicides was not perceived as a potential problem until herbicides had been 
used continually over large acreages for an extended period. 

Variability between and within geographical sites is a major problem in the 
interpretation and design of field experiments and data assessment. Such 
difficulties may hinder agreement between registrant and regulator as to the design 
of studies that will provide satisfactory data for environmental assessment. In 
some cases, models may be useful for understanding and predicting environmental 
behavior. However, their ability to predict subtle effects may be limited. 
Unpredicted, but measurable, contamination may result from a very small fraction of 
applied pesticide. 

The need to meet requirements for data concerning environmental aspects of 
pesticide use places a considerable burden on registrants. The data needs of the 
regulatory agencies must be constantly modified to accommodate new scientific 
findings, and the continuing nature of the process is formalized by 
re-registration. The recognition that criteria for acceptance are likely to 
undergo continuous modification has challenged the pesticide industry to seek novel 
approaches to molecular design and has stimulated the development of alternative 
pest management strategies. 

In 1978, E P A separated the classification process from re-registration, and 
amendments to F I F R A in that year provided E P A with authority to require submission 
of additional data concerning registered products. 

The October 1978 FIFRA provisions provided a schedule for completion of data 
submission and review. Fees paid by registrants provided resources to accelerate 
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6 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

completion of the re-evaluation by E P A . The re-registration process must be 
completed by 1997. It has compelled industry to discontinue many products and uses 
because the cost of re-registration did not justify the expenditure or diversion of 
resources. 

The impact on agrochemical development has been substantial. In 1988, it was 
stated that a total of $70 million may be expended to develop and market a new 
pesticide before there is a positive cash flow from sales, and profitability may 
not be realized until the 20th year after discovery (10,11). The amount which 
must be spent to obtain data concerning environmental behavior has increased 
considerably as the regulations continue to embrace more aspects of environmental 
behavior. Public opinion increasingly presses for new legal measures to reduce 
human exposure to pesiticides, and attention is being drawn to all potential routes 
by which humans might be exposed. These concerns extend to beneficial insects and 
to nontarget organisms. Concern for nontarget organisms may conceivably generate a 
climate that favors long-term ecological studies as an obligatory part of the 
safety tests. Such tests may greatly prolong the period before a pesticide may 
reach the market. 

Since patent rights expire 17 years after being granted, incentives to develop 
and register new pesticides in the United States have been considerably reduced. 

Aspects of Newer Approaches to Pest Control 

Efficacy and Reliability. One of the chief reasons for the continued use of 
SCPs is that they have been generally more efficacious, expeditious, and reliable 
than alternative methods of pest control. Pest control methods that are 
ineffective or unreliable will not be used. Within limits, the economic value of a 
pest control agent or method increases with efficacy and reliability. Lack of 
reliability and/or efficacy has prevented the adoption of many pest control agents 
(biological and chemical) and methods, even though they appear more toxicologically 
and environmentally acceptable than currently used synthetic pesticides. 

For example, numerous indigenous fungi have been patented for biocontrol of 
weeds (12-14). These products have the potential to replace certain synthetic 
herbicides. Several have undergone some level of development by private industry. 
However, only two have actually been brought to the marketplace in the United 
States, and these products have very limited markets. A primary reason for the 
limited development of these biocontrol products is insufficient efficacy and 
relatively high cost. Further research on formulation, strain selection or 
manipulation, application technology, and storage could eventually make more of 
these products competitive with synthetic pesticides. Much of this research may 
have to be conducted by the public sector because there is little profit incentive 
for many potential biocontrol products, especially those that propagate, spread, 
and persist (15). 

In the non-recombinant D N A area, significant strides have been made with 
semiochemicals and biocontrol agents in the management of insect pests. Notable 
advances have been made with improved strains of Bt, fermentation products such 
as the avermectins and milbemycins, semiochemicals (16) and natural products 
such as azadirachtin derived from the neem tree (17). 

Current developmental efforts include work with improved baculoviruses, 
engineered baculoviruses and transgenic plant species such as cotton expressing the 
Bt toxin. It will take several more years to determine the efficacy and market 
acceptance of these innovative selective and environmentally safer insect control 
technologies. 

Specificity and Selectivity. One of the first concerns with a new pesticide or 
pest control measure is that it should be specific for the target organism(s). A n 
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1. DUKEETAL. Overview 1 

overriding consideration is that it is not significantly toxic to humans, 
livestock, or pets. Furthermore, the more non-target species to which the product 
or method is benign, the higher its likelihood of success. However, extreme 
selectivity can limit or prevent the commercial success of a pesticide or pest 
control measure unless the target species is a very important one, and its control 
has the potential for significant economic returns. 

Most SCPs were discovered empirically in industrial laboratories. These 
chemicals were primarily broad spectrum insecticides, such as the chlorinated 
hydrocarbon insecticides, carbamates, organophosphorus ester insecticides (OP's), 
and synthetic pyrethroids (SP's). As already mentioned, current and future 
discovery efforts will be based more heavily on: 1) natural product models, 2) 
biorational design based on biochemical principles, and 3) quantitative structure 
activity relationships (QSAR) analyses of selective chemistries (18,19). 

The newer approaches to discovery of insecticides with selective toxicity to 
insects and mites have resulted in diverse new chemical moieties and structures. 
These include even newer synthetic pyrethroids, benzoyl- phenylureas, novel 
heterocyclics, fermentation derived products such as the avermectins and 
milbemycins, neem-derived pesticides, and novel insect growth regulators having 
juvenoid action (20). 

To date, the ultimate in specificity and selectivity in insect management has 
been achieved with semiochemicals. This technology has had mixed success in the 
past, but it is currently expanding to employ semiochemicals, especially sex 
pheromones, in mating disruption and mass trapping programs (16). 

Weed problems generally involve several weed species. The ideal herbicide is 
highly phytotoxic to a broad range of weeds, with no phytotoxicity to non-target 
plant species. Most commercial synthetic herbicides only approach this ideal, 
possessing limited phytotoxicity to the crop at application concentrations that do 
not completely eradicate the weeds. The principal reason for this is that crops 
are tolerant to most herbicides due to metabolic degradation rather than by 
resistance at the molecular site of action. Several new methods offer improvements 
in crop tolerance. Genetically engineered crops can be made completely resistant 
to herbicides by alteration of the site of action. For example, the broad spectrum 
herbicide glyphosate that will kill most plant species at economical rates can be 
used on transgenic crops with an altered site of action (21). Some biological 
control agents are highly selective for particular weeds, with no effect on certain 
crops (13, 14). In many cases, they are too selective to justify their cost, 
especially when the target weed is not a major weed problem. However, plant 
pathogens with a broad range of hosts might be genetically manipulated to reduce 
their host ranges or survival capacity without an obligate inoculum formulation 
(22). 

Just as with synthetic herbicides, the phytotoxicity of naturally-occurring 
compounds ranges from non-selective to very selective. In fact, certain microbial 
phytotoxins (host-specific phytotoxins) that are generated by plant pathogens are 
more selective than any synthetic herbicides, affecting only one species or a 
variety of a species (23). Only one such compound (the cyclic dipeptide, 
maculosin) has been found to be host-specific for a weed species (spotted knapweed) 
(24). As with the biocontrol agents, the economic viability of an extremely 
selective phytotoxin is questionable unless the target pest causes great economic 
loss. 

A better understanding of weed and crop biochemistry has the potential for 
helping in the biorational design of herbicides with more desirable patterns of 
selectivity. A biochemical site can be chosen which is unique to plants in order 
to minimize mammalian toxicity. Furthermore, a site can be chosen which differs 
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8 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

significantly between a crop and certain weeds associated with it. To date, this 
process has acted in reverse. That is, in studying the mechanisms of tolerance and 
selectivity to synthetic herbicides discovered by non-biorational methods, we have 
discovered underlying biochemical and physiological differences between weeds and 
crops. 

Toxicity. The impetus for new pest control measures is fueled in large part by 
a public concern that currently used pesticides are undesirable or unacceptable 
from a toxicological standpoint (e.g, 25). The health risk of currently used 
synthetic pesticides is a matter of public and scientific debate, although the 
natural toxicants found in our food supply may cause considerably more human health 
problems than pesticide residues (26). Regardless of the outcome of this 
debate, there will be continued emphasis on development of pest control products 
and methods that minimize toxicological risks. 

Quantitative as well as qualitative aspects of toxicological risk must be 
evaluated. For example, improved formulations (e.g, with synergists or 
encapsulation) or methods of application technology could reduce the efficacious 
use levels of a previously undesirable compound to levels that might pose no health 
risk. 

A l l new products and methods for pest control, including non-synthetic 
pesticides, should be carefully evaluated for possible toxicological hazards. For 
example, the toxicological risks of altering plants by breeding or biotechnology to 
enhance levels of natural pesticidal toxicants should be as rigorously evaluated as 
synthetic pesticides and their metabolites. Transgenic crop plants with genes from 
unrelated organisms should be examined for their biosynthesis of unexpected 
toxicants (27). 

Soil and Water. Contamination of groundwater and surface waters with 
pesticides has become a major public issue. Reported cases of groundwater 
contamination are increasing rapidly. In part, this is due to reductions in levels 
that are detectable because of improved analytical capabilities. It also results 
from decades of heavy pesticide use in many areas. Once a groundwater supply is 
contaminated with xenobiotics, there is a need for risk analysis to determine if 
potential human or animal health problems exist and to estimate the cost of 
contaminant removal before use. 

In recent years, contamination of groundwater and surface water with the 
insecticide/nematicide aldicarb and certian soil applied and/or incorporated 
herbicides has been of greatest concern. Most insecticides are applied as foliar 
applications to crops; however, 20-25 million acres of corn are treated annually 
with OP and carbamate insecticides incorporated into soil for control of the corn 
rootworm complex (CRC) (2). Due to these massive applications to soil, 
concerns have arisen about potential groundwater and/or surface water 
contamination. These concerns have accelerated research into alternative 
strategies to manage the C R C that would reduce dependence on prophylactic treatment 
with soil applications of insecticides. These tactics involve the combination of 
semiochemicals with minute amounts of an insecticide in a bait formulation applied 
to control the above ground adult stage of the C R C . These approaches are providing 
new opportunities for development of specific attractants, feeding arrestants, 
non-polluting formulations, and delivery systems (2). 

Herbicides are used in larger amounts than other pesticides (28), and many 
of them are applied directly to soil or incorporated into soil. Certain 
herbicides and their metabolites will move readily to groundwater in some soil 
types. Contamination of groundwater and surface waters with triazine and 
chloroacetamide (e.g., alachlor, metolachlor) herbicides has been widely 
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1. DUKEETAL. Overview 9 

reported (29-32). There is controversy over how much of this contamination is 
due to point sources (e.g., spills, improper disposal of containers, etc.) versus 
normal use. 

This has caused industry to shift its emphasis from soil-applied and 
preplant-incorporated herbicides to postemergence, foliar-applied herbicides. 
Furthermore, considerable effort has been made to reduce point source 
contamination. For example, some companies now sell their products in reusable, 
returnable, containers to be used in fully-contained spray systems (52). 

A shift from soil-incorporated and soil-applied herbicides to postemergence, 
foliar-applied herbicides would decrease the potential for groundwater 
contamination. Most newer herbicides being developed are designed for 
postemergence, foliar application. Also, crops are being genetically engineered to 
be resistant to non-selective herbicides that are ideal for postemergence weed 
control. However, increased use of post emergence herbicides could lead to 
increased surface water contamination with herbicides. 

Conservation of soil and water is an important aspect of agricultural land 
management. Conventional weed control requires tillage, primarily because the 
herbicides available will not adequately control weeds without tillage. The array 
of new, more powerful and selective herbicides available for some crops (e.g, 
soybeans) have made reduced or no-tillage methods feasible. This method conserves 
both soil and soil moisture. Furthermore, it eventually reduces the reservoir of 
weed seed buried in the soil. Biotechnological generation of crops resistant to 
more environmentally benign, broad-spectrum herbicides (e.g, glyphosate or 
glufosinate) should allow more wide spread adoption of no-till farming, while 
reducing the toxicological and environmental impact of herbicides. 

Pest Resistance 

Pest resistance to pesticides is a natural process that develops and spreads in 
response to selection pressure. Without intervention, resistance will, at some 
point, limit the efficacy of most crop protection chemicals, including primarily 
insecticides, fungicides, and acaricides. To date, development of resistance to 
insecticides has been documented in over 500 species of insects and mites 
(33). In several species, resistance to multiple chemical insecticides has 
been detected, further exacerbating the problem. Critical cases of resistance have 
been encountered in at least a dozen or more major economic pests including the 
Colorado potato beetle, sweetpotato whitefly and the diamondback moth (33). No 
class of insecticides has escaped the resistance syndrome, including the biological 
insecticide £f (33). 

The development of significant levels of resistance to pesticides will 
adversely affect agriculture and society at large. Diminished efficacy of useful 
pesticides may lead to significant increases in costs of pest management due to 
increased rates and/or frequency of pesticide applications and the need to change 
to more costly crop protection tactics. Among the more promising elements ofa 
strategy to counter pesticide resistance are intensified efforts in early 
monitoring of resistance, implementation of biologically based control measures, 
less frequent pesticide applications, and alternating types of chemical pesticides. 

Development and spread of resistance of weeds to herbicides has been slower 
than that of insecticide resistance because of several factors. These include: 1) 
the much longer generation time of weeds, 2) the lengthy dormancy period of seeds 
of many species, 3) the limited mobility of weeds, 4) the often less constant and 
severe selection pressure of herbicides during a generation than that of 
insecticides, and 5) the fact that herbicides with several different mechanisms of 
action are generally used over ten or twenty weed generations (only one insecticide 
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10 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

or chemical class is often used over the same number of insect generations). 
Nevertheless, over the past 15 years, herbicide resistance has grown from a rare 
occurrence to a common one (28, 34). For example, resistance to triazine 
herbicides was first reported only about 25 years ago. It has now been detected in 
more than 60 species, representing more than 40 genera. Resistance to many other 
herbicides with entirely different molecular sites of action has been reported. 
Resistance to several important new classes of herbicides (sulfonylureas, 
imidazolinones, and others) can appear in only three or four years of use, 
apparently due to considerable genetic diversity and/or plasticity in the gene(s) 
that codes for the enzymic site of action (acetolactate synthase)(55). Cases 
of multiple resistance (that is, resistance to several unrelated herbicide classes) 
are being reported and have become very difficult problems in isolated cases (36, 
37). 

These factors have led to forecasts of greatly increased problems with 
herbicide resistance during the next decade. Availability of fewer herbicide 
alternatives, as the reregistration process takes its toll, may exacerbate these 
problems. The flow of new herbicides with new sites of action into the market has 
diminished to a trickle due to the increasingly high cost of herbicide 
registration. Furthermore, in most cases, it is unlikely that alternative methods 
of weed control will soon provide effective and economical alternatives to the 
chemical methods of the past four decades. A l l of these factors suggest that 
resistance of weeds to herbicides will become a very costly problem in the near 
future. Effective strategies, such as crop and herbicide rotation, to delay or 
prevent the appearance of herbicide resistance should be formulated and utilized 
(38). 

Impact of Biotechnological Methods on Pest Management 

New and developing biotechnology has the potential to dramatically affect all 
aspects of how humankind interacts with its biological environment, including 
pests. Recombinant genetic methods allow alteration of both the biological targets 
of pests, such as crops, or the natural enemies of pests, for more effective 
biological control. 

Industry sources project that in the next decade, the year 2000, and beyond, 
the market value of biopesticides and biotechnology products useful in crop 
protection may reach $6 to $8 million per annum (2). These high values, while 
speculative, are predicated on significant breakthroughs in the development and 
market acceptance of highly potent microbial, viral and fungal control agents 
through recombinant D N A technology and successful introduction of transgenic plants 
expressing engineered insect toxins such as the Bt endotoxin and resistance to 
plant pathogens. 

Many new avenues of non-conventional chemical pest controls are currently 
opening. It is likely that successful I P M in crop protection will be based on the 
best elements of judiciously applied selective chemical control agents in 
combination with biocontrol products and technologies. 

For insect and pathogen control, crops can be genetically altered to produce 
insecticides and/or fungicides. Existing genetics of the plant can be manipulated 
to increase levels of natural pesticides, or foreign genes can be introduced to 
provide the biosynthetic machinery to generate new natural pesticides. The most 
publicized visible example of this is that of Bt toxins. 

It is also feasible to engineer crops to generate their own herbicides; 
however, the crop has to be resistant to the herbicide and it must be a compound 
that would be leached from the roots in sufficient quantity to effectively kill or 
inhibit growth of competing weeds. Presently, there is little effort to produce 
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crops that are more allelopathic by biotechnology or conventional breeding. Many 
lant breeders are of the opinion that high levels of allelopathic compounds were 
red out of crops centuries ago in order to make them more palatable and 

productive. Furthermore, there is little evidence that allelopathy plays a 
critical role in most plant-plant interactions in nature. 

The generation of crops resistant to existing herbicides is a more 
straightforward method for use of biotechnology in weed control. Numerous crops 
have been made resistant to a variety of herbicides via several different 
biotechnological methods (21, 39, 40). Concern has been expressed that the use 
of biotechnology to generate herbicide-resistant crops will increase and perpetuate 
the use of herbicides, ultimately leading to unnecessary toxicological and 
environmental problems (41-43). However, this technology can be used to 
generate crops resistant to more environmentally safe herbicides than are currently 
used on those crops. In some cases, several herbicides or a herbicide plus a 
synthetic herbicide safener can be replaced with one herbicide through use of 
herbicide-resistant crops. Furthermore, preemergence herbicides, used as insurance 
before the extent of a weed problem is known, can be replaced with postemergence 
herbicides that will be used only when and where a significant weed problem 
exists. Used judiciously, herbicide-resistant crops can also be valuable in 
strategies to prevent occurrence and spread of herbicide-resistant weeds. However, 
some have warned that herbicide-resistant crops themselves could become weeds or 
transmit resistance genes to weed species (39, 44). Nevetheless, all crops are 
tolerant to some herbicides and, to date, there are no reported cases of herbicide 
resistance arising from interspecies gene transfer or of crops becoming weeds 
simply because they are tolerant to certain herbicides. 

Biotechnology can also be used in the biocontrol of weeds. There is little 
present interest in utilization of biotechnology to generate insects for control of 
weeds. Research into weed control with insects is almost exclusively devoted to 
the classical approach of introducing a new insect to a weed population to which 
the weed has no host defense. However, many biotechnological aspects of weed 
control with microbes are being explored. Most of this effort is associated with 
use of inundative treatment of weeds with endemic pathogens (13, 14). This 
technology has not been very successful because of limited host-ranges of many of 
the pathogens, inadequate virulence, and extremely variable results with different 
environmental conditions. Manipulation of virulence, host-range, and reliability 
of these weed control agents by formulation, strain selection, and genetic 
modification is being studied to make this technology competitive with chemical 
weed control methods. For example, Sands et al. (22) have proposed to 
genetically engineer pathogens with broad host ranges so that they are dependent on 
a component of their formulation for infectivity. 

Genetic modification of endemic plant pathogens to be used for biocontrol is 
not without risk. Certain genetic alterations could result in novel host ranges 
that might include crops, or the altered pathogen might transfer foreign genes to 
related microbes, to produce unwanted new pathogens. 

Future Directions of Pest Management 

The relative roles of current and developing methods of pest control in the future 
will depend on a myriad of factors. These include the rising political, 
environmental, and economic costs of managing pests almost entirely with synthetic 
chemical pesticides. These costs will be determined by the stringency of 
registration and re-registration requirements, as they are subjected to the 
influences of scientific judgement, public opinion, and political pressure. The 
costs of discovery and production of improved pesticides in a replacement market 
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are rising, while discovery efforts are meeting diminishing returns. The efficacy 
and economics of new, alternative methods of pest control with real or perceived 
environmental advantages over older methods will critically affect the equation. 
Improved and more powerful technology, including biotechnology, has the potential 
of revolutionizing pest control. However, these newer methods are not without 
environmental, toxicological, and economic risks. Each new product, strategy, or 
method will have to be weighed against alternatives from several perspectives. As 
the human population outpaces food production, methods of pest control that 
maximize production might eventually be favored over those that minimize 
toxicological or environmental risks, even though this seems unlikely in the 
present political climate. Nevertheless, many of the potential future directions 
of pest control that are perceived as environmentally and toxicologically safer 
than present methods will probably be favored in the developed world. 
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Chapter 2 

Target-Site Directed Herbicide Design 

L. M. Abell1, J. V. Schloss2, and A. R. Rendina1 

1Agricultural Products, Stine-Haskell Research Center, E. I. du Pont 
de Nemours and Company, Newark, DE 19714 

2Department of Medicinal Chemistry, University of Kansas School 
of Pharmacy, Lawrence, KS 66045 

The successful design of novel pesticides depends on careful consider
ation of a number of factors including target enzyme selection and 
validation, inhibitor design, delivery of the inhibitor to the target, and 
its metabolic fate. Strategies for the selection of enzyme targets giving 
the desired physiological response upon partial inhibition include 
identification of chemical leads, bacterial and plant conditionally lethal 
mutants and the use of antisense technology. Enzyme inhibitors 
having pharmaceutical or agrochemical utility can be categorized into 
six major groups: ground-state analogues, group specific reagents, 
affinity labels, suicide substrates, reaction intermediate analogues, and 
extraneous site inhibitors. Examples of each category, and their 
advantages and disadvantages, will be discussed. Identification of a 
target and construction of a potent inhibitor in itself may still not lead to 
an effective herbicide. In the absence of the desired in vivo activity, 
the uptake, translocation, and metabolism of the inhibitor should be 
studied to assess the full potential of the target. Strategies for delivery 
of the compound to the target enzyme and avoidance of premature 
detoxification may include a proherbicidal approach, especially when 
inhibitors are highly charged or when selective detoxification or 
activation can be exploited. Utilization of differences in detoxification 
or activation between weeds and crops may lead to enhanced 
selectivity. Without a full appreciation of each of these facets of 
pesticide design, the chances for success with the target or enzyme
driven approach are reduced. 

In our experience the target-site directed approach to herbicide design requires the 
close interaction of an interdisciplinary team composed of plant physiologists, 
biochemists, enzymologists, molecular biologists, and synthesis chemists. The 
approach can be divided into three main processes; initial selection of a suitable target 
enzyme, design and synthesis of a potent inhibitor using detailed knowledge of the 
enzyme reaction and kinetic mechanism, and optimization of the lead structure into an 
effective herbicide by translation of in vitro activity of the inhibitor into in vivo 
efficacy. This last step may or may not be required, depending on the observed 
effects of the inhibitor on the whole plant and the extent to which consideration of 

0097-6156/93/0524-O016$06.50/0 
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2. ABELLETAL. Target-Site Directed Herbicide Design 17 

other limiting factors such as uptake, translocation, and detoxification were given in 
the design process. In this paper we will focus on the design of enzyme inhibitors 
using examples applicable to crop protection chemistry whenever possible. Brief 
discussions of potential strategies for target selection and validation as well as for 
optimizing efficacy of potent inhibitors are also included 

Many of the examples that follow are from studies on established herbicide targets 
with inhibitors that were discovered empirically. In many cases, especially those 
involving active site directed inhibitors, we believe that modern inhibitor design 
strategies could have produced the same compounds that were discovered by 
screening methods. Furthermore, we are convinced that these types of studies can be 
applied to novel targets and will ultimately lead to the discovery of new herbicides 
through target-site directed programs in the near future. 

Target Selection - Choosing the Right Enzyme 

Perhaps the most obvious choice of a target for inhibitor design are enzymes already 
identified as targets for commercial herbicides or ones that are recognized as targets for 
naturally occuring phytotoxins (for a summary of known molecular modes of action 
see Duke et al. (7) and references therein). One very large advantage to this approach 
is that new inhibitors are virtually guaranteed to produce a herbicidal effect provided 
that the compounds reach their target. Extremely potent, second generation inhibitors 
have been designed for a number of known herbicidal targets. However, this 
increased potency does not always translate into improved in vivo activity. Inhibitors 
that are more potent than the commercial herbicides have been designed for the 
following known targets: acetolactate synthase (ALS) (2), acetyl-CoA carboxylase 
( A C Q (Rendina, A.R.; Hagenah, J.A.; Wollenberg, R.H.; Cherpeck, R.E., Chevron 
Chemical Company, unpublished data, Rendina, A.R; Taylor, W.S., E.I. Du Pont de 
Nemours, unpublished data); 5-enolpyruvyl-shikimate-3-phosphate (EPSP) synthase 
(3), and glutamine synthetase (GS) (4-8). However, none have shown greater activity 
or more desirable selectivity than the commercial products. In the first three cases, the 
designed inhibitors clearly had unfavorable physical properties, such as too many 
negative charges at physiological pH or a higher overall lipophilicity, that would lead 
to poor uptake and/or translocation in the plant. New inhibitors of established targets 
may also experience weed resistance problems brought about by the original 
chemicals, especially if the new inhibitors occupy a similar binding site. While 
successful exploitation of a known target site has not yet yielded a new commercial 
product using the inhibitor design approach, continued study of these known targets 
promises to be successful ultimately. 

Clearly, while having a chemical lead with known phytotoxic effects and known 
target enzyme is the safest way to choose a target, the choice is limited to a few 
enzymes and has the potential drawbacks discussed above. Application of modern 
molecular biological techniques may reduce the time needed for elucidation of sites of 
action for other classes of empirically discovered herbicides and plant pathogen 
phytotoxins. Once uncovered, these new "chemically validated" target sites can then 
be further exploited using mechanistic information to design better enzyme inhibitors. 

Target Selection Criteria. In the absence of a chemical lead with a known site of 
action, the following idealized criteria may be used to guide the selection of a suitable 
target. First, the target enzyme should catalyze a reaction that is essential to the plant 
and/or inhibition of the targeted enzyme should lead to multiple deleterious effects. 
There is increasing evidence that simply introducing a block in the production of an 
essential component in the plant may not yield phytotoxic effects that are comparable 
to those produced by known herbicides (9,10), but may simply produce a static or 
growth inhibition effect. Ideally, inhibition of the target should deprive the plant of an 
essential component and either deplete the plant of essential metabolic intermediates, 
consume high energy intermediates in a futile cycle, cause a toxic intermediate to 
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18 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

accumulate, or any combination of the above. Second, the target enzyme should be 
present in plants, but not mammals in order to minimize the potential for undesirable 
toxicity. General toxicity of chemicals, however, may have little to do with inhibition 
of the chosen target and is very difficult to anticipate. For example, the commercialized 
inhibitors of GS and A C C have very low mammalian toxicity despite the presence of 
these enzymes in mammalian tissues. Third, the intracellular concentration of the 
target should be low in order to increase the likelihood for low use rate herbicides with 
reduced environmental consequences. For example, ribulose-l,5-bisphosphate 
carboxylase/oxygenase (Rubisco) would make a poor target because of the high 
abundance of target molecules (Rubisco is a relatively slow catalyst and C3 plants 
contain up to one-half of the leaf-soluble protein as Rubisco). Therefore, even with an 
ideal inhibitor that titrates the target enzyme in vivo, requiring only one inhibitor 
molecule per molecule of enzyme, the large number of Rubisco molecules would set 
the lower limit on the use rate. (In tobacco leaves the concentration of Rubisco active 
sites is approximately 100 | i M , which would correspond to a use rate of about 50 
kg/ha for an ideal inhibitor with a molecular weight of 250 g/mole.) A fourth criterion 
is that the target enzyme should be practical from inhibitor design, synthesis, and 
delivery standpoints. Some enzyme mechanisms are inherently unsuitable for 
inhibitor design, kinases being one example where simple acid-base chemistry is used 
to effect phosphoryl transfer from a relatively complex cosubstrate (ATP), and these 
enzymes should be avoided. Also, inhibitors based on mechanistic studies of the 
target enzyme should be practical from a synthetic standpoint. Potential synthetic 
problems may be anticipated by avoiding enzymes with extremely complex substrates 
or intermediates. Likewise, target molecules that are highly charged or too lipophilic 
for good uptake and translocation should be avoided. Finally, from a practical 
standpoint, it is desirable that the target enzyme can be readily assayed, preferably 
from plant tissue. For mechanism-based inhibitors it should be possible to use a 
bacterial source for the target enzyme provided the catalytic mechanisms do not vary 
between bacteria and plants. 

Target Validation (or Invalidation) 

To help justify the resources required by target-site directed research, it is very impor
tant to know whether inhibition of the chosen target is sufficiently lethal to produce 
potent herbicidal effects. When only modest inhibition of the target is achieved with 
little or no whole plant activity, a decision whether to obtain the needed mechanistic 
information to design more potent inhibitors must be made. Additional effort is more 
likely to be expended if there is strong evidence that inhibition of the target enzyme is 
lethal to the plant. Using the criteria described in the previous section to select the 
target enzyme will help reduce the number of targets and provide some confidence that 
inhibition will lead to herbicidal effects. But are there ways to predict which enzyme 
in a biosynthetic pathway is the most lethal target? The approaches used to address this 
question can be divided into chemical and genetic methods. 

Chemical Validation. Currently most target-site design work involves "chemical11 

validation of the target That is, potent and selective inhibitors of the target enzyme are 
designed, synthesized, and tested both in vitro and in vivo. In many cases, good in 
vitro activity has been observed with moderate, little, or no effect on the whole plant 
level. In most of these cases it is not clear whether these compounds are weak 
herbicides due to an intrinsically poor target site or if uptake, translocation, or 
metabolic degradation is reducing herbicidal activity. If weak in vivo activity is 
observed with a potent inhibitor of the target enzyme, the next step should be to 
investigate the uptake, translocation, and metabolism of the radiolabeled inhibitor to be 
sure that the compound reaches the target enzyme without being detoxified. In 
addition, to ensure selectivity of the compound for the chosen target enzyme, specific 
enzyme activity levels relative to uninhibited controls can be determined. This 
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2. ABELLETAL. Target-Site Directed Herbicide Design 19 

information is most easily obtained with tight-binding or irreversible inhibitors. 
Alternatively, decreases in end products and accumulation of substrates or substrate 
precursors can be monitored. Reversal experiments with biosynthetic intermediates 
that are downstream from the inhibited site can also verify that the inhibitor is truly 
affecting the intended target. If the obvious reasons for lack of efficacy of the 
inhibitor (uptake, translocation, detoxification, and inhibition) cannot explain its lower 
in vivo potency, then it would seem that inhibition of this target enzyme in plants is 
intrinsically less phytotoxic than inhibition of known herbicide target sites. This 
enzyme may need to be inhibited to a greater extent, and/or for a longer period of time 
than can be achieved, to result in plant death. Another possible explanation for the 
lower herbicidal effect is the presence of an alternate enzyme activity that is insensitive 
to the inhibitor. To help define what constitutes a lethal target site, additional studies 
are needed on the known enzyme targets to elucidate the sequence of events that 
ultimately lead to death. Such studies would help establish criteria for testing 
unproven target sites. 

Each individual enzyme in an essential metabolic pathway should be validated 
separately rather than assuming that all are equally valid targets. For example, in the 
branched chain amino acid biosynthetic pathway, where the first enzyme, A L S , is the 
known target for several classes of herbicides (77, 79), inhibitors have been designed 
for the second and third enzymes in the pathway, ketol-acid reductoisomerase 
(KARI)(72,13) and dihydroxy acid dehydratase (14-16), respectively. Although the 
inhibitors were not of equal potency, only inhibitors of K A R I showed any herbicidal 
activity (weak to moderate). In the aromatic amino acid biosynthetic pathway, where 
EPSP synthase is the established target for the herbicide, glyphosate (77), inhibitors 
have been prepared for dehydroquinate (DHQ) synthase (18-20), dehydroquinase 
(Rendina, A.R. ; Lawyer, A . L . ; Cherpeck, R.E.; Wollenberg, R.H. , Chevron 
Chemical Company, unpublished data) (27), chorismate synthase (22-23), and 
chorismate mutase (24-26). Again, despite the fact that not all of the inhibitors were 
of equal in vitro potency, only inhibitors of DHQ synthase and chorismate synthase 
produced herbicidal effects (modest). However, none of the inhibitors of these 
alternate targets in either pathway have yielded whole plant effects that approach the 
potency achieved with the inhibitors of targets of the commercial herbicides. The 
reasons for this lack of in vivo potency has yet, for the most part, to be elucidated. 

In only one case, KARI , have all the appropriate physiological studies been 
conducted to demonstrate clearly that the enzyme was a poor target (27). In 
conjunction with detailed mechanistic work* Aulabaugh et al. (72) were able to design 
and prepare potent inhibitors of KARI . Despite being better inhibitors of K A R I than 
the most potent herbicidal inhibitors of ALS, the oxalyl hydroxamates were only weak 
to moderate herbicides. Additional studies with radiolabeled inhibitor showed that 
uptake, translocation, and metabolism were not significant factors in reducing the 
effectiveness of these compounds as herbicides in susceptible plants. Because of the 
extreme potency of the oxalyl hydroxamate inhibitors and their slow binding 
properties, residual K A R I activity could be measured in vivo at different inhibitor 
levels. At levels of inhibition greater than 90% in vivo, no cytotoxic effects (such as 
reduction in cell volume) were observed. Only when K A R I was inhibited 95-98% 
was an accumulation of acetoin observed along with a concommitant reduction in cell 
volume. These results suggest that K A R I is simply not as good a target enzyme as 
ALS because the plant has considerably more enzyme than it needs to survive. Similar 
results were obtained with HOE 704, a phosphine oxide inhibitor of K A R I , 
discovered via screening rather than by design (73). 

Genetic Validation. From these examples we have learned that not all enzymes in 
a pathway are equally good targets. It may be more expedient to validate potential 
targets using genetic approaches. In the genetic approaches to target validation, the 
methods are designed to detect which enzyme in a metabolic pathway will give rise to 
lethal effects when inhibited and to estimate how much inhibition is required to 
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20 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

produce those effects. Approaches used thus far involve studying plant mutants to 
determine what altered gene products result in lethal phenotypes, using bacterial 
systems as models to detect deleterious effects of blocking individual steps in a 
biosynthetic pathway (70), and using antisense genetic constructs to vary the level of 
expressed activity of specific enzymes. 

In the first approach, higher plant mutants are obtained and the mutant phenotype is 
determined under conditions of starvation for the endproduct of the pathway or other 
stringent conditions. This approach is limited by the availability of suitable mutants 
having different levels of expression of the targeted enzyme. In most cases the 
mutants contain a complete block in the pathway of interest and serve only to validate 
the entire pathway rather than an individual component (30-32). A good example of 
the potential utility of this approach comes from a careful study of mutants in barley 
having different levels of expression of chloroplastic glutamine synthetase (33, 34). 
Glutamine synthetase plays a central role in the assimilation of ammonia in plants and, 
more importantly, in the recycling and recovery of amino donors and carbon lost 
during photorespiration. Plants which contain mutations in GS and other 
photorespiratory enzymes are isolated at high levels of C O 2 where photorespiration is 
suppressed. These mutant plants are air-sensitive when exposed to light, but survive 
as non-mutant phenotypes in the dark under normal atmospheric conditions. Mutant 
plants that contained less than 40% of the wild type level of GS activity began to 
accumulate ammonia and showed reduced rates of C O 2 fixation under normal 
photorespiratory conditions (ambient levels of C O 2 and O2). These results suggest 
that GS would be a good target for herbicide design since only partial blockage would 
result in phytotoxic symptoms. This enzyme is a known target for an empirically 
discovered commercial herbicide, glufosinate, which contains the natural product, 
phosphinothricin, as the active ingredient (35, 36), so it has been validated both 
genetically and chemically. 

Another genetic approach which is being increasingly used in plant biochemistry 
and has the greatest promise for providing quantitative results is to use antisense 
constructs of the targeted gene to determine the level of inhibition required for 
lethality. In this context, antisense refers to production of messenger RNA (mRNA) 
from the opposite strand of the D N A than that normally used for biosynthesis of a 
protein, thereby reducing the expression of that protein in most cases. The antisense 
approach involves cloning the cDNA or gene for the target from a plant species, 
chosing a promoter for the antisense construct (usually a strong one that produces an 
expression pattern similar to the native gene), making antisense contructs, 
transforming and regenerating plants, and checking the phenotypes of transformants to 
determine whether they correlate with reduction in activity of the enzyme target, or the 
level of its mRNA or protein. The expression level of the target is influenced by the 
number of copies of antisense genes introduced and the relative strengths of the 
promoters for the native and antisense genes. 

In plants antisense RNA has been used effectively to reduce the activity of nopaline 
synthase (37,38), chloramphenicol acetyltransferase (39,40), chalcone synthase 
(41,42), polygalacturonase (43,44), phosphinothricin acetyltransferase (45), p-
glucuronidase (46, 47), granule-bound starch synthase (48), Rubisco (49, 50), 1-
aminocyclopropane-l-carboxylate synthase (57) and oxidase (28,52), and phenylala
nine ammonia-lyase (PAL) (53). Although these antisense experiments were not 
conducted to validate these enzymes as potential herbicide targets, we can interpret the 
results from that perspective. With the exception of Rubisco, greater than 90% 
reduction of activity compared to wild type levels was needed in each case before 
noticeable symptoms or effects on the whole plant could be observed. Significant 
growth reduction was observed in transgenic tobacco where Rubisco levels were 
reduced by 82% with antisense RNA (49); however, Rubisco is not a good herbicide 
target site due to its high concentration in plants (see earlier discussion). These results 
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suggest that none of these enzymes are good targets for herbicide design, and 
demonstrates the utility of the method in eliminating potential targets. 

To illustrate the above method in more detail, the results obtained with phenylala
nine ammonia-lyase can be examined. This enzyme is a potential herbicide target 
because of its importance in the biosynthesis of lignin. Antisense constructs in 
tobacco plants reduced P A L activity by 88% in leaves and 95% in petals after 11 
weeks without severely impairing the growth of the genetically altered plants 
compared to the wild type. The transgenic plants did have unusual phenotypes such 
as localized fluorescent lesions, altered leaf shape and texture, stunted growth, and 
altered flower morphology and pigmentation, but none of these effects were lethal 
(53). It is interesting that almost exactly the same phenotypes were observed when 
plants were treated with potent P A L inhibitors such as aminooxy-p-phenylpropionic 
acid, which is bound 30,000 times more tightly than the substrate (54, 55), again 
without severe phytotoxic consequences. Thus, both chemical and genetic approaches 
have effectively invalidated this enzyme as a target for herbicide design. 

The use of antisense constructs to validate targets has the potential for being quite 
effective since targets which are attractive from an inhibitor design standpoint can be 
chosen for antisense studies to determine the level of inhibition required for phyto
toxicity. If phytotoxic effects are observed, but the level of inhibition required is high 
(>95%, which is higher than can easily be achieved with an inhibitor), then the 
enzyme may be eliminated as a target. In addition, the antisense approach is 
potentially more efficient than chemical validation and will be increasingly applied in 
the crop protection industry. The approach has limited utility if the gene of interest 
codes for a very lethal site (obtaining transformants and regeneration may be difficult 
especially at high levels of inhibition), if there are multiple (highly divergent) genes for 
the same target site (redundant copies of the gene exist, but only one is affected by the 
antisense construct), if other mutations are induced by the transformation procedure 
that obscure the phenotypic effects of the antisense mutation, or if antisense does not 
work for that particular gene (transformation-induced mutations are present, but little 
or no reduction in enzyme activity is observed). 

Enzyme Inhibitor Design 

Enzyme inhibitors having agrochemical utility can be categorized into six major 
categories: group specific reagents, ground-state analogues, affinity labels, suicide 
substrates, reaction intermediate analogues, and extraneous site inhibitors. A number 
of reviews on this topic are available which can be consulted for more examples and 
for an analysis of the kinetic characteristics of each type of inhibitor (63, 72). 

Group-specific Reagents. Group-specific reagents are intrinsically reactive 
toward the types of functional groups normally found in proteins. Protein functional 
groups which can be modified include cysteine sulfhydryl groups, the e-amino groups 
of lysine, the carboxylate group of aspartate or glutamate, the phenolic hydroxyl of 
tyrosine, the thio ether linkage of methionine, and the indole moiety of tryptophan. 
The amino and carboxyl termini of proteins may also be modified readily. Group-
specific reagents generally exhibit very little specificity for a single enzyme as protein 
reactive groups are ubiquitous. These reagents are, therefore, used almost exclusively 
as a research tool to identify residues in the binding domain of substrates or cofactors 
and to correlate structure with function rather than to design selective inhibitors. One 
example of a group of successful herbicides which might be classified as group 
specific reagents are the chloroacetamide herbicides (Figure 1). These herbicides 
contain a reactive halogen which is a common feature of many known protein 
modification reagents, one example being iodoacetamide. The halogen is potentially 
quite susceptible to displacement by nucleophilic groups in either proteins or 
metabolites, and these herbicides are known to alkylate coenzyme A and a number of 
proteins in vivo (56). In addition, a correlation has been found between the herbicidal 
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Chloroacetamides - Group Specific Reagents (?) 

O C 2 H 5 O 

^ O 

—II—CH 2 C1 

nucleophile 

CDAA (allidochlor) 
2-chloro-N,N-diallyl-acetamide 

Figure 1. Examples of chloroacetamide herbicides - possible group specific reagents. 

activity of chloroacetamides and their electrophilicity (57). Consistent with the reactiv
ity of these herbicides, the primary mode of action has not been identified, although 
they are known to interfer with a number of processes including lipid metabolism 
(56), protein, anthocyanin, and gibberellin biosynthesis. One hypothesis for the mode 
of action of these herbicides is that their potency is derived from the combined effects 
of multiple sites of action (58). 

Ground State Analogues. Ground state analogues of substrates, cofactors, or 
allosteric effectors may also be used as enzyme inhibitors. The use of substrate 
analogs can be quite selective for a single enzyme, providing the substrate is unique to 
that enzyme. Two such substrate analogues are methyl-(4 aminophenyl sulphonyl) 
carbamate (the commercial herbicide, asulam) and 6-fluoro-5-enolpyruvylshikimate-3-
phosphate (6-fluoro-EPSP) (Figure 2). 

The antibacterial and herbicidal activity of asulam requires conversion in vivo to p-
aminobenzenesulfonamide (sulfanilamide) which in turn inhibits folate biosynthesis 
(59,60). This compound is a competitive inhibitor for dihydropteroate synthetase and 
has a K i of 5.7 u M compared to the K m of 0.57 uM for the normal substrate, p-
aminobenzoic acid (59). Sulfanilamide was also found to be an alternate substrate for 
the enzyme. However, it is the inhibition of dihydropteroate synthetase which is 
responsible for the antibacterial activity of this compound (Figure 2, top). Inhibition 
of other enzymes by the product of sulfanilamide and 2-amino-4-hydroxy-6-hydroxy-
methyldihydropteridine is inconsequential. 

While asulam was discovered through an empirical approach, 6-fluoro-EPSP was 
designed as a result of mechanistic studies on the enzyme chorismate synthase, the 
seventh enzyme in the shikimate pathway. Chorismate synthase catalyzes the 
conversion of EPSP to chorismate (Figure 2, bottom). While the chemical mechanism 
for the conversion of EPSP to chorismate is not entirely elucidated, studies have 
shown that the pro-R hydrogen is abstractedand that there is a primary kinetic isotope 
effect at C-6 on V m a x , indicating that proton abstraction is at least partially rate limiting 
(61). (6R)- and 6S)-6-fluoro-EPSP were synthesized and found to be competitive 
inhibitors of chorismate synthase with respect to EPSP with Ki's of 3 uM and 0.2 
JIM, respectively, compared to the K m for EPSP of 2.2 uM (23). While 6-fluoro-
EPSP is itself unsuitable as a herbicide, mostly for uptake reasons, a proherbicide 
approach may be used in this case. Two enzymatic transformations were used in the 
synthesis of 6-fluoro-EPSP. 6-Fluoro-shikimate was converted to 6-fluoro-
shikimate-3-phosphate using shikimate kinase and then converted to 6-fluoro-EPSP 
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Ground State Analogues 
H H 

^ N ^ s ^ N M g 2 % A T P A N > y N 

XX 
* ? , u ? * dihydropteroate NH 0 H 

2-amino-4-hydroxy-6- synthetase V 
hydroxymethyldihydro- J 

pteridine + 

H 3 N + - / _ V c O i - ^ ^ C 0 2 

dihydropteroate 

p-aminobenzoate 

+ 
H 3 N — X )—S_NH2-*—H3N—(' y — S - N H - C - O C H 3 [ — S - N H - C -

O 
sulfanilamide asulam 

Substrate Analogue: 6-fluoro-EPSP 

CO2 chorismate C O 2 ' 
JL synthase JL 

^ a P O ^ ^ ^ O ^ C O a - H + , P 0 4

3 " X J X ^ O ^ C O J 

O H O H 
EPSP chorismate 

6-fluoro-EPSP (6S)-fluoroshikimate (6S)-fluoro-
(6S) Rt = H R 2 = F 3-phosphate shikimate 
(6R) R x = F R 2 = H (or 6R-) (or 6R-) 

Figure 2. Examples of ground state analogue inhibitors for dihydropteroate synthetase 
(top) and chorismate synthase (bottom). 

using EPSP synthase. The later step is an order of magnitude slower with the 
fluorinated substrate compared to the normal substrate (25). These results indicate that 
6-fluoro-shikimate is a substrate for these two enzymes and thus can be converted into 
the inhibitor for chorismate synthase in vivo. 6-Fluoro-shikimate shows moderate 
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24 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

antibacterial and herbicidal activity (22). The phytotoxocity may also be partly 
attributed to inhibition of EPSP synthase by 6-fluoro-shikimate-3-phosphate. 

Inhibitors which are analogues of substrates or products generally have only 
limited potency as their affinity for the enzyme is usually in the same range as that for 
substrates or products (1 m M to 1 uM). The inhibition may frequently be overcome 
by the build up of the natural substrate, especially if it is a primary metabolite. 

Affinity Labels. The affinity label combines the features of a group specific 
reagent with a substrate analogue. While possessing structural features that impart an 
affinity for the enzyme to form a reversible complex, this type of inhibitor also 
includes a moiety that is chemically reactive toward an amino acid side chain. Because 
of the reversible complex formed prior to chemical modification, affinity labels can 
show an enhanced reactivity and specificity toward the target enzyme over group 
specific reagents. However, affinity labels are still inherently reactive and nonspecific 
modification of proteins is inevitable. For this approach to be successful, the target 
enzyme must have an appropriately positioned, modifiable amino acid side chain. 

L-(aS,5S)-a-Amino-3-chloro-4,5-dihydro-5-isoxazoleacetic acid (acivicin, AT-
125) is an analogue of glutamine (Figure 3). Acivicin has been found to inactivate a 
number of glutamine-dependent amidotransferases including anthranilate synthase and 
glutamate synthase by alkylating an active site cysteine residue (62). The chemical 
mechanism for these enzymes involves the formation of an acyl enzyme intermediate 
with release of ammonia, which is then transferred to the second substrate. In this 
way organisms can generate ammonia "in situ" and in controlled amounts. Amino 
transfer reactions of this type (distinct from transaminations) are involved in numerous 
biosynthetic pathways including those for purines, pyrimidines, amino acids, and 
cofactors. In the vast majority of these cases, the amino donor is the glutamine amide. 
The modest herbicidal activity of acivicin, therefore, probably results from inactivation 
of a number of enzymes. The reasons for the relatively weak in vivo activity are not 
fully understood, but may be due to reaction of acivicin with nonessential sulfhydryls 
in the plant, either enzyme-bound or protein-free. Since a large number of enzymes, 
including mammalian enzymes, use glutamine as an amino donor and appear to have 

Affinity Label 

E - S H i ^ — n F = 0 
•H 
H 
N H 3

+ 

co2-
glutamine 

E - S v 

H H 
H H 
H - j - N H 3

+ 

co2-
acylenzyme 

N H i 

acivicin labeled enzyme 

Figure 3. Acivicin: an example of an affinity label for glutamine-dependent 
amidotransferases. 
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2. ABELLETAL. Target-Site Directed Herbicide Design 25 

similar chemical mechanisms which involve a covalent enzyme-thiol-substrate 
complex, this inhibitor cannot be expected to be very specific. Thus, as in the case of 
the substrate analogue, it is desirable in this approach for the substrate to be unique to 
the target enzyme. 

Suicide Substrates. Suicide substrates are similar to affinity labels in that 
inhibition involves initial formation of a reversible complex, due to the similarity of the 
inhibitor to the substrate, followed by time-dependent formation of an irreversible 
complex, usually through covalent bond formation with an appropriately positioned 
amino acid side chain. In contrast to the affinity label, a suicide substrate is not 
inherently reactive and requires activation by the target enzyme before an irreversible 
complex is formed These inhibitors are inherently more selective than affinity labels 
as they are less reactive in their unactivated form. Since the enzyme participates in its 
own inactivation, these inhibitors are known by various names such as enzyme-
activated, irreversible inhibitors (63), suicide substrates (64), kcat inhibitors (65), and 
Trojan horse reagents (66). 

Suicide inhibitors are typically characterized by their turnover to ki l l ratio, the 
average number of suicide substrates transformed and released by the enzyme before 
inactivation occurs. For an ideal suicide substrate, the turnover to kil l ratio would be 
zero, where every transformed inhibitor results in enzyme inactivation with no release 
of product. Release of the transformed inhibitor, which is now a reactive species, has 
the potential to modify and thus inactivate other enzymes with loss of specificity. 

One example of a suicide substrate is propargyl glycine (Figure 4). Propargyl 
glycine produces severe growth inhibition of Lemna paucicostata at 100 nM which is 
completely reversed by cystathionine and methionine (67). These results along with 
bacterial studies suggest that the herbistatic and bacteristatic properties of this naturally 
occurring amino acid are due to inactivation of cystathionine-y-synthase. Cystathio-
nine-^synthase is in the methionine biosynthetic pathway and catalyzes a y-replace-
ment reaction in which cysteine is coupled with O-phosphohomoserine in plants (68) 
or with O-succinyl homoserine in bacteria to produce cystathionine and inorganic 
phosphate or succinate, respectively. In the absence of a thiol acceptor, the bacterial 
enzyme carries out a ^elimination reaction with O-succinyl-L-homoserine at 1/5 the 
rate of the normal reaction to yield 2-ketobutyrate, ammonia and succinate (69). 
Exchange of the protons in the a- and p-position of the substrate was observed when 
the reaction was carried out in D 2 O in the presence or absence of thiol (69). The 
mechanism proposed for the inactivation requires the initial formation of an a-
carbanion which is common to most pyridoxal 5'-phosphate (PLP) dependent 
enzymes. However, both the exchange results and the electronic requirements for a y-
elimination reaction suggest the formation of a p-carbanion as well. It is the formation 
of the p-carbanion adjacent to the acetylene linkage which is thought to trigger 
inactivation by propargyl glycine through the formation of an electrophilic allene. 
Once formed, the allene should be a prime target for attack by nucleophilic bases at the 
PLP active site. The selectivity of propargyl glycine truly lies in the mechanism 
carried out by the enzyme and not in its structural similarity to normal substrates. A 
majority of PLP enzymes form a-carbanions, however, they are not inactivated by 
propargyl glycine because formation of the a-carbanion leaves the acetylenic function
ality still unreactive. Only those rare PLP enzymes which can form p-carbanions will 
be inactivated by propargyl glycine. With a turnover to kill ratio of approximately 4, 
propargyl glycine is a particularly effective suicide inactivator (70). 

Reaction Intermediate Analogues. Transition-state or reaction intermediate ana
logues are stable analogues of labile enzymic reaction intermediates. To the extent that 
the intermediate is unique, this type of inhibitor can be quite selective. A number of 
thorough reviews on transition state analogue theory are available (71, 72). Since 
enzymes tend to bind reaction intermediates more tightly than either substrates or 
products during the course of a chemical transformation, these inhibitors should be 
much more potent than simple substrate analogues. These molecules are generally not 
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Suicide Substrate 

N H 3

+ 

O-malonyl-L-homoserine 

o2c. 

COv cystathionine-

H3N+' -co,-
NH3+ 

cystathionine 

N H 3

+ 

0 2 C 

co2-

y-synthase 

"COv 

H 

NH3+ 

propargyl glycine 

CO," 

=03PO 

E-nuc 

co,-

=03PO 

N 
H 

Figure 4. An example of a suicide substrate: propargyl glycine and the postulated 
mechanism of inactivation of cystathionine-y-synthase. 

chemically reactive and thus there is no indiscriminate labeling of undesired proteins as 
with affinity labels. The inhibition is not dependent on covalent bond formation so 
there is no requirement for an appropriately placed nucleophile as with affinity labels 
and suicide substrates. Since the inhibition is not covalent, the inhibitor can dissociate 
from the enzyme and thus the inhibition is reversible. The inhibition, then, is a 
balancing of the association rate and the dissociation rate of a compound. Effective 
inhibitors of this type often, but not always, display time-dependent inhibition kinetics 
by virtue of having slow dissociation rates. Half times for dissociation can be as slow 
as 1-14 years (73). While slow dissociation rates are desirable, slow association rates 
are to be avoided as they increase the amount of time required before the onset of 
inhibition in vivo. 
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N-isopropyl oxalyl hydroxamate (IpOHA) is a potent inhibitor of ketol acid 
reductoisomerase (KARI) (72). K A R I catalyzes the reversible conversion of 2-aceto-
2-hydroxybutyrate to 2,3-dihydroxy-3-methylpantanoate or 2-acetolactate to 2,3-dihy-
droxy-3-methylbutyrate (Figure 5, top). The reaction proceeds in two steps with 
rearrangement of a (3-keto-a-hydroxy-a-alky 1 acid to an a-keto-p-hydroxy-p-alkyl acid 
via a 1,2-methyl shift followed by nucleotide-mediated reduction to a 2,3-diol. The 
most thoroughly characterized of the oxalyl hydroxamates is the N-isopropyl 
derivative. The inhibitor has a dissociation constant of 22 pM under optimal conditions 
in the presence of M g 2 + and NADPH. The inhibition is time-dependent and character
ized by an association rate of 5.9 x 104 M _ 1 s _ 1 and a dissociation rate of 1.3 x 10 - 6 s"1 

with a half time for release of 6.2 days. In the absence of NADPH, the dissociation 
half time is 2 h. Time-dependent inhibition is not observed in the absence of M g 2 + . 
These results are analogous to the requirements for the rearrangement step which is 
three times more rapid in the presence of NADPH and absolutely dependent on M g 2 + . 
These results strongly suggest that IpOHA is a potent inhibitior of K A R I by virtue of 
its similarity to the rearrangement transition state. Although the predominant tautomer 
of IpOHA does not resemble the likely transition state for the rearrangement reaction, 
the iminol tautomer, which should predominate when the inhibitor chelates M g 2 + , has 
a number of similar structural features. During the rearrangement both hydroxyl-
bearing carbons would have partial carbonyl character as well as partial positive 
charge, and the migrating methyl group would have carbanion character. To the extent 
that M g 2 + is required for the rearrangement and coordinates both oxygens to facilitate 
the reaction, the chelating properties of the iminol tautomer form of the inhibitor 
should give enhanced binding. 

While IpOHA was designed for this enzyme de novo. Hoe 704 from Hoechst was 
found empirically to be a potent inhibitor of K A R I with a K i of 0.8 uM (13). This 
inhibitor, while not as potent as IpOHA, has characteristics in common with the 
rearrangement transition state, including partial positive charge on phosphorus and 
negative charge on oxygen as well as being a potent metal chelator. As discussed 
earlier, neither compound produced potent herbicidal effects in our hands. 

A herbicidally important enzyme which is inhibited by a transition state analogue is 
glutamine synthetase (GS) (Figure 5, bottom). GS catalyzes the ATP-dependent form
ation of glutamine from glutamate and ammonia and is the target of the postemergent 
herbicides glufosinate and bialaphos. The active component of these herbicides is L-
phosphinothricin. To understand the inhibition by this compound, one must under
stand the chemical mechanism of the enzyme. The first step in the reaction involves the 
transfer of the -^phosphate of ATP to the y-carboxylate of glutamate to form the high 
energy intermediate -/-glutamyl phosphate. This intermediate, which is not released 
from the enzyme, undergoes ammonolysis in which a phosphorylated tetrahedral 
intermediate is formed which then eliminates inorganic phosphate to form glutamine. 
Phosphinothricin is a glutamate analog which contains a tetrahedral phosphinate and 
therefore resembles the tetrahederal intermediate, except that it lacks the phosphate. 
Phosphinothricin inactivation of GS from E. coli and various plant sources is time 
dependent and competitive with glutamate. Inactivation has an absolute requirement 
for ATP. Exposure of the inhibitor-ATP-enzyme complex to denaturation under basic 
conditions with triethanolamine releases phosphorylated phosphinothricin and ADP 
which were identified by N M R (Schineller, J., Villafranca, J.J., The Pennsylvania 
State University, unpublished data). These results indicate that during inactivation the 
^phosphate of ATP is transferred to the phosphinate of phosphinothricin. Thus, the 
inactive species is the very tight complex formed between enzyme, ADP, and the 
phosphorylated inhibitor. Rapid-quench kinetic experiments have shown that 
phosphoryl transfer is fast compared to the association rate for the inhibitor (74). 

A variation on this theme is the bisubstrate analogue approach. For multi-substrate 
enzymes, the covalent linkage of two substrates may lead to surprisingly potent 
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Reaction Intermediate Analogues 
KARI (ketol acid reductoisomerase): 

Mg 2+ 

-co2-
R 

R = Me, Et 

Mg 2 

H o ' r 

R' 

2+ 1 NADPH NADP + 

HO 

^Mg2* 

-o''« 
v i O H ^p^co2-

o 
X " OH 

^p^co2-Hoe 704 

Mg2* 

N ^ C 0 2 -

H?o 
N ^ C 0 2 -

IpOHA 

GS (glutamine synthetase): 
N H 3

+ 

1 O M 8 2 + I 3 

0 2 C ^ ^ Y + MgATP + N H 3 ^ - 0 2 C ' V y N H j ; MgADP 

N H 3 + R 2 N 

o 2 c - C ^ P £ 
O H O 

N H 3

+

 M g 2 + N H 3

+ 

•o 2 c^^K°" O . C ^ ^ P ^ P : 0 ; 

O 0 0 ° 
phosphinothricin . . . . . r phosphorylated 

phosphinothricin 

Figure 5. Examples of reaction intermediate analogue inhibitors of ketol acid 
reductoisomerase (top) and glutamine synthetase (bottom). 

inhibition. To the extent that the two substrates have a relative orientation resembling 
that normally found on the enzyme, the affinity of a bisubstrate analogue can exceed 
that expected based on the enzyme's affinity for the two individual substrates. One 
basic requirement of this approach is that the two substrates must normally be bound 
to the enzyme at the same time. In other words, the kinetic mechanism of the enzyme 
must be sequential rather than ping pong for this approach to work. 
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N-(phosphonoacetyl)-L-aspartate (PALA) is a potent, bisubstrate analogue 
inhibitor for aspartate transcarbamylase (75) (Figure 6, top). Aspartate transcarbamyl-
ase catalyzes the condensation of carbamoylphosphate with L-aspartate to produce N -
carbamoylaspartate. The chemical mechanism for this enzyme is thought to involve 
the initial formation of a tetrahedral carbinolamine intermediate between aspartate and 
carbamoyl phosphate which then dehydrates to yield the product. P A L A is similar to 
the tetrahedral intermediate that would be formed by attack of the amino group of L-
aspartate on the carbonyl group of carbamoyl-phosphate. However, unlike reaction 
intermediate analogues of tetrahedral adducts, P A L A maintains a trigonal carbon at the 
position corresponding to the tetrahedral carbon of the carbamoylphosphate-L-
aspartate adduct. P A L A is a potent inhibitor of aspartate transcarbamylase, with an 
inhibition constant of 10 nM. Several analogues of P A L A including two with 
tetrahedral geometry (sulfonamides) have been described; however, none of the 
analogues reported thus far are better inhibitors of aspartate transcarbamylase (76). 

P A L A and the analogous inhibitor for ornithine transcarbamoylase, N-(phosphono-
acetyl)-L-omithine (PALO), have been shown to be potent inhibitors for the enzymes 
from various plant sources with Kj's in the nM range (77) (Figure 6, bottom). 
Ornithine transcarbamoylase is of particular interest as it is known to be the site of 
action for the chlorosis-inducing tripeptide, phaseolotoxin (78). However, both 
P A L O and P A L A are only weakly herbicidal (77). The reasons for their lack of effi
cacy are unknown, as no metabolic studies have been reported for these compounds. 

Extraneous Site Inhibitors. Extraneous site inhibitors are the most recently 
recognized class of enzyme inhibitors. These inhibitors can show very tight binding 
and do not structurally resemble substrates, cofactors, or allosteric effectors. They are 
termed extraneous site inhibitors because they bind either entirely, or to a large extent, 
to some site outside of or extraneous to the enzyme active site (79). 

Extraneous site inhibitors are exemplified by two distinct chemical classes of grass 
selective herbicides; the aryloxyphenoxypropionic acids typified by diclofop and the 
cyclohexanediones typified by clethodim (for a recent review see (56))(Figure 7, top). 
In susceptible plants, both classes of herbicides were recently found to be potent, 
reversible inhibitors of the putative rate limiting enzyme in lipid biosynthesis, acetyl-
CoA carboxylase ( A C Q . The K i values for diclofop and clethodim with wheat A C C 
are 15 and 60 nM, respectively. Inhibition and herbicidal activity is stereoselective for 
the (R)-enantiomer of the aryloxyphenoxypropionates. A C C catalyzes the biotin-
dependent carboxylation of acetyl-CoA in two physically and kinetically distinct 
catalytic sites. In the first partial reaction the enzyme catalyzes the carboxylation of 
covalently bound biotin in the presence of MgATP and bicarbonate. The 
carboxybiotin intermediate undergoes nucleophilic attack by the enzyme-generated 
carbanion of acetyl-CoA at the second catalytic site, releasing malonyl-CoA and 
recycling the biotin cofactor. Although inhibition of the wheat enzyme by clethodim 
and diclofop is noncompetitive versus each of the substrates (MgATP, bicarbonate, 
and acetyl-CoA), both herbicides are nearly competitive versus acetyl-CoA since the 
level of inhibition is most sensitive to the acetyl-CoA concentration (80, 81). 
Inhibition studies with isotope exchange and partial reactions catalyzed at each separate 
site showed that both classes of herbicides interfered with only the carboxyltransfer 
site and did not affect the biotin carboxylation site (82, 83). Double inhibition studies 
suggested that the two herbicide classes are mutaually exclusive and that only the thio 
ester region of malonyl-CoA and acetyl-CoA overlaps with some structural feature of 
the herbicides, presumably the small alkyl side chains that are required for good 
herbicidal properties (82, 83). Recent studies with the CoA thio ester conjugates of the 
aryloxyphenoxypropionates confirms that the CoA pocket is distinct from the 
herbicide pocket. In this regard the CoA esters of diclofop and fluazifop were from 20 
to 425-fold more potent than the corresponding unconjugated herbicides as inhibitors 
of rat liver (29) and wheat A C C (Rendina, A.R.; Taylor, W.S.; Hixon, M.S, E.I. Du 
Pont de Nemours, unpublished data). Taken together, these observations strongly 
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Bisubstrate Analogues 
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Figure 6. Bisubstrate analogue inhibitors for aspartate transcarbamylase (top) and 
ornithine transcarbamoylase (bottom). 

suggest that the aryloxyphenoxypropionate and cyclohexanedione herbicide binding 
domains only partially overlap with the active site of A C C and that a large portion of 
the herbicide structures occupies an extraneous site. 

The sulfonylurea and imidazolinone herbicides are other examples of extraneous 
site inhibitors (Figure 7, bottom). These extremely low dosage and nontoxic herbi
cides inhibit the first common enzyme in branched chain amino acid biosynthesis, 
acetolactate synthase (ALS) (77, 84-90). This enzyme catalyzes the thiamine pyro
phosphate (TPP) dependent condensation of two molecules of pyruvate to form aceto
lactate or the condensation of pyruvate and 2-ketobutyrate to form a-aceto-a-hydroxy-
butryate. The enzyme requires TPP, flavin adenine dinucleotide (FAD) and Mg 2+ for 
catalysis. The F A D plays no redox role in the reaction. Sulfometuron methyl is a 
slow-binding sulfonylurea inhibitor of ALS with a final K i of 82 nM for ALS isozyme 
II from Salmonella typhimurium. This slowly reversible complex is formed only in 
the presence of all cofactors and pyruvate (97). Besides requiring pyruvate for tight 
binding, the inhibitor is competitive with pyruvate. These two seemingly 
contradictory effects of pyruvate are probably due to the two different molecules of 
pyruvate involved in the reaction. The first pyruvate adds to the thiamine pyro
phosphate to give the intermediate form of the enzyme to which sulfometuron methyl 
binds. The herbicide is nearly competitive with the second molecule of pyruvate and 
must therefore overlap at least partially with the second pyruvate binding site. 
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Extraneous Site Inhibitors 

A C C (acetyl-CoA carboxylase): 
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^ > ^ r ° - T S + P. 

clethodim 

HN N 

, 1 5 
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2 

co2 

co2-
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OCH imazaquin 
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» 4 P 
C! 

triazolopyrimidine 
sulfonamide 

Figure 7. Examples of extraneous site inhibitors: acetyl-CoA carboxylase (top) and 
acetolactate synthase (bottom). 

On the other hand the imidazolinone, imazaquin, is nearly an uncompetitive 
inhibitor of A L S with respect to pyruvate, indicating that its binding site does not 
overlap with the second pyruvate binding site (89). The key to identifying the nature 
of the binding site for these herbicides came with a comparison of the sequence of 
poxB gene of pyruvate oxidase (92) and that for the large subunit of the three 
isozymes of ALS ilvB (93, 94), ilvG (95), and ilvl (96). Unlike A L S , the F A D in 
pyruvate oxidase serves a redox role. After oxidation of pyruvate, the reduced F A D is 
reoxidized by ubiquinone-40. The interaction of ubiquinone-40 with pyruvate oxidase 
is tightest in the presence of pyruvate. These conditions are analogous to those 
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required for effective herbicide interaction with A L S . The substantial sequence 
homology between poxB and the ALS isozymes demonstrates that the two enzymes 
are evolutionarily related and suggest the possibility that a vestigial ubiquinone binding 
site remains in ALS (79). Binding of the sulfonylurea herbicides to this leftover, 
unused quinone binding site of A L S is responsible for their inhibition. Consistent 
with this hypothesis, ALS is inhibited by the water soluble quinones, Q Q and Q i . The 
inhibition is time dependent and Q Q can displace bound radiolabeled sulfonylureas 
from the enzyme (ALS isozymes I and III only) (79). 

The major drawback of extraneous site inhibitors is that resistance can develop 
readily. Since the site where the inhibitor binds is usually not essential for the 
function of the enzyme, selection pressures can produce mutations in that region 
which can eliminate the inhibition without having deleterious effects on catalytic 
efficiency. The nature of these inhibitors makes them nearly impossible to design 
from knowledge of the enzyme's mechanism. They are most readily discovered 
through screening although knowledge of the target can greatly facilitate optimization 
of activity. The application of molecular modeling and knowledge of the crystal 
structure of the enzyme-inhibitor complex can also facilitate optimization of activity 
(for a recent success in drug design see (97)). 

Of the types of inhibitors described, the reaction intermediate analogues have the 
greatest promise for use in herbicide design. These inhibitors display both great 
potency and selectivity for the target enzyme. The general strategy for design of a 
reaction intermediate analogue can frequently be adapted to other enzymes with similar 
mechanisms. However, because of the specificity of reaction intermediate analogues, 
there may be only a narrow range of structures that yield potent inhibition (e.g., 
glyphosate and phosphinothricin). Consequently, this design approach is likely to 
lead to nonselective, broad spectrum herbicides. The high degree of structural 
stringency makes it less likely that crop safety will occur via chTferential detoxification. 
To achieve crop tolerance, the strategy will be to utilize genetic engineering or plant 
breeding approaches early in the process to introduce herbicide resistance. Unlike the 
extraneous site inhibitors, natural resistance to this type of inhibition is rare. Since 
these inhibitors bind to the enzyme active site and are designed with knowledge of the 
function of the enzyme, mutations at the active site which might effectively overcome 
the inhibition are very likely to affect the catalytic efficiency of the enzyme in an 
unacceptable manner. These inhibitors are not difficult to conceive, but require 
detailed mechanistic knowledge of the enzyme for their successful design. 

Translation of In Vitro Activity to In Vivo Efficacy 

Presumably, having followed the tenets outlined in this article, a suitable, validated 
enzyme target has been successfully chosen and a potent inhibitor has been designed 
and synthesized for that enzyme. Ideally, the inhibitor should produce potent 
phytotoxic effects; however, in many instances additional barriers must be overcome, 
namely, uptake, transport (both inter- and intra-cellular), and metabolic detoxification 
of the compound. A l l of these hurdles can be addressed using proherbicidal 
approaches (98). Which strategy to employ will obviously depend on which factor is 
limiting the delivery of intact inhibitor to the target site. Therefore, it is very important 
to prepare radiolabeled inhibitor at an early stage to facilitate uptake, translocation, and 
metabolism studies. These follow-up studies are extremely important considering the 
amount of effort invested in validating the target and obtaining the mechanistic 
knowledge to design inhibitors. 

Rational approaches to uptake, translocation, and selective metabolism have been 
reviewed recently and these works and the references therein should be consulted for a 
more detailed discussion (99-101). The proper balance of physical properties plays a 
major role in uptake and transport, so some consideration of the known factors must 
be applied early in the design process, i.e., in selecting targets to inhibit. 
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Proherbicides could be made to balance lipophilicity or reduce charge, but these 
approaches are limited because the "pro" part of the molecule generally must be labile 
enough either chemically or biochemically to release the active inhibitor for proper fit 
in the target site. A balance between enhanced uptake and translocation and the 
required speed of release of the active component must be achieved. Some examples 
of proherbicidal approaches to masking active functional groups are to use esters of 
carboxylates or other masking groups (e.g., aryloxyphenoxypropionates (702)); use 
extended acids to take advantage of p-oxidatative cleavage back to the desired snorter 
carboxylate functionality (e.g., 2,4-dichlorophenoxybutyrate(70J)); and to use 
ketones for amino groups, presumably the plant transaminases can add the amino 
group (e.g., a-ketophosphinothricin (104)). Additional proherbicide approaches are 
reviewed in (98). For enhanced cellular uptake it may be possible to attach the 
inhibitor to structural moeities that facilitate uptake: e.g., water soluble vitamins such 
as folate, vitamin Bi2,and biotin (105-107), sugars (108), or nicotinic acids (109, 
110). Again, either the target site must accomodate these additional structures or the 
proper balance must be established between the benefits of enhanced uptake and the 
rapidity of conversion of the proherbicide to the active component. 

With luck, selectivity between the crop plant and the weeds can be achieved with a 
target-site designed inhibitor requiring no further structural modifications. But rather 
than to rely upon luck, it is far preferable to elucidate the typical detoxification 
mechanisms in various plants and use this information to advantage early in the design 
process. If detoxification cannot be avoided in the design of a specific inhibitor, then 
it becomes important to elucidate the detoxification pathway, and concurrently design 
selective inhibitors of detoxification. In this approach, inhibitors of the detoxifying 
pathway are used in the hope that differences in sensitivities of detoxifying enzymes 
will exist between crops and weeds. Such a strategy has been employed with known 
herbicides. For example, tridiphane, a synergist for triazine herbicides, blocks gluta
thione S-transferase in susceptible weeds but not in corn. Tridiphane itself is conju
gated to glutathione to form a more active inhibitor of glutathione S-transferase. This 
enzyme would otherwise detoxify triazine herbicides in both crops and weeds (777). 

One of the most difficult processes is to predict how functional groups are 
metabolized and which ones get transported well, especially when these groups are 
part of a novel structure. For true rational design of crop selective herbicides to be 
realized, more basic research is required on the substrate specificities of plant xenobio-
tic metabolizing enzymes and the factors important for the induction of those activities. 

Conclusions 

Target-site directed research will ultimately succeed in producing novel pesticides. 
The approach has the potential to produce extremely low use rate compounds that are 
environmentally friendly and nontoxic. Target-site design differs from traditional 
screening approaches in that it is potentially less labor intensive and more knowledge 
intensive. Tlie main advantage is that it should dramatically reduce the number of com
pounds and the time required to discover new herbicides. The approach also tends to 
investigate areas of chemistry that have previously been under-explored or exploited, 
namely water-soluble chemicals. As with all newborns, the target-site directed 
approach will need to be encouraged in order to mature into a productive adult. 
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Chapter 3 

Engineering Crop Resistance to the Naturally 
Occurring Glutamine Synthetase Inhibitor 

Phosphinothricin 

H. Müllner, P. Eckes, and G. Donn 

Hoechst AG, 6000 Frankfurt am Main 80, Germany 

Chemical plant protection w i l l be always needed, but the 
application of gene technology can reduce the impact of 
agriculture to the environment and offer new attractive 
systems for weed control to the farmer. The non-selective 
herbicide glufosinate exhibit desirable properties, which 
makes i t suitable for weed control in crops. By 
transferring a microbial resistance gene from the producer 
of the active principle of glufosinate, sensitive crops 
l ike corn, oilseed-rape, soy bean and sugarbeet could be 
made resistant. In comparison to present, on soi l 
herbicides based weed control systems, the flexibility in 
the application of the post-emergent fo l i a r herbicide 
glufosinate in resistant crops comes closer to an ideal 
system. The introduction of this new system wi l l be 
another important step towards an agriculture with reduced 
impact on the environment. 

Worldwide there i s s t i l l a need to increase agricul tural eff ic iency, 
because in some of the developing countries, the population i s 
r i s i n g much faster than productivi ty. In contrast, in the 
indus t r ia l ized countries agriculture i s already highly e f f ic ien t and 
can produce more than i s necessary to feed the population. This i s , 
besides the use of f e r t i l i z e r s and other improvements, to a large 
part due to the use and the application of e f f ic ien t agrochemicals, 
which protect the crop from competition by weeds, attack by insects , 
and from fungal diseases (Table I ) . 

Table I . Annual Application of Plant Protection Chemicals 

Pesticide Class Worldwide U.S. 

(kg a . i . x 1000) 
Herbicides 538,000 231,000 
Insecticides 350,000 52,000 
Fungicides 580,000 66,000 

0097-6156/93/0524-0038$06.00/0 
© 1993 American Chemical Society 
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However, in the northern hemisphere the amount of applied 
chemicals and the consequences thereof have led to a new awareness 
about the environmental consequences of agricul ture. There i s now an 
increasing demand for a change in policy to reduce the undesired 
side effects of intensive agricul ture. 

In order to maintain an ef f ic ien t production of food and to 
reduce the impact on the environment, industry i s looking for new 
chemicals with better ecotoxicological p ro f i l e s , better a c t i v i t y , 
and higher s e l e c t i v i t y . The sulfonylureas are an example of such a 
new chemistry which might lead to a substantial reduction of the 
total amount of applied herbicides. On the other hand industry and 
s c i e n t i f i c ins t i tu tes are interested in the evaluation and the 
development of alternative measures which might, in combination with 
other means of good farming practices, allow an additional reduction 
of the impact on the environment. Such a system, containing crop 
rota t ion, biological and chemical plant protection, as well as the 
use of improved seeds, i s ca l led integrated crop management. This 
concept i s not yet f u l l y developed or generally accepted in 
agricul tural crops. 

As part of th i s integrated system, plant breeding w i l l increase 
in importance due to the progress in modern techniques of c e l l 
biology and molecular biology (J_92). 

By these means, i t i s now possible to transfer genes from 
various organisms into plants and thereby generate plants resistant 
to insects (_3). fungal pathogens (4) and viruses [5], plants with 
modified storage products, or plants which are resistant to 
herbicides with desirable properties, but no s e l ec t i v i t y in the 
crops {6,7). 

Glufosinate Tolerant Crops 

In the following section, the concept of glufosinate as a selective 
herbicide w i l l be discussed. We w i l l attempt to answer the question: 
"Wi l l the use of glufosinate in glufosinate-resistant crops lead to 
a reduction in the environmental impact of chemical weed control?" 

To answer th is question adequately, i t would be useful to f i r s t 
compare standard weed control practices with a weed control system 
in glufosinate-resistant crops. This chapter w i l l be divided into 
three parts, which w i l l cover: 

I . Present weed control systems in corn, rape seed, and sugar 
beet and the i r l imi ta t ions 

I I . Glufosinate, a non-selective herbicide suitable for development 
of resistant crops 

I I I . Improved post-emergent weed control systems with reduced impact 
on the environment 
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Present Weed Control Systems in Corn, Rape Seed, and Sugar Beet and 
Their Limitations 

As examples of present weed control systems, we w i l l focus on corn, 
oilseed-rape, and sugar beet. These key crops are planted on a 
substantial part of the area used for farming (Table I I ) . 

Table II. Area Planted in Major Crops in 1990 

Crop North America Europe 

corn 
oilseed rape 
sugar beet 

(mil l ion ha) 
28.0 13.6 

2.6 3.1 
0.5 3.5 

The most commonly-used weed control chemicals in corn are atrazine, 
alachlor, and other t r iaz ines and acetanilides (Table I I I ) . 

Table III. Herbicides Used in Corn 

Area treated 
Application type Application Rate 

Preemergence Postemergence (kg a . i . /ha) 

5 - 10 % 
20 - 50 % 

40 - 75 % 

atrazine, - 1 . 5 - 2 . 5 
alachlor 
and/or mixtures 
with t r iaz ines 
atrazine, atrazine, 3.0 - 5.0 
alachlor, cyanazine 
and/or mixtures 

Whereas only less than 10 % of the maize growing area i s not treated 
with herbicides, more than 80 % of the area i s treated with 
acetanilides and t r iaz ines in one or two applications. The total 
amount of active ingredient applied per hectare i s in the range of 
1.5 to 5 kg. The extensive use of this weed control system has some 
l imi ta t ions . The use of residual so i l herbicides i s s t i l l very 
popular, because they can be applied at the date of sowing and under 
appropiate so i l humidity conditions the weed control i s suff ic ient 
for the whole growing season. 
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But under dry weather conditions as well as in so i l s with a high 
content of organic matter, the efficacy of the s o i l herbicides may 
be not suf f ic ient . Additional applications of herbicides after the 
emergence of the crop may be necessary. Eff ic ient so i l herbicides 
must be at least p a r t i a l l y mobile in the so i l and should not be 
degraded too fast . Otherwise they would not have the desired long 
las t ing herbicidal effect. As a consequence there exists a change 
that they may migrate in the so i l faster than they are degraded, 
especial ly in l i gh t so i l s under heavy r a i n f a l l conditions. This may 
lead to groundwater contamination. Because the so i l i s not protected 
by a substantial canopy of vegetation during the early stages of 
crop development, the bare so i l i s subject to erosion, either by 
heavy r a in fa l l s or wind. 

Table IV. Weed Control Systems in Canola and Oilseed Rape 

Application type Application Rate 
Preemergence Postemergence (kg a . i . /ha) 

Canola t r i f l u r a l i n sethoxidim, 
in incorporated diclofop, 
North-America into the so i l f luazifop and 1.0 - 3.0 

broad leaf 
herbicides 

t r i f l u r a l i n and metazachlor and 
oilseed rape metazachlor, carbetami de, 
(winter-type) carbetamide, dimefuron, 1.5 - 3.0 
in Europe dimefuron napropamide, 

f luazifop 

Also in oilseed rape, weed control i s dominated by the use of 
residual so i l herbicides (Table IV). More than 70 % of the 
herbicides used in canola in Canada belong to the dinitroani1 ides-
group. In European winter-type rape seed, d in i t roan i l ine herbicides 
are supplemented by other post-emergent herbicides. The problems of 
th i s weed control system are s imi lar to those in corn. 

In Canada the loss of so i l moisture i s regarded as an important 
problem, as i s in a l l areas the lack of complete control of wild 
mustard. This weed, closely related to oilseed-rape, contaminates 
the crop and can lead to a decrease in o i l qual i ty , especial ly in 
var iet ies with low contents of glucosinolates and erucid acid. The 
s o i l persistence of t r i f l u r a l i n can negatively influence crop 
rotat ion. 

The most complicated and expensive weed control system i s used 
in sugar beet (Table V). 
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Table V. Weed Control Systems in Sugar Beet 

1 
No. 

2 
of applications 

3 ' 4 

Tri al late 
or pyrazon 
or mixtures 
+ mechanical 

weeding 

Metamitron 
or pyrazon 
+ mixtures 
phen-
medipham, 
ethofumesate 
+ mechanical 

weeding 

Metamitron 
or pyrazon 
+ mixtures 
phen-
medipham 
ethofumesate 
f luazifop 

Mixtures of 
metamitron, 
phen-
medipham 
ethofumesate, 
lenaci1, 
f luazifop 

2 % 16 % 43 % 32 % 
Area treated 

Often four applications, in some cases even f i v e , of up to six 
different herbicides are used, to protect the less competitive sugar 
beet from weed competition. Up to 6 kg of active ingredients are 
used to have clean f i e lds without any weed infes ta t ion. Despite the 
efficacy of the system there are also l imi ta t ions l i k e low 
f l e x i b i l i t y in appl icat ion, erosion, phytotoxici ty, costs, and 
d i f f i c u l t y in use. 

Having now looked at the standard weed control systems in these 
three crops and the i r l imi ta t ions , what would be the properties of 
an ideal weed control system or an ideal chemical? These properties 
are l i s t e d in table VI. 

Table VI . Comparison of Ideal Chemical Weed Control with Glufosinate 
Properties 

Ideal Herbicide Glufosinate Properties 

f u l l y select ive (no phytotoxicity to crop) yes a 

f u l l control of weeds yes 
(dicots, monocots, annuals, perennials) 
high f l e x i b i l i t y yes 
ease of use yes 
no evolution of resistance yes 
r?pid degradation yes 
good toxicological and ecotoxicological p rof i l e yes 
f i t s into integrated crop management yes 
f i t s into "no t i l l a g e " systems yes 
cost effective yes , in some crops 

only in engineered crops 

The ideal crop production system is safe for the crop and non 
target organisms. It does not disturb the so i l texture and i t s 
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microbial a c t i v i t y . It prevents so i l erosion even under conditions 
of high wind veloci ty and heavy r a i n f a l l and i t helps to minimize 
the leaching of n i t ra te . From this point of view, t i l lage-based weed 
control systems and preemergent weed control by residual herbicides 
are far from the ideal s i tua t ion . 

Reduced t i l l a g e practices, combined with the application of 
selected postemergent herbicides, which are applied only i f the weed 
infestat ion exceeds a threshold l e v e l , would be superior. Such 
herbicides should have broad herbicidal a c t i v i t y with no t o x i c i t y to 
the crop and other non target organisms. Furthermore, they should 
have high biodegradabi1ity, no accumulation of residues in so i l and 
water, and good toxicological and ecotoxicological prof i les of the 
compounds and the i r metabolites. 

Will Glufosinate in Tolerant Crops meet These Criteria? 

Glufosinate, a Non-selective Herbicide Worthwhile to Develop 
Tolerant Crops? Let us f i r s t concentrate on the compound 
L-phosphinothricin, the active pr inciple of glufosinate. It i s an 
amino acid and part of the t r ipeptide bialaphos which is produced by 
the so i l microorganisms Streptomyces viridochromogenens (8) and S. 
hygroscopicus (9h Glufosinate i s the chemically synthesized amino 
acid racemate of phosphinothricin. It i s a potent non-selective 
herbicide (K)). It i s taken up by leaves after f o l i a r application 
and controls a l l weeds, depending on the dose. It f u l f i l l s the above 
mentioned toxicological and ecotoxicological c r i t e r i a , i . e. rapid 
biodegradation and no persistance (11,12). The phytotoxicity is due 
to the inh ib i t ion of glutamine synthetase (13), an essential enzyme 
in plants, which f ixes the ammonia coming Tfom n i t r i t e reduction, 
amino acid degradation, and photorespiration. Despite other disputed 
theories (14), so far the fast i nh ib i t ion of photosynthesis by the 
ammonia, not f ixed by the glutamine synthetase, seems to be the next 
step in the generation of phytotoxici ty. The action of glufosinate, 
l i k e that of PSII inhib i tors (e.g. t r i a z ines ) , i s slower than that 
of paraquat, but faster than that of other herbicides that interfere 
d i r ec t ly with amino acid metabolism (e. g. glyphosate, 
sulfonylureas). In the s o i l , glufosinate i s rapidly inactivated via 
transamination of the ami no-nitrogen (15). 

Since the properties of glufosinate are extraordinary and the 
only flaw i s that i t cannot discriminate between weeds and crops, 
the generation of tolerant crops was regarded as desirable (16). 
This becomes obvious when we compare the properties of an icfeal 
chemical for weed control with glufosinate (Table VI) . 
There i s a perfect f i t , and glufosinate i s one of the few herbicides 
for which the generation of tolerant crops f u l f i l l s these c r i t e r i a . 

Improved Post-emergent Weed Control System with Lower Environmental 
Impact 

Mechanisms by Which Crops Can Acquire Tolerance to Glufosinate 
During several years of intensive in v i t ro selection for glufosinate 
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tolerance with plant c e l l cultures i t was not possible to select for 
glufosinate tolerance levels suff icient for f i e l d use (17). 
S imi l a r ly , overexpression of the target enzyme glutamine synthetase 
in plants did not lead to an agronomically useful level of tolerance 
(18) . However, another approach has proved f r u i t f u l . In cooperation 
with Prof. A. Puhler's group in Bielefe ld (Germany), we were able to 
iso la te a gene for an enzyme from one producer-strain of bialaphos 
(19) , which in the microorganism inactivates phosphinothricin by 
acetylation (20). N-acetyl-phosphinothricin does not bind to the 
glutamine syntFetase and has no herbicidal a c t i v i t y . 

By adapting the DNA-sequence of the Streptomyces viridochromo-
genes gene coding for th is phosphinothricin-acetyltransferase (PAT) 
to the codon usage of plants and after inser t ing the gene into 
transformation vectors, a range of dicot crops could be transformed 
using the Agrobacterium tumefaciens vector system (21). Because the 
transformants contain the enzyme which detoxifies TTie compound by 
acetylat ion, they can be selected on media containing glufosinate. 
Plant extracts incubated with radioactive L-phosphinothricin w i l l 
convert 0.5 mM completely within one hour into the inactive 
N-acetyl-compound. Plants carrying the gene and expressing the 
enzyme can tolerate at least three times the amount of glufosinate 
necessary for routine weed control . 

It i s worthwhile to mention that genes conferring resistance to 
glufosinate can be e f f i c i e n t l y used as selectable marker genes, 
which help to discriminate between transgenic and non-transgenic 
individuals on the c e l l u l a r as well as on the plant l e v e l . The 
glufosinate-resistance genes are therefore excellent breeding tools 
to introduce other genes of agronomic importance into plant c e l l s , 
breeding l i nes , and var ie t ies i f these additional genes are closely 
linked to a PAT gene. 

In addition to transformed dicot species, a maize protoplast 
transformation system for corn has beed developed at Hoechst, and 
f e r t i l e transgenic corn plants have been regenerated. Based on an 
embryogenic corn c e l l suspension developed in cooperation with BRC-
Szeged (22), corn protoplasts could be transformed with naked DNA 
containing the synthetic PAT gene under the control of strong 
promoters. Tolerant c a l l i were selected on glufosinate-containing 
medium and regenerated to plant le ts , which were sprayed with 
glufosinate after potting. These plants were completely tolerant to 
2 kg a . i . /ha {23), about three to f ive times the amount necessary 
for e f f ic ient weed control . 

Using th is r e l i ab le and effective protoplast transformation and 
regeneration protocol a large number of transformants could be 
generated. The majority of the transgenic maize plants are f e r t i l e , 
and the introduced gene i s stably expressed over s ix generations. 
Beside the synthetic gene from our laboratory, the bialaphos 
resistance (BAR) gene from Streptomyces hygroscopicus (7) and the 
natural phosphi nothrici n-acetyl-transferase (PAT) gene from 
Streptomyces viridochromogenes (24) have been successfully used in 
gene transfer experiments. More than a dozen dicot crops and the 
monocot crops corn, r ice and wheat, have now been successfully 
transformed by several laboratories. 

Field Use of Glufosinate-Tolerant Crops But the gene transfer 
i t s e l f i s only the s tar t ing point for a time consuming development 
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of a product including the breeding of tolerant var ie t ies and the 
agronomic development of a new weed control system based on 
glufosinate. In the las t few years in several crops, (e.g. soybean, 
rape seed, corn, and others) the level of glufosinate tolerance was 
evaluated in the f i e l d . The focus has recently been and w i l l be on 
the evaluation of the amount of glufosinate necessary in a few crops 
namely in sugar beet, rape seed and corn to e f f i c i en t l y control the 
weeds. Based on our resul t s , we expect that the dose range l i s t e d in 
table VII w i l l provide good weed control . Even i f the higher amounts 
are necessary, there w i l l be a substantial reduction of t o t a l l y 
applied herbicide. 

Table VI I . The Expected Rate of Glufosinate Required to Achieve Good 
Weed Control , Compared to the Herbicide Rates most Commercially Used 
for Weed Control in Each Crop 

Crop Glufosinate Standard 

- (kg a . i ./ha) -
corn 0.4 - 1 3 - 3 
rape seed 0.4 - 0.75 1.5 - 3 
sugar beet 0.6 - 1.5 2 - 6 

In a soybean t r i a l the transgenic plants showed a suff ic ient 
tolerance at 2 kg/ha, and even at 0.5 kg a . i . / h a the weeds could be 
controlled e f f i c i e n t l y . In Canadian t r i a l s , a transgenic canola l ine 
tolerated up to 2 kg/ha and weed control was excellent at 0.75 kg 
a . i . / ha (25). There are indications that weeds can be controlled 
su f f i c ien t ly with 0.4 kg a. i . / h a . S imi la r ly in corn, transgenic 
plants tolerated 2 kg a . i . / ha without any symptoms and 0.4 kg 
a . i . / h a gave good weed control . 

In t r i a l s with transgenic canola neither the transformation 
event i t s e l f nor the glufosinate-treatment of the transgenic crop 
reduced y i e l d . In backcrossing programs using transgenic corn, no 
pleiotropic effect of the introduced genes could be observed (17). 
In the coming years a l l agronomic parameters of th is weed control 
system in crops w i l l be careful ly investigated. Besides these 
parameters, we w i l l study other factors such as the prevention of 
erosion by forming a layer of mulch from k i l l e d weeds. This was 
c lear ly documented in an early tobacco t r i a l . After k i l l i n g the 
weeds, which almost covered the crop, a dense mulch, covering the 
s o i l , was formed (26). This so i l mulch could prevent erosion and 
also help maintain s o i l moisture. 

Based on th is effect, one could easi ly design of no t i l l a g e or 
intercroping systems into which the f ina l crop i s seeded, and after 
emergence, glufosinate i s sprayed to k i l l weeds or cover crops to 
form a protective mulch. Another aspect which w i l l be important as 
w e l l , i s that through the creation of herbicide tolerant crops, 
herbicides with unique modes of action can be introduced into 
agriculture and can become a part of a herbicide rotation system. 
This may be necessary because use of some of the herbicides 
developed during the las t decade l i k e sulfonylureas, imidazolinones, 
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and grass herbicides i s jeopardized by the occurence of spontaneous 
mutations in weed populations which have already led to herbicide-
resistant weeds. Strategies to avoid the evolution of more 
herbicide-resistant weeds and to slow down thei r spread have been 
developed (26,27). Herbicide combinations and herbicide rotations 
are two effective ways to minimize the r i sk of herbicide-resistant 
weeds. Glufosinate as well as glyphosate are two herbicides with 
unique modes of action, and in both cases no resistant mutant weeds 
have been found in areas where these compounds have been used 
repeatedly. Therefore they w i l l be very helpful building blocks in 
programs to prevent evolution of herbicide-resistant weeds. 

In conclusion, we believe that the exis t ing weed-control 
systems, the i r ecological l imi ta t ions , need viable al ternatives. 
These should employ post-emergent, f o l i a r herbicides because they 
w i l l have lesser impact on the environment. Glufosinate, due to i t s 
many desirable properties, w i l l be one of these herbicides, and a 
system of glufosinate in glufosinate-tolerant crops can be superior 
to many current weed control systems. If such a system i s accepted, 
the total amount of herbicides applied w i l l decrease, and some of 
the problems attached to the current herbicide treatment w i l l 
dimi ni sh. 
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Chapter 4 

Synergizing Pesticides To Reduce Use Rates 

Jonathan Gressel 

Plant Genetics, Weizmann Institute of Science, Rehovot, IL 76100, Israel 

There is great need to reduce pesticide inputs to save costs, reduce 
environmental loads, and lower the selection pressures resulting in rapid 
evolution of resistance. This can often be done by judiciously chosen mixtures; 
with synergism given the economic definition of a mixture that gives more cost
-effective pest control than the sum of the separate components. Pesticides are 
often used alone at high rates to control the most recalcitrant pests in the 
infestation spectrum, where a low rate of a second pesticide can be 
complimentary and even synergistic. Herbicide mixtures based on field weed 
spectra matched to the best available compounds are more prevalent in Europe 
than in the U.S.A. High use rates are often required to overcome endogenous 
degradation pathways in certain pests, and inhibitors of the offending pathways 
can be biorationally chosen to synergistically lower rates. This requires a better 
knowledge of the reasons for the lack-of-action of pesticides in target pests, an 
area insufficiently researched There are already compounds known that 
enhance pesticide penetration, that block pesticide degradation by 
monooxygenases, glutathione transferases, as well as compounds that block 
detoxification of the active oxygen species generated by many herbicides. 

Pesticides have been heavily used as inexpensive low risk 'insurance policies' against 
pest attack, often whether needed or not. This is especially the case with spring-applied 
pre-emergence herbicides, the largest use of pesticides in agriculture. They are applied 
before the spectrum and intensity of weed infestation is known. These herbicides, 
even when tightly bound to soil, run off attached to silt after heavy spring rains. This 
has great potential ecological impact. 

Many pesticides are used at the highest allowable rates to control the hardest to control 
pests in a spectrum, exerting the highest possible selection pressures, with concomitant 
evolution of resistance problems. It is this variation in rates of pesticide to control a 
spectrum of pests that calls for the development of synergists, based on an 
understanding of pesticide action and metabolism. The range of concentrations required 
to inhibit the target site of a pesticide in vitro in a variety of species is usually quite 
narrow; far narrower than the rates required to control the same species in the field, 
which can vary over a few orders of magnitude. For a pesticide to kill the pest, it must 
remain at the target site for some time; if the pesticide or toxic compounds generated by it 
are degraded too rapidly, more pesticide is needed. The prevention of such degradation 
is a task for synergists; finding such synergists is assisted by understanding what 
happens to the pesticide in the target pest. If such synergists are successful, it will be 

0097-6156y93/0524-0048$06.00/0 
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4. GRESSEL Synergizing Pesticides To Reduce Use Rates 49 

possible to lower the levels of pesticides to those required to control the easiest-to-kill 
species. With residual compounds, more pesticide will be needed to provide the residual 
effects. Unfortunately, far more is known about pesticide metabolism in crops 
(ascertained for registration) than in target pests. 

This review is mainly devoted to metabolic synergies. Most examples are with 
herbicides in weeds, as herbicides constitute ca. 60% of pesticides used. It is an update 
of earlier reviews (7, 2), to which the reader is referred for a more comprehensive 
coverage. The farmer has a simple definition of our topic; a mixture is Synergistic when 
it results in more net profit than the sum of profits of each component used separately. 
The patent literature has other definitions (3), which are not always the same as the 
scientific literature (7, 2, 4-7), and various methodologies for bioassay and evaluation 
have been recently summarized (8). 

Synergistic mixtures can be made without knowing the modes of degradation of 
pesticides; a good knowledge of the pest spectrum facilitates mixing pesticides known to 
control each pest at the lowest concentrations. British wheat farmers seem to be adept at 
doing this, as they usually use mixtures of 2 to 4 herbicides at specially chosen rates 
(9), while their U.S. counterparts use one or at most two, usually at maximum 'label' 
rates (10). 

Various additives such as oils, surfactants, and simple compounds such as 
ammonium sulfate enhance the penetration of pesticides into their targets, and meet both 
the definition of synergist and Synergist, but will not be further discussed, despite their 
field performance and importance. 

Some synergistic mixtures are empirically derived and not explainable on precise 
metabolic grounds; e.g. two herbicide groups that inhibit two different amino acid 
biosynthesis pathways are synergistic (77). It is not clear why two inhibitors of 
photosystem II that interact ostensibly at the same binding domain should be mutually 
synergistic. Yet, at the whole plant level both metamitron (a triazinone) and chloridazon 
(pyrazon) (a pyridazinone) were both synergistic with lenacil (a uracil) on oats (72). The 
differences may be due to a mutual interference in metabolism or due to effects on 
secondary sites by one of the herbicides. Other metabolic synergies can be indirect; i.e. 
inhibiting pesticide-degrading microorganisms in "problem soils" (73). Such 
compounds are synergists, in the terms of this review, but will not be further discussed 
as they do not prevent degradation in the pest. 

Metabolic Synergists 
Metabolic synergists are compounds that substantially increase the toxicity of a 

pesticide more than additively at the doses applied, by interfering with the pests 
metabolism. They inhibit the enzymes that detoxify either pesticides or the toxic 
products resulting from the interaction between the pesticide and the target. They have 
great potential utility in suppressing both natural and recently evolved metabolic 
resistances to pesticides. 

Synergists can decrease the levels of pesticide needed to control resistant as well as 
susceptible pests by lowering constitutive levels of the pesticide-degrading enzymes in 
both biotypes. For this reason they can become of increasing importance in lowering 
pesticide use levels as well as in pest resistance management. The evolution of 
resistance can also be prevented by synergists as a proactive treatment. This is because 
the synergist may allow near-equal control of resistant and susceptible biotypes, and the 
lower pesticide levels lead to lower selection pressure. 

Metabolic synergists have great research value. By applying the pesticide with a 
synergist, it is possible to study the intrinsic toxicity of the pesticide in vivo in the 
absence of detoxification. Synergists can also be used to explore resistance 
mechanisms. Any resistance that can be overcome by a specific synergistic enzyme-
inhibitor is likely to be caused by the evolution of high levels of the inhibited enzyme. 
Experiments showing pesticide L D 5 0 S with and without a synergist allow computation 
of "synergistic ratios". These ratios indicate the role of suppression of pesticide 
metabolism in the pest (14, 75). It is then necessary to perform in vitro metabolism and 
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enzyme-biochemistry studies to verify the effects on metabolism. If a synergist does 
not substantially reverse a major resistance, resistance at the molecular target site of the 
pesticide may be involved. 

Selectivity of Synergists. Pesticides are often degraded by the same mechanism 
in crop and pest. If a synergist prevents degradation in both, it can lead to phytotoxicity 
or unwanted pesticide residues. This often happens when different classes of pesticides 
are used; the azole fungicide prochloraz inhibits in vitro degradation of the herbicide 
chlorotoluron (76). There were many field reports that terbufos and other 
organophosphate insecticides used in corn cause phytotoxicity when used with 
sulfonylurea and imidazolinone herbicides that are selectively degraded in corn (77,18). 

Synergists could be used to control weeds in with crops genetically engineered to 
have target site herbicide resistance. The synergists would not affect crops but would be 
synergistic in weeds that metabolize the herbicide as a mechanism of tolerance. 
Additionally, alternate modes of degradation could allow synergist use. For example; 
pyridate is degraded in most crops and some weeds by a monooxygenase system, and 
by a rare /V-glucosyl transferase in peanuts (19). The herbicide could be used in peanuts 
and in other crops engineered with the peanut gene along with a monooxygenase-
inhibiting synergist. 

The ideal case of synergy was recently found with fenchlorazole-ethyl. This 
compound is usually used to "protect" wheat and barley from damage by the herbicide 
fenoxaprop-ethyl, by stimulating herbicide degradation. It was fortuitously found that 
fenchlorazole-ethyl has no effect on degradation of the herbicide in crab grass (Digitaria 
sp.) (20), but the mixture is synergistic in controlling of Setaria and Echinochloa (27). 

Limitations to Metabolic Synergists. Not all pesticides can be synergized in all 
intransigent pests. There must be an active detoxification pathway that can be elucidated 
and a suppressant must be found. For example only Graminae are affected by the 
herbicides inhibiting acetyl-CoA-carboxylase. Non-graminaceous species are resistant 
due to differences in the target enzyme; there is a >100 fold difference in Kj (22, 23). 
A synergist can be developed only if there is differential detoxification. Thus, only the 
weeds that evolved detoxifying mechanisms to this group of herbicides can be 
synergized (24-27). More than 80 weed species evolved a modified target site and do 
not bind triazine herbicides (28), and these cannot be synergized. Synergists control 
Abutilon theophrasti (29) and Amaranthus (30), species that evolved a biochemical 
mechanism to detoxify atrazine. 

Insecticides are often hard to synergize, as insects often evolve elevated levels of 
more than one metabolic pathway that degrades the insecticide. 

The cause of lack of control of a given species need not be due to detoxification or 
lack of target, it could be due to having alternative redundant pathways. Higher 
organisms, often have more than one mechanism to achieve resistance. They have 
nuclear and extranuclear genomes encoding enzyme families containing discrete 
isozymes, alternative pathways, etc. A pesticide may not control the pests having the 
alternative mechanism. This again accentuates the need to know why the pest is not 
controlled before setting out to find a synergist. In this last case, the synergist can be a 
compound inhibiting the alternative pathway in the pest that is not found in the crop. 

Pesticides that must be activated to a toxic moiety cannot be synergized if the 
activating enzyme system is lacking. Many pesticides are systemic and must be 
translocated to their site of action and may be degraded along the way. There are at least 
two ways to synergize a translocated pesticide: (a) by inhibiting detoxification; (b) by 
enhancing the rate of translocation. There are compounds known to decrease 
translocation rates (especially auxins), but there are a few reports of compounds that 
funtionally enhance total translocation, possibly acting by enhancing penetration. 

The greatest limitations to synergists at present are: (a) our insufficient knowledge 
about the pathways that need synergy; (b) Our insufficient quest for synergists; and (c) 
the lack of sufficient efficacy of the present synergists. The one herbicide synergist that 
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was released for agricultural use (tridiphane) has been withdrawn from the market due to 
lack of consistent efficacy. The only commercial insecticide synergist, piperonyl 
butoxide is used at many-fold higher rates than the pyrethroid insecticides it synergizes, 
and is used only in resistance management in agriculture, or where there is no cost 
effective alternative. 

S Y N E R G I Z E A B L E S Y S T E M S 
Synergists Inhibiting Glutathione Transferases. The degradation of many 
xenobiotics is initiated by glutathione-transferases that conjugate the pesticide to 
glutathione (glutamyl-glycyl-cysteine) or homoglutathione (glutamyl-alanyl- cysteine) 
(31). "Glutathione" will be used loosely for both tripeptides. At least three glutathione 
transferases are present in com, each with its own herbicide substrate specificities (32). 
Corn seems to have a very high activity of this enzyme system, especially the glutathione 
transferases conjugating atrazine and chloroacetamide herbicides (33, 34). The genes 
for the various isoenzymes have been isolated, cloned and sequenced (35-37). 
Glutathione is irreversibly conjugated by glutathione transferases to herbicides such as 
atrazine. As glutathione is used up stoichiometrically in pesticide metabolism, 
compounds that inhibit the biosynthesis of glutathione (38), or the action of the 
transferase should also act as synergists. 

Glutathione transferases are prevalent in many panicoid grasses such as Setaria spp. 
and Panicum spp. These species do not degrade atrazine as rapidly as corn, allowing 
selectivity, but high rates of atrazine are required to overcome the weeds' glutathione 
transferases. Such high rates can increase ground and runoff water pollution, while 
supplying the high selection pressure for selecting for resistance, and leave residues 
precluding rotation with sensitive crops. Abutilon theophrasti has evolved atrazine 
resistance by biochemically "mimicking" com; one gene controls an elevated glutathione 
transferase level (29). 

Synergy by inhibiting glutathione transferase conjugation was fortuitously found 
when tridiphane, a grass herbicide, was checked for compatibility with atrazine (Table 
I). Tridiphane alone had only limited activity but the tridiphane-atrazine mixture proved 
highly synergistic (43, 44). Indirect evidence showed a blockage of atrazine 
catabolism. Tridiphane did not directly inhibit the activity of purified glutathione 
transferase. A glutathione transferase was found that irreversibly conjugates tridiphane 
with glutathione, forming a glutathione transferase-inhibiting complex (41, 46). This 
conjugate is a far more potent inhibitor of the glutathione transferase than tridiphane. The 
tridiphane-glutathione transferase complex was able to inhibit the glutathione 
transferases that degrade propachlor and fluorodifen, as well as atrazine and other 
xenobiotics (47). Similar inhibitors of mammalian glutathione transferases have been 
found that similarly act by conjugation and inhibit glutathione transferase (48). 

Tridiphane synergizes atrazine, killing weeds in corn-fields, yet the corn is 
unaffected. This is surprising, as the tridiphane-glutathione conjugate inhibits the corn 
glutathione transferase that degrades atrazine. This inhibition of glutathione transferase 
activity is weaker in corn than in Setaria. A kinetic analysis showed that the tridiphane-
glutathione conjugate is a competitive inhibitor of glutathione, binding to glutathione 
transferase with a four-fold higher affinity for the enzyme from Setaria than the corn 
enzyme (41). The in vitro data have been verified in whole plant experiments that also 
show tridiphane-glutathione conjugation (46, 47). The tridiphane-glutathione conjugate 
concentrations in vivo are high enough to explain the inhibition of glutathione 
transferase in Setaria, but are insufficient to explain why tridiphane does not kill corn. 
Young corn leaves have six times more glutathione than Setaria (41), which could 
partially explain the difference, but older corn and Setaria leaves have the same 
concentration. The selectivity between corn and panicoid weeds is thus probably a 
complex series of events. These include the ability of corn to degrade much of the 
atrazine before tridiphane forms an inhibitory conjugate, whereas the grasses do not 
degrade atrazine as quickly. The residual atrazine is not toxic because corn remains 
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Table I. Metabolic Synergists That Act By Inhibiting Glutathione Transferases 

Pesticide Synergist Target Organism/ 
Enzyme Source 

ref. 

-in vitro -
organophosphates (i) a var. saligenin cyclic equine and fly 39, 40 organophosphates (i) a 

phosphates 
atrazine(h)a tridiphane var.plant and equine 41, 

diazinon (i) tridiphane fly 42 
-in situ-

EPTC(h), alachlor(h), tridiphaneb Panicum sp. 43 
atrazine (h) tridiphaneb many grasses 44, 45 

ai= insecticide; h= herbicide 
bTridiphane was able to synergize a large number of herbicides in whole plant systems 
including metribuzin (especially on Matricaria and Abutilon), diflufenican (7 spp.), 
propanil (especially Echinochloa) among many (45), but the reasons may be due to an 
inhibition of other enzymes in some of these cases. 

alive by virtue of having more glutathione and less tridiphane-glutathione conjugate than 
the grasses, with less activity and faster degradation of the conjugate. Thus, tridiphane 
must first be conjugated in the target organism. The glutathione-transferase is then 
inhibited by the tridiphane-glutathione conjugate complex, which must be stable for 
tridiphane to synergize atrazine or other pesticides that are conjugated to glutathione. 

The effect of tridiphane is not limited to synergizing atrazine in grasses. Metribuzin, 
diflufenican and propanil were synergized in a wide variety of weeds by tridiphane (45). 
Tridiphane also prevents degradation of EPTC and alachlor in corn, an undesirable 
synergy (45). The modes of these synergies have not been elucidated. Tridiphane 
surprisingly also synergized chlorotoluron, which is not conjugated by glutathione (49). 

Tridiphane also synergized the insecticide diazinon against houseflies (42). 
Tridiphane had a twenty-fold greater rate of conjugate formation with glutathione than 
diazinon, and diazinon does not seem to compete with this step. A/-ethymaleimide (50) 
and saligenin cyclic phosphates (40) synergize organophosphate insecticides by 
inhibiting glutathione transferase. 

Synergists Inhibiting Monooxygenase Activities. Many plant species possess 
an array of enzymes capable of oxidizing pesticides. They can confer crop vs. pest 
selectivity, as well as control the differences in rates required to control different pest 
species. The oxidation step introduces a single oxygen from molecular oxygen atom into 
the pesticide molecule, with the other oxygen atom forming water. There is direct 
evidence in many cases that this monooxygenation is performed by NADPH-dependent 
cytochrome P450 mixed function oxidases (cyt-P45o) (51). These cyt P450 monooxy-
genases are bound to plant microsomal membranes. These enzymes are soluble in 
bacterial pesticide-degrading systems (51). There is good evidence for membrane bound 
cyt-P45o mediated pesticide degradations in insects, weeds, and fungi. 

Recently, a new type of herbicide resistance has evolved, which is ascribed to cyt-
P450 systems (52). Two grass-killing herbicides, diclofop-methyl and chlorotoluron 
have selected for resistant populations of Lolium rigidum and Alopecurus myosuroides, 
respectively (24-27, 52). These new weed biotypes are also resistant to all other 
selective herbicides for wheat that previously controlled wild type weed populations. 
These include inhibitors of acetolactate synthase, acetyl CoA carboxylase, photosystem 
II, and tubulin polymerization. A metabolic cross resistance involving a single enzyme 
system probably evolved in these weeds. The weeds that evolved this resistance may 
have evolved the predominant mechanism of wheat for degrading herbicides, i.e. by 
oxidation (52). The available literature suggests that wheat detoxifies the selective 
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4. GRESSEL Synergizing Pesticides To Reduce Use Rates 53 

herbicides used in weed control for this crop by oxidation (52). Wheat oxidizes these 
herbicides at a large number of sites, both on the rings and side chains of the herbicides 
(53, 54). Inhibitor studies suggest that more than one polysubstrate monooxygenases 
are found in plants. The inhibition of flumetsulam metabolism to its difluorophenyl 
hydroxylated product was greater by paclobutrazol, and the inhibition to the pyrimidine 
hydroxylated product was greater by piperonyl-butoxide (55). There is yet no 
information how such systems are genetically controlled in resistant weeds. Another 
Lolium rigidum resistant biotype is capable of A/-dealkylating atrazine and is not capable 
of hydroxylating wheat-selective herbicides (56). This is of less importance in our 
context, as monooxygenase inhibitors that selectively synergize particular pesticides 
are needed (Table II). 

Piperonyl butoxide is used to synergistically inhibit the oxidation of insecticides, 
especially with the very expensive pyrethroids (77), especially with pyrethoid-resistant 
insects, by blocking the degradation of the insecticides. Piperonyl butoxide can be 
used to synergize herbicides in corn (74), but no evidence was presented that it acts by 
specifically inhibiting plant monooxygenases. Piperonyl butoxide partially suppressed 
the evolved cross-resistances to diclofop-methyl and chlorsulfuron in Lolium (75). 

Aminobenzotriazole is a well known monooxygenase inhibitor in mammalian 
systems. It is also an inhibitor of chlorotoluron hydroxylation in wheat, but impotent as 
a synergist on Veronica persica, which /V-dealkylates this herbicide (69). This is the 
antithesis of what is desired from a herbicide synergist, as the crop but not the weed 
was controlled. Different types of monooxygenases may be involved in pesticide 
degradations and they can be differentially synergized. This indicates that nuances are 
present and that it may be possible to find a monooxygenase inhibitor specifically 
affecting weeds and not certain crops, as was found with tridiphane. Synergism by 
aminobenzotriazole has often been used as proof for action of cyt-P45os. This can be 
highly speculatory as this compound also inhibits sulfoxidases that do not contain 
cytochrome P450 (78). 

Fungicide research has centered on finding fungicidal but non-phytotoxic inhibitors 
of sterol biosynthesis (79, 80). These azole derivatives affect late monooxygenase steps 
leading to ergosterol. Some of them are plant growth retardants, blocking a 
monooxygenase step (kaurene oxidase) in gibberellic acid biosynthesis. These can 
block other plant terpenoid, as well as sterol biosyntheses (80). Tetcyclasis, a known 
kaurene oxidase inhibitor, was tested for its ability to prevent herbicide degradation in 
corn and cotton, where it was a hundred times more active than aminobenzotriazole 
(80). Tetcyclacis was also highly active in preventing the degradation of the 
photosystem II-inhibiting herbicide bentazon in both wheat and soybean. Tetcyclasis is 
not likely to be used in the field as it is photolabile. Other kaurene oxidase inhibitors 
such as paclobutrazol also synergize herbicides used in wheat by inhibiting their 
degradation by monooxygenases. 

The most peculiar synergism of monooxygenase degraded herbicides is by 
tridiphane, the suicide inhibitor of glutathione transferases, described in the previous 
section. Tridiphane synergized isoproturon in both susceptible and resistant Alopecurus 
(49). Tridiphane was also found to directly affect microsomal monooxygenases (59). 

Many herbicide safeners protect crops from damage by stimulating glutathione 
transferase production. Some act as synergists, preventing the metabolism of herbicides 
and the insecticide diazinon by monooxygenases in plant microsomal systems (81). 
This effect is expected by analogy with known mammalian stimulators of glutathione 
transferase. Their stimulation is actually indirect, occurring only after inhibition of 
monooxygenases (82). 

A few studies have shown that there are many species differences in effects of 
monooxygenase inhibitors, using the highly specific monooxygenases catalyzing 
synthetic pathways in plants. The same specific enzyme is inhibited in some species 
and not in others. Some inhibitors inhibit one enzyme and others inhibit many (55, 
64, 83), suggesting that there should be selective synergists that specifically syner-
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Table II. Synergists That Act by Inhibiting Cyt-P-450 Monooxygenases 

Pesticide (processa) Synergist Species (ref.) 
Microsomal Systems 

Bentazon (hydroxln) Tet corn 57 
unstated sorghum 58 

Metolachlor (hydroxln) Tet, PBO, tri sorghum 59 
Chlorotoluron (hydroxln) ABT,Mdn wheat 60 
Diclofop (hydroxln) Tet>Pac>Pro corn 61 

Tet wheat 53 
Triasulfuron (hydroxln) PBO, Tet wheat/corn 54, 62 
Furanocoumarins (synth) Tet, Anc Amni, others 63,64 
Flumetsulam (hydroxln) Tet, PBO, Pac corn 55 Flumetsulam (hydroxln) 

Cell cultures 
Chlorotoluron (hydroxln) ABT,DPP,Tet cotton/corn 66 Chlorotoluron (hydroxln) 

prochloraz Alopecurus, wheat 16 
Furanocoumarins (synth) Tet, Anc Amni, others 63,64 Furanocoumarins (synth) 

Intact -Tissues 
MCPA (metab.) ABT potato 65 
Chlorotoluron (hydroxln) corn,cotton, 66 Chlorotoluron (hydroxln) 

wheat 67, 68 
Bromus, Alopecurus 69, 70 

Bentazon (hydroxln) Mtp>Bl>BO>Tet soybean 71 
Tet ,Bl Amaranthus, etc 72 

Primisulfuron Tet>ABT Echinochloa 73 
Triazines PBO corn 74 
Isoproturon, others Tri Alopecurus 49 
Diclofop-methyl PBO Lolium 75 
Difenzoquatc Pro Avena 76 
a Abbreviations: hydroxln, hydroxylation; synth., synthesis; metab, unspecified 
metabolism. 
b Abbreviations: ABT, aminobenzotriazole; Anc, ancymidol; BO, BAS110; B l 
BAS111; DPP, 3-(2,4-dichlorophenoxy-l-propyne); Mdn, menadione; Mtp, 
metyrapone; Pac, paclobutrazol; PBO, piperonyl butoxide; Pro, propiconazole; Tet, 
tetcyclacis; tri, tridiphane. 
c Not clear if working via cyt. P-450. 

gize herbicides in hard to control weeds and not in crops. These compounds may 
already may already exist but have never been screened for synergism: industry has 
synthesized tens of thousands of azole derivatives and screened them for fungicidal 
(anti-ergosterol) and PGR (anti-gibberellic acid) activity. These should be rechecked for 
synergy with "favorite" herbicides on specific weeds. 

Synergists Suppressing the Oxidant Detoxification Pathway. Many 
herbicides kill plants by photogeneration of active oxygen species. The triazines, 
phenylureas, uracils and some of the pyridazinones block electron transport at the 
reducing side of photosystem II of photosynthesis just before plastoquinone reduction 
(84) . Some phenolic herbicides act at a nearby site on photosystem II. The 
bipyridilium herbicides drain electrons from photosystem I, probably from ferredoxin 
(85) . Diverse herbicide chemistries including the nitrodiphenylethers cause plants to 
accumulate the photodynamic pigment protoporphyrin IX by blocking the enzyme that 
oxidizes a precursor to protoporphyrin IX (86, 87). This induces an over-production of 
the precursor and its spontaneous oxidation to protoporphyrin. 
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It is not fully clear which active oxygen species is /are generated first with oxidant-
generating herbicides. Membrane lipoxidation ensues when more active oxygen is 
generated than can be coped with by the endogenous detoxification system. This results 
in water loss, a general breakdown in the membrane-bound electron transport systems, 
and the transfer of solar energy to a variety of active oxygen species that can be 
confused with the first type generated. Chlorophyll radical, singlet oxygen, superoxide, 
hydroxyl radicals, etc. can be produced. This represents a self- amplifying toxic chain 
reaction of generation of active oxygen species; membrane lipoxidation and water 
leakage lead to the rapid desiccation caused by these herbicides. The stronger the light, 
the faster this chain reaction. Certain environmental xenobiotics (SO2, O3, NO x ) and 
some fungus-produced toxins such as cercosporin (88), have similar effects. There are 
caveats in the literature stating that it is unlikely that singlet oxygen can be produced in 
leaves, where there are high levels of reductants such as NADPH, reduced glutathione, 
and ascorbate (89). 

Plants have endogenous active oxygen detoxification systems, which probably 
evolved together with photosynthesis and aerobic respiration to cope with energy 
"leakages" from the electron transfer chains. They include superoxide dismutase and the 
ability to produce and recycle oxyradical quenching agents such as glutathione and 
ascorbate. Plants also produce carotenes (90) and a-tocopherol (97), which quench 
these active species. More radicals must be produced than can be quenched by these 
systems before the herbicide is dissipated for a phytotoxic response. Chloroplast-
produced active species such as singlet oxygen and superoxide have very short diffusion 
distances and must be quenched before they reach membranes if the plant is to remain 
undamaged. The chloroplasts have their own concerted antioxidant defense mechanisms 
including the slowly recyclable carotenes, as well as an enzymatic pathway for oxygen 
detoxification. 

The oxygen detoxification pathway uses a series of enzymes while recycling ascorbate 
and glutathione. It has been put in context, especially by Halliwell (92) and Asada (93). 
The first enzyme is superoxide dismutase, which dismutates superoxide to hydrogen 
peroxide. Hydrogen peroxide is less reactive than superoxide and can diffuse to other 
cellular compartments, but it is still potentially destructive. Hydrogen peroxide can react 
with ferrous iron and form hydroxyl radicals (the Fenton reaction). Hydroxyl radicals 
are extremely damaging, more than superoxide. If hydrogen peroxide is formed from 
superoxide, excess superoxide can react with the ferric ions, formed by the Fenton 
reaction, re-reducing them to ferrous ions, making them available to form more 
hydroxyl radicals. The Fenton reaction coupled with the iron recycling reaction is 
termed the Haber-Weiss reactions. Plants must get quickly be rid of hydrogen peroxide 
to survive, to prevent this cycled production of radicals. 

Chloroplasts do not contain catalases, that directly degrade hydrogen peroxide but 
do contain ascorbate peroxidase and ascorbate, which can adequately compete with the 
Fenton reaction to remove the potentially destructive peroxide. The dehydroascorbate 
produced is recycled to ascorbate by glutathione, either spontaneously or by a 
dehydroascorbate reductase. The oxidized glutathione is recycled to glutathione by 
glutathione reductase, utilizing NADPH. Some NADPH must be produced to support 
this reaction. This system will also recycle both the glutathione and ascorbate used to 
quench singlet oxygen and other radicals. 

The Halliwell-Asada pathway enzymes and reactants have been found in leaves of all 
species where sought. There is considerable evidence that elevated levels of the 
Halliwell-Asada pathway enzymes are at least partially responsible for increased 
tolerance to some active oxygen generating herbicides, keeping the plant alive until the 
herbicides can be dissipated. Kinetic data show that paraquat sprayed on leaves of the 
paraquat-resistant biotype of Conyza bonariensis rapidly but transiently inhibits 
photosynthesis (94) until paraquat is dissipated. The three major enzymes in the 
Halliwell-Asada active oxygen degradation pathway are constitutively elevated in 
chloroplasts of the resistant Conyza (95). Resistance was dominantly inherited under 
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the control of a single gene. The levels of the three enzymes were elevated in the F i 
generation and high enzyme levels segregated with resistance in the F2 (95). The high 
levels of the Halliwell-Asada pathway enzymes in this biotype conferred some 
resistance to oxidative stress caused by other herbicides and xenobiotics (96). 

Blocking the Halliwell-Asada pathway and preventing regeneration of its products 
decreases tolerance to oxidants. Compounds suppressing the pathway are potential 
synergists. The plastid superoxide dismutase and ascorbate peroxidase are both copper-
containing enzymes. The former contains zinc, and the latter tightly bound iron and thiol 
groups. The later enzymes of the pathway contain thiol groups as well (97). There are 
few copper-containing enzymes and fewer yet zinc containing enzymes in plants. 
Chelators of copper and zinc synergized oxidant generating herbicides (98) both in 
Conyza (98) and in Solanum (99). Conversely, iron-chelating compounds protected 
cells from paraquat, presumably by blocking the Haber-Weiss reactions, preventing 
hydroxyl radical formation. The first successful copper chelator/synergists tested were 
potent at orders of magnitude lower concentrations in cell cultures and floating leaf discs 
than on whole plants (98). This was thought to be due to some being too hydrophobic 
and others too hydrophilic. Chelators of copper were synthesized with a better 
hydrophilic / lipophilic balance. Chelators were capable of synergizing oxidant 
generating herbicides 4 to 10 fold, when they were used in the micromolar range (100). 

Inhibition of Glycosyl Transferases. Glycosyltransferases conjugate a sugar 
moiety (usually glucose) directly to a substrate. They thus render lipophillic herbicides 
highly polar, as well as changing their bulk configuration. Glycosylated herbicides are 
usually inactive. Two positions of glycosylation are common: (9-and /V-glycosylation, 
to oxygen and nitrogen groups, respectively. O-Glycosylation reactions are usually 
reversible by relatively non-specific (3-glucosidases that are common in cells. O-
Glycosylation of an active pesticide, temporarily inactives the compound, which can 
be reactivated. Xenobiotics are often O- glycosylated after an inactivating 
hydroxyl ation. Thus, it seems impossible to synergize pesticides at the level of 
inhibiting O-glycosyl transferases, although little is known about the nature and 
relevance of reactivation of (9-glycosylation to active compounds. N-Glycosylation 
seems to be an irreversible conjugation reaction. The easiest method to estimate whether 
a compound is N-or (9-glycosylated is to react the product with a p-glucosidase. The 
product is probably ^/-glycosylated if it remains uncleaved. There are no leads as yet on 
inhibitors of N-glycosyl transferases, but such compounds could clearly synergize many 
herbicides. 

Esterase Inhibitors. Many insecticides are degraded by esterases, and various 
esterase inhibitors can synergize such degradation. For example DEF (s, s, s 
tributylphosphorotrithioate) and phenyl saligenin cyclic phosphonate synergized the 
insecticide diflubenzuron by 2 to 3 fold (101), and some pyrethroids were similarly 
synergized by other phosphorothioates (102). 

Inhibition of Amidases. The herbicide mefenacet, which is used for Echinochloa 
control in rice was fortuitously found to be synergized by the phosphorodithioate 
fungicide edifenphos. This was traced to an inhibition of an amidase reaction that 
cleaves mefenacet, including in in vitro experiments (103). Luckily, edifenphos does 
not prevent mefenacet degradation in rice. Propanil detoxification in rice is similarly 
inhibited by amidase-inhibiting insecticides, as reviewed earlier (2). 

Synergies for Unclear Reasons. Both picolinic acid-f-butyl-amide (PABA, 
MZH2091) and the herbicide safener dichlormid synergize metribuzin as well as other 
oxidant generating herbicides with different sites of action (104,105) It was initially 
thought that this was due to an inhibition of metribuzin deamination, but in vitro data 
did not parallel the in situ data (104). As these compounds also decreased ascorbate 
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levels, it was thought that they might (indirectly) prevent oxidant scavenging (705) 
Mefluidide similarly enhanced the activity of oxidant generating herbicides with 
different sites of action (106). 

Target-Site Resistances. Target-site resistances have appeared due to mutations 
in herbicide binding sites that allow the pest to continue living. It should be very hard 
to design a synergist for such situations, except when "negative cross resistance" is 
known. This is a phenomenon whereby a pesticide controls the resistant type at lower 
rates than it controls the wild type (107). In some cases this is due to enhanced binding 
to the so-called resistant site. For example, phenolic herbicides and pyridate 
(photosystem II inhibitors) are far more potent in inhibiting these reactions in triazine-
resistant biotypes than sensitive biotypes (107\ 108). The triazine resistance modification 
changed the configuration of the receptor protein (the DJ-QB binding protein of the 
photosystem II reaction center) such that it has greater affinity to these herbicides. There 
will be a synergistic effect if the herbicides with negative cross-resistance change the 
molecular configuration upon binding in such a manner that triazines will also bind. 

Synergizing Biocontrol Agents. The use of synergists is not limited to 
overcoming the defenses to chemical pesticides. Pests evolved methods to fend off 
"pests of pests" long ago, and we must study these host-parasite relations. We can 
learn from plants. Insects die more readily from the Bt bacteria on some plants than 
others. This is because some plants produce orthoquinone synergists that enhance 
toxicity of the Bt bacteria (109). Mycoherbicidal organisms should be 'easy' to 
synergize as the weeds employ a series of defenses that can be overcome. For 
example, the weed Cassia synthesizes a specific dihydroxychromone phytoalexin 
(partly derived from the shikimate pathway) after attack by a specific mycoherbicide 
(110). Sub-phytotoxic doses of glyphosate, a specific inhibitor of the shikimate 
pathway greatly enhances mycoherbicide infection, i.e. acts as a synergist, without 
affecting crop selectivity (777). 

Concluding Remarks 

We now know more about the pathways of pesticide degradation than ever before, 
thanks partly to registration requirements. There are ample model inhibitors of these 
degradation pathways, to ascertain the potential for synergies. Once a synergy is 
shown, it is time to optimize the synergist, using the same approaches of QSAR used 
for pesticides. This must be done initially with target pests and not crops; there are 
too many excellent synergists for crops, but not for weeds. 

Often, there are failed pesticides derived from 'discovery' programs based on 
targeting specific enzymes; the compounds turned out to be 'wimps' lacking sufficient 
pest toxicity. These compounds are clear candidates for synergistic mixtures, with 
similar compounds. We expect too much when we suppose that every excellent 
enzyme inhibitor will kill a pest. 

Because of the perceived near double registration costs for synergistic mixtures, 
industry has shied away from using the cerebral approach in finding and developing 
synergists, even though the cerebral approach is far more amenable to finding 
metabolic synergists than for finding pesticides themselves. The intensive political 
efforts to mandate less pesticide use should logically induce more effort, not yet 
apparent, in finding synergies. The demands are for brain over brawn, i.e. thoughtful 
use of pesticide synergies over massive pesticide use. Surely there is a niche for 
developing metabolic synergists in the thoughful approach. 
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Chapter 5 

The Porphyrin Pathway as a Herbicide Target 
Site 

Ujjana B. Nandihalli1 and Stephen O. Duke2 

1Center for Alluvial Plains Studies, Delta State University, 
Cleveland, MS 38733 

2Southern Weed Science Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, P.O. Box 350, Stoneville, MS 38776 

The porphyrin pathway is one of the most important metabolic 
pathways in plants. Nevertheless, this pathway has been virtually 
overlooked as a herbicide target site in biorational design strategies. 
For over a decade, several pyridine and phenanthroline analogues 
were known to interfere with the porphyrin pathway by inducing 
porphyrin accumulation in treated plants. The potential of 
δ-aminolevulinic acid (ALA), a porphyrin precursor, as an 
environmentally safe herbicide has been studied extensively. Plants 
treated with ALA either alone or in combination with the chemical 
modulators accumulate large amounts of different types of 
porphyrin compounds. Excessive amounts of porphyrins injure 
plants by type II photoperoxidation. Recently, numerous 
commercial herbicides such as diphenyl ethers have been found to 
cause accumulation of protoporphyrin IX by inhibiting 
protoporphyrinogen oxidase, the last enzyme common to both heme 
and chlorophyll synthesis. In this article, we review the modes of 
action of herbicides that interfere with the porphyrin pathway and 
analyze the potential of the porphyrin pathway for biorational 
herbicide design. 

In the past, the reduction of chlorophyll (Chi) content in herbicide-treated plants 
has been used as a quantitative measurement of herbicide phytotoxicity. The 
reduced Chi levels were thought mostly to be due to "secondary effects." The 
porphyrin pathway as a direct herbicide target site has been of strong interest only 
during the last 8 years due to two major findings. First, 5-aminolevulinic acid 
(ALA) was found to act as potent herbicide in combination with synthetic 
modulators of the porphyrin pathway (7). Second, several major classes of 
herbicides were found to act through inhibition of protoporphyrinogen oxidase 
(Protox), resulting in the accumulation of large amounts of photodynamic 
protoporphyrin IX (Proto IX) (2-4). The widespread use of herbicides for 
controlling weeds has raised serious environmental concerns. The porphyrin 
pathway is much more active in plants than in animals because of the requirement 
for continued Chi synthesis. Furthermore, those parts of the pathway exclusively 
committed to Chi synthesis are not found on animals. A L A is a natural compound 

0097-6156/93/0524-0062S06.00/0 
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present in both paints and animals. A L A and its products (porphyrins) degrade 
rapidly in the environment, thus causing no deleterious effects on ecosystems. 
Thus, the porphyrin pathway is a potential site for biorational design of 
toxicologically benign herbicides. In this review, we discuss ALA-based as well 
as Protox-inhibiting synthetic herbicides and the potential of other enzymes in the 
porphyrin pathway as herbicide target sites. 

The Porphyrin Pathway 

The enzyme properties and catalytic reactions of the porphyrin pathway have been 
reviewed recently (5) (Figure 1). A L A is the first committed precursor of the 
porphyrin pathway which provides all the carbon and nitrogen required for 
porphyrin synthesis. The synthesis of A L A is also considered to be the 
rate-limiting step in the biosynthesis of Chi. Porphobilinogen (PBG) is formed by 
the condensation of two A L A molecules by A L A dehydratase. Uroporphyrinogen 
DDL, coproporphyrinogen ID, and protoporphyrinogen IX (Protogen) are 
"porphyrinogens" which are non-fluorescent and non-photosensitizing compounds. 
Their macrocycles are non-aromatic and non-planar. The compounds from Proto 
IX to monovinyl-protochlorophyllide (MV Pchlide) are called porphyrins. These 
are fluorescent and photosensitizing structures, containing aromatic and planar 
macrocycles. The formation of chlorophyllide (Chlide) from either M V or divinyl 
(DV) Pchlide requires light; therefore, the porphyrin pathway halts at the Pchlide 
level in darkness. The biochemical aspects of the enzymes of the porphyrin 
pathway are poorly understood. Most of the steps in the porphyrin pathway are 
catalyzed by multiple enzyme systems. 

A L A p B G deaminase Uro m 
dehydratase Uro HI cosynthase decarboxylase 

A L A —•Porphobilinogen—•Uroporphyrinogen HI—•Coproporphyrinogen HI 

ICoproin 
Mg-Chelatase JMU^^og^ J 

Mg-Protoporhyrin E X ^ Protoporphyrin I X ^ Protoporphyrinogen IX 

S AM-Mg-Proto IX 
Me transferase 

Fe-Chelatase 

Heme 
Cyclase system 4-Vinyl reductase 

Mg-Protoporphyrin IX—•DV-Protochlorophyllide—•MV-Protochlorophyllide 
monomethylester \ / 

\ / ^ N k /NADPH:Pch l ide 
n M , „ \ r / oxidoreductase 
Chlorophyllases \ / 

Chlorophylls ^ Chlorophyllides 

Figure 1. The porphyrin biosynthetic pathway in higher plants (5). 

Porphyric Herbicides 

To be classified as a porphyric herbicide (PH), the chemical must be able to cause 
the accumulation of large amounts of one or more porphyrin compounds in treated 
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plants either in darkness or in the light. The porphyrins are photosensitizers and 
excessive levels of porphyrins in plant cells lead to the production of reactive 
singlet oxygen ( 1 0 2 ) under light. l02 reacts with the membrane lipids by a type II 
photodynamic process, resulting in membrane lipid peroxidation, membrane 
breakdown and ultimately, tissue death. Several reviews have appeared recently 
on both the natural ALA-based PH (6-8) and synthetic PHs that exclusively inhibit 
plant Protox (9-12). 

ALA as a Natural Porphyric Herbicide 

In untreated plants kept in darkness, only a small amount of Pchlide accumulates 
due to 'he limited availability of A L A in darkness. When these plants are 
irradiated, Pchlide is rapidly and almost fully photoconverted to Chlide which is 
then utilized in the synthesis of Chi, causing no photodynamic injury to the plant. 
Long before the introduction of the P H concept by Rebeiz et al. (7), it was known 
that plant leaves incubated with exogenous A L A accumulated large amounts of 
Pchlide in the dark (73). These leaves were bleached when irradiated with white 
light. Furthermore, Proto DC and Mg-Proto DC Me were accumulated by barley 
leaves that were simultaneously treated with a,a'-dipyridyl (DPY) and A L A . 
Duggan and Gassman (14) found that several iron-complexing compounds induce 
porphyrin buildup in treated plant tissue. These compounds were collectively 
termed "modulators" by Rebeiz et al. (7). 

Porphyrin Photodegradation and Herbicidal Effects. The porphyrins that 
accumulate in the dark in response to A L A or ALA+modulator treatments are not 
rapidly utilized in the formation of Chi when plants are exposed to the light. It is 
believed that a large proportion of the loss of accumulated porphyrins during 
exposure to light in these treatments is due to photodegradation rather than 
movement to Chi. In ALA+DPY-treated cucumber plants kept in darkness for 17 
h, both Pchlide and Mg-Proto DC equivalents (MPE) were degraded differently 
when irradiated (7). Sixty-five percent of the dark-accumulated Pchlide was lost 
within 30 min of irradiation and it took 4 h to reach the levels found in untreated 
plants. The dark-accumulated M P E level decreased rapidly within 30 min of 
irradiation, followed by an increase for up to 2 h and then decreased to 
undetectable levels after 4 h. Recently, Chakraborty and Tripathy (75) 
demonstrated that the chloroplasts isolated from plants treated with A L A and kept 
in darkness for 14 h lost 40% of dark-accumulated Pchlide within 15 min of 
irradiation and further exposure for up to 1 h did not affect the Pchlide 
concentration. These high levels of dark-accumulated non-phototransferable 
porphyrins in plants are responsible for the peroxidation of the membrane lipids. 
Herbicidal injury occurs rapidly, usually being detectable within the first 20 min of 
irradiation of dark-incubated plants. Initially, isolated water soaked spots are seen 
on tissue, followed by loss of leaf turgidity and desiccation. 

Herbicidal Synergism Between A L A and Modulators. In the A L A alone 
treatment, Pchlide is the only porphyrin that accumulates, but in A L A + modulator 
treatments several other types of porphyrins are accumulated, depending upon the 
target site of the modulator. The total porphyrin content present in plant tissue 
before exposure to light and the eventual tissue damage in the light are correlated 
(Table I). Also, the modulators typically interact with A L A in a synergistic 
fashion with respect to both porphyrin accumulation and herbicidal damage. 
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Table I. Synergistic interaction of A L A (5 mM) and picolinic acid (20 mM) on 
porphyrin production and herbicidal damage in cucumber. Five-day-old seedlings 

were sprayed with the chemicals and incubated in darkness for 20 h before 
determination of porphyrins and exposure to light. Herbicidal injury was evaluated 

24 h after exposure to the light (Nandihalli and Rebeiz, unpublished data) 

Treatment Mg-Proto Pchlide Total Herbicide 
IX Me porphyrins damage 

—(nmoles/100 mg protein)— (%) 
Control 0.7 53 54 0 
A L A 2.6 380 383 39 
Picolinic acid 8.0 76 84 0 
A L A + Picolinic acid 78.5 507 586 95 

Classification of Modulators. Based on the types of porphyrins that accumulate 
in response to modulator treatment, modulators have been classified into four 
groups (6): (a) inducers of porphyrins, which cause porphyrin accumulation in 
treated plants alone, (b) enhancers of conversion of exogenous A L A into M V 
Pchlide, (c) enhancers of conversion of exogenous A L A into D V Pchlide, and (d) 
inhibitors of M V Pchlide accumulation. In the case of (b) and (c), porphyrin 
contents of ALA+Modulator treatments are significantly greater than that of A L A 
alone treatment. 

Mechanism of Action of Inducer-Type Modulators. Even though 
chelating agents such as 1,10-phenanthroline (o-P) and DPY have been utilized in 
the investigations of control mechanisms of Chi biosynthesis since the late 1950s, 
their biochemical mode of action in plants is not completely understood. The most 
obvious mechanism is that the chelators inhibit heme synthesis by chelating free 
Fe^ , thus diverting Proto DC solely into the magnesium porphyrin pathway. 
However, Duggan and Gassman (14) found this reasoning to be invalid because 
heme levels in the untreated bean leaves were not high enough (<1% of porphyrins 
accumulated in treated tissue) to account for the increased porphyrin levels in the 
chelator-treated tissue. Even though it has not been suggested as a possible mode 
of action of chelators, it is possible that the inhibited heme synthesis might 
stimulate A L A formation since heme is known to be a feed-back inhibitor of A L A 
synthesis (5). The level of A L A synthetase escalates when heme levels drop in the 
cell (5). Duggan and Gassman (14) proposed two possible mechanisms for 
chelator action; (a) chelators stimulate A L A synthesis in the dark by inhibiting 
iron-protein enzymes that inhibit the activity of ALA-synthesizing enzymes, and 
(b) iron may be necessary for the enzyme which converts Mg-Proto DC Me to 
Pchlide, and the chelators render iron unavailable for the enzyme of this reaction. 
This was later confirmed by experiments in which the inhibitory effects of 
chelators on this step were reversed by either administering tissue with metal salts 
(Fe, Zn, and Co) or washing tissue in iron-containing buffers (16, 17). 

The above hypotheses were centered around the chelating behavior of 
modulators. However, the non-chelating isomer of o-P, m-P, and its analogue, 
phenanthridine were as active as o-P in inducing porphyrin accumulation (18), 
suggesting that the chelating property alone may not be responsible for their 
porphyrin-induction phenomenon. 

In a dark-porphyrin accumulation study (19) involving analogues of o-P, it 
was found that the analogues inhibited or stimulated different steps in the 
porphyrin pathway as depicted below: 
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A L A 

i 
\ 

ProtoIX 

o-P 
4- CH3 4,7-CH 3 

5- CH3 5,6-CH 3 

3,4,7,8-CH 3 

Mg-Proto IX Me 4 

5-N0 2 

5-C1 
2,9-CH3-4,7-Ph 

*• D V Pchlide 

U 
- • M V Pchlide 

hv 
Chlide 

7-Ph 

The substitutions on the o-P molecule with either one, two, or four methyl 
groups acted at the same site as o-P, but the structures with a nitro, chloro, or two 
methyl plus two phenyl groups acted at a different site than the o-P. Furthermore, 
the substitution of o-P with two phenyl rings induced the accumulation of mainly 
MV-Pchlide, indicating that the 4,7-Phenyl (4,7-Ph) substitution either stimulated 
the enzyme which converts DV-Pchlide to MV-Pchlide or prevented degradation 
of M V Pchlide. These results support the conclusion of Bednarik and Hoober (18) 
that the chelation property may not be the only factor involved in the interaction of 
chelating compounds such as o-P with the porphyrin pathway. 

Based on the screening and biochemical research on porphyrin biosynthesis 
modulators, it has been suggested that the modulators may interact directly with 
the enzymes of the porphyrin pathway (7, 8, 19-21) by binding to or close to the 
receptor site. The compounds that interfered with the porphyrin pathway 
invariably fell into two separate categories: (a) those that were structurally related 
to one half fraction of a tetrapyrrole molecule such as diphenyl ethers, 
phenopylates, dipyridyls, and phenanthrolines, and (b) those that were structurally 
related to one quadrant of a tetrapyrrole molecule such as picolinic acid, nicotinic 
acid, and substituted pyridyls. 

Additional effects of the induction-type modulators on biochemical and 
physiological processes have been reported. When pea plants were treated with 
o-P for 14 h in darkness and then exposed to the light, net photosynthesis was 
reduced by 92% (22, 23). o-P can also bind to Mg4"*", and immediately after 
exposure to the light there may be an insufficient amount of Mg"1-1" for carboxylase 
activation and, thus, photosynthesis is inhibited. The bidentate chelators such o-P 
and DPY inhibited A L A synthesis in corn leaves in the light by 50 to 75%, 
whereas inhibition in the dark was insignificant (24). This was in disagreement 
with the results of Duggan and Gassman (14) who found the chelators to stimulate 
A L A synthesis in bean leaves. Thus, the chelator effects appear to be 
species-dependent. The bidentate chelators reduce P B G catabolism in corn, thus 
increasing the availability of P B G for the synthesis of porphyrins (24). 

Mechanism of Action of Enhancer-Type Modulators. An effort to 
understand the action mechanism of modulators which stimulate exogenous A L A 
incorporation into porphyrins is lacking. The effects of various analogues 
belonging to the nicotinic acid and nicotinamide groups on the porphyrin pathway 
have been examined (Nandihalli and Rebeiz, unpublished), especially their role in 
the enhancement of incorporation of exogenous A L A into porphyrins. 
Five-day-old cucumber seedlings were sprayed with 5 m M A L A and 10 to 30 mM 
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concentrations of modulators. Plants were incubated in darkness for 20 h before 
the determination of porphyrin contents and exposure to light for phytotoxicity 
development. Based on the types of porphyrins they caused to accumulate, their 
potential target sites were assigned as shown below. The arrows next to the 
modulators pointing upward indicate a stimulatory effect and that pointing 
downward indicates an inhibitory effect at that site. 

A L A 

ProtoIX 

Mg-Proto DC Me 

4 2-OH-Nicotinic acid 
2-OH-6Me-Nicotinic acid 
DiEt-S.̂ Pyridinecarboxylate 
Nicotinamide 
Methyl Nicotinamide ^ 
• D V Pchlide • M V Pchlide—* Chlide 
Ethylnicotinate 

Ethyl 2-methylnicotinate v 
A Nicotinic acid 

6-Me Nicotinic acid 

None of the analogues belonging to either groups induced porphyrin 
accumulation when applied alone at up to 30 mM. The Pchlides were the only 
porphyrins to accumulate. Even though it is difficult to assign the exact 
biochemical role(s) for these modulators in the enhanced A L A utilization, it is 
possible that they stimulate enzyme activity by acting as cofactor analogues. For 
example, these enzymes require N A D P H which contains a nicotinamide moiety in 
its structure. Furthermore, nicotinate is one of the substrates for the synthesis of 
N A D , which is a substrate for NADP. 

Species Selectivity to ALA Treatment Since ALA-based herbicide 
combinations acted via the Chi biosynthetic pathway and since the latter was such 
a fundamental process common to all plants, it was thought that ALA-based 
herbicides would not be species selective (7). Although, monocots such as corn, 
wheat, oat, and barley accumulated significant amounts of porphyrins in response 
to ALA-based herbicide treatment, they suffered minimal herbicidal damage (7). 
In contrast, dicots such as cucumber, lambsquarter, redroot pigweed, and common 
purslane were severely damged by the same treatment. Species selectivity was 
attributed to the existence of a multibranched Chi pathway (25) and the various 
species-specific greening groups (6). Averina et al (26) also found that monocots 
were less injured by the ALA+DPY spray than dicots, but contrary to Rebeiz et al. 
(7), they found that treated monocot plants accumulated significantly less amounts 
of porphyrins than dicot plants. There were also intra-species differences in 
susceptibility to applied treatments (7, 26). Different organs of plants such as 
leaves, stems, and cotyledons accumulated varying levels of porphyrins, possibly 
due to unequal permeability of these organs to the herbicide. It was suggested that 
tolerance to A L A treatment could be achieved by breeding crops for high 
superoxide dismutase activity since superoxide is known to be involved in 
ALA-induced toxicity (27). However, the evidence for the predominant 
involvement of l02 as the primary toxic oxygen species in ALA-induced toxicity 
has been clearly demonstrated recently (75). 

Synergism Between ALA and Protoporphyrinogen Oxidase-Inhibiting 
Herbicides. One of the most attractive propositions for reducing environmental 
effects of synthetic herbicides is to include a synergizing natural chemical such as 
A L A in the weed control program that contains Protox-inhibiting herbicides. By 
doing this, the greater potency of synthetic herbicides are exploited; at the same 
time their application rates are minimized. Studies have shown a synergistic 
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interaction between A L A and diphenyl ether herbicides such acifiuorfen (AF) with 
respect to Proto DC production. In cucumber plants, A L A plus AF-Na treatment 
caused substantially greater accumulation of Proto DC than the treatments in which 
each chemical was applied separately (28). Similar results were obtained by 
Lydon and Duke (2) in excised cucumber leaf discs incubated with A L A plus 
A F M . However, research examining the synergistic herbicidal effects between 
A L A and Protox-inhibiting herbicides at the whole plant level has not been 
conducted extensively. 

Current Limitations for the Use of A L A as a Herbicide. Four factors limit the 
development of A L A as a herbicide. First, suitability of a chemical for 
commercial application needs to be evaluated by conducting 
multiyear-multilocation field trials. The present high cost of A L A deters 
conducting not only field efficacy trials but also extensive greenhouse screening 
studies. However, small-scale field trials conducted to evaluate broadleaf weed 
control in bluegrass lawn and the defoliation of apple trees (6) have shown promise 
for ALA-based herbicides. Second, the ALA-based herbicides must include a 
chemical modulator, and the presently known effective modulators may not be 
environmentally safe. Even though nicotinic acid analogues were not as effective 
as chelator-type modulators as A L A synergists, these structures could be used as 
lead compounds in the design of more effective and safer modulators. Third, the 
requirement of a long post-spray dark-period for ALA-based herbicides forces 
application to be made at a certain time of the day. This is not practical under 
large scale farming systems where time is a critical factor. However, the efficacy 
of these herbicides applied directly in the light without a post-spray dark period 
has not been tested sufficiently. Fourth, a suitable formulation for maximal 
cuticular absorption of ALA-based herbicides is not available, which creates 
difficulty in assessing the true efficacy of these herbicides at the whole-plant level. 

Protoporphyrinogen Oxidase as a Herbicide Target Site 

Even though several photobleaching herbicides such as diphenyl ethers (DPE) 
have been in commercial use since the early 1970s, the location of their target site 
in the porphyrin pathway was discovered recently (2-4). The DPE and certain 
other classes of herbicides cause rapid peroxidative bleaching and/or desiccation of 
plant tissues (3, 29-42). The primary site of action of these herbicides is 
protoporphyrinogen oxidase (Protox) (37, 40-42), the last common enzyme in the 
synthesis of both heme and chlorophylls (Figure 1). A question arises is how the 
inhibition of Protox leads to the accumulation of the product of the enzyme, Proto 
DC, and why the Proto DC is not converted to later intermediates. A detailed 
mechanism explaining the accumulation of Proto DC in the presence of 
photobleaching herbicides has been proposed recently by Jacobs et al. (43) (Figure 
2). By inhibiting Protox, these herbicides induce Protogen accumulation which 
diffuses out of the plastid envelope into the cytoplasm. Although the Protogen 
may spontaneously oxidize to Proto DC, there is evidence that the Protogen is 
converted rapidly to Proto DC by a Protogen-oxidizing factor located at 
extraplastidic sites such as the plasma membrane. This factor may or may not be 
enzymic (43). By the action of this factor, high levels of Proto DC build up in 
extraplastidic sites (44)\ some of this may re-enter the porphyrin pathway but most 
of it accumulates and appears to participate in type II photoperoxidation process 
which damages plants. 

Protox is a membrane-bound enzyme associated mainly with the plastid 
envelope (45). The enzyme is found in both plastidic and mitochondrial fractions 
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STROMA 

THYLAKOIDS PLASTID 

I ENVELOPE Chlorophyll <*- Chlide •*— Pchlide 

ALA 

Coprogen 

CYTOPLASM 
Protogen 

Protogen 
oxidizer + High Proto IX levels 

PLASMA 
MEMBRANE 

Figure 2. Proposed mode of action of diphenyl ether herbicides. Reproduced 
with permission from reference 43. 

of etiolated plants (46). The enzyme from both the organelles appears to be 
identical in kinetic and physical properties (46). Furthermore, Protox from 
mustard, cucumber, and morningglory was equally sensitive to A F in vitro, 
suggesting that differential enzyme susceptibility may not be involved in the 
selectivity of peroxidizing herbicides (47). However, differential susceptibility of 
these species to A F is due to differences in Proto IX accumulation, perhaps 
because some species are able to degrade Proto IX or Protogen faster than others. 

Herbicide-induced Proto IX accumulation is very rapid, being easily detected 
within 15 to 30 min after exposure of plant tissue to the herbicide (48, 49). In 
intact plants treated with AF, significantly greater amounts of Proto IX accumulate 
in the light than in the dark (28, 50, 51). Higher levels of Pchlide and heme (both 
feed-back inhibitors of A L A synthesis) in darkness limit the effect of Protox 
inhibitors in darkness (57). 

Correlations Among Protox Inhibition, Proto IX Accumulation, and 
Herbicidal Activity. With several peroxidizing herbicides, strong correlations 
have been observed between Proto IX accumulation and subsequent herbicidal 
damage in intact as well as excised tissue experiments (37, 39, 48, 50, 52). We 
found very good correlations between Protox-inhibitory (I 5 0), Proto IX induction, 
and herbicidal activities of 14 phenopylate analogues in barley (39). On the 
contrary, very poor correlations were found between the same biological 
parameters in a DPE series of compounds, suggesting differential movement of 
herbicides and/or the alteration of chemistry during the course of uptake and 
movement of molecules to the active sites in plant tissues (20). 

Competitive inhibition. The herbicidal Protox inhibitors apparently inhibit the 
Protox enzyme by competitive inhibition (53). From enzyme kinetics studies, A F 
and three analogues were found to competitively inhibit, with respect to Protogen, 
the Protox activity from mouse liver mitochondria, corn mitochondria, and corn 
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CH 3 OCH 3 
OCH2CCH 

CI CNOCH5-C / — \ 

PPG-1013 
Cl COOH 

RH-0978 OCHXCH 

ci COOH / y . 

C H 
3 AH-2430 

O OCH(CH3)2 

CI 
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ci ci 

COOC2H5 

TNPP-Ethyl 

CH3 o COOCHCCH^ 

UCC-C4243 

CH 3H y=/ 
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NH2 ci 
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N-phenyttetrahydrophthalimlde LS 82-556 

Figure 3. Protox-inhibiting herbicides from different chemical classes. 
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5. NANDIHALLI & DUKE The Porphyrin Pathway as a Herbicide Target Site 71 

etioplast membranes. In binding studies, both Protogen and Protox-inhibiting 
herbicides displaced bound 3 H - A F from corn etioplast preparations (54) Similarly, 
five phenopylate Protox-inhibiting analogues competed with 1 4 C - A F for binding 
sites on Protox (21). The specific binding constants and Protox inhibitory 
activities (r 5 0) of these analogues were highly correlated. 

Molecular Similarities Between the Protogen and Protox Inhibitors. For an 
inhibitor to compete with the substrate for the same active site on the enzyme it 
must have structural similarity with some part of the substrate molecule. From 
enzyme kinetic and radiolabeled herbicide binding experiments it was apparent 
that the Protox inhibitors were competitive inhibitors of Protox. In an attempt to 
draw molecular similarities between the Protogen and Protox-inhibiting herbicides, 
we proposed that the Protox inhibitors must be bicyclic, representing 
approximately one half fraction of the Protogen molecule for proper geometrical fit 
into the active site. This hypothesis was developed from the observations that (a) 
all the known Protox inhibiting herbicides belonging to different chemical classes 
are bicyclic (Figure 3), and (b) the monocyclic compounds such as picolinic acid 
and pyrrole-2-carboxaldehyde which are found to interfere with the porphyrin 
pathway did not inhibit Protox. 

The hypothesis was tested by comparing the semiempirical molecular 

Eroperties of Protogen and several analogues of diphenyl ether and phenopylate 
erbicide classes. It was found that the three dimensional (lengths of x, y, and z 

coordinates) geometry and van der Waals volume (bulk parameter) of the most 
active compounds from both herbicide groups matched more closely with the one 
half structure of the Protogen molecule than the least active analogues. Detailed 
structural comparisons between Protogen and A F revealed that both the bond and 
torsion angles of A F at the ether oxygen matched closely with the angles at the 
methylene bridge between rings B and C of Protogen structure (Figure 4)(20). The 
nucleophilic superdelocalisabilty of A F and Protogen were the same, while the 
molecular electronic and nuclear energies of A F were one half the levels of 
Protogen. These results supported the hypothesis that the bicyclic 
Protox-inhibiting herbicides compete with the Protogen molecule by matching its 
one half structure (Figure 4). 

PROTOPORPHYRINOGEN DC ACIFLUORFEN 

Figure 4. Three dimensional structures of Protogen and acifluorfen optimized by a 
quantum mechanics method (20). 
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Quantitative Structure-Activity Relationships (QSAR) 

Diphenyl Ether Analogues. In a QSAR analysis of 24 DPE herbicides, the 
electronic properties (partial charge, superdelocalisability of the lowest unoccupied 
molecular orbital, and dipole moment) and lipophilicity (log P) properties best 
accounted for the variation in the Protox-inhibiting activity (I50) (20). The Protox 
I 5 0 values ranged from 0.008 to 420 uM. The molecular bulk and overall 
electrostatic potentials were most responsible for the observed variation in the 
excised tissue herbicidal effects. In general, the analogues with substitutions on 
the 3'-position (/w-carbon) of the /^nitrophenyl ring were highly active as both 
enzyme-inhibitors and herbicides. The activity increased with an increase in 
surface area and electrostatic potentials of the substituent group. It appears that the 
active site might display considerable flexibility to the length of this substituent. 
Two enantiomers with a chiral carbon in the group attached to the 3'-position 
showed differential activity (100-fold). This differential potency of the chiral 
compounds further supports the observation that the substituent groups at the 
3'-position are important for DPE activity. Neither the enzyme-inhibitory activity 
nor the initial herbicidal activity were changed by substituting a p-chloro for a 
/Miitro group. In the acifluorfen-methyl structure, the herbicidal activity was 
completely lost when the C F 3 group was moved from the para to the meta 
position. Compounds with either sulfide, sulfoxide, or sulfone bridges between the 
phenyl rings were herbicidally inactive. 

Phenopylate analogues. The molecular properties of phenopylate 
(2,4-dichlorophenyl-l-pyrrolidinecarboxylate) and 13 of its O-phenyl pyrrolidino-
and piperidino-carbamate analogues were correlated with their capacity to inhibit 
Protox, to cause accumulation of Proto IX, and to cause herbicidal injury (27). A l l 
three biological properties correlated well with the van der Waals volume, 
electrophilic superdelocalisability, and energy of the lowest unoccupied molecular 
orbital. The relationships between biological activities and log P were non-linear. 

N-Phenyltetrahydrophthalimides. Lyga et al (33) examined the QSAR of 
N-phenyl-3,4,5,6-tetrahydrophthalimide analogues using tissue growth inhibition 
as determined by dry weight reduction (p750) and greenhouse postemergence visual 
injury (ED 5 0 ) data as biological parameters. The molecular properties such as 
Hansch hydrophobicity constants, parainductive and resonance parameters, and 
molar refractivity effectively predicted the p7 5 0 and E D 5 0 . For optimal activity, the 
para position of the phenyl ring (same as para-mtro position in DPE) required a 
small, hydrophobic, electronegative group. Similar substitutional requirement was 
prevalent in aryltriazinedione Protox-inhibiting herbicides (34). 

From QSAR analyses of various classes of peroxidizing herbicides, it 
appears that Protox activity responds primarily to the substitutional modifications 
on the phenyl ring (p-nitrophenyl in DPEs). Furthermore, a substitution at the 
meta position on the /?-chloro (phenopylate) or /?-nitro (DPE) ring is essential for 
greater herbicidal activity. A similar observation was made by Hayashi (55) from 
a QSAR analysis of 22 AKH-7088 (DPE) analogues. 

Other Enzymes of the Porphyrin Pathway as Potential Herbicide Target Sites. 

Apart from the well-studied porphyrin enzymes that are discussed so far in this 
review, several other enzymes have been shown to be affected by either some 
commercial herbicides or by well known, commonly used enzyme inhibitors 
whose herbicidal properties have not been tested fully. Some of these enzymes 
and their inhibitors are presented in this section. 
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5. NANDIHALLI & DUKE The Porphyrin Pathway as a Herbicide Target Site 73 

A L A Dehydratase. A L A dehydratase catalyzes the formation of P B G from two 
molecules of A L A (56). The enzyme appears to be an attractive herbicide target 
site because when this enzyme is inhibited the flow of carbon and nitrogen sources 
essential for Chi synthesis is cut off. Thus, the treated plants are unable to 
replenish Chi and sustain further growth. Several inhibitors (Figure 5) have been 
utilized as A L A dehydratase inhibitors in studies that involved regulation of the 
A L A biosynthesis pathway (57). These compounds inhibit the enzyme by 
competitive inhibition by having a succinyl moiety similar to that found in A L A 
(indicated within the dashed line in Figure 5). 

COOH 

CH, 
I 
CH, 

: co 
CH, 

NH2 

A L A 

COOH 
I 
CH, 
I 

CH„ 

COOH 
I 
CH, 
I 
CH 0 

CO 
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CH, 

CO 
. J . . . 
CH, 
I 
CO 
I 
CH* 

COOH 
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CH, 
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I 
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CH. 
I ' 
NH, 

k 

4,6-dioxo 
valeric acid 

P B G 

A L A Dehydratase 

Figure 5. Inhibitors of A L A dehydratase. 

PBG Deaminase. P B G deaminase condenses four P B G molecules to form the 
first tetrapyrrole, hydroxymethylbilane, which is then converted to 
uroporphyrinogen IH by another enzyme, Uro i n cosynthase (Figure 1). In 
barnyardgrass, the herbicide benthiocarb inhibited P B G deaminase activity, 
resulting in reduced levels of all porphyrins (58). Since the enzyme carries thiol 
groups, the authors speculated that benthiocarb may inhibit the enzyme by 
interacting with free -SH groups at the enzyme active site. 

4-vinyl Reductase. The enzyme catalyzes the reduction of D V Pchlide to M V 
Pchlide (Figure 1). Nicotinamide inhibits this step in Rhodobacter spheroides (59) 
and in the aerobic photosynthetic bacterium Erythrobacter sp.? resulting in the 
accumulation of D V Pchlide. Among 12 nicotinamide derivatives and isomers, 
only nicotinamide was effective, suggesting that in addition to the completeness of 
the pyridine ring skeleton at positions 1 to 3, the carboxylic acid amide group is 
essential for this inhibition. The authors suggested that nicotinamide may act as a 
competitive inhibitor of this enzyme. A possibility might be that the presence of 
excess nicotinamide increased the synthesis of NAT) so that the increased ratio of 
N A D / N A D H inhibited the enzymatic reduction of 4-vinyl Pchlide to the next step 
(60). In cucumber plants such an inhibition by nicotinamide was absent 
(Nandihalli and Rebeiz, unpublished). 

Does the Substrate Macrocycle Determine the Inhibitor Structure? 

By comparing the structures of compounds that inhibit a single enzyme (i.e. 
Protox) with those compounds that interfere with the enzymes of porphyrin 
synthesis, there seems to be good agreements between the nature of the substrate 
macrocycles and the basic backbone structures of inhibitors, as shown in Figure 6. 
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Substrate 
Macrocycle 

Non-planar 
Non-aromatic 

Planar 
Aromatic 

A L A 
Inhibitor Structure 

I Protoporphyrinogen IX I ^ 

• — ^ Protox 1 A 1 

Protoporphyrin IX 

Mg-Protoporphyrin IX Me 

D V - Protochlorophyllide 

M V -Protochlorophyllide 

Bicyclic, non-coplanar. 
At least one phenyl ring. 

Monocyclic-Planar or 
Bicyclic-Coplanar. 

At least one substituted 
N-heterocyclic ring. 

Figure 6. Proposed relationships between structures of porphyrin substrate 
macrocycles and backbone structures of inhibitors. 

The Protogen macrocycle is non-planar (therefore two adjacent pyrrole rings 
are non-coplanar). It appears that because of this non-planarity, the active site on 
Protox may accommodate only two adjacent pyrrole rings of the Protogen 
molecule at a time. This hypothesis is supported by the existence of one 
(tetrahydroprotoporphyrin IX, P-503) (61) or most probably two reaction 
intermediates in the enzymic oxidation of Protogen to Proto IX (Figure 7). 

p H H p 

PROTOPORPHYRINOGEN IX 

TETRAHYDRO 
p H' *H p PROTO IX 

2H 

P H p 

PROTOPORPHYRIN IX 

P P 

DIHYDROPROTOPORPHYRIN IX 

Figure 7. Proposed reaction pathway of oxidation of Protogen to Proto DC. 
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In other words, the enzymic reaction appears to be a stepwise process in which 
various sections of the Protogen molecule are oxidized at different times either by 
the same or different enzyme molecule(s). A l l the known Protox-inhibiting 
herbicides (Figure 3) are bicyclic and the enzyme kinetics and radiolabeled 
herbicide binding studies of some of these chemical classes have shown that these 
herbicides reduce Protox activity by competitive inhibition. These herbicides 
contain non-coplanar rings and therefore they are able to bind to the same site on 
the Protox as Protogen. 

Similar relationships exist between the porphyrins which contain a planar 
macrocycle and the compounds that regulate porphyrin biosynthesis. A l l the 
known compounds that interfere with the synthesis of porphyrins from Proto DC to 
MV-Pchlide (Figure 6) are either monocyclic and planar (pyridine derivatives) or 
bicyclic or tricyclic and coplanar (DPY and phenanthroline derivatives). 
Furthermore, at least one ring is a N-heterocycle. None of these inhibitors affect 
Protox, further substantiating the requirement of a bicyclic, non-coplanar structure 
for Protox inhibition. 

Prospects for Biorational Design 

Millions of compounds have been screened for herbicidal activity in traditional 
herbicide discovery efforts. Yet, only one enzyme site in this pathway, Protox, has 
been found to be inhibited by herbicides discovered by this strategy. Many 
different Protox inhibitors, representing a relatively large number of different 
chemical classes, have been discovered by screening synthesized compounds for 
herbicidal activity. Some of these are described above. The Protox inhibitors that 
have been discovered through traditional discovery programs are generally three 
orders of magnitude more potent as herbicides than the compounds that have been 
found to inhibit the earlier or later steps of porphyrin synthesis. The question of 
why Protox is such a good site for herbicidal action arises. 

We think that this could be due to either or both of two factors. First, as 
mentioned above, there are a relatively large number of compounds that are good 
competitive inhibitors of Protox. This is probably due to the flexible macrocycle 
of Protogen versus the rigid macrocycle of all compounds from Proto DC forward 
in the Chi pathway. The requirement for a coplanar, bicyclic compound greatly 
restricts the number of possible inhibitors for enzymes utilizing porphyrins, rather 
than porphyrinogens, as substrates. Nevertheless, one might expect to have found 
at least one highly potent inhibitor of one of the enzymes with porphyrin 
substrates. Furthermore, it is curious that no herbicides that inhibit 
coproporphyrinogen m oxidase or uroporphyrinogen IE decarboxylases have been 
discovered. The answer to these two apparent anomalies may be the same. These 
enzymes are all thought to be localized within the plastid. Thus, the opportunity 
for accumulated porphyrins to leave the plastid to occupy less protected parts of 
the cell (Figure 2) may be minimal compared to the situation with Protox, a 
primarily plastid envelope-localized enzyme. Why is Protox localized in the 
plastid envelope? Recent unpublished data of Alison Smith (Cambridge Univ., 
U.K.) and earlier findings (46, 62) suggest that the plant mitochondria contain 
only the porphyrin synthesis enzymes for converting Protogen to heme. This 
suggests that the mitochondria, and perhaps, the cytoplasm rely on the plastid for 
Protogen in order to make Proto DC for heme, photochrome chromophores, etc. 
Therefore, the plastid may be primed to export Protogen when Protox is inhibited. 
Another aspect of accumulation of porphyrins within the plastid versus outside the 
plastid is that accumulation of porphyrins within the plastid will eventually result 
in a high concentration of the inhibited enzyme's substrate. With a reversible 
inhibitor, substrate accumulation will reduce the effectiveness of enzyme 
inhibition, resulting in the need for higher concentrations of the inhibitor to 
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compete with the substrate. In the case of Protox, the accumulated substrate of the 
inhibited enzyme is apparently rapidly dissipated, so that a relatively low inhibitor 
concentration remains effective. 

Does this suggest that other sites of the porphyrin pathway are not good 
herbicide target sites? No, it simply means that the symptomology caused by 
inhibition of other target sites may develop much more slowly than that caused by 
Protox inhibitors because accumulation of porphyrins in the chloroplast, which is 
biochemically equipped to detoxify toxic oxygen species, may not cause the rapid 
cellular deterioration associated with Protox inhibitors. Structure-activity studies 
of inhibitors of porphyrin substrate-requiring enzymes could result in the 
identification of highly effective herbicides that would be specific for organisms 
dependent on the Chi synthesis. Although such compounds might be slower and 
require higher application rates, they might offer toxicological advantages due to 
specificity for enzymes unique to Chi synthesis. 

Summary 

The porphyrin pathway provides effective sites for herbicide action because of the 
existence of several modes through which herbicides can interact with the 
pathway; (a) inhibition of a specific step which prevents the synthesis of porphyrin 
precursors such as A L A , (b) inhibition of a catalytic step which results in the 
accumulation of either one or more photosensitizing porphyrins or an immediate 
porphyrin precursor such as Protogen (which is then converted to Proto IX), (c) 
stimulation of the biosynthesis of porphyrin precursors such as A L A , and (d) 
incorporation of exogenously supplied precursors such as A L A into porphyrins. 
The use of A L A as an environmentally safe herbicide is a very attractive 
proposition whose suitability as a commercial herbicide by itself or as a synergist 
of Protox-inhibiting herbicides should be explored. Biorational design of 
inhibitors of porphyrin substrate-requiring enzymes could result in herbicides that 
are highly specific for Chl-synthesizing organisms. 
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Chapter 6 

Perspectives on Providing a Realistic Technical 
Foundation for the Commercialization 

of Bioherbicides 

P. S. Zorner, S. L. Evans, and S. D. Savage 

Mycogen Corporation, 5451 Oberlin Drive, San Diego, CA 92121 

Biological weed control has been an active research area for several 
decades, but certain key technical barriers have prevented broad 
commercial adoption of this technology. The last 10 years have been 
a productive decade for the discovery of new microbial herbicides in 
that over 100 pathogens have been described in the literature as 
having potential as biocontrol agents, and a recent survey has 
identified 200 scientists working in this area. Unfortunately, only two 
pathogens have been developed to the point of commercialization. A 
commercial product is defined as one that works consistently in a field 
environment, and that also can be economically produced and 
formulated in a form that will maintain the viability of the organism 
through a commercial distribution process. It appears that limitations 
to development of additional commercial products are not due to the 
failure to discover pathogens or due to insufficient personnel involved 
in research. We conclude that commercialization of additional 
bioherbicides depends upon devoting major efforts toward developing 
appropriate fermentation, stabilization and delivery technology. 

The use of classical synthetic herbicides is becoming more complicated for industry 
and their customers as legislative and efficacy issues arise. Weed resistance is limiting 
efficacy (1). Chemical residues are being found in ground water (2). Persistence of 
some herbicides beyond a single growing season affects rotational crops (3). 
Environmental and social concerns are causing some chemicals to be taken out of 
smaller cropping segments as industry finds these markets cannot financially support 
the costs of reregistration. These issues and others are making modern weed 
management a complex process that goes far beyond simple efficacy issues. 

Biological herbicides may offer some relief to these problems. Generally, 
they have low registration costs. Mycogen estimates these costs to be no more than 

0097-6156/93/0524-0079$06.00/0 
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one million dollars for naturally occurring biological herbicides. The fixed costs for 
production are low because it is not normally necessary to build a specialized 
manufacturing facility for these materials. Plenty of excess fermentation capacity 
exists in the world to handle fermentation of bioherbicides. Bioherbicides have a 
positive public image that is associated with the overall perception of biological pest 
control. Bioherbicides also offer a killing action that is different from synthetic 
herbicides, so they should be efficient tools in combating weeds resistant to specific 
chemicals. However, despite these obvious beneficial traits, the technology has not 
realized broad commercial utility even though the technology has been under 
development for over 25 years (4). 

Current Scientific Effort on Bioherbicides 

The lack of success in developing this technology does not appear to be due to a lack 
of scientific effort or effective microorganisms. Charudattan reports that in 1989 
mycoherbicide research was being conducted in 44 different locations across 16 
different countries (4). A recent survey for the Weed Science Society of America 
identified over 200 scientists in North America working to some extent on biological 
weed control (Zorner, P.S., Mycogen Corporation, unpublished data). These people 
have been relatively successful in finding effective microorganisms. In a recent 
survey, Charudattan listed over 109 pathogens that have been in various stages of 
development over the last couple of decades (4). In the last 10 years 73 organisms 
were placed into commercial development programs (4). However, only two of 
these organisms have been commercialized, and there have been no commercial 
introductions in the last ten years. Despite this lack of commercial success, 
Charudattan reported that about 10 percent of the persons surveyed reported that 
commercial use of the organisms they were working on was considered to be 
"imminent" (about 9 organisms). 

The optimistic projections create the impression that weed biocontrol 
technology has recently overcome major commercial limitations and that people are 
very confident in their current projects. However, this does not seem to be the case. 
However, Charudattan also found that over 60% of the more than 100 scientists that 
he polled felt the chances for commercial success of the pathogen they were working 
with were less than fair or had unknown chances of success. It appears that one 
basic problem facing this technology is that basic researchers do not understand what 
is needed to successfully commercialize a biological product and therefore, do not 
focus their energy and resources on resolving the key technical issues. In any event, 
it appears that a strong technical foundation for commercial success of biological 
weed control has not yet been achieved, despite the efforts of many people and their 
evident success in finding microorganisms capable of killing plants. 
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Factors Important to Establishing a Commercial Product 

Unfortunately, providing a solid technical foundation for effective commercial utility 
involves much more than just finding microorganisms capable of killing weeds. It 
also requires developing formulations that allow them to work consistently under 
diverse field conditions. It requires an ability to stabilize these living organisms to 
the point that they can survive a distribution process in which the formulated product 
may remain in a warehouse for as long as 18 months between packaging and use. It 
requires showing that the plant pathogens that form the base of the commercial weed 
control product do not pose an environmental threat to other plants or segments of 
the ecosystem in which they will be used. 

Addressing all aspects of this commercial foundation is a great deal of work 
and many people feel that biological weed control is severely resource limited, and 
thereby cannot address all the critical issues. It is also our opinion that the science of 
biological weed control is not resource limited, but is concept and/or idea limited i.e., 
that as a group we don't fully understand what technical barriers are limiting our 
progress. It does not seem reasonable to blame a lack of commercial success on a 
lack of resources when the last 10 years has seen the discovery of 73 developmental 
leads (4), and when 200 people in North America alone indicate they are working in 
this area (Zorner, P.S., Mycogen Corporation, unpublished data). The fact that 73 
developmental leads have been found and never commercialized indicates that too 
much effort has been put on finding new organisms, and not enough effort has been 
placed on developing the technology to address the other important parts of the 
commercial foundation mentioned above, such as obtaining consistent efficacy under 
field conditions and providing prolonged stability of a live organism in a commercial 
formulation. 

Recognizing Basic Biological Principals 

Reviewing the classical disease triangle allows some insight into the nature of the 
problem of obtaining consistent field efficacy with a living plant pathogen (5). The 
onset of disease in a function of having a viable pathogen in contact with the correct 
plant host under environmental conditions that are required for the pathogen in 
question. The whole foundation of biological weed control is to push the disease 
process by tipping the ecological balance in favor of the pathogen. People have 
generally done this by looking for the "right" pathogen or one that will work in a 
diversity of environments. Thus, we get 73 new organisms as people look for that 
one organism that will work consistently in the market they want to address. 
However, the key to the process is not to concentrate on the pathogen itself, but to 
tip the ecological balance in favor of the pathogen being used by applying it in a 
viable form, at inoculum levels high enough to initiate an infection and trying to 
manipulate the micro-environment for a long enough period of time to make sure 
that an infection gets to the point that it can perpetuate itself. 
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Progress won't be made by serving a research philosophy that is based in the concept 
that if we screen enough organisms, we will eventually find a few unique pathogens 
that have all the inherent properties necessary to support a commercial product. A 
greater level of effort is needed in developing technology that can modify the micro-
environment and/or enhance the survival of organisms selected to function in a weed 
control market that is well-suited for a biological organism. 

The problem in obtaining even an initial infection with the current leads 
summarized by Charudattan is that they are all fungal pathogens (4). The underlying 
technical problem with these fungi is that infection requires some period of dew on 
the surface of the plant so that the fungal spore can germinate and infect the plant. 
The dew periods of known bioherbicides can approach 72 firs and are at least 8 hrs 
(6,7). Unfortunately, few natural environments provide more than a few hours of 
dew, and as summarized by Charudattan, field tests of these fungi demonstrate a 
great deal of inconsistency (8). 

The situation is not unlike planting crop seed. Seed is seldom scattered on 
fallow land and left to germinate and initiate a crop without any further efforts to 
manipulate the process. Weeds are generally removed, the soil prepared, the seed 
placed at a soil depth that provides some consistency in moisture, some fertilizer 
placed with the seed and even a few pesticides applied to give the seed an advantage 
over indigenous pathogens, insects and weeds. A fungal bioherbicide spore also 
requires manipulation. It will infect and kill the plant if it is viable and is given the 
appropriate environmental stimulus to carry out its life cycle. It will die if these 
environmental requirements are not met. A few people are working on these 
problems (9). Unfortunately, this technology has not been developed to the point 
that it economically allows appropriate manipulation of the micro-environment, and 
thus most applications of bioherbicides in the field provide little or no help to the 
organism in serving the agricultural function it is being asked to provide. However, 
people continue to search for new fungal pathogens and test their efficacy under field 
conditions. In some instances people have chosen organisms for which it is hard to 
imagine any technology providing the necessary environmental assistance, such as a 
fungal pathogen that requires a 48 hr dew period (7). Working with an organism of 
this type beyond the stage of initial discovery makes little sense when no known 
commercial technology exists that will economically and consistently improve the 
field performance of an organism, such as Alternaria cassaie, that has only an 8 hr 
dew period. 

Bacteria as Bioherbicides 

It has recently been shown that it is also possible to consider the use of bacteria as 
biological control agents. Thus, it may be possible to escape the limitations of a dew 
requirement. Xanthomonas campestris pv. poannua is being developed as a 
biocontrol for Poa annua in turf (10). It has been shown not to require a dew period 
because the infection process occurs through movement of the bacteria into the host 
via a direct wound introduced by a mowing operation. Field efficacy was shown to 
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be quite consistent in the southeastern United States. However, disease development 
and plant death required as long as 50 to 60 days. The researchers involved reported 
no dew period requirements for disease progression, but did report a strong degree-
day requirement (11). This organism requires about 800 degree days above a baseline 
of 3°C in order to provide 80% weed control. This is a prolonged period of warm 
temperatures and may prove to be as important a limitation in cooler climates as a 
dew period limitation is for various fungi. 

A point of interest here is that bacteria can be used as effective biocontrol 
agents, and that they may allow people to develop effective bioherbicides in the 
absence of technology to resolve dew period requirements. However, environmental 
limitations on efficacy are not avoided with bacteria. They simply have been 
transformed from a dew period requirement into a temperature requirement, and a 
requirement for some form of mechanical wounding to allow penetration. Since all 
bioherbicides are living organisms, it is likely that all potential pathogens will carry 
some sort of environmental limitation on efficacy and this is a fact that must be dealt 
with in any discovery program. 

Choosing the Correct Target 

Recognizing that environmental limitations cannot be avoided is an important part of 
any discovery program, because it puts a greater emphasis on appropriate target 
selection. "Target" is being used here to represent not only the weed species being 
selected for control, but the cropping system in which that weed is a problem. 
Logical bioherbicide targets are normally considered to be weeds which escape 
chemical controls, weeds which escape cultural controls, weeds in environmentally 
sensitive settings, and weeds in organic cropping systems. In practice, the ideal 
target is a weed in an agricultural system that may allow for some environmental 
modification and where people have an economic incentive to make those 
modifications. Thus, commercial development of bioherbicide candidates into 
markets such as corn or dry land wheat make much less sense than targets such as 
turf or high value fruits and vegetables, especially in the absence of technology to 
manipulate the micro-environment through the formulation process. The logic 
behind this statement is based on the opinion that corn or wheat are large enough 
markets to support registration of new, effective and reasonably priced chemicals. 
Bioherbicide technology would have a difficult time competing on an economic basis 
and there is little incentive to a grower to use these products at this time. But 
probably more important is the fact that these and other row crops are grown in a 
diversity of environments and prolonged dew periods or the ability to manufacture 
them would be rare. Consistent efficacy would be a problem. Turf, on the other 
hand, is generally located in environmentally sensitive locations where people have 
major concerns about pesticide use, irrigation or mowing is a part of the management 
system, and thus would not be a limitation if needed to move a pathogen into the 
weed. This is not to say bioherbicides won't eventually be used in row crops. The 
point is that other markets make more sense for initial introduction of a technology 
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that is still in its infancy. In summary, a productive discovery effort not only turns 
out active pathogens, but turns out pathogens that are well suited for the market in 
which they will ultimately be used and which are well suited for the delivery 
technology which exists at the time. 

Other Key Technical Barriers 

As discussed previously, regulatory, fermentation and delivery issues are also major 
barriers to developing effective commercial bioherbicides. Regulatory, however, is 
not so much of a technical barrier as it is recognizing that these plant pathogens must 
be shown to pose no significant risk to the environment in which they will be 
released. The process of doing this is somewhat confusing because no set regulatory 
guidelines for doing this have been published by the federal government. The 
process is basically dependent on a strong and continual interaction with the federal 
Animal and Plant Health Inspection Service (APHIS). Our experience with APHIS 
suggests that this process is time consuming, but is not a major technical challenge. 
Early interaction with APHIS is critical to setting the questions to be answered for 
any particular organism. These questions generally revolve around host range, 
environmental distribution, clear identification of the organism and the dynamics of 
population survival following an inundative release. Technical protocols for 
providing these data usually exist or are not hard to devise, and thus it is simply a 
matter of doing the work and communicating on a frequent basis with regulatory 
authorities. 

On the other hand, technology for submerged fermentation, stabilization and 
delivery of a broad range of living biological herbicides does not exist. Bioherbicides 
will never be widely used as commercial weed control agents until this technology is 
developed because it impacts their cost, their ability to maintain viability during the 
distribution process and their ability to work consistently in a field environment. A 
review of the current technology has been written by Stowell (12). In our opinion 
this area represents the major technical limitation to establishing bioherbicides as a 
commercial reality. Yet, in the survey conducted for the WSSA, only 15 of 200 
people who responded to the survey indicated that they were working in this area 
(Zorner, P.S., Mycogen Corporation, unpublished data). This must change if 
progress is to be made is resolving the key technical issues. 

Fermentation and Stabilization as Essential Issues 

The importance of delivery technology was stated previously. Some explanation of 
why fermentation and stabilization issues are so important also seems appropriate. 
To do this, consider an imaginary organism produced at a yield of l O 1 ^ colony 
forming units (cfu's)/ml or spores/ml in the case of fungi. Furthermore, assume that 
we obtain 50% recovery of viable propagules through the process that leads from the 
fermentation broth to a formulated product. Finally, assume that it requires 10^ 
cfu's/ml (or spores/ml) delivered in 400 liters/hectare of volume in the field to obtain 
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efficacy, and that the associated costs of production for this product, at this use rate 
are $10/hectare. The importance of making improvements or losing ground relative 
to the number of viable propagules can be recognized by looking at how dramatically 
this $10/hectare figure can change with various losses or gains in the system. For 
example; if yields fall an order of magnitude during scale-up from small fermentors 
to tanks, production costs rise to $100/hectare. On the other hand, if yields can be 
increased by an order of magnitude through a clear understanding of those events 
that support high density fermentation, the costs of production would fall to 
$1.00/hectare. These two extremes in cost would have a tremendous effect on a 
business decision to commercialize a living biological. A similar scenario can be set 
up for stability of the organism once it is formulated. A stable organism may not lose 
any viability over a one year storage period. An unstable organism could lose one or 
even two logs of activity. The costs of overformulating to compensate for this loss 
could drive the cost per acre from $10 to perhaps $1000/hectare. Obviously, these 
are all imaginary examples, but the point is that micro organisms operate in log scales 
and logarithmic changes in viable cell or spore count, or even a portion thereof will 
have a huge impact on the commercial feasibility of bioherbicides. However, despite 
the critical nature of these processes and a lack of public information on how to 
control these processes, fewer than 10% of the people involved in bioherbicide 
research in North America are focusing on this area. It seems logical to assume that 
this is why only two commercial organisms exists from a pool of 73 leads placed into 
development over the last 10 years. 

Summary 

In summary, it is our opinion that the current lack of commercial bioherbicide 
products arises from an unnecessary emphasis of current research efforts on finding 
new organisms. Discovery of active bioherbicides is not the major limitation to 
developing this technology. Much more effort needs to be placed on developing 
technology to economically ferment, stabilize and deliver these organisms in a form 
that will provide for consistent field efficacy. Individual scientists need to form 
liaisons with people who have these skills and begin to work in multidisciniplinary 
teams. If these issues are not resolved, they will effectively prevent broad 
commercial adoption of bioherbicides as effective weed control tools. 
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Chapter 7 

Synergizing Weed Biocontrol Agents 
with Chemical Herbicides 

A. L. Christy, K. A. Herbst, S. J. Kostka, J. P. Mullen, and P. S. Carlson 

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

Enhanced weed control can occur when chemical herbicides are 
applied in combination with microbial agents. Synergy between 
chemicals and biologicals was first observed with fungal 
bioherbicides. Use of a herbicide with a fungal-bioherbicide does 
not appear to widen the weed spectrum of the bioherbicide but does 
increase the efficacy. In some cases the synergy may result from a 
suppression of phytoalexin synthesis by the chemical herbicide. Use 
of synthetic herbicides to synergize mycoherbicides will in some 
cases reduce herbicide use rate and improve mycoherbicide efficacy. 
We report here that synergy occurs between chemical herbicides and 
bacterial agents. We have discovered that bacteria which cause little 
or no injury to weeds when applied alone can enhance the stability of 
low levels of chemical herbicides to control a broad spectrum of 
weeds. We term this synergistic combination the X-tend system. In 
the first year of X-tend field trials, the level of weed control required 
for commercialization was not obtained consistently across 
geographic locations. Consistency will need to be improved through 
selection of more robust microbial strains and/or improvements in 
formulations. 

The use of biocontrol agents to control pests in the United States celebrated 
a 100 year anniversary in 1989. While there are a number of examples of 
very successful biocontrol projects, the widespread use of biological-based 
pest control technology has not been adapted to major agricultural 
production systems. 

The growing concern over the continued use of synthetic chemical 
pesticides has promoted efforts to expand biocontrol technologies for major 
pest problems. To date, however, biological pest control technologies have 
not proven as effective or economical as chemical control. Many biocontrol 

0097-6156y93/0524-O087$06.00/0 
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PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

products targeted for control of major pests are still in the research and 
development stage. 

Some of the problems with using biocontrol to manage pest problems 
include: 1) slow and/or insufficient activity, 2) limited pest control 
spectrum, 3) inconsistent activity across different environments, and 4) high 
cost of production. One approach to overcome some of these problems may 
be to combine chemical and biological control agents in an integrated pest 
management system. Synergy between synthetic chemical and biological 
agents may result in both a reduction in chemical application rate and an 
increase in efficacy of the biological agent. Such a system may both reduce 
the chemical load on the environment and reduce the cost of pest control to 
the grower. 

Several recent studies have reported possible synergy between 
synthetic chemical herbicides and fungal plant pathogens for use in weed 
control (1, 2). In addition, we have been developing a weed control system 
known as X-tend that combines bacterial agents and reduced rates of 
herbicides to control major agriculturally important weeds. 

Fungal-Based Bioherbicides 

The majority of the bioherbicides studied to date have involved the use of 
fungal pathogens to control weeds. Two commercially available 
bioherbicides, Collego (Colletotrichum gloeosporioides (Penz). Sacc. f. sp. 
aeschvnomene) and DeVine (Phytophthora palmivora) are each specific for 
only one weed; northern jointvetch, Aeschynomere virginica, and milkweed 
vine, Morrenia odorata, respectively. In addition, fungal bioherbicides 
require specific conditions for infection and disease development. For 
example, a dew period in excess of 24 h is often required for spore 
gerrnination. Variable environmental conditions may severely hamper 
effective control. 

Some examples of synergy observed between fungal pathogens and 
herbicides are summarized in Table I. Holliday and Keen (f) were perhaps 
the first to demonstrate that a herbicide could block the expression of 
resistance to a fungal pathogen. Treating soybean plants with glyphosate 
appeared to promote infection by an incompatible race of the fungus 
Phytophthora megasperma f. sp. glvcinea (1, 3). 

These data suggest that compromising the plant in some way with a 
chemical agent reduces the plant's ability to mount a defense to pathogen 
attack and improves the efficacy of the bioherbicide. Keen et al. (3) found 
that low levels of glyphosate blocked production of glyceollin, the 
phytoalexin in soybean thought to provide some resistance to Phytophthora 
megasperma infection. While an undesirable effect in a crop, it is a 
desirable synergy in weed control. For example, Sharon et al. (4) 
demonstrated that glyphosate inhibited phytoalexin synthesis in treated 
sicklepod, possibly reducing plant resistance to fungal attack and enhancing 
the activity of the bioherbicide Alternaria cassiae. 
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7. CHRISTY ETAL. Synergizing Biocontrol Agents with Chemical Herbicides 89 

Table I. Some Examples of Synergistic Fungal Pathogen and Chemical 
Combinations 

Pathogen Herbicide/PGR Plant Reference 

Phytophthora 
megasperma 

glyphosate soybean Keen et al., 1982 (3) 

Colletotrichum 
coccodes 

thidiazuron velvetleaf Wymore et al., 1987 (3) 
Hodgson et al., 1988 (8) 

Alternaria 
cassiae 

numerous 
herbicides 

several Caulder and Stowell, 
1988 (9) 

Fusarium 
lateritiun 

bentazon and 
acifluorfen 

Florida 
beggarweed 

Caulder and Stowell, 
1988 (9) 

Pvthium and 
Fusarium ssp. 

glyphosate black bean Rahe et al., 1990 (10) 

Alternaria 
cassiae 

glyphosate sicklepod Sharon et al., 1991 (4) 

Alternaria 
cassiae 

invert emulsion sicklepod Amsellem et al., 
1990(11) 

Two research groups have reported synergy between the fungus 
Colletotrichum coccodes and the plant growth regulator (PGR) thidiazuron 
for the control of velvetleaf (Abutilon theophrasti) (5, 6). Wymore et al. 
(5) showed that separate applications of C coccodes and thidiazuron 
reduced velvetleaf growth and provided some level of weed control. 
However, application of tank mixes of thidiazuron and C. coccodes spores 
resulted in as much as 100% mortality of velvetleaf in both greenhouse (5) 
and field studies (7). Hodgson et al. (8) confirmed these results in field 
studies in both Canada and Maryland (Figure 1). The mode of action of the 
synergy between thidiazuron and C. coccodes was investigated by Hodgson 
and Synder (6). Application of thidiazuron or an extract of C. coccodes 
mycelium to velvetleaf petioles enhanced ethylene production. However, it 
is not clear from this research whether the ethylene was produced as a result 
of thidiazuron application. The increased ethylene level may contribute to 
the observed synergy or may be a response of the plant tissue to the 
application of the PGR (6). 

Caulder and Stowell (9) received a US patent in 1988 for the use of 
four fungal plant pathogens in combination with a number of herbicides and 
PGR's. Table II summarizes the synergy they observed with various fungal 
and chemical combinations. It is interesting to note that the chemical agents 
represent a variety of chemical classes with different modes of action. 
Synergy was observed with the fungal pathogen on the target (susceptible) 
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| TDZ a l o n e 

Q U E B E C 

T D Z + cc T R I A L 1 
M A R Y L A N D 

I 

I 
T R I A L 2 

Q U E B E C M A R Y L A N D 

0 
1 i 

I 

0.0 0.1 0.2 0.3 0.4 o.O 0.1 0.2 0.3 0.4 

THIDIAZURON [TDZ] ( k g / h a ) 

Figure 1. Control ratings for velvetleaf tested with thidiazuron (TDZ) and 
Colletotrichum coccodes (Cc), Trial 1 treated at 1 to 2 leaf stage, Trial 2 
treated at 4 to 6 leaf stage. (Reproduced with permission from reference 6. 
Copyright 1989, Weed Science Society of America.) 
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Table II. Summary of Synergy Between Four Fungal Pathogens and a 
Series of Chemical Agents a 

Synergy with b 

Herbicide/PGR A C 0 C C CT F L ! 

bentazon + + + + 

acifluorfen + + + + 

chlorimuron - + -

fluazifop + + 

diolofop + -

sethoxydim + -

imazaquin + + 

metribuzin + -

oryzalin + + 

thidiazuron - + + 

diaminozide - + 

mefluidide + + 

aFrom US Patent 4,775,405, to J.D. Caulder and L . Stowell (Mycogen 
Corp.), 1988. 

b"+M indicates synergy, "-" indicates a lack of synergy, and a blank 
indicates that the combination as not tested. 

C A C = Alternaria cassiae 
CC = Colletotrichum coccodes 
CT = Colletotrichum truncatum 
F L = Fusarium lateritium 
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92 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

host, however, the herbicide did not expand the weed spectrum of the 
biocontrol fungus (9). 

Sharon et al. (4) showed that glyphosate suppressed the accumulation 
of total phenolic compounds, flavonoids, and the resulting phytoalexins in 
sicklepod (Cassia obtusifolia L.) (Figure 2). This resulted in glyphosate-
treated sicklepod seedlings being highly susceptible to the fungal pathogen 
Alternaria cassiae (4). However, when soybean plants were treated with 
glyphosate, no increase in susceptibility to A . cassiae was observed. These 
results are consistent with earlier reports in which herbicide-mycoherbicide 
combinations did not expand the host range of the mycoherbicide. 

Other herbicides and PGR's have been reported to synergize fungal 
pathogens. The role of these herbicides and PGR's on the inhibition of 
phenolics, flavonoids, and phytoalexins has not been investigated at this 
time. Perhaps chemicals that stress the plant and reduce growth and 
metabolism may also reduce phytoalexin synthesis either directly or 
indirectly and synergize the bioherbicide. It is equally plausible that other 
physiological processes may be influenced and yield similar phenomenology. 

Bacteria-Based Bioherbicides 

Research on bacteria as bioherbicides has focused primarily on the 
use of rhizobacteria (12, 13, 14). Kennedy et al. (12) characterized 
rhizosphere strains of fluorescent pseudomonads that, when applied to soils, 
inhibited the germination and growth of downy brome (Bromus tectorum) 
without affecting the growth of wheat. Similarly, Harris and Stahlman (15) 
identified rhizosphere strains that inhibited root elongation in one or more 
grasses without significantly affecting winter wheat root growth. 
Rhizobacteria representing diverse gram-negative bacterial genera have been 
demonstrated by Kramer et al. (13, 14) as potential biocontrol agents for 
broadleaf weeds. Although examining expanded host ranges within either 
monocots or dicots, none of the researchers screened candidate strains 
against both groups of plants. 

A novel approach to control of annual bluegrass through the 
exploitation of a vascular, phytopathogenic bacterium is under development. 
(16). Xanthomonas campestris, the causal agent of bacterial wilt of annual 
bluegrass (Poa annua L.) is applied in the early spring to newly mown grass. 
The bacterium rapidly colonizes the xylem; reaching populations of up to 
l x l O 1 0 colony forming units(cfu)/ml of tissue, the foliage wilts and the 
plants die within six weeks. This strain is being developed for use in 
controlling bluegrass in turf and does not harm desirable turf species. 

Another novel approach, combinations of bacterial and chemical 
agents for enhanced weed control, the X-tend bioherbicide system, is under 
development by our Company. Research has involved both greenhouse 
evaluations and field trials with a range of bacteria and herbicide 
combinations. Bacteria with X-tend activity are representative of a range of 
well characterized genera and species, as well as, several unidentified plant-
associated strains. A summary of this research is included here as an 
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o l 1 1 1 1 1 
0 20 40 60 80 100 

G L Y P H O S A T E C O N C E N T R A T I O N ( L X M ) 

Figure 2. Glyphosate suppression of phytoalexin accumulation in detached 
leaves of sicklepod (Cassia tectorum). (Reproduced with permission from 
reference 4. Copyright 1992, American Society of Plant Physiologists.) 
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example of synergy between bacterial agents and synthetic chemical 
herbicides. A l l bacteria are referred to by either a strain number or 
preparation number. 

Preparation of Bacterial/Herbicide Tank Mixes. Strains of bacteria were 
obtained from commercial culture collections, academic and governmental 
research laboratories, or from isolations made from plant and environmental 
samples collected throughout the continental United States. Strains were 
archivally stored by lyophilization and in glycerol (-80°C). Working stocks 
of specific strains were stored in glycerol at -20°C. Bacteria for plant 
treatments were produced by growing strains of interest in solid phase or 
liquid fermentations using one or more culture media incubated at 28°C for 
24 to 26 h. Solid phase fermentations were prepared in Petri dishes by 
streaking the surface of a semi-solid culture medium with a sterile swab 
soaked with cells from a log phase broth culture. 

Liquid fermentations were normally conducted in 2 liter, triple 
baffled, culture flasks containing 1 liter of broth medium and seeded with 
bacteria from log phase broth cultures. Depending on the strain, cultures 
were incubated for 48 to 64 h at 20°C, 25°C, or 28°C on a rotary shaker 
(180 to 190 rpm). 

Cells were harvested from Petri dishes with a rubber policeman or 
from liquid culture by centrifugation using a Sorval RC5C centrifuge at 
8000 rpm (10°C) for 8 to 10 min. Spray solutions were prepared by 
resuspending cell pellets in either decanted, spent fermentation medium, or 
sterile distilled water. Cell concentrations were standardized 
spectrophotometrically (600 nm) to approximately 1 x 109 cfu/ml. 

Spray solutions were prepared by adding the chemical herbicides and 
appropriate surfactant directly into the bacterial preparations. Treatments 
were applied using a Devries SB-8 spray booth equipped with a 8004E flat 
fan spray nozzle traveling at 80.5 m/min delivering 233.7 1/ha. One 
replication consisted of four broadleaf species at the 2 to 3 true leaf stage 
and four narrowleaf species 8 to 10 cm in height grown in a spaghnum peat: 
vermiculite: bark ash mix. A randomized complete block design was used 
with four replications. 

Field treatments were applied using a C 0 2 pressurized backpack 
sprayer equipped with 8004 flat fan nozzles delivering 233.7 1/ha at 93.9 
m/min. Field studies typically included three to four broadleaf weed species 
having 4 to 6 true leaves and three to four narrowleaf species 5 to 10 cms in 
height. Plots were 1.5 m x 3 m with 25 cm row spacing. 

Greenhouse Screens. Numerous pathogenic and nonpathogenic bacteria 
have been evaluated with several herbicides for weed control in the 
greenhouse. Figure 3 shows the response typically observed with sulfosate 
(Trimethylsulfonium-carboxymethylamino-methyl phosphonate) applied 
alone and in combination with a bacterial preparation. Unlike 
mycoherbicidal fungi, the bacterial preparation applied alone caused no 
injury to the test weeds. However, the bacterial preparation plus 0.067 kg 
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Figure 3. Results of a typical greenhouse screen showing the synergy 
between sulfosate 0.067 kg ai/ha and a bacterial preparation. 
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ai/ha sulfosate demonstrated greater injury than the herbicide alone. 
Moderate to good control of morningglory (Ipomoea hederacea L.) and 
pigweed (Amaranthus retroflexus L.), two difficult to control weeds, was 
observed. The level of injury on narrowleaf weeds was more than twice 
that of the herbicide alone. Since no injury was observed in treatments 
where the bacteria was applied alone, the dramatic increase in activity 
observed with the bacteria-herbicide combination demonstrates synergy. 

Field Trials. Maryland field trials of the X-tend bioherbicide preparation 
400S plus 0.56 kg ai/ha sulfosate demonstrated a 40 to 50 percentage point 
increase in control of pigweed, morningglory, and velvetleaf (Abutilon 
theophrasti) over treatments that received only sulfosate (Figure 4). 
Preparations of 1518S and 36IS in combination with sulfosate improved 
broadleaf weed control but were less effective than 400S. No synergistic 
effect on grasses was observed in this study due to complete control by the 
0.56 kg ai/ha rate of sulfosate alone. 

Similar field results were obtained with glufosinate and two bacterial 
preparations (Figure 5). Most of the synergy was observed at a rate of 
0.224 kg ai/ha glufosinate. This is approximately 1/4 to 1/5 the 
recommended field rate on the proposed glufosinate label. 

Other field trials at our Maryland research farm provided similar 
results with the herbicides fluazifop, sethoxydim, and nicosulfuron. In most 
cases as the herbicide rate approached the recommended field rate less 
synergy with the bioherbicide was observed. 

Field trials at other locations revealed a similar pattern (Figure 6). 
Application of sulfosate at 0.28 kg ai/ha in combination with preparation 
400S was synergistic on barnyardgrass at three locations. The herbicide rate 
was one third the recommended rate and obviously below the rate needed to 
provide consistent control of barnyardgrass (Echinochloa crus-galli L.). This 
was particularly evident in tests in Indiana (IN) and Kansas (KS), where the 
weeds were larger or were grown under drought conditions (IN). 

It appears that the bioherbicide was strongly dependent on the level 
of control or injury provided by the chemical herbicide. The results indicate 
that a more robust strain of the bacteria will be required to obtain 
commercial levels of control. Development of surfactant and formulation 
technology may also aid in improving control. 

Summary. Synergy has been observed between chemical herbicides and 
bacterial agents in both greenhouse and field trials. Combinations of 
herbicides and bacteria can significantly reduce herbicide use rate to control 
a broad spectrum of weed species. However, the present level of control 
achieved with these tank mixes in the field indicates that either more robust 
strains or improved formulations will be needed before commercialization is 
realized. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 2

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
2,

 1
99

3 
| d

oi
: 1

0.
10

21
/b

k-
19

93
-0

52
4.

ch
00

7

In Pest Control with Enhanced Environmental Safety; Duke, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1993. 
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Figure 4. Field study of synergy between sulfosate (0.56 kg ai/ha) and 
three bacterial preparations. 
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100 

Johnsongrass Yellow Foxtail Pigweed Morningglory 
Barnyardgrass Fall Panicum Jimsonweed 

Glufosinate ^ Glufosinate + 400S J Glufosinate + 300C 

Figure 5. Synergy between glufosinate (0.28 kg ai/ha) and two bacterial 
preparations in field trials. 
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MD-4 MD-9 KS 

Location 

Sulfosate Sulfosate + 400S 

Figure 6. Synergy between sulfosate (0.28 kg ai/ha) and a bacterial 
preparation (400S) on barnyardgrass at three field locations. 
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Chapter 8 

Altering the Host Range of Mycoherbicides 
by Genetic Manipulation 

David C. Sands and R. Vincent Miller 

Department of Plant Pathology, Montana State University, 
Bozeman, MT 59717 

New strategies for the development of biolog
ica l control agents of weeds with plant patho
gens are discussed. The basic premise is based 
on using highly virulent broad-host range path
ogens that lack the host-specificity currently 
thought necessary for bioherbicides. These 
pathogens could be rendered safe by conferring 
biological confinement via auxotrophy or 
reduced survival abi l i ty . Additional discus
sion is on possible methods for genetically 
constructing host-specificity based on root 
exudates that are unique to a target host 
similar to a "Zip code", or using the host 
i t se l f as a source of self destructive genes, 
which we refer to as the "Pogo theory" from a 
quote by the comic strip character, "We have 
found the enemy and it is us". 

The most widespread and important methods of weed control 
currently used are t i l l a g e and chemical herbicides (1). 
The use of herbicides with documented adverse affects on 
groundwater quality, mammalian t o x i c i t y , and human health 
have led to* increased interests i n alternatives such as 
the use of b i o l o g i c a l control. Despite a few successes 
though, b i o l o g i c a l control as i t i s now practiced cannot 
be expected to completely replace the use of chemical 
herbicides. Present biocontrol agents, developed with 
either the c l a s s i c a l or mycoherbicide approach (2,3), must 
be host-specific for reasons of environmental safety and 
l i a b i l i t y . And there simply may not be ample prospective 
host-specific biocontrol agents for each problem weed. 
Further, economic constraints preclude the use of host-
s p e c i f i c agents for many si t e s with multiple weed species. 
Thus, the j u s t i f i c a t i o n s to attempt to s h i f t from chemical 
herbicides to b i o l o g i c a l control are neither e n t i r e l y 

0097-6156/93/0524-0101$06.00/0 
© 1993 American Chemical Society 

D
ow

nl
oa

de
d 

by
 M

O
N

A
SH

 U
N

IV
 o

n 
O

ct
ob

er
 2

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
2,

 1
99

3 
| d

oi
: 1

0.
10

21
/b

k-
19

93
-0

52
4.

ch
00

8

In Pest Control with Enhanced Environmental Safety; Duke, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1993. 



102 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

c l e a r nor c o n v i n c i n g . P r o b a b l y t h e b e s t j u s t i f i c a t i o n f o r 
b i o c o n t r o l i n v o l v e s t h e p o t e n t i a l m a r k e t i n g o f " p e s t i c i d e 
f r e e " c r o p s , but p r o d u c t i o n c o s t s would be h i g h e r , a t 
l e a s t u n t i l b e t t e r b i o c o n t r o l agents a r e a v a i l a b l e f o r 
c o n t r o l o f i n s e c t s , weeds, and f u n g i . A market may become 
e s t a b l i s h e d i f s u f f i c i e n t numbers o f customers d e s i r e such 
p e s t i c i d e - f r e e p r o d u c t s . 

B i o l o g i c a l Containment Systems 

I t seems l i k e l y t h a t , as i n the c h e m i c a l h e r b i c i d e i n d u s 
t r y , one o r s e v e r a l paradigm s h i f t s w i l l be n e c e s s a r y 
b e f o r e any advances a r e made. The proposed parad igm s h i f t 
i s away from t h e c l a s s i c a l approach o f s c r e e n i n g o n l y 
h o s t - s p e c i f i c e x o t i c o r n a t i v e p e s t s t o one e m p h a s i z i n g 
g e n e t i c m a n i p u l a t i o n and an e x t e n s i v e knowledge o f p h y s 
i o l o g y and b i o c h e m i s t r y o f h o s t / p a r a s i t e i n t e r a c t i o n s . 
Our b a s i c p r o p o s a l i s t h a t c o n t a i n e d b r o a d - h o s t range 
pathogens might b e t t e r compete w i t h b r o a d spectrum h e r b 
i c i d e s by v i r t u e o f t h e i r use a g a i n s t m u l t i p l e t a r g e t 
weeds, r e d u c e d r e s i d u e r i s k , r e d u c e d l i a b i l i t y , r e p e a t e d 
s a l e s r e q u i r e m e n t s , and p o s s i b l y " p e r c e i v e d " a s p e c t s o f 
s a f e t y . 

Broad-Host Range Plant Pathogens 

B r o a d - h o s t range pathogens , w e l l known by p l a n t p a t h o l 
o g i s t s , i n c l u d e Sclerotinia sclerotiorum, Pythium ultima, 
Sclerotium r o l f s i i , Phymatotrichum omnivorum, and Pseudo-
monas solanacearum ( 4 , 5 ) . O f t e n s o i l - b o r n e , t h e s e p a t h o 
gens a r e c a p a b l e o f s u r v i v i n g i n t h e s o i l a f t e r k i l l i n g 
one p l a n t u n t i l they a t t a c k another s u s c e p t i b l e p l a n t o f 
t h e same o r d i f f e r e n t s p e c i e s . T h e i r mode o f a c t i o n 
i n v o l v e s r o o t o r crown i n v a s i o n , v a s c u l a r p l u g g i n g and 
w i l t i n g , and p r o d u c t i o n o f c o n s i d e r a b l e biomass f o r 
s u r v i v a l ( 4 , 5 ) . The g e n e t i c a l l y m a n i p u l a t a b l e a s p e c t s o f 
t h e s e pathogens a r e t h e i r h o s t r a n g e , s e x u a l s t r u c t u r e s , 
s u r v i v a l , and t h e i r a b i l i t y t o s y n t h e s i z e most i f no t a l l 
v i t a m i n s , amino a c i d s , f a t t y a c i d s , p u r i n e s and p y r i m i -
d i n e s . As w i t h o t h e r p l a n t pathogens , t h e mechanisms 
i n v o l v e d i n h o s t range r e s t r i c t i o n a r e unknown. 

Sclerotinia sclerotiorum Model System 

We have d e v e l o p e d a s e r i e s o f mutant s t r a i n s o f Sclero
tinia sclerotiorum (6,7). T h i s pathogen n o r m a l l y a t t a c k s 
o v e r 300 genera o f p l a n t s i n c l u d i n g t h e o v e r 30 s p e c i e s o f 
weeds ( T a b l e I) ( 8 ) . The o b j e c t i v e o f t h i s r e s e a r c h was 
t o o b t a i n mutants o f t h i s b r o a d - h o s t range fungus t h a t 
e i t h e r have a reduced h o s t range o r a r e i n some o t h e r way 
u s e f u l f o r g e n e t i c m a n i p u l a t i o n . T h i s fungus s e r v e s as a 
model system t o demonstrate t h a t b r o a d - h o s t range p a t h o 
gens i n g e n e r a l can be made more u s e f u l as b i o l o g i c a l 
c o n t r o l a g e n t s . We o b t a i n e d a group o f a u x o t r o p h i c S. 
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8. SANDS & MILLER Altering Mycoherbicides by Genetic Manipulation 103 

Table I. Common Weed-Hosts of Sclerotinia sclerotiorum 

S c i e n t i f i c Name Common Name 
Medicago lupulina L. Black Medic 
Brassica nigra (L.) W.Koch 
B. rapa L. 

Black Mustard 
F i e l d Mustard 

Orobanche sp. L. Broomrape 
Cirsium arvense L. (Scop.) 
C. vulgare (Savi) Ten. 

Canada T h i s t l e 
B u l l T h i s t l e 

Stellaria media (L.) V i l l . Common Chickweed 
Xanthium strumarium L. Cocklebur 
Portulaca oleracea L. Common Purslane 
Sonchus oleraceus L. Common Sowthistle 
Taraxacum officinale Wigg. Dandelion 
Solidago sp. L. Goldenrods 
Senecio vulgaris L. Common Groundsel 
Cannabis sativa L. Hemp 
Centaurea maculosa L. 
C. repens L. 
C. s o l s t i t i a l i s L. 

Spotted Knapweed 
Russian Knapweed 
Yellowstar T h i s t l e 

Chenopodium album L. Lambs-quarters 
Lupinus sp. L. Lupines 
Urtica dioica L. Stinging Nettle 
Solanum nigrum L. Common Nightshade 
Chrysanthemum leucanthemum 
L. 

Oxeye Daisy 

Thlaspi arvense L. F i e l d Pennycress 
Amaranthus retrcflexus L. Redroot Pigweed 
Conium maculatum L. Poison Hemlock 
AmJbrosia artemisiifolia L. Common Ragweed 
Capsella bursa-pastoris L. 

Medik 
Shepherd's Purse 

Galinsoga parviflora Cav. Sma11-flowered 
Galinosoga 

Euphorbia sp. Spurges 
Rumex crispus L. Curly Dock 
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sclerotiorum mutants unable to grow without certain n u t r i 
t i o n a l supplements and a series of strains with various 
degrees of virulence that were unable to make the sur
vival/sexual structures c a l l e d s c l e r o t i a (Table II) . 
Results obtained from f i e l d s i t e s established that some of 
these mutants are s t i l l v i r u l e n t , though less so as com
pared to the wild-type fungus (Figure 1). 

Table I I . Current Mutants of Sclerotinia sclerotiorum 

Mutant Phenotype 
Parental 
Origin 

Al-PYR Cytosine required for growth KA2 
A2-CYS Methionine or cysteine 

required for growth 
84. IB 

A3-PYR Cytosine required for growth A-169 
A4-ARG Arginine required for growth A-169 
A5-LYS Lysine required for growth A-169 
A6-ARG Arginine required f o r growth A-169 
A8-LEU Leucine required for growth 
A9-ISO/VAL Isoleucine and valine 

required for normal growth 
A-169 

A10-ADE Adenosine required for 
growth 

CM813-2 

All-CHOL Choline required for growth CM813-2 
A13-LYS Lysine required for growth CM813-2 
A14-ISO/VAL Isoleucine and valine 

required for normal growth 
CM813-2 

SL-1 Sclerotialess, low virulence 84. IB 
SL-5 Sclerotialess, avirulent A-9 
SL-7 Sclerotialess, moderate 

virulence 
A-169 

In the f i e l d t r i a l i n Figure 1, the fungus was grown 
in shake cultures and homogenized mycelium used to inocu
late s t e r i l e canola seed imbibed with appropriate nutrient 
solutions. The infested canola was applied at 500, 1000 
and 2000 lb/ac. A l b e i t high rates of application are used 
i n t h i s f i e l d test, the results dramatically i l l u s t r a t e 
the potential of u t i l i z i n g genetically delimited, but 
vi r u l e n t strains of broad-host range pathogens i n biolog
i c a l control. Preliminary laboratory and greenhouse tests 
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8. SANDS & MILLER Altering Mycoherbicides by Genetic Manipulation 105 

W E E D TARGET 

Figure 1. Efficacy of 5. sclerotiorum mutants 
compared to the wild-type s t r a i n on s i x t u r f weeds i n 
f i e l d t r i a l s conducted i n M i s s i s s i p p i . Treatments 
consisted of 1000 lb/acre fungus infested canola seed 
imbibed with the one percent tryptone, 10 mM sucrose, 
and for the auxotrophs, 50 arginine or leucine. Mean 
of three re p l i c a t i o n s of f i v e foot square plots 
analyzed after 21 days. 
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indicate that formulations can s i g n i f i c a n t l y reduce neces
sary application rates. Further, i t i s our contention 
that these rates are tolerable as spot treatments i n 
certain home and garden markets. 

Strain Improvement v i a Mating 

Auxotrophs of dif f e r e n t parent strains might be useful for 
several other reasons. For example, they could be crossed 
(lys" x arg") to search for genetic recombinants (arg + and 
l y s + ) that might have di f f e r e n t useful t r a i t s . Secondly, 
auxotrophs can be tested for virulence i n the presence or 
absence of the appropriate nutrient. One example would be 
the cytosine minus strains that require external cytosine 
for i n f e c t i o n (6) . Thirdly, auxotrophs can be used to 
f a c i l i t a t e genetic modification. The cytosine plus gene 
can be added by transformation to a cytosine minus s t r a i n 
but on a dif f e r e n t promoter. I f the promoter only a c t i 
vates transcription i n the presence of certain plants, 
then the previously broad-host range pathogen would be 
rendered host-specific. 

Genetically Constructed Host-Specificity 

The key signals that could be used to activate modified 
pathogens would probably be compounds that are unique to 
the target host. An example of a target s p e c i f i c compound 
might be the alk a l o i d c n i c i n found i n and on knapweed 
leaves (9) . This compound might serve as a s p e c i f i c 
inducer of prototropy i n a genetically modified pathogen. 
For instance, without c n i c i n the pathogen would require 
cytosine whereas i n the presence of c n i c i n cytosine would 
be synthesized. 

Natural chemical recognition systems may be a v a i l 
able from pathogens, epiphytes, insects, nematodes, or 
rhizosphere microflora associated with the target host, or 
even from the host i t s e l f . For instance, c n i c i n u t i l i z i n g 
microflora may be obtained from organisms isolated from 
spotted knapweed i t s e l f , soil-borne microorganisms, or 
from the i n t e s t i n a l f l o r a of insects or nematodes that 
feed on t h i s plant. These promotor or repressor systems 
can be cloned upstream to the gene restoring prototropy 
and then inserted into the pathogen v i a transformation. 

A Zip Code System for Auxotrophy 

The root exudates of plants have been well characterized 
and generally consist primarily of certain amino acids and 
sugars (20). Pathologists have found l i t t l e relationship 
between root exudate content and host/parasite s p e c i f i c i t y 
(10) . However, as early as the mid 1950 fs, Garber (11,12) 
demonstrated a relationship between auxotrophic mutants 
and c u l t i v a r - l e v e l host s e l e c t i v i t y with Erwinia aroideae, 
precedence for a nutritionally-based system for conferring 
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h o s t - s p e c i f i c i t y . Other factors that have been implicated 
i n h o s t - s p e c i f i c i t y include l e c t i n binding, pathogen-
s p e c i f i c and non-pathogen s p e c i f i c toxins, spore agglut
inating factors, and non-specific defense mechanisms (13) . 
We can determine which free amino acids are i n high 
amounts i n the subsoil crown of the target plant and, as 
might be expected, certain amino acids are not common i n 
a l l crowns of a l l plant species. A multiple auxotroph 
could then be designed to s p e c i f i c a l l y attack a certain 
plant based on i t s free amino acid p r o f i l e . An example 
might be Centaurea maculosa, the spotted knapweed which 
has high amounts of free asparagine, alanine, aspartate, 
proline, and threonine i n i t s crown (Table I I I ) • Proline 
i s highly variable i n plants p a r t i c u l a r l y i n response to 
various stresses such as senescence or drought. But an 
auxotroph requiring the other four amino acids might be 
able to infec t the crown of t h i s plant whereas other non-
target hosts might not provide s u f f i c i e n t levels of these 
essential amino acids. Such "zip coding" i s an a r t i f i c i a l 
system that may enable development of h o s t - s p e c i f i c i t y v i a 
auxotrophs. 

A General Strategy for Finding Useful Genes to Enhance 
S p e c i f i c i t y or Virulence 

Biocontrol agents are not always as s p e c i f i c or v i r u l e n t 
(lethal) as required. One potential source of genes to 
enhance biocontrol agents i s from the target host i t s e l f . 
The underlying presumption i s that most m u l t i c e l l u l a r 
organisms contain numerous intermediary metabolites, 
hormones, and enzymes, that i f overproduced or produced at 
the wrong time would be l e t h a l . We refer to t h i s general 
strategy as the Pogo Strategy after the Walt Kelly cartoon 
character who said, "We have found the enemy and i t i s 
us." Examples might include molting hormones i n nematodes 
and insects, insect egg hatching factors, seed germination 
i n h i b i t o r s or simulators, plant growth hormones, alka
l o i d s , or plant defenses such as phytoalexin production 
(14,15,16,17,18) . The genetic approach to t h i s strategy 
would involve using cDNA i n a expression vector and 
assaying the cloned gene products back on the host. 
After finding active compounds, these could be used 
d i r e c t l y or t h e i r appropriate genes could be cloned into 
an appropriate pathogen. Notably, many of the f i n a l 
products l i s t e d are multigenic i n nature but are often 
under regulatory systems that may be coded by a single 
gene and thus accessible to manipulation. 

Conclusions 

We expect to see several s h i f t s i n strategy as b i o l o g i c a l 
control becomes less a c l a s s i c a l hunting and gathering 
operation and more involved with genetic manipulation. As 
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ways to make broad-host range pathogens safer are devised, 
we may see the use of bi o l o g i c a l s analogous to that of 
broad spectrum chemical herbicides. 

Table I I I . Amino Acid P r o f i l e of Spotted Knapweed 

Amino Acid Mmol/ml1 

Alanine 0.248 
Arginine 0.652 
Aspartic Acid 0.523 
Cystine 0.039 
Glutamic Acid 0.340 
Glycine 0.030 
Histidine 0.150 
Isoleucine 0.092 
Leucine 0.041 
Lysine 0.056 
Methionine Not Tested 
Phenylalanine 0.024 
Proline 1.520 
Serine 0.342 
Threonine 0.327 
Tryptophan 0.061 
Tyrosine 0.042 
Valine 0.214 
Asparagine 6.870 
Glutamine 1.270 
a-Aminobutyric Acid 0.033 
Ethanolamine 0.073 
Sarcosine 0.047 

/Ltmol/ml of an ethanolic extract of crowns. 
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Chapter 9 

Natural Phytotoxins as Herbicides 

Stephen O. Duke1 and John Lydon2 

1Southern Weed Science Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, P.O. Box 350, Stoneville, MS 38776 

2Weed Science Laboratory, Beltsville Agricultural Research Center—West, 
Agricultural Research Service, U.S. Department of Agriculture, 

Beltsville, MD 20705 

Natural products of plants and microbes offer a vast array of 
secondary compounds with biological activity, including 
phytotoxicity. Many of these compounds have the potential to be 
used directly as herbicides or as structural leads for new 
synthetic herbicides. Although natural compounds have made a 
large impact in the insecticide area, relatively few successes 
have been obtained with these compounds as herbicides. The most 
notable success is that of glufosinate. Use of natural products 
in a herbicide discovery strategy has been hindered by several 
problems. The number of options that must be considered in 
discovery and development of a natural product as a herbicide is 
larger than for a synthetic herbicide. Furthermore, the 
molecular complexity, limited environmental stability, and low 
herbicidal activity of many phytotoxic natural products are 
discouraging. Rediscovery of known natural phytotoxins can be 
time-consuming and expensive. However, advances in chemistry and 
biotechnology are increasing the speed and ease with which 
humankind can discover and develop natural products as 
herbicides, while diminishing returns are being experienced with 
conventional herbicide discovery efforts based on "synthesize and 
screen" strategies. 

No one knows when humans first utilized the biological activity of certain natural 
materials against pests. There is little doubt, however, that natural products 
have been used for pest control for thousands of years. Within the past century, 
we have gained the capacity to isolate, identify, and exploit active pesticidal 
compounds from natural sources. This capacity has had a major impact in the 
discovery and development of chemicals for insect control. However, there has been 
relatively little success with natural compounds for weed control. This review 
will document successes, near successes, and the potential for future success in 
developing herbicides from natural compounds. 

The topic of natural products as herbicides has been reviewed previously in its 
entirety (1, 2) and as part of more extensive reviews on natural products as 
pesticides (5). Portions of this subject have been covered in various reviews 

This chapter not subject to U.S. copyright 
Published 1993 American Chemical Society 
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9. DUKE & LYDON Natural Phytotoxins as Herbicides 111 

on the pesticidal properties of particular natural product families (4, 5) and 
natural products as herbicides or pesticides from particular sources, such as 
plants (6-8) or microbes (9-20). This review will be a critical review 
that will deal only with the most important developments, the issues, and the 
outlook for development of herbicides from natural sources. 

Need and Rationale 

The need for new herbicides will continue into the foreseeable future. 
Approximately two-thirds, by volume, of the pesticides used in agricultural 
production are herbicides. Thus, the potential for undesirable environmental 
contamination from herbicides is relatively great. There is a growing need for 
more environmentally and toxicologically safe herbicides that are equally or more 
efficaceous and selective than currently available herbicides. Increased emphasis 
on reduced-tillage and no-tillage agriculture will, in some cases, make adequate 
control of weeds more dependent on herbicides. The accelerating incidence of 
herbicide resistance is creating a need for new herbicides with previously 
unexploited mechanisms of action. New herbicides will be required to solve the 
dilemma of the continued need for herbicides while older herbicides are removed 
from the market for toxicological, environmental, or economic reasons. Compounds 
from natural sources may offer solutions to some of these needs. 

The number of synthetic compounds screened to discover a commercially useful 
herbicide has increased dramatically due to diminishing returns with this method 
and more stringent requirements for new herbicides. Furthermore, biorational 
design strategies, based on targeting specific molecular targets have so far been 
unsuccessful in discovery of commercially viable herbicides. Therefore, new 
discovery strategies, such as using natural products as herbicides or leads for new 
herbicides, must be considered. Natural product-based herbicides may have 
desirable characteristics such as shorter environmental half-lives than synthetic 
herbicides that are predominantly halogenated hydrocarbons with relatively long 
environmental half-lives. Synthetic halogenated hydrocarbons are generally 
perceived to have more suspect toxicological properties than most natural 
compounds. Natural compounds are often found to have unique mechanisms of action, 
unrelated to known mechanisms of commercial herbicides (1, 9, 15). Thus, 
natural compounds have increasingly become a focus of those interested in discovery 
of herbicides (1-20). 

There is little interest within the herbicide industry in utilizing crude 
extracts of organisms as herbicides, even though there are many reports of crude 
plant extracts with herbicidal activity (e.g., 21). The toxicological, 
quality control, economic, and patent obstacles to development of crude extracts as 
herbicides are severe. However, there is considerable interest in the utilization 
of cover crops to generate phytotoxic plant residues in soil to inhibit weed 
establishment and growth. This short review will discuss only structurally 
identified natural compounds that have been utilized or considered for weed 
control. 

Plant-Derived Compounds with Herbicidal Potential 

There are many reports of the production of phytotoxic symptoms by specific 
secondary compounds isolated from plants (6, 7, 22-24). These compounds with 
biological activity are often termed allelochemicals. A role of plant-produced 
compounds has been clearly established in plant-plant interactions in relatively 
few cases. Although most of the simple, ubiquitous phenolic acids and flavonoids 
reported to be allelochemicals are weakly phytotoxic, they are ineffective 
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phytotoxins in soil and have little selectivity. For example, ferulic acid, a 
phenolic acid produced by all plants, has been called an allelochemical (25). 
However, it is only active at millimolar levels in petri dish assays (e.g., 26) 
and, in the field, its activity is decreased significantly due to strong binding to 
soil and to rapid microbial degradation (27). Several of these phenolic 
compounds (e.g., salicylic acid and p-hydroxybenzoic acid), at very high 
rates (56 to 112 kg/ha), are effective against weeds and are relatively 
non-selective (e.g., 28). 

However, synthetic modification of these compounds can increase their efficacy 
and selectivity. For example, the halogenated benzoic acid herbicides (e.g., 
dicamba, chloramben, and picloram), are derived from benzoic acid, a phenolic plant 
product. Some phenolic compounds, such as the coumarins, are much more phytotoxic 
than others (e.g., 26). Synthetic derivatives of coumarins have been reported 
in patent applications to tie good herbicides. Other aromatic compounds, such as 
2,4-dihydroxy-l,4-benzoxazin-3-one (DIBOA, Figure 1), are as active in reducing 
plant growth as many herbicides (29, 30). Phenolic derivatives such as the 
dihydroquinone sorgoleone (Figure 1\ produced by Sorghum bicolor, are 
extremely phytotoxic in hydroponic culture (31). Various phenolic quinones 
such as juglone (Figure 1) and lawsone are among the more phytotoxic phenolic 
compounds (32, 33). 

Because natural levels of these plant-produced phenolic compounds are unlikely 
to significantly affect plant growth under most conditions, some investigators have 
attempted to prove that synergism between these weak phytotoxins produces a 
signifcantly phytotoxic combination. Synergistic interactions in causing 
phytotoxicity have been reported in poorly planned studies (e.g., 34, 35). 
However, more careful studies have found additive or antagonistic effects (26, 
36, 37). 

Some of the most convincing reports of allelochemical involvement in plant 
competition involve terpenoids (e.g., 38). For example, the monoterpene 
1,8-cineole (Figure 1) is strongly phytotoxic. A 1,8-cineole derivative, 
cinmethylin (Figure 1), has been seriously considered for herbicide development 
(39, 40). A mixture of about 200 different compounds produced by 
polychlorinating camphene (Figure 1) was used as both an insecticide and a 
herbicide (41). However, this pesticide was discontinued because of 
toxicological risks. The phytotoxic compound(s) responsible for its herbicidal 
activity was never identified, and it is possible that the phytotoxic component(s) 
may have posed no health risk. The sesquiterpene lactone artemisinin (Figure 1), 
an antimalarial compound from annual wormwood (Artemisia annua L), is very 
phytotoxic (5, 42-45). However, its complex structure alone precludes it from 
consideration as a commercial herbicide because of difficulties in synthesis. 
Other highly phytotoxic plant-derived terpenoids have been described (e.g., 4, 5, 
46, 47). 

Higher plants produce many photodynamic compounds, such as a-terthienyl and 
hypericin (Figure 1) (48). Although these compounds are strongly phytotoxic, 
they are unlikely to be developed as herbicides because, in the presence of light, 
they are toxic to all organisms. A compound applied to plants that would make them 
generate toxic levels of endogenous photodynamic compounds would be more 
toxicologically acceptable. Plants can be caused to generate phytotoxic levels of 
photodynamic porphyrins by treatment with a combination of two non-phototdynamic 
compounds, the natural porphyrin precursor 6-aminolevulinic acid ( A L A ) and 
2,2'-dipyridyl, a synthetic compound (49-51). Considerable effort has gone 
into development of A L A as a herbicide. However, it has recently been found that 
several classes of commercial herbicides kill plants by causing the accumulation of 
toxic levels of the photodynamic porphyrin intermediate, protoporphyrin DC (Figure 
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COOH COOH 

O 
SORGOLEONE 

Figure 1. Structures of plant-derived phytotoxins mentioned in the text. 
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1) (51-54). This topic is dealt with in detail in another chapter in this 
volume. Even if protoporphyrin IX were inexpensive, it is not effective as a 
herbicide when applied exogenously (55). 

Certain alkaloid (e.g., colchicine and vinblastine) and terpenoid 
(e.g., taxol) plant products that stop growth of plants by interference with 
mitosis (56, 57) have modes of action identical to certain synthetic 
herbicides. Little attention has been given to their potential as herbicides, due, 
in part, to difficulty in synthesizing these complex molecules and the low yield 
from producing plants. Some of these compounds are extremely expensive as 
pharmaceuticals, which have the advantage of being sold at a much higher price per 
unit mass than can pesticides (e.g., taxol). Simpler alkaloids such as 
caffeine can, in some cases, act as selective herbicides at extremely high 
application rates (28, 58). 

Unaltered, plant-produced phytotoxins are generally weakly active compared to 
commercial herbicides. Most known allelochemicals would have to be applied at 
rates of more than 10 kg/ha to achieve significant weed control, whereas, many 
recently introduced herbicides can achieve the same level of control at levels 
three orders of magnitude smaller. When comparing two herbicides, application rate 
does not always correlate directly with enviromental risk or cost. However, there 
is little interest in the herbicide industry in compounds that are only effective 
at rates of more than a kilogram per hectare. 

That plants do not produce large numbers of highly phytotoxic compounds is not 
unexpected, because production of such compounds would lead to strong autotoxicity 
unless the producing plant developed metabolic or physical mechanisms to cope with 
its own phytotoxins. Some of the more potent allelochemicals are toxic to the 
producing species and this autotoxcity has been implicated in vegetation shifts 
during ecosystem succession. 

The compounds from plants that might be most profitably used as leads for new 
herbicides are enzyme substrates and cofactors. Substrate and cofactor analogues 
can be potent inhibitors, resulting in strong herbicidal activity. For example 
several herbicidal chemical classes are competitive inhibitors of 
protoporphyrinogen oxidase (59) by virtue of their structural and electronic 
similarity to one-half of the protoporphyrinogen molecule (60). This strategy, 
however, is more properly categorized as biorational design rather than that of 
using natural products as herbicides or leads for herbicides. 

Microbial conversion of relatively non-phytotoxic plant-derived compounds in 
the soil to highly phytotoxic derivatives has also been documented (e.g., 8). 
However, these compounds must be considered microbial products rather than those 
from plants. 

The biological activity of plant-produced secondary compounds is generally much 
higher against pathogens and insects. Chemical defence is probably the best 
method that plants have for combating insects or pathogens. However, allelopathy 
does not appear to be a prevalent strategy in plant-plant interference. Direct 
competition for resources is the more common plant-plant interaction. Perhaps 
because of the relative paucity of potent phytotoxins, the pesticide industry has 
been much more successful in exploiting plant-derived natural products as 
insecticides or as templates for insecticides (e.g., pyrethroids) than as 
herbicides. The potential of microbial products as a source of new herbicides is 
generally perceived to be much greater than that of plants. 

Microbial Compounds with Herbicidal Potential 

Microbial compounds have been more successfully exploited either as herbicides or 
leads for new herbicides than plant-derived compounds (e.g., 1, 2, 10, 15). 
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Several strategies may be employed in utilizing microbial products as new 
herbicides. Either non-pathogenic microbes such as soil microflora (e.g., many 
of the actinomycetes) or plant pathogens can be utilized as sources of 
phytotoxins. Non-pathogenic microbes have been the source of natural compounds 
most commonly utilized by industry in pesticide discovery. They are relatively 
easily cultured compared to pathogens, and they produce a multitude of bioactive 
products. 

A major problem with these organisms is inadvertant rediscovery of known 
phytotoxins, such as cycloheximide or eabaculine, after expensive and 
time-consuming studies (e.g., 20, 61). Quality control in bioassays and 
carefully documented profiles of known compounds in those bioassays can be used to 
screen out probable known compounds. In one company's herbicide discovery program, 
only 28% of all identified phytotoxic compounds from microbes were new structures 
and another 16% were known structures, previously not known to be phytotoxic 
(20). Many of these compounds were amenable to analogue synthesis. 

Phytotoxins from microbes offer excellent opportunities for identifying 
potential molecular target sites for herbicide design. There is very little 
overlap between the known molecular sites of action of commercial synthetic 
herbicides and those of microbial phytotoxins (1, 2, 9, 15). A great deal is 
known about the mechanisms of action of microbial phytotoxins that could be 
exploited by the herbicide industry (62-64). 

The only significant commercial successes of herbicides either from or based on 
microbial products have been from non-pathogens. Bialaphos (Figure 2), a 
tripeptide with herbicidal activity was first isolated from cultures of 
Streptomyces viridochromognes and was later found to be also produced by 
Streptomyces hygroscopicus (65-67). Bialaphos is composed of a glutamic 
acid analog called phosphinothricin and two alanine residues. In plants and 
bacteria, bialaphos is metabolized by hydrolysis of the alanyl groups to produce 
phosphinothricin, which inhibits glutamine synthetase from bacteria and plants, 
thereby disrupting amino acid synthesis (65, 68-72). This metabolic site is 
not targeted by any herbicides developed by other strategies. Bialaphos and 
synthetic phosphinothricin (glufosinate, Figure 2), are the active ingredients in 
commercial, non-selective herbicides. 

The herbicidally active tripeptide phosalacine produced by Kitasatosporia 
phosalacinea sp. nov. KA-338 differs from bialaphos in that the terminal amino 
group is a leucine residue (Figure 2) (73). The toxicity of phosalacine was 
attributed to it being metabolized to phosphinothricin in affected organisms 
(74). Interestingly, glufosinate is similar to one of the most succesful 
synthetic, non-selective herbicides, glyphosate. Both are phosphonate amino acid 
analogs that disrupt amino acid biosynthesis and are readily metabolized in the 
soil (75-78). 

Several other phytotoxic compounds produced by Streptomyces species also 
appear to be antimetabolites of amino acids. Ciy-2-amino-l-hydroxycyclobutane-
1-acetic acid ( C B A A ) produced by Streptomyces rochei (79) is a constituent 
of a naturally occurring antibiotic dipeptide (80). C B A A causes methionine-
and cysteine-reversible chlorosis in plants. Oxetin, a C B A A analog, is produced by 
a Streptomyces sp. and inhibits glutamine synthetase (81). Vulgamycin 
(Figure 2), produced by several Streptomyces sp., apparently inhibits 
isoleucine synthesis and isoleucine-requiring processes (8z). The antibiotic 
activity of the herbicidally active compound homoalanosine, produced by 
Streptomyces galUaeus, could be reversed by aspartate or glutamate (83) 

Phytotoxins from non-pathogenic microbes make up a large proportion of the 
patented herbicides of microbial origins, many of which have unknown mechanisms of 
action. Examples of these compounds are toyocamycin, anisomycin and several close 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 2

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
2,

 1
99

3 
| d

oi
: 1

0.
10

21
/b

k-
19

93
-0

52
4.

ch
00

9

In Pest Control with Enhanced Environmental Safety; Duke, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1993. 



116 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

Figure 2. Structures of microbial phytotoxins mentioned in the text. 
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analogues, herbimycins, herbicidins, hydantocidin, gelanamycin, nigiricin, and 
a-methylene-/3-alanine (84-92). These and many others are discussed in more 
extensive reviews (e.g., 1,10,19). 

Another example of an interesting phytotoxin from a non-pathogenic microbe is 
cornexistin (93). Cornexistin (Figure 2), a nonadride compound, was isolated 
from a saprophytic fungus (PaecUomyces variotii S A N K 21086) found growing on 
deer dung in Alberta, Canada. It is an effective herbicide for crabgrass, green 
foxtail, johnsongrass, black nightshade, cocklebur, ragweed, tall morningglory and 
velvetleaf. However, maize is highly resistent to the compound. Its mechanism of 
action is unknown, although it is a slow acting phytotoxin that is almost equally 
effective in light and darkness (T. Amagasa and S. O. Duke, unpublished). 

Plant pathogens often produce several phytotoxins as virulence factors 
(64). Thus, the probability of a plant pathogen producing a phytotoxin is 
good. However, plant pathogens are generally more difficult to culture and to 
induce to produce toxins in culture than non-pathogens. Some of the compounds are 
too specific in their selectivity to have any commercial appeal as a herbicide. 
For these reasons, the herbicide industry has committed relatively few resources to 
the evaluation of plant pathogens as sources of herbicides. Most of the activity 
in this area has been the testing of compounds discovered by those outside the 
pesticide industry. Phytotoxins from plant pathogens as potential herbicides has 
been the focus of several reviews (e.g., 17-19). 

Although phytotoxins from pathogens that infect crops are likely to be toxic to 
some weed species, in most cases, there is no published record on the effect of 
already discovered phytotoxins on a range of weed species. Little effort has been 
expended in studying pathogens that infect weeds or the phytotoxins that weed 
pathogens might produce. A l l known host-specific phytotoxins except one are 
produced by pathogens that infect crop species. These compounds are often highly 
complicated in structure and too selective for herbicidal use. A n exception is 
maculosin (Figure 2), a relatively simple cyclic diketopiperazine analogue of 
cyclic L-tyrosme-L-proline, is a host-specific phytotoxin from Alternaria 
alternata that appears to affect only spotted knapweed (Centaurea maculosa) 
(94). Its mechanism of action is unknown. 

Non-host specific toxins are of considerably more interest. A n example is 
phaseolotoxin, produced by Pseudomonas syringae pv. phaseolicola, the 
causal agent of halo blight of bean. It has characteristics similar to those of 
bialaphos (95-98). It is a tripeptide that is metabolized in plants or 
bacteria to an amino acid analog (octicidin) that disrupts amino acid synthesis by 
inhibition of arginine synthesis (99-104). Tabtoxin, a dipeptide protoxin 
produced by several P. syringae pathovars, is hydrolyzed by the producing 
organism or within the plant host to the phytotoxin tabtoxinine-0-lactam 
(105-108). Tabtoxinine-J8-lactam, a phosphinothricin analog, is also an 
irreversible inhibitor of glutamine synthetase, with herbicidal activity similar to 
that of bialaphos (109-111). There may be no interest in development of this 
compound as a herbicide because bialaphos and glufosinate already fill this market 
niche, and tabtoxinine-j8-lactam has poor stability. 

Another example of a non-host specific phytotoxin from a pathogen is tentoxin 
(Figure 2), a cyclic tetrapeptide produced by several Alternaria species. It 
causes severe chlorosis in many of the problem weed species associated with 
soybeans and maize without affecting either crop (112). Furthermore, it has 
two mechanisms of action which may be related; inhibition transport of certain 
nuclear-coded proteins into plastids (275) and inhibition of chloroplast 
coupling factor ATPase activity (114). The synthesis of tentoxin and its 
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production by fermentation are currently too expensive for commercialization. 
Extensive structure-activity research has not produced a simpler, less expensive 
compound with similar activity (115,116). However, efforts have been made to 
understand the genetics of tentoxin biosynthesis so that the cost of its production 
by fermentation technology can be reduced (e.g., 117). 

Some phytotoxins from plant pathogens such as the colletotrichins and the 
fumonisins have relatively rapid effects on membrane integrity. Colletotrichin 
(Figure 2), a product of several species of Colletotrichum, causes rapid 
leakage of plant cell membranes of several species via an unknown mechanism 
(118). Fumonisin B , a non-host specific phytotoxin of Fusarium 
monUiforme, causes rapid loss of plasmalemma and tonoplast integrity, resulting 
in cellular leakage and eventual cell death to a wide range of weed species (15, 
119). Its mammalian toxicity is too high (120) for serious consideration as 
a herbicide. However, structure/activity manipulation might result in a good 
phytotoxin without mammalian phytotoxicity, provided that the mechanism of action 
of the compound differs between animals and plants. The mechanism of action of 
fumonisin in animals appears to be inhibition of the synthesis of sphingolipids 
(121), important constituents of brain tissues. Whether this compound exerts 
its effects on plants by inhibition of phytosphinogolipids is not known. A closely 
related phytotoxin AAL-toxin (Figure 2) was reported to be a host-selective toxin 
that exerted its phytotoxicity by inhibition of nucleotide synthesis by inhibition 
of aspartate carbamoyl-transferase (122). However, this phytotoxin is neither 
host-selective nor does it appear to exert its phytotoxicity by inhibition of 
nucleotide synthesis (15,119,123,124). In the tomato varieties from which the 
original AAL-toxin findings were made, fumonisin shows the same effects and 
resistance patterns (125, T. Tanaka, H . K . Abbas, and S. O. Duke, unpublished 
results). 

Many other non-host specific toxins from plant pathogens have been identified 
and characterized (e.g., 126, 127). One cannot assume that they have all been 
tested for their potential as herbicides. In discovery efforts based on screening 
microbial products, compounds discovered to have herbicidal potential are often 
previously reported compounds (20). 

Factors Influencing Discovery and Development 
There are potentially more steps in the discovery and development of a 

herbicide based on a natural product than in the discovery and development of a 
herbicide from a synthesis effort (6). Isolation and identification of the 
compound are required steps in discovery of natural compounds for use as 
herbicides. Isolation can be a major undertaking if the compound is present in 
only minute amounts. Until the compound is purified, microbioassays must be relied 
on for detection of the compound. Many natural products are labile to the extent 
that extraction procedures may change structure and biological activity. Structure 
elucidation can be extremely difficult with highly complex compounds. However, 
improving methods continue to reduce the cost and time associated with these steps. 

Many natural products are structurally too complicated to be synthesized 
economically for agricultural use. For example, these compounds commonly have 
several chiral centers. Two strategies are available to overcome this problem. 
Structure-activity studies might result in discovery of a simpler molecule with a 
commercially viable ratio of synthesis cost to herbicidal activity. A n example of 
a synthesized herbicide that was developed from a more complex microbial product is 
methoxyphenone which was derived from anisomycin, a Streptomyces metabolite 
(128). Alternatively, the molecule might be biosynthetically produced by 
fermention (e.g., bialaphos) (129). 

Even if a natural product could be synthesized economically, an analogue rather 
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than the native compound might be more desirable to market. If the phytotoxic 
nature of the natural phytotoxin or a related natural compound has been reported 
previously, the patent may be less defensible than that of the synthetic analogue, 
especially if there is no mention of its source of the synthetic analogue. 
However, nature may have already optimized the herbicidal structure of compounds 
which are used primarily as phytotoxins by the producing organism (e.g., 
phytotoxins of plant pathogens). This view is born out the the lack of success in 
structure-activity studies with tentoxin (115, 116, 130) and phosphinothricin 
(131,132). 

Two factors are peculiar to microbial products. Culture methods (e.g., 
liquid or solid culture) and culture conditions, both nutritive and environmental, 
can have a profound influence on production of secondary products by microbes. 
Thus, two laboratories may screen the same microorganism and obtain entirely 
different results. To a lesser extent, the same plant can produce different 
secondary products under different environments (22), and different biotypes of 
the same plant species may produce different secondary products or differ in 
capacity to produce particular compounds. Chemical or biological inducers can 
elicit production of high levels of secondary compounds (phytoalexins) which may be 
present in only trace amounts in unchallenged plants (133). 

In addition to new compounds and chemical classes, microbial phytotoxins are 
sources of new sites of action. Considering the relatively few potential sites of 
action of synthetic herbicides, this aspect of microbial toxins may become more 
important. There is little overlap between the known sites of action of microbial 
phytotoxins and commercial herbicides (1, 9,15). Some screening programs for 
microbial compounds with herbicidal action have been based on the mechanism of 
action. 

Good microbioassays are often required for screening natural products for 
herbidical activity because of extremely limited amounts of available test 
compound. These types of assays are not as standardized as those used for more 
traditional herbicide screens. Examples of such bioassays are Lemna sp. grown 
in microtitre plates, germination and root growth of small-seeded species, and 
coleoptile growth assays (1,11\ 

There is no good reason that a natural product should have less regulatory 
scrutiny than a synthetic compound. Some of the most potent mammalian toxins are 
natural biosynthetic compounds (e.g., aflatoxins). Thus, although the 
regulatory requirements for registration of biocontrol agents are relatively lax, 
it may cost as much to develop a natural compound as a herbicide as it would a 
synthetic compound because it would fall under the same regulations as a synthetic 
pesticide. 

Summary and Outlook 
Natural products offer an amazing array of chemical structures with biological 

activity, including phytotoxicity. Molecular target sites that have not been 
exploited by the herbicide industry are often found to be the sites of action of 
natural phytotoxins. Thus, many of these compounds have potential as herbicides or 
as templates for new herbicide classes. Nevertheless, only two related currently 
used commercial herbicides (glufosinate and bialaphos) have been derived from 
natural compounds. Still, most herbicide manufacturers have some level of 
herbicide discovery effort associated with natural compounds. Obstacles to success 
include: structural complexity, resulting in costly structure determination and 
synthesis; the relative complexity of the discovery strategy of utilizing natural 
compounds; the very small amounts of compounds usually available for initial 
bioassays; and time-consuming and costly rediscovery of known compounds. 
Nevertheless, interest in this strategy continues and is perhaps growing for 
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several reasons. These include: the success of glufosinate and bialaphos; 
diminishing returns or lack of successes with other discovery strategies; improved 
extraction and analytical methods; and novel nature of many natural compounds and 
their mechanisms of action. 
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Chapter 10 

Insecticide Binding Sites on γ-Aminobutyric 
Acid Receptors of Insects and Mammals 

Jon E. Hawkinson and John E. Casida 

Pesticide Chemistry and Toxicology Laboratory, Department 
of Entomological Sciences, University of California, Berkeley, CA 94720 

The γ-aminobutyric acid (GABA) receptor of insects and mammals has 
two binding sites or domains that are sensitive to nanomolar levels of 
selected highly effective insecticides. One of these is the 
noncompetitive blocker (NCB) site where the polychlorocycloalkanes 
(PCCAs), picrotoxinin (PTX),2,6,7-trioxabicyclo[2.2.2]octanes (TBOs), 
and dithianes act to block the integral chloride channel of the GABA 
receptor complex. The other site interacts with insecticidal GABA
-gated chloride channel activators exemplified by avermectin B1a 

(AVM). Binding studies with [3H]TBOs, [3H]AVM, and radioligands 
specific for other sites on the receptor complex as well as chloride flux 
measurements serve to define the properties of the binding sites, the 
coupling between the NCB, AVM, and other sites, the nature of target 
site alterations in resistant strains, and the contribution of species
-dependent receptor diversity to selective toxicity. 

The three primary targets for insecticide action are the GABA-gated chloride 
channel, the voltage-dependent sodium channel, and the cholinergic system. This 
review considers the first of these targets with particular attention to binding sites 
for several classes of potent insecticides and comments on applying this knowledge 
to safer insecticides for the future. 

The GABAergic System 

GABA is the principal inhibitory neurotransmitter of the central nervous system 
(CNS) of mammals and insects and the neuromuscular junction of insects. Two 
types of receptors mediate the inhibitory responses of GABA in mammals. 
Baclofen-sensitive GABA B receptors are coupled to calcium and potassium channels 
via G-proteins (7), whereas GABA A receptors are members of the super-family of 
ligand-gated ion channels containing an integral chloride channel (2). A nerve 

0097-6156/93/0524-0126$06.00/0 
© 1993 American Chemical Society 
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10. IIAWKINSON & CASIDA Insecticide Binding Sites 127 

impulse reaching an inhibitory synapse releases G A B A presynaptically which 
diffuses across the synapse and binds to the postsynaptic G A B A A receptor, resulting 
in chloride entry, hyperpolarization, and inhibition of the postsynaptic neuron. The 
G A B A A receptor of mammalian brain consists of four or five 50 to 60 kD 
glycoprotein subunits (Figure 1) for which five classes and several sub-types have 
been cloned from rat, bovine, human, and/or chicken brain (or retina), including 6a, 
4(3, 3y, 18, and lp (3). There is a high degree of amino acid sequence identity 
(60-80%) between subtypes within the same class, and a lower degree of sequence 
identity (20-40%) between different subunit classes (4). A cyclodiene resistance-
conferring gene from Drosophila (5) and a functional mollusc G A B A receptor 
subunit (6) have been cloned and show homology with the mammalian brain (3 
subunit 

Knowledge of the GABA-modulated chloride ionophore has developed 
rapidly in the past decade, spurred by pharmaceutical and pesticide research. 
Compounds that facilitate G A B A-mediated inh ib i t ion have 
sedative/anxiolytic/anticonvulsant/muscle relaxant properties [benzodiazepines 
(BZDs) and barbiturates] whereas those that antagonize G A B A (bicuculline) or are 
chloride channel blockers (PTX, PCCAs, TBOs) are convulsants. 
Electrophysiological systems useful in studying GABAergic neurotransmission 
include GABA-induced chloride currents in insect, nematode, and crustacean 
muscle, vertebrate spinal cord and hippocampal neurons, cultured insect and 
mammalian neurons, and Xenopus oocytes injected with RNA or expressing cloned 
receptors. Insect neuronal G A B A receptors show similarities to the mammalian 
G A B A A receptor in that they are GABA-activated, baclofen-insensitive chloride 
channels, potentiated by BZDs and barbiturates and blocked by PTX (7, 8). 
However, larger anions can permeate the insect channel (9) and the potency order 
for agonists differs between insect and mammalian receptors. Morever, potent 
competitive antagonists in the mammal such as bicuculline are inactive in the insect. 
Cockroach muscle GABA-gated chloride channels display similar properties to 
neuronal receptors in that they are activated by G A B A or muscimol, and are 
noncompetitively blocked by PTX. However, the efficacy of G A B A agonists in 
insect muscle is different than for nerve receptors and the action of bicuculline is 
conflicting (10, 77). 

Two in vitro physiological systems allow the study of the relationship 
between G A B A , chloride ion, modulators and inhibitors. The first measures 
GABA-induced 36chloride flux in invertebrate muscle fibers or insect and 
mammalian brain microvesicles. Chloride flux in mammalian preparations is 
stimulated by G A B A and avermectins (AVMs) (72). This GABA-stimulated 
chloride flux is enhanced by barbiturates (13) and BZDs (14) and inhibited by 
bicuculline and channel blockers such as PTX, PCCAs and TBOs (75). Similar 
chloride flux is observed in invertebrates except bicuculline is Weakly antagonistic 
(76) or inactive (77). The second in vitro system measures ivermectin-(22,23-
dihydro-AVM or IVM)-stimulated neurotransmitter release from cockroach CNS 
synaptosomes following preloading with [3H]choline; the released material is 
presumed to be [3H]acetylcholine. This release is inhibited by PTX and other 
chloride channel blockers (18, 79). An alternative approach for characterizing the 
GABAergic system involves examination of the binding sites with selected 
radioligands. 
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128 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

Figure 1. Suggested Structure of G A B A A Receptor with Possible Locations 
of G A B A , Benzodiazepine, Noncompetitive Blocker, and Avermectin Binding 
Sites. The localizations of the G A B A and BZD sites are consistent with 
current findings whereas those of the NCB and A V M sites are speculative. 
Adapted from ref. 4. 
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Binding Sites for GABA, Benzodiazepines, and Barbiturates (Figure 1) 

The G A B A binding site is most important in channel gating. The mammalian site 
can be assayed using the agonists [ 3 H]GABA and the more potent [3H]muscimol or 
the competitive antagonists [3H]bicuculline methiodide and the more potent [3H]SR 
95531. [3H]Agonists are preferentially displaced by agonists and [3H]antagonists 
are preferentially displaced by antagonists. The corresponding insect site has a 
different structure-activity relationship (SAR) for agonists whereas bicuculline is 
inactive (20). 

The central BZD site exhibits a rich pharmacology in as much as agonists 
(depressants), inverse agonists (convulsants), and antagonists (no intrinsic action but 
block the action of agonists and inverse agonists) modulate GABAergic 
transmission in the mammalian CNS. Agonist, antagonist, and inverse agonist 
radioligands include the benzodiazepine [3H]flunitrazepam, the imidazodiazepine 
[3H]Ro 15-1788, and the p-carboline [ 3H]p-CCE, respectively. A similar site 
apparently exists on insect G A B A receptors, although it has a pharmacological 
profile similar to the peripheral BZD site which is not associated with G A B A 
receptors in mammals (20, 21). Additional sites exist on the receptor complex for 
which there are no suitable radioligands. In particular, no barbiturate binding site 
has been detected directly. The facilitory actions of barbiturate agonists are 
evaluated by their effects on the binding of ligands to other sites on the receptor 
complex. 

Noncompetitive Blockers (Figures 2 and 3) 

The epoxylactone PTX from the fishberry plant (Anamirta cocculus) is toxic due 
to noncompetitive block of GABA-induced chloride ion conductance (22). Related 
botanicals may act in the same manner, t.g. picrotin and anisatin (from Illicium 
anisatum). Other proposed noncompetitive G A B A antagonists are argophyllin A 
from sunflower (Helianthus annuus) (23) and aplysiaterpenoid A from a marine alga 
(Plocamiwn telfairiae) (24). Attempts to improve on the potency of PTX by 
structural variations have generally proven unsuccessful. Some synthetic lactones 
also modulate G A B A receptor function. The change from a 0- to an a-alkyl-
substituted y-butyrolactone or more potent y-butyrothiolactone can change a 
convulsant to a depressant, both apparently acting at the NCB site but in opposite 
manners (25). The corresponding fos-thiololactone is a convulsant with moderate 
activity in the mammalian receptor preparation (26). 

The PCCAs are the most important chloride channel blockers from the 
standpoint of pest control and environmental impact. About 1 billion (1 x 109) 
pounds of lindane and its isomers were used as insecticides and another billion of 
the polychlorobornane insecticide toxaphene, and yet a third billion of the 
cyclodienes such as dieldrin and endosulfan. These compounds are now heavily 
restricted although many uses continue for lindane and endosulfan, which have 
more favorable toxicological profiles than most of the compounds dropped from 
use. In rats, PCCAs block GABA-mediated inhibition in brain (27), G A B A -
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Botanicals 

PTX ([ H]DHPTX) argophyllin A 

CH 3 

CK 

ci 

ci ci 
ci 

aplysiaterpenoid A 

Thiolactones 

p-ethyl-p-methyl-
y-thiobutyrolactone 5-methyl-^/^-thiololactone 

Polychlorocycloalkanes 

a-endosulfan o 

C I ^ V ^ C I 

toxaphene 
component 9-C1-B lindane 

Figure 2. Structures of Noncompetitive Chloride Channel Blockers: 
Botanicals, Thiolactones, and Polychlorocycloalkanes. 

D
ow

nl
oa

de
d 

by
 M

O
N

A
SH

 U
N

IV
 o

n 
O

ct
ob

er
 2

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
2,

 1
99

3 
| d

oi
: 1

0.
10

21
/b

k-
19

93
-0

52
4.

ch
01

0

In Pest Control with Enhanced Environmental Safety; Duke, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1993. 



10. HAWKINSON & CASIDA Insecticide Binding Sites 131 

Trioxabicyclooctanes and Dithianes 

TBO I dithiane I 

spirosultam 

e and a are equatorial and axial, resp. 

Figure 3. Structures of Noncompetitive Chloride Channel Blockers: 
Trioxabicyclooctanes, Dithianes, and other Heterocycles. 

dithiane II 
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activated chloride currents in cultured neurons (25), and GABA-stimulated chloride 
flux in brain microvesicles (75). Similarly in cockroaches, lindane and the 
cyclodienes are effective non-competitive blockers of G A B A-activated currents and 
GABA-stimulated chloride flux in CNS and/or muscle (29-57). 

The TBOs (32, 55) and dithianes (34-36) are highly potent insecticides for 
house flies and some other species and have similar structure-activity relationships 
as to the optimal substituents, e.g. f-butyl and ethynylphenyl moieties (Table I). 
Structural optimization of the TBOs and dithianes is at the point where the 
insecticidal potency of NCB site blockers rivals those of the most effective 
compounds acting at the cholinergic system and sodium channel. Compounds in 
these groups are by far the most potent NCB site convulsants in mammals and 
toxicants in insects. Optimal TBOs inhibit binding of NCB site radioligands (32, 
33) and block GABA-stimulated chloride flux (75) and GABA-activated chloride 
currents (37) at nanomolar levels in vertebrates. In insects, TBOs block ivermectin-
stimulated [3H]acetylcholine release (79) and GABA-mediated muscle relaxation 
(32). These compounds provided the basis for development of several very 
effective radioligands discussed later. Less active blockers or insecticides are the 
silatranes (38), sulfamides such as tetramethylenedisulfotetramine (TETS) (59), 
dioxatricycloalkenes (40), and a spirosultam (41). 

Table I. Insecticidal Activity and Insect and Mammalian Receptor Potency of 
TBOs and Dithianes with Appropriately Positioned /-Butyl and p-
Ethynylphenyl Substituents and Comparison with Other Insecticides3 

House Fly LD50 (\ig/g) Receptor IC50 (nM) 
Insecticide [3H]EBOB [35S]TBPS 

Alone +PB House Fly Mouse 

T B O I 0 0.090 0.011 3.9 1 
dithiane 1° 1.4 0.1 8.1 4 
dithiane I sulfone 0.6 0.01 5.4 1 
dithiane II 2.5 0.6 14 8 
dithiane II sulfone 0.6 0.02 N.D. 1 
parathion 0.21 0.012 N.D. N.D. 
[ 1 R,cis]permethrin 1.3 0.43 N.D. N.D. 

aSee Figure 3 for stuctures of TBO and dithianes. Sources: Adapted from refs. 33, 
36, 42. See also ref. 35. N.D. = not determined 
^ o r related compounds see ref. 33. 
c For related compounds see ref. 34. 

Noncompetitive Blocker Site in Mammals 

[3H]Dihydropicrotoxinin ([ 3H]DHPTX) (Figure 2), the first radioligand for the NCB 
site (43), had low specific activity, affinity, and specific binding. No [ 3H]PCCA 
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has been successfully used to date to characterize its binding site. The mammalian 
NCB site is readily assayed by binding of radiolabeled TBOs (shown below), 
including [3 5S]TBPS ( K d -20 nM) (44, 45), [ 3H]TBOB ( K d -60 nM) (46) and the 
high affinity ( K d 1-4 nM) [ 3H]EBOB (Cole, L . M . ; Casida, J.E. Pestic Biochem. 
Physiol., in press). Chloride and other chloride-channel permeant anions stimulate 
binding. G A B A and G A B A mimetics inhibit binding of NCB site radioligands, an 
effect reversed by the potent competitive G A B A antagonist R5135. G A B A 
facilitators, such as depressant barbiturates and BZDs, also inhibit binding in the 
presence of G A B A (47). The pharmacological profile for [3 5S]TBPS binding 
established its association with the G A B A A receptor (44), which has been confirmed 
in purified (48) and immunoprecipitated (49) receptor complexes. There are good 
correlations for compounds as inhibitors of [3 5S]TBPS binding and GABA-induced 
chloride flux (15) establishing that affinity for the NCB site is a good indicator of 
chloride channel block. The NCB site is strongly conserved through the vertebrates 
in its binding parameters and pharmacological profiles examined with [35S]TBPS 
for human, bovine, rat, chicken, and fish brain (50) and with [ 3H]EBOB for human, 
dog, mouse, chicken, and fish brain (Cole, L . M . ; Casida, J.E. Pestic Biochem. 
Physiol., in press). 

[3 5S]TBPS [ 3H]TBOB [ 3H]CNyBOB [ 3H]EBOB 

The binding kinetics of NCB site ligands at the bovine brain G A B A A 

receptor provide new insight as to how they interact with the receptor complex 
(Hawkinson, J.E.; Casida, J.E., submitted). The binding kinetics were determined 
for unlabeled ligands by their effect on the [3 5S]TBPS association curve in co-
incubation experiments validated by comparisons of labeled and unlabeled TBOB, 
CNsBOB, and EBOB. The association rate governs the affinity of the TBOs 
(Figure 4) and dithianes, whereas the dissociation rate appears to be more important 
for the PCCAs. The low overall association rate suggests that NCB site ligands 
bind to a slowly-forming blocked receptor conformation. 

Localization of the NCB site as to receptor subunit and amino acid sequence 
remains unknown for lack of a suitable irreversible probe. Photoaffinity and 
chemical affinity probes which have been shown to irreversibly inhibit [ 3H]TBOB 
or [3 5S]TBPS binding are shown below 

+Qxy- + € K > -
o 

arylazido diazocyclohexadienone isothiocyanate 

The efficacy of the photoaffinity probes is limited by low photoreactivity and/or 
affinity (57), whereas selective covalent modification of the receptor has not yet 
been demonstrated for the chemical affinity probe (52). Moreover, no radiolabeled 
affinity probe has yet been shown to covalently modify the binding site. 
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Noncompetitive Blocker Site in Insects 

The insect NCB site was examined with each of the radioligands mentioned above. 
[ 3 H]DHPTX provided useful information (53) although it was far from an ideal 
probe. The pharmacological properties of [3 5S]TBPS binding in house fly heads 
(54), thoraces plus abdomens (55), and locust ganglia (56) vary widely, particularly 
with respect to modulation by G A B A , and the toxicological relevance of binding 
for this radioligand and the related [3H]propyl bicyclophosphate (57) has not been 
demonstrated. No specific binding was observed for [ 3H]TBOB in insects. 
[ 3H]CNsBOB was an improved radioligand with cockroach CNS membranes but 
only limited data are available (58). [ 3H]EBOB is the preferred radioligand for the 
NCB site of house fly and fruitfly heads ( K d 1-2 nM) since there is a good 
correlation in house flies between binding inhibition and toxicity for seven classes 
of NCB site blockers establishing the toxicological relevance of this binding assay 
(42) (Figure 5). Compared to mammals, the insect (house fly) NCB site is less 
sensitive to G A B A agonists and chloride ion, is more sensitive to A V M s , and is 
insensitive to G A B A facilitators and bicuculline (Table II). 

Table II. Comparison of the N C B Sites of Mammals and Insects 

sensitivity of NCB site? 
modulator mammals insects 

G A B A + + + 
chloride + 
bicuculline + + -
A V M + + + 
BZD + -
barbiturate + -
NCBs + + + + 

aMeasured with [3 5S]TBPS, [ 3H]TBOB or [ 3H]EBOB in 
mammals and [ 3H]EBOB in insects. 

Insecticide affinity for the [ 3H]EBOB binding site varies considerably 
between vertebrate and insect species. The insect site is more sensitive to a variety 
of channel blockers (cyclodienes, toxaphene, lindane, PTX, a dithiane) and 
especially to the A V M s (Table III). In addition to other possible mechanisms, 
these data suggest that receptor site specificity contributes to species selectivity. 
Despite these quantitative differences, the insect and mammalian binding sites must 
share a similar topography since, for a limited series of structurally-related 
compounds, there are good correlations between mouse brain receptor potency and 
housefly toxicity, shown for a subset of dithianes in Figure 6. 
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100 

1 10 100 
[35S]TBPS Kj (nM) 

Figure 4. Correlation of Association Rate and Inhibition Constants for TBOs. 
Association rate constants for unlabeled TBOs estimated from their effect on 
the control [3 5S]TBPS association time course in co-incubation experiments 
using bovine brain membranes. Inhibition constant (Kj) calculated from 
standard [3 5S]TBPS competition experiments. Adapted from Hawkinson, J.E.; 
Casida, J.E., submitted. 

[3H]EBOB IQo (nM) 

Figure 5. Correlation for Seven Classes of Chloride Channel Blockers as 
Inhibitors of [ 3H]EBOB Binding and Toxicity in House Flies. [ 3H]EBOB 
binding to house fly head membranes from sensitive strain. House flies 
pretreated with piperonyl butoxide for toxicity determinations. Inactive 
compounds (IC 5 0 > 2000 nM, L D 5 0 > 500 |ig/g) are shown in the upper right 
box. Adapted from ref. 42. 
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Table in. [3H]£BOB Binding Site Selectivity Ratios 

<0.2 TBPS, 4-r-butyl- 1-ethynyl-TBO 
2-8 cyclodienes, toxaphene, PTX, 

5-r-butyl-2£-(4-bromophenyl)-dithiane 
99 lindane 
>600 A V M , moxidectin 

Average IC 5 0 for receptors from hen, dog, mouse, 
and chicken brains divided by IC 5 0 for house fly head 
membranes (and in some cases fruitfly head membranes). 
Source: Adapted from Cole, L . M . ; Casida, J.E. Pestic. 
Biochem. Physiol., in press. 

PCCA (dieldrin)-resistant insect strains exhibit reduced binding of NCB site 
ligands. Large decreases in both the affinity and binding capacity of [ 3H]DHPTX 
to resistant cockroach brain membranes indicate that target site insensitivity is the 
main mechanism of cyclodiene resistance in insects (53) which has also been shown 
in electrophysiological experiments (59, 60). In a resistant strain of house flies, 
reduced [ 3H]EBOB binding is due solely to reduced affinity for the binding site (42) 
(Figure 7). In contrast, no difference in [3 5S]TBPS binding was observed between 
cyclodiene-resistant and -susceptible house fly strains (67) further indicating that 
this ligand is not appropriate for the insect NCB site. Cross-resistance is evident 
in house flies for each of the seven insecticide classes indicated above suggesting 
that the structural modifications in the receptor underlying the reduced [ 3H]EBOB 
affinity are the same for all of these insecticides. A comparison of the receptor 
cloned from susceptible and resistant Drosophila strains may identify the sequence 
modification responsible for resistance. In resistant mosquitofish brain membranes, 
the reduction in [3 5S]TBPS binding was also largely due to reduced affinity for the 
site (62). 

Avermectin Binding Site in Mammals, Insects, and Nematodes 

The remarkable potency of the A V M s led to their very effective and extensive use 
as insecticides, miticides, and anthelmintics (e.g. for treatment of onchocerciasis or 
African river blindness in man) (63). The 4//-deoxy-4''-e/?/(methylamino) analog of 
A V M has greatly increased lepidopterous larvicidal activity. The dioleandrosyl 
substituent of A V M is not present in closely-related macrocyclic lactones such as 
the highly miticidal moxidectin. The presence or absence of the sugar moiety 
greatly influences species specificity. 

Three major types of action have been described for the AVMs. First, they 
open neurotransmitter-gated chloride channels associated with G A B A receptors in 
vertebrates (72,64-66), G A B A and/or glutamate receptors in insect muscle (67,68), 
and the multitransmitter-gated channel in Crustacea (69). Secondly, A V M s block 
GABA-stimulated chloride channels in various preparations from mammals (72, 64, 
70), and in locust (67) and nematode (77, 72) muscle. Thirdly, they open 
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Figure 6. Correlation for Dithianes as Inhibitors of Mouse Brain [3 5S]TBPS 
Binding and Toxicity to House Flies. Linear regression for dithiane S-oxides 
containing at least one oxygen atom cis to the aryl group (Ar), where Ar is 4-
bromophenyl, 4-ethynylphenyl, or phenyl. For equatorial Ar, m=0 n=l or 
m=n=l and for axial Ar, m=l n=0 or m=n=l. Adapted from ref. 36. 
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apparently non-neurotransmitter-gated chloride channels in mammals (72, 75), 
insects (67, 74, 75), and nematodes (72, 76). 

The effects of A V M s on G A B A receptor ligands suggest an action at the 
GABA-gated chloride channel. A V M modulates the binding of G A B A site ligands 
to insect CNS membranes (77, 78) and also G A B A and benzodiazepine site ligands 
to rat brain membranes (72, 79-84). Although the A V M s may have multiple sites 
of action, they probably act primarily (i.e. at lower concentrations) as GABA-gated 
chloride channel activators in mammals; their apparent inhibitory action may be due 
to a lower efficacy than G A B A as channel openers. In nematodes, A V M s act 
primarily as activators of chloride channels which may not be gated by 
neurotransmitters. 

[ 3 H]AVM and [ 3H]IVM exhibit specific, high affinity and saturable binding 
in membrane preparations from mammalian brain (85, 86), house fly heads (Deng, 
Y . L . ; Casida, J.E. Pestic. Biochem. Physiol., in press) and crude (87) as well as 
solublilized (88) nematode membranes. The binding affinity is about 10-fold higher 
in nematodes ( K d 0.1-0.2 nM) than in mammals or insects ( K d 1-2 nM). [ 3 H]AVM 
binding is toxicologically relevant for the A V M analogs based on their potency as 
displacers of [ 3 H]AVM binding compared with inhibition of motility in nematodes 
(87) or toxicity to house flies (Deng, Y .L . ; Casida, J.E. Pestic. Biochem. Physiol., 
in press) (Figure 8). 

The A V M binding protein has been difficult to identify since G A B A (or 
other putative neurotransmitters) and a variety of NCB site blockers generally have 
no effect on [ 3 H]AVM binding. However, G A B A agonists inhibit and NCB site 
ligands stimulate binding of [ 3 H]AVM to rat brain membranes in the absence of 
chloride ion (86). The nature of the interaction of the A V M and NCB sites on 
G A B A receptors in mammalian brain is unclear since the effect of A V M on 
[3 5S]TBPS binding ranges from stimulation (89) to biphasic (80) to inhibition only 
(72). In contrast, the A V M site is closely coupled to the G A B A receptor NCB site 
in house fly (Deng, Y .L . ; Casida, J.E. Pestic. Biochem. Physiol., in press) and 
fruitfly (Cole, L . M . ; Casida, J.E. Pestic. Biochem. Physiol., in press) preparations. 
A V M analogs have the same SAR for inhibition of [ 3 H]AVM and [ 3H]EBOB 
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[ 3H]EBOB ECJO or [ 3 H ] A V M I C * (nM) 

Figure 8. Correlation for A V M s as Inhibitors of [ 3 H]AVM and [ 3H]EBOB 
Binding and Toxicity in House Flies. [ 3H]EBOB and [ 3 H]AVM binding to 
house fly head membranes from sensitive strain. House flies pretreated with 
piperonyl butoxide for toxicity determinations. Adapted from Deng, Y . L . ; 
Casida, J.E.; Pestic. Biochem. Physiol., in press. 
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binding in house fly head membranes (Figure 8) verifying the close coupling 
between their binding sites and providing strong evidence for the action of A V M 
analogs at the GABA-gated chloride channel in insects. However, the A V M and 
NCB sites are sufficiently distinct in dieldrin-resistant house flies that there is no 
cross resistance (42). Thorax membranes from AVM-resistant flies have a 
decreased number of binding sites rather than an altered receptor affinity (90). 

Future of G A B A Receptors as Insecticide Targets 

G A B A receptors were recognized only a decade ago as sensitive targets for 
insecticide action. PTX had already been known for nearly a century as a minor 
use insecticide before its action at the G A B A receptor was discovered. The PCCAs 
were well established (3 billion pounds used) for a half century before they were 
shown to also act as blockers of the GABA-gated chloride channel. The A V M s 
span this last decade with rapid advances in their development and use as chloride 
channel activators. 

Future goals for insecticides acting at the G A B A receptor include improved 
agents and knowledge of their molecular toxicology. The channel blockers are 
increasingly noted for structural diversity including a wide range of cycloalkyl and 
heterocyclic compounds. Improvements are needed in the spectrum of insecticidal 
activity and in reduced toxicity to mammals and fish. Resistance due to a modified 
NCB site is a potential problem now or in the future and care is required to 
minimize this possibility with reinstatement of selection pressure. The A V M s are 
undergoing progressive optimization for structural simplification, potency and 
selectivity. 

The GABAergic system is one of the most sensitive targets for insecticide 
action, allowing very potent insecticides often with suitable selective properties. It 
is for now an underutilized target and therefore a challenge for future developments. 
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Chapter 11 

Insect Growth Regulators for Pest Control, 
with Emphasis on Juvenile Hormone Analogs 

Present Status and Future Prospects 

J. Miyamoto, M. Hirano, Y. Takimoto, and M. Hatakoshi 

Sumitomo Chemical Company Ltd., Takarazuka Research Center, 4—2—1, 
Takatsukasa, Takarazuka, Hyogo 665, Japan 

Two major groups of insect growth regulators (IGRs) are 
presently envisaged for possible pest control agents, chitin 
synthesis inhibitors (CSIs) and juvenile hormone analogs 
(JHAs). Certain CSIs are effective at 25 g a.i./ha against 
Lepidopteran larvae among others, developing molt disruption 
by inhibiting membrane transport of UDP-N 
-acetylglucosamine. However, CSIs may adversely affect non-
target organisms including benificial insect species and 
crustaceans with chitin as a component of exoskeleton. Among 
JHAs, fenoxycarb is effective against Lepidoptera at 125 g 
a.i./ha, and pyriproxyfen is active against Diptera at 0.05 ppm 
in water and also affects reproduction of cladocera. JHAs 
interfere withnormal metamorphosis of insects by activating a 
certain gene(s) at inappropriate stages. The vertebrates and 
invertebrates except arthropoda appear considerably less 
susceptible to IGRs due to their intrinsic mode of action, and 
one thus expects reduced environmental deterioration. 
However, a wide range of precise information is required with 
regard to effects on a variety of arthropods for the exact 
assessment of their environmental impact. 

Insect growth regulators (IGRs) have a unique mode of action; most of the 
conventional insecticides, e.g. organophosphates, carbamates and 
pyrethroids, are neurotoxins, but IGRs have an effect on insect-specific 
phenomena, so that selectivity between insects and mammals is expected. 
More importantly, potent IGRs are expected to be among the chemicals 
included in integrated pest management (IPM) to avoid or delay 
development of insecticide resistance. 

IGRs are divided mainly into two groups by their mode of action; chitin 
synthesis inhibitors (CSIs) which disrupt molting of insects, and juvenile 
hormone analogs (JHAs) which interfere with metamorphic changes. 
Some of them are presently being used to control pest species in many 
fields. 

0097-6156/93/0524-0144$07.25/0 
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In this paper characteristic efficacies, modes of action, and future 
perspectives of IGRs are discussed. 

Chi t in Synthesis Inhibitors 

In the course of herbicide dichlobenil derivatives screening, DU-19111 
(Figure 1) was found to have insecticidal activity. Its effect on insects was 

DU-19111 

diflubenzuron 

chlorfluazuron 

teflubenzuron 

flufenoxuron 

buprofezin 

Fig. 1 Chemical structures of some chitin synthesis 
inhibitors. 
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found to be quite different from that of conventional insecticides, and 
death was thought to be connected with the molting process ( i ) . 

Diflubenzuron was selected as a more potent compound and this 
compound, the first CSI introduced into the market, inhibits chitin 
synthesis which is essential for exoskeleton formation. 

Table I. Activity of Chitin Synthesis Inhibitor 

Common Name Activity Against 
Spodopteralitura 

LC50 (ppm) 

Application Rate 
Pectinophora sp. 

(g ai/ha) 

DU-19111 35 
Diflubenzuron 4.4 not effective 
Chlorfluazuron 0.34 50-200 
Teflubenzuron 0.12 50-62.5 
Flufenoxuron 0.22 50-100 

Against larvae of the common cutworm Spodoptera litura, diflubenzuron 
was eight times as active as DU-19111 (Table I). By structure modification 
of diflubenzuron, more active chlorfluazuron, teflubenzuron, and 
flufenoxuron were synthesized (Figure 1). These newer compounds are 
ten times as active as diflubenzuron against tobacco cutworm Spodoptera 
litura (Table I). The thiadiazin derivative buprofezin was also found to 
have chitin synthesis inhibitory activity (2). 

Insecticidal activity. Benzoylphenyl urea derivatives are mainly used 
as larvicides. They control insect pests by disruption of normal molting, 
but ovicidal and sterilizing (reduction of viable eggs) activities are also 
demonstrated. Insect larvae molt at every instar, so that the sensitive 
periods of insects to CSIs encompasses all larval instars. 

Diflubenzuron is effective against Lepidoptera, Coleoptera, and Diptera 
including flies and mosquitoes (4). It is used for forest, fruit and field crop 
protection. Application rates of diflubenzuron are about 50-75 g a.i./ha in 
forestry, 100-300 ppm in fruit growing, and 150 g a.i./ha in field crops. 
Chlorfluazuron is effective against many species of Lepidopteran insects 
in cotton, vegetables, and various insects in tea, maize, and other crops, but 
not against aphids, hoppers, and whiteflies (5). Teflubenzuron is used 
mainly against Lepidptera, Coleoptera, and Diptera. Different from other 
benzoylphenyl ureas, flufenoxuron is effective against mites in addition to 
Lepidopteran insects. Against the predatory mite Amblyseius andersoni on 
apples, this compound shows a comparable effect to fenbutatin oxide that is 
regarded as relatively harmless to the predator (Table II). 
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Table n. Effect of Flufenoxuron on Predatory Mite, Amblyseius stipulates 
on Citrus 

Treatment gai/hl No. of A. stipulatus /Leaf Treatment gai/hl 
1DBT 7DAT 10DAT 20DAT 32DAT 

Flufenoxuron 10 3.9 3.2 2.4 2.3 1.9 
20 3.0 2.0 1.6 1.6 1.4 

Fenbutatin oxide 44 3.3 2.0 3.3 2.5 0.9 
Untreated - 3.6 3.3 2.8 2.8 1.9 

DBT: Days before treatment 
DAT: Days after treatment 

Another type of CSI, buprofezin is effective against Homopteran pests 
such as planthoppers, leafhoppers, whiteflies, and fruit scales (6). Similar 
to benzoylphenyl ureas, buprofezin does not kil l adults, but reduces egg 
production and hatchability of the eggs from the treated adults, as shown 
in Table III. 

Table HI. Effect of Buprofezin on Adults and Progeny Formation of 
Bemisia tabaci under Greenhouse Conditions 
Spray Concentration 

(ppm) 
Adult Oviposition 

Mortality (%) (eggs/female) 
Egg Hatch 

(%) 

500 0 6.3 -

250 0 5.8 -

125 0 5.3 13.2 
62.5 0 5.8 14.2 
31.25 0 7.4 28.9 

Untreated 0 5.9 65.9 

Mode of Action. When a chitin synthesis inhibitor is applied to insect 
larvae, they develop until molting (3), but fail in ecdysis due to inhibition 
of new cuticle synthesis. Biochemical studies show that these effects are 
induced by the inhibition of chitin biosynthesis. By direct action on the 
Manduca epidermal cells in vitro, diflubenzuron was shown to inhibit 
endocuticular deposition (7). Futhermore, UDP-N-acetylglucosamine was 
accumulated in the presence of diflubenzuron when 14C-glucosamine or 
14C-acetylglucosamine was applied to final instar larvae of the cabbage 
army worm Mamestra brass icae (8,9). The precursors of chitin, 14C-glucose 
in Pieris larvae (10,11), 14C-glucosamine in tobacco hornworm Manduca 
sexta larvae (7), 14C-acetylglucosamine in cabbage armyworm Mamestra 
brassicae larvae (9), or 14C-UDP-N-acetylglucosamine in cotton leafworm 
Spodoptera littoralis larvae (12) were not incorporated into chitin in the 
presence of CSIs (13,14). Furthermore, the content of chitin was decreased. 

American Chemical 
Society Library 

1155 16th St. N. W. 
Washington, D. C. 20038 
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However, cuticle protein content relative to fresh cuticle did not change 
03,14). 

The precise mode of action of diflubenzuron and other types of CSIs is 
still unknown; the information in the literature is fragmentary, and 
sometimes discrepant. As a hypothetical target site, at least three sites are 
considered: inhibitory action on chitin synthetase and/or inhibition of 
biosynthesis of chitin synthetase, inhibitory action on proteolytic enzyme 
and/or inhibition of biosynthesis of proteolytic enzyme and inhibition of 
UDP-N-acetylglucosamine transport through the membrane (Figure 2). 

Diflubenzuron does not directly inhibit chitin synthetase from UDP-N-
acetylglucosamine in cell-free preparations from pupae of the stable fly 
Stomoxys calcitrans (15), the last instar larvae of the cabbage armyworm 
Mamestra brassicae L. (8), the larval integument of the cabbage looper 
Trichoplusia ni, and pupae of the cecropia moth Hyalophora cecropia (16). 
However, antibiotics such as polyoxin and/or nikkomycin do the chitin 
inhibit synthetase (8,16). 

The inhibition of proteolytic enzyme, which activates chitin synthetase 
zymogen, was reported (17). Diflubenzuron was shown to inhibit the 
activity of proteolytic enzymes such as chymotrypsin and trypsin (18). 
Both experimental systems, however, were derived from the fungus 
Phycomyces and no experiment was carried out using insect preparations. 

When the midgut of the cabbage armyworm Mamestra brassicae was 
turned inside out, the inhibition of transportation of U D P - N -
acetylglucosamine through the membrane was suggested to be the primary 
action of diflubenzuron (9). In that experiment, the midgut from last 
instar larvae was cultured with 14C-N-acetylglucosamine. Diflubenzuron 
induced accumulation of 14C-UDP-N-acetylglucosamine about 1.7 times as 
much as in the control midgut when 14C-acetylglucosamine was applied in 
the medium and inhibited chitin synthesis almost completely. When 14C-
acetylglucosamine was applied inside of the midgut which had been turned 
inside out, with or without diflubenzuron in the medium, the sum of 14C-
UDP-N-acetylglucosamine in the medium and 14C-chitin in the outside of 
the diflubenzuron-treated midguts were reduced to about 1/4 of the 
control. 14C-UDP-N-acetylglucosamine in the diflubenzuron-treated tissue, 
however, accumulated 1.6 times as much as those in the control, although 
this result should be confirmed. The chitin synthesis was not inhibited by 
diflubenzuron present in the outer medium, when U D P - N -
acetylglucosamine was applied directly to the face of cuticle-producing 
membrane. These results show that UDP-N-acetylglucosamine accumulated 
in the cells with less leakage from the midgut cells and less amount of 
cuticle formation when diflubenzuron was applied. And therefore, they 
lead to the conclusion that diflubenzuron seems to inhibit the 
transportation of UDP-N-acetylglucosamine through the biomembrane. 

Juvenile Hormone Analogs 

Five known insect juvenile hormones (JH) (Figure 3) are synthesized and 
secreted from the corpora allata (CA). As a physiological role, the JHs 
possess a status quo effect during larval development. Furthermore, in 
some species of insects JHs control ovarian development, larval and adult 
diapause, and phase-variation. After JH had been known to be an insect-
specific material, Williams (19,20) proposed that it would become an insect-
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Fig. 2 Biosynthetic pathway of chitin. Each bold arrow 
indicates a hypothetical target site of chitin synthesis 
inhibitors. 
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Fig. 3 Structure of natural JHs. 
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specific control agent. But their stability and synthetic difficulties did not 
allow the use of JH itself for pest control. However, many analogs (JHA) 
have been synthesized and tested for their activities against many species 
of insects (27). Terpenoid compounds such as methoprene (Figure 4) were 
first introduced in the market, but their use had been restricted to 
household pests, due to lack of high activity against agricultural pests and 
low residues on plants under field conditions. Fenoxycarb was the first 
compound used against agricultural pests, followed by pyriproxyfen 
(Figure 4). 

Insecticidal Activity. As mentioned above, JHAs affect morphogenesis, 
reproduction, embryogenesis, and also diapause and phase variations. 
JHAs control insect pests mainly by morphogenetic, reproductive (sterile), 
and embryogenetic effects. Only the early phase of the last larval instar is 
the main sensitive stage, which differs from CSIs. The main effects 
contributing to insect control are dependent on target pests. Methoprene, 
which induces morphogenetic effects at pupation or adult emergence 
without affecting larval development in mosquitoes, as well as death at 
higher concentrations, is effective against insect pests of public health 
and veterinary importance and stored product pests. Fenoxycarb is shown 
to be effective against cockroaches, fleas, and ants, and is also marketed for 
use against summer fruit tortrix moths, fruit tree tortrix moths, codling 
moths, other moths attacking fruit trees and vines, leaf rollers, pear 
psyllids, and scales (4). Fenoxycarb, furthermore, is suggested to be active 
against stored product pests such as the lesser grain borer, flour beetle, 
and Indian meal moth. Pyriproxyfen was registered in Japan in 1991 for 
pest control in public health. This compound was shown to be active 
against many species of mosquitoes and the housefly (22-25). The efficacy 
was confirmed in the field against the mosquito Anopheles farauti (26) and 
the housefly Musca domestica (27). Pyriproxyfen is reported to be active 
against green peach aphid Myzus persicae, arrowhead scale Unaspis 
yanonensis (28), greenhouse whitefly Trialeurodes vaporariorum (29), tea 
scale Fiorinia theae (30), and pear psylla Psylla pyricola (31). Tables IV 
and V show the efficacy of pyriproxyfen against pear psylla and its 
predators (57). These results show a high efficacy of pyriproxyfen at 125 g 
a.i./ha and no adverse effects on predators at the same dosage. 

Treatment Rate Mean No. of Nymphs/50 Leaves 
(g ai/ha) 9DBT 8DAT 35DAT 49DAT 

Pyriproxyfen 125 42.0 13.8 2.3 1.3 
63 48.0 40.8 36.0 54.0 

Untreated - 55.0 61.8 89.5 124.3 
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methoprene 

fenoxycarb 

pyriproxyfen 

Fig. 4 Structure of some JHAs. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 2

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
2,

 1
99

3 
| d

oi
: 1

0.
10

21
/b

k-
19

93
-0

52
4.

ch
01

1

In Pest Control with Enhanced Environmental Safety; Duke, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1993. 



152 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

Table V. Effect of JHA on Predators? of Pear Psylla 
Treatment Rate Mean No. of Predators/Sampleb 

(g ai/ha) ffl)BT 4DAT 21DAT 48DAT 62DAT 

Pyriproxyfen 125 10.7 8.4 6.7 4.8 5.1 
Fenoxycarb 125 13.7 11.0 8.6 4.8 4.9 
Untreated - 11.8 12.8 7.4 4.6 5.8 

^Anthocoris antevolens 
A. nemoralis 
Deraeocoris brevis 
Campylomma verbasci 
Chrysopa spp. 

Four limbs from each of the four trees were sampled (n=16). 

Mode of Action. When JHA is applied to the last instar Lepidopteran 
larvae, it induces various abnormalities after molting. Significantly, this 
effect depends on the timing of application. This reflects the hormonal 
milieu in the insects; in the last instar larvae, JH disappears just after or 
within a few days after final molting to larvae. In tobacco hornworm 
Manduca sexta the titer of hemolymph JH begins to decline on day 2 (52). 
In this insect, prothoracicotropic hormone is released on day 3 to stimulate 
the prothoracic glands to secrete small amount of ecdysone. This small 
surge of ecdysteroid without JH induces commitment from larval 
development to pupal development (55), suggesting that application of 
JHAs after pupal commitment has no effect on the morphological changes. 
Thus, the sensitive period of the last instar larvae is between 
disappearance of JH and before appearance of the small surge of 
ecdysteroid. When pyriproxyfen is applied at high doses to last instar 
larvae of tobacco cutworm Spodoptera litura (100 u.g) or tobbaco hornworm 
Manduca sexta (10 fig) after a decrease of JH, the treated larvae molted into 
supernumerary larvae (34,35). In these larvae, the brain is presumed to be 
activated to secrete prothoracicotropic hormone by the presence of a high 
concentration of pyriproxyfen for an adequate period. Ecdysteroid titer 
peaks in penultimate instar larvae, and pyriproxyfen seems to induce 
larval molt. JHAs are in general hydrophobic compounds, so that they 
must bind to a certain extent to carrier proteins in the hemolymph; JH also 
binds to JH binding proteins to avoid enzymatic metabolism and non
specific adsorption to various tissues (36). Actually JHs are removed from 
hemolymph by JH specific esterase and cessation of JH production. One of 
the JH binding proteins from tobacco hornworm Manduca sexta was 
purified and characterized; molecular weight as 28 kDa, one binding site 
per molecule, K a = l X 1 0 7 M " l , and pl=5.0. This protein does not have a 
capacity to bind JHA methoprene and JH metabolites (36). JH or JHA bound 
to the carrier protein will be transported to the target cells, binding to a 
cytosolic or nuclear protein after entering the cell. Manduca cytosol ic 
binding proteins have 38 kDa in molecular weight. In the nuclei, JH and 
JHA bind to receptor proteins whose molecular weights are 29 kDa, with 
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isoelectric point of 5.8 for JH and 6.0 for JHA. The 29 kDa nuclear JH 
binding protein, a putative JH receptor, from the epidermis of Manduca 
sexta was shown to bind DNA cellulose, and furthermore, the protein binds 
to endocuticle genes which are regulated by JH and code the larval cuticle 
proteins (37,38). However the identity of the JH binding protein and 
nuclear protein has not yet been confirmed. One of the genes which 
encode a larval cuticle protein has two regions which bind to the nuclear 
protein; a 250 bp region (-241 to -491) 5' to the gene and a 200 bp region in 
the first intron (+209 to +409) (39). 

Effect of IGRs on Non-target Organisms 

As mentioned above IGRs differ profoundly in their mode of action from 
conventional neurotoxic insecticides. Therefore, the IGRs might exert a 
characteristic environmental impact differing from the foregoing 
insecticides. 

From the viewpoint of reduced environmental impacts of IGRs, certain 
characteristics of ecological effects of IGRs will be briefly summarized 
with specific reference to the effect of pyriproxyfen on aquatic 
environments. For additional information on environmental impacts of 
IGRs, refer to review articles cited (40-43). 

Ecological Effects of a Chitin Synthesis Inhibitor, 
Diflubenzuron. Chitin is selectively distributed among living 
organisms. It is a common cell wall constituent in fungi and green algae 
and absent in the Tracheophta. In animals, chitin occurs in most 
invertebrate phyla including arthropods, but is absent among vertebrates. 

Since arthropods share the same molting process, the species-
specificity of CSIs might be less pronounced than JHAs, although obviously 
the selectivity is apparently related to the ingestion of residues as well as 
metabolism. 

Aquatic Environment. Diflubenzuron at its actual application rates 
produces no adverse effects on Chlorophyta, Chrysophyta, Rotifera, 
Platyhelminthes, Nematoda, Mollusca, Annelida, Arachnida, Amphibia, and 
Pisces. Although most rotifers have a chitinous lorica around their bodies, 
application of diflubenzuron at 2.5-10 ppb did not affect the abundance of 
rotifers (44). The affected species are in the Arthropoda; some crustaceans 
such as waterfleas, Daphnia and Moina sp., tadpole shrimp, Triops sp., and 
clam shrimp, Eulimnadia sp., were extremely sensitive, showing LC50 
values about 0.1-1 ppb, being comparable to mosquito LC50 values of ca. 0.7 
ppb. Copepods such as Cyclops and Diaptomus sp. are somewhat tolerant, 
with LC50 values ranging from 0.01 to 0.05 ppm. Among insects, mayfly 
nymphs and chiromid larvae were relatively sensitive, whereas aquatic 
beetles showed a strong tolerance (45,46). 

With respect to the effects on macrocrustacea, diflubenzuron at ppb 
levels affects survival (47), development of larvae (48), regeneration (49), 
and reproduction (47). Mortality was associated with inability to cast off 
the exuviae at ecdysis. 

Application of diflubenzuron to waterbodies resulted in population 
reduction of several crustaceans of Amphipoda, Cladocera and Copepoda, 
Bosmina longirostris, Daphnia pulex, D. galeata, Diaptomus sp., Hyalella 
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azteca, Cyclops sp., and Cyprinotus sp. (44,50,51), as well as aquatic insects 
of hydrophilid beetles and naiads of libellulid dragonflies (52). Adult and 
immature notonectids and corixids as well as adult Thermonectus sp. were 
not affected. One to three weeks were needed for microcrustaceans to 
resurge after treatment. Several studies show that diflubenzuron affects 
the abundance of microcrustaceans and the recovery time for these 
animals ranges from one week to as long as three months, depending on 
species, rate of application and width of treated area. 

Although the growth and survival of bluegill sunfish Lepomis 
macrochirus were not affected in the lake receiving initial diflubenzuron 
residues of 3.3 ppb, this fish showed a shift from feeding on cladocerans 
and copepods to chironomid midges and terrestrial insects, due to 
elimination of cladocerans, apparently being more susceptible to the IGR 
than other arthropods (44). 

Terrestrial Environment. Trie ho gramma pretiosum, Apanteles 
maginventris and Voria ruralis were not affected when treated as adults on 
cotton fields. Rates of parasitism after treatment as well as the survival of 
the F l generation were found to be unaffected (53). Among a number of 
predators of boll weevils, only green lacewing Chrysopa carnea and 
convergent lady beetle Hippodamia convergens showed significant 
decreases in egg hatching due to diflubenzuron treatments (54). Geocoris 
punctipes nymphs were adversely affected (55). Effects on other predators 
and parasites during field treatment tend to be marginal, and the reduction 
appeared to be minor compared with the effects of conventional 
insecticides. 

Bees. After treatment of alfalfa with diflubenzuron, negligible 
mortality to adult honeybees, leafcutting bees, and alkali bees were 
observed 48 hr after residual treatments (56). Diflubenzuron sprayed to 
control the sugarcane rootstock borer weevil Diaprepes abbreviates had no 
effect on honeybee brood of resident colonies in the sprayed area over a 7-
month period (57). 

Ecological Effects of a J H A , Methoprene. The insect-specific 
mechanisms demonstrated by JHAs during metamorphosis are 1) 
embryocidal at pre- and/or post-oviposition, 2) morphogenetic damage at 
metamorphosis and caste differentiation, and 3) sterilization to male 
and/or female (58). JHAs have been synthesized to resemble the natural JH 
O-III of insects in their configurations. Methyl farnesoate, the 
unepoxidized form of JH III is speculated to be a juvenile hormone of 
crustaceans (59). Farnesoic acid and its methyl ester have been detected in 
the Decapoda among the Crustacea such as the brachyurans of the mud 
crab Scylla serrata, the spider crab Libina emarginata, Cancer borealis and 
C. maenaSy and the macurans of the crayfish, Procambarus clarkii, and the 
lobster, Homarus americanus (60,61). 

The Decapoda produce farnesoic acid (FA) and its methyl ester (MF) from 
the mandibular organ, homologous to the insect corpora allata (CA), but 
are not able to epoxidize them to JH and JH acid. Insects have the 
epoxidase(s) to generate JH acid and JH from FA and MF. Among the 
insects, two highly evolved orders of the Lepidoptera and the Diptera are 
proposed to produce the more complex forms of JH, including JH 0, JH I, 4-
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methyl JH I, JH II, and JHB3 (bisepoxide JH III). The evolution of more 
complex molecules and the simultaneous occurrence of two or more of 
these substances in one insect may reflect the requirement for different 
JHs to assume the regulation of different physiological events in the more 
evolved taxa (61). This hypothesis might suggest wide species-specificities 
among the target as well as nontarget organisms in the arthropods. To 
produce more species-specific insecticides and fully evaluate effects on 
nontarget organisms, more effort should be put into the identification of 
specific biological roles for each of these products across all arthropod 
groups. 

Aquatic Environment. The acute toxicities of methoprene to ten 
aquatic organisms show the least tolerant is Daphnia magna (24 hr 
LC50=0.9 ppm), and the most tolerant is tadpole shrimp, Triops 
longicaudatus, (96 hr LC50=5.0 ppm). Among 30 species including Protozoa 
(1 species), Platyhelminthes (1 species), Rotatoria (1 species), Annelida (3 
species), Arthropoda (6 Crustacea and 14 Insecta), Mollusca (2 species), and 
Chordata (2 species), most organisms tolerate up to 1 ppm dosage level 
except aquatic Diptera, Brachydeutera argentata (shorefly), Chironomus 
stigmaterus (midge), and Pericoma sp. (mothfly). When late-instar larvae 
of these Diptera were exposed to dosages of 0.01 to 0.1 ppm, 50% or more 
pupae were unable to emerge. Exposure to 5 species of algae at 0.1 ppm for 
a week resulted in no adverse effect (62). 

The 1st zoeal stage of mud crab Rhithropanopeus harrisii appeared to be 
the most sensitive of all larval stages to methoprene. The duration of 
larval development was significantly prolonged with increasing 
concentrations of methoprene (0.01-1 ppm). However, methoprene did not 
inhibit the metamorphosis of this crab at 0.1 ppm or less (63). 

Methoprene at field rates, like CSIs, produces no adverse effects on 
Rotifera, Platyhelminthes, Nematoda, Mollusca, Arachnida, and Pisces. 
Furthermore, no adverse effects are observed in field studies on Cladocera, 
Daphnia and Moina sp., Eucopepoda, Cyclops and Diaptoms sp., 
Conchostraca, Eulimnadia sp., and Podocopa, Cypricerus sp. and the 
ostracod, Cyprinotus sp. (64,65). 
In some cases, methoprene produces short-term toxic effects on the 
waterflea Daphnia magna, Copepod Cyclop sp., side-swimmer Hyalella 
azteca, clam shrimp Eulimnadia sp., seed shrimp Cypricercus sp., and 
tadpole shrimp Triops longicaudatus (62) and on copepod populations 
inhabiting salt marsh habitats (66). 

These studies reveal that field applications of methoprene may cause 
temporary stress on some microcrustaceans. However, it offers 
considerable safety to microcrustaceans without producing any long-term 
disruptions in the population levels of these animals. 

Multiple applications of methoprene at 302 g a.i./ha to experimental 
ponds significantly affected populations of mayfly Callibaetis pacificus and 
certain aquatic coleopterans, Laccophilus sp. and Tropisternus lateralis. In 
these habitats, naiads of anisopterans, Anax Junius, Erythemis 
simplicicolis, and Tarnetrum corruptum and the zygopteran, Enallagma 
civile were not affected by methoprene treatments (65). 

These findings on JHAs reveal that JHAs clearly have species- and stage-
specificities to nontarget organisms. 
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Terrestrial Environment. With respect to predators, the carmine 
spider mite Tetranychus cinnabarinus tolerates a high dose of JHAs. The 
tarnished plant bug Lygus lineolaris and cotton aphid showed 
characteristic hormone effects. Of the predators, the lace-wing, Chrysopa 
carnea and the predacious lygaeid bug, Geocoris punctipes tolerated 
higher doses than their insect pest counterparts. The convergent lady 
bug, Hippodamia convergens, however, was sensitive to many JHAs. 
Certain effects of JHAs have potential for practical application (67). The 
predacious mite, Amblyseius brazilli, was not affected by topical treatment 
as high as 1000 ppm of methoprene, but when fed with pollen at 100 ppm 
egg-laying was inhibited (68). 

With respect to parasites, eggs of gypsy moth, Porthetria dispar, 
parasitized with Ooencyrtus kuwanai were treated with the JHAs of 
hydroprene and R-20458. The ED50 for gypsy moth eggs was 6.3 ng/egg, 
whereas the dose that produced deleterious effects on the parasites was 63 
ng/egg. The larval parasite, Apanteles melanoscelus, was only marginally 
affected (69 JO). Parasites, Cardiochiles nigriceps and Canipaletis 
so nor ens is of the tabacco budworm Heliothis virescens were affected by 
treatment of a JHA. There was a delay in the emergence of the parasites 
and there was also a decrease in the number of the former braconid wasps 
that emerged (77). Hydroprene, triprene, and kinoprene were found to 
have adverse effects on the parasite, Aphidius nigripes of the potato aphid 
Macrosiphum euphorbiae (72). While JHAs do affect parasites, their 
adverse effects are less than those of broad-spectrum, conventional 
insecticides. 

Honeybees. Age polyethism occurs in many highly eusocial bees, 
such as the honey bee (Apinae) and stingless bees (Meliponinae). Workers 
perform different ensembles of tasks as they age; young workers perform 
tasks such as brood and queen care and nest maintanance within the nest, 
and older individuals forage. Bumble bees (Bombinae) share a common 
origin with the Apinae and Meliponinae but are primitively eusocial and 
exhibit a different pattern of division of labor (73). 

JH is involved in the regulation of age polyethism in honey bee Apis 
me Ilifera. JH titer increases with worker age, as does the volume of the CA, 
the glands that produce JH. Removal of the CA blocks the degeneration of 
the hypopharyngeal glands that produce brood food (74). 

Topical application of 250 jig of methoprene to adult worker honey bees 
can cause a premature shift from the broodnest to food storage region, 
precocious foraging behaviour, and premature production of the two 
alarm pheromones. The worker longevity was proportional to the age at 
which foraging commenced; those treated with methoprene had a 
significantly shorter life span (75). 

One of the strongest effects elicited by JHA treatments is the induction 
of premature foraging; by topical treatments at 2 fig hydroprene or 200 u.g 
of methoprene and oral treatment at 20 u,g hydroprene or 1 mg 
methoprene (74). 

When honeybees were injected at 0.1-10 u.g/bee or treated topically at 
0.5-10 u.g/bee of methoprene to day-0 workers, guard bees and pollen-
foragers appeared 7 and 5 days earlier than the control, respectively, by 
inhibition of the development of CA due to negative-feedback (76). 
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When colonies were fed 1000 ppm of JHA in honey, worker bees were 
unaffected but broods were affected. The worker bees removed poisoned 
larvae. These effects were less than that of conventional insecticides, such 
as mevinphos, parathion, and methylparathion (77,78). 

Topical application of 250 fig of methoprene or injection of 250 fig JH I 
did not affect worker foraging or nest activity in colonies of the 
primitively eusocial bumble bee Bombus impatiens and B. bimaculatus. 
Because bumble bees do not exhibit strong age polyethism, these results 
are consistent with findings in honey bees (73). 

Ecological Effects of a New JHA, Pyriproxyfen 

Mammalian toxicological profiles are not discussed here. Toxicities of 
pyriproxyfen to nontarget aquatic organisms are similar to those of 
methoprene; crustaceans and aquatic insect larvae are sensitive. During 
21-day reproduction studies, Daphnia pulex and D. magna produced fewer 
numbers of young/adult. At the level which affected reproduction, the 
growth of both waterfleas was also affected, although the survival rates 
were not significantly different from the control and numbers of molting 
successfully occurred. Figure 5 shows that at higher concentration body 
length of D. pulex is shorter than that of the control and the waterflea has 
fewer embryos in the brood chamber. In order to examine the effects on 
recovery, Daphnia pulex were transferred to fresh water free from 
pyriproxyfen. The waterfleas produced sufficient numbers of young in 
one week as shown in Figure 6. Therefore, the effects are demonstrated to 
be reversible. 

Last instar of aquatic insect larvae are most susceptible to pyriproxyfen 
like other JHAs. The susceptibility difference is more than 1000 times 
between the last instar and pre-last instar of dragonfly, Orthetrum 
albistrum speciosum and midge, Chironomus yoshimatsui. Even in the last 
instar of dragonfly larvae, the initial 8 days are the most susceptible of the 
40-day period. Morphogenetic aberrations were observed in the form of 
emergence inhibition at the lower dosage and supernumerary at higher 
dosage. 

Since pyriproxyfen has high activity against mosquito larvae with an 
EC95 (inhibition of emergence of 95%) at sub-ppb levels against 4th-instar 
mosquito larvae of Anopheles quadrimaculatus, Aedes aegypti, Aedes 
taeniorhynchus, Culex tarsalis, and Culex quinquefaciatus (24,79), several 
field studies have been carried out to assess its effects on other aquatic 
organisms. 

Pyriproxyfen applied at field rates of 5.6, 11.2, and 28.0 g a.i./ha did not 
exhibit any marked i l l effects during 21-day on nontarget organisms 
prevailing in the experimental ponds; mayfly naiads, Callibaetis pacificus, 
dragonfly naiads, Tarnetrum corruptom, and Anex jubius, several species 
of diving beetle larvae and adults, Hydrophilidae, and Dytiscidae and two 
species of ostracods, Cypridopsis sp. and Cyprinotus sp. (23). 

No significant effects were detected on mixed populations of 
cladocerans, Simocephalus sp. and Alona sp. and copepods, Cyclops vernalis 
which were treated with 0.01 ppm pyriproxyfen during a 2-week test 
period. Pyriproxyfen applied at the effective dosage of 0.0056 kg a.i./ha to 
two rice plots resulted in no adverse effects on a wide variety of aquatic 
nontarget organisms, cladocerans, Simocephalus sp. and Alona sp.; 
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Fig. 5 Effect of pyriproxyfen on reproduction of Daphnia 
pulex. 
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copepods, Cyclops vernalis; ostracods, Cypris sp.; dragonflics, Anax Junius 
and Pantala hymenaea; beetles, Tropisternus sp., Hydrophilus triangularis, 
Laccophilus sp. and Copelatus sp.; chironomids, Chironomus stigmaterus 
and Goeldichironomus holoprasinus; ceratopogonids, Culicoides 
varipennis; and hydra (79). 

When pyriproxyfen was applied twice at high rates of 0.05 and 0.11 kg 
a.i./ha (8 and 20 times greater than the effective dosage, respectively) to 
experimental rice plots, minor suppression of the reproductive capacity of 
daphnoid cladocerans and ostracods were observed. A low degree of 
induction of morphogenetic aberrations in Odonata (Anisoptera and 
Zygoptera) at adult emergence was exhibited. The deformed adults were 
observed 4-10 days after treatment. Aquatic beetle adults, dragonfly 
nymphs, and lycosid spiders showed no adverse effects from the treatments 
(80). 

Degradation in the Environment 

Photodegradation in water. C-14 pyriproxyfen was dissolved in 
distilled water or sterile river water at the concentration of 0.2 ppm, and 
the solutions were exposed to natural sunlight from November to December 
at 40 degrees north Latitude. The half-lives of pyriproxyfen were found to 
be 17.5 and 21 days, respectively. Since the quantum yield of the compound 
is found to be 0.0866, the calculated half-lives at 40° latitude are 7.9, 4.4, 
15.8, and 62 days at spring, summer, fall, and winter, respectively. 
Photodegradation pathways are cleavage at three ether linkages and the 
major products were C02 and a dephenoxyphenyl product which account 
for 11-29% and 16-30% of the applied C14, respectively. 

Photodegradation on Soil. C-14 pyriproxyfen was applied on sandy 
loam and silty loam soils and exposed to sunlight for 8 weeks. The half-
lives of pyriproxyfen were found to be 11 and 13 weeks, respectively. 
Under dark conditions, more than 87% of the applied C14 was recovered as 
the parent compound. Photodegradation pathways were cleavage at three 
ether linkages. The major degradate was C02 from the phenyl labeled 
pyriproxyfen, producing 9.5-13% of the applied C14. Sunlight exposure 
produced bound C14, amounting to 11-26% of the applied C14 at week 8. 

Aerobic Soil Metabolism. C-14 pyriproxyfen was applied at a 
concentration of about 0.5- ppm to sandy clay soil and incubated at 25°C 
under dark condition for 30 days. The half-life was 6.3 days and the residue 
at 30 days was 0.12-0.13 ppm. The major degradation pathways were 
hydroxylation at 4'-position of the phenoxyphenyl ring and cleavage at 
three ether bonds, and the phenoxy ring and pyridyl ring were finally 
decomposed to C02. 

Degradation in Water/Sediment System. Two sandy loam soils (about 
1.3 kg) were put on the bottom of each tank, 10 L of water was added, and 
the system was conditioned for 7-10 days at 25°C. C-14 pyriproxyfen in a 
granule formulation was applied at a concentration of 50 ppb a.i. and kept 
for 28 days. The maximum water concentrations eluted from the 
formulation were dependent on the organic matter contents in the soils, 
being 3 ppb at 6.3% organic matter and 7 ppb at 0.9% on days 3-5. Then, 
the concentrations decreased with time and half-lives were calculated to be 
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7-14 days. On day 28, distributions of C14 in water and soil were 8.3% and 
80.0% in higher organic matter soil and 39.0% and 36.8% in other soil, 
respectively. Contents of pyriproxyfen in these soils on day 28 were 58% 
and 18% of the applied C14, respectively. The major degradation pathways 
were hydroxylation at 4'-position of the phenoxyphenyl ring and 
dephenylation. 

From these laboratory studies, pyriproxyfen is decomposed abiotically 
and biotically through ether cleavage and hydroxylation. Degradation 
pathways and half-lives of pyriproxyfen are shown in Figure 7 and Table 
VI, respectively. 

Table VI. Half-lives of Pyriproxyfen in Aquatic Environments 
Study Medium Half-life 

Photodegradation in water Distilled/Sunlight 2.5 Weeks 
River/Sunlight 3 Weeks 

Photodegradation in soil Sandy loam/Sunlight 11 Weeks 
Silty loam/Sunlight 13 Weeks 

Hydrolysis in water Buffer (pH 5,7,9) >5 Months 
Aerobic soil metabolism Sandy clay loam 6 Days 
Water/sediment degradation Sandy loam 7 Days 

Sandy loam 14 Days 
Natural ponds Water 1.6 Days 

Sediment 10 Days 

Decline in the Natural Ponds. Pyriproxyfen 0.5% formulation was 
applied to seven ponds at a concentration of 50 ppb a.i. The concentrations 
of pyriproxyfen in water were 2.6 ppb at its maximum and 1.7 ppb on the 
average on the first day of application. Then, the concentrations 
decreased rapidly, with mean half-life of 1.6 days. In the sediments, mean 
half-life was calculated to be 10 days. 

Persistence of pyriproxyfen in water and soil of the treated pond was of 
short duration, where no residues were detected (<0.0002 ppm) 48 hr after 
treatment even at 0.045 kg a.i./ha (79). 

Pyriproxyfen applied twice at high rates of 0.05 and 0.11 kg a.i./ha (8 
and 20 times greater than the effective dosage, respectively) to 
experimental rice plots, resulted in no detectable residues in water (<0.05 
ppb) in 2 days, in soil (<0.001 ppm) on any dates and in bluegill sunfish 
(<0.005 ppm) after 3 days (80). 

When pyriproxyfen was applied to wastewater lagoon at 0.11 kg a.i./ha, 
no residues were detected in water (<0.04 ppb) from day 1 to day 64 after 
treatment. The concentrations in organic matter were 0.14 ppm on day 1 of 
treatment then decreased at an exponential rate with half-life of 7.5 days 
(81). Thus, pyriproxyfen is readily adsorbed onto organic matter and then 
the concentration in the aquatic compartments declined rapidly. 
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Bioaccumulation and Metabolism in Aquatic Organisms. W h e n 
carp (Cyrinus carpio) were exposed to C-14 pyriproxyfen at a 
concentration of 2 ppb under flow-through system for 14 days, the 
concentration of C14 and pyriproxyfen in the fish body reached an 
equilibrium after a 3-day exposure. The bioaccumulation ratios for C14 and 
the parent compound were about 1500 and 400, respectively. On transfer to 
fresh water, the concentrations of C14 and pyriproxyfen in the body 
decreased rapidly, with half-lives of about 1 and 0.5 days, respectively. The 
major metabolic pathways were hydroxylation at the 4'-position of the 
phenoxyphenyl group and conjugation of the resultant phenol with 
glucuronic acid or sulfuric acid. Cleavage of the ether linkages were less 
significant. 

The dragonfly, Orthetrum albistrum speciosum* midge, Chironomus 
yoshimatsuiy and mosquito, Culex pipens pallens, larvae were exposed to C-
14 pyriproxyfen at a concentration of 10 ppb under a flow-through system 
at 25°C for 48 hr (dragonfly and mosquito) or 24 hr (midge). The 
concentrations of pyriproxyfen in the dragonfly and mosquito reached an 
equilibrium on day 1. The maximum bioaccumulation ratios for C14 and the 
parent compound were about 120 and 40 in the dragonfly, 500 and 47 in 
midge, and 280 and 93 in mosquito, respectively. On transfer to fresh 
water, the concentrations of C14 and pyriproxyfen in the body decreased 
rapidly, with half-lives of about 0.52 and 0.13 days in the dragonfly, 0.28 
and 0.07 days in midge, and 0.32 and 0.13 days in mosquito, respectively. 
The major metabolic pathways common in these aquatic insects were 
hydroxylation at the 4'-position of the phenoxyphenyl group and cleavage 
of the pyridyloxy ether bond. Conjugations of the resultant phenol and the 
alcohol were not identified. Metabolic pathways in the aquatic organisms 
are shown in Figure 8. These pathways are also found in rat metabolism. 

Under flow-through system bluegill sunfish Lepomis macrochirus were 
exposed to 0.14-0.15 ppm solution. Bioaccumulation ratios were found to be 
about 647 and 30 in the visceral and edible tissues, respectively. On 
transfer to fresh water, residue level in the viscera declined by 90% in 96 
hr. Fingerling channel catfish Ictalurus punctatus were introduced to the 
tanks and maintained for as long as 30 days under static conditions, where 
soils treated with pyriproxyfen at the initial concentration of 0.085 ppm 
had been aged under aerobic conditions for 14 days and then flooded. No 
residues of pyriproxyfen were apparent in soil (<0.002 ppm) and in fish 
(<0.12 ppm) (79). 

In any aquatic organisms, bioaccumulation ratios are found not to be 
high and half-lives are very short (less than 1 day) due to easy 
biodegradability. 

Bioavailability. Pyriproxyfen applied to dairy wastewater lagoons at 0.1 
kg a.i./ha in single and multiple applications resulted in control of Culex 
sp. larvae for periods of 7 to 68 days. Length of the control period appeared 
to be related to water quality, with greater residual efficacy in more 
polluted sources. The active ingredient apparently adsorbed onto organic 
debris where efficacy remained high in the lagoon even after water was 
pumped from the lagoon and replenished with untreated wastewater. It is 
presumed that pyriproxyfen adsorbed onto the organic matter in the 
feeding zone for ingestion by mosquito larvae and retained biological 
activity (82). 
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As demonstrated from the field studies, effects on mosquitoes are 
prolonged for 1-2 months. However, the concentrations of pyriproxyfen 
in water decreased quite rapidly and no residues were detected within a 
few days. It is probable that the adosorbed pyriproxyfen on sediments 
and/or organic matter would be effectively taken up by the target 
organisms. To verify this speculation, the following studies were carried 
out, and bioavailability was examined both to target and nontarget aquatic 
insect larvae. 

C-14 pyriproxyfen in 0.5% granule formulation was applied to a 
water/sediment system (study 1; 20 L water over 1 kg Takarazuka sandy soil 
and study 2; 10 L over 0.5 kg soil). The system was kept at 25°C under static 
conditions for 1 day. To eliminate concentration of pyriproxyfen in the 
water phase, water was passed through at a rate of 20 L or 10 L/day for 8-10 
days. Thereafter, insect larvae of dragonfly, Orthetrum albistrum 
speciosum, mosquito, Culex pipens pallens and midge, Chironomus 
yoshimatsui were introduced into the system, being kept free or in a cage 
which was far from the sediment. After a 2-day exposure the insects were 
analyzed for C14. Table VII clearly shows that uptake of pyriproxyfen 
from the sediment occurs in 

Table VII. Uptake of Pyriproxyfen to Aquatic Insects 
Study Concentration (ug/L, ug/Kg) 

Water Sediment Mosquito 
larva 

Midge 
larva 

Dragonfly 
larva 

1 Free 2.0 (0.2)a 338 (152) 508 (148) 58.7 (4.2) 
Caged 202 (34.3) 69.0 (4.1) 

2 Free 2.1 (0.04) 653(424) 753 (40.7) 
Caged 256 (4.4) 

Concentration of 14C and (Pyriproxyfen) 
14C-Pyriproxyfen in 0.5% granule was applied to water/sediment 
system (Study 1* 20 L water over 1 Kg soil and Study 2; 10 L 
over 0.5 Kg) at 25 C and the system were kept under static 
condition for 1 day. 
After water was flowed at 20 L or 10 L/day for 8-10 days to 
eliminate the water concentration of pyriproxyfen, insects were 
kept free or caged in the systems for z days under static 
condition. 

mosquitoes and midges, but not dragonfly. This finding demonstrates that 
pyriproxyfen shows long-term efficacy to target organisms due to 
bioavailability from sediment and that species-specificity is not only based 
on the intrinsic toxic effect obtained from laboratory tests but also on 
habits of the organisms. 

Conclusions 

From the foregoing discussion, IGRs do show higher species-specificities, 
being limited to the arthropods, than the conventional insecticides. 
Among IGRs, CSIs are generally broad spectrum compounds, affecting 
molting of arthropods. To develop selectivity of CSIs, the mode of action 
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should be carefully investigated between target insects and at least 
crustaceans. JHAs are generally quite selective, namely being species- and 
stage-specific. Nontarget insect larvae at the last stage would suffer 
metamorphogenic effects, whereas in crustaceans the main effects are on 
the reproductive systems and are found to be reversible. Many 
environmental studies have demonstrated that environmental effects are 
transient and therefore acceptable due to easy degradability, and non-
lethal and reversible effects on most of the aquatic arthropods in the 
aquatic ecosystems. These findings favor the environmental safety for 
controlling mosquitoes and midges by JHAs, without further large scale 
experimental trials for evaluation of environmental impact. Although 
commercialized JHAs apparently have a considerable margin of safety to 
the environment, to be an integral part of the insecticide spectrum, the 
potential risks have not been completely evaluated due to the lack of 
sufficient information on mode of action of JHA as well as endocrinology of 
arthropods. Therefore, further studies are needed to specify mechanisms 
controlling JHs and expressing physiology by JHs in arthropods at 
different divisions. Such research will contribute to developing more ideal 
insect control agents with reduced environmental impacts. 
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Chapter 12 

Recent Progress in Avermectin Research 

M. H. Fisher 

Merck Sharp and Dohme Research Laboratories, P.O. Box 2000, 
Rahway, NJ 07065 

In 1976 scientists at Merck & Co. Inc. discovered a complex of 
eight closely related natural products, subsequently named 
avermectins, in a culture of Streptomyces avermitilis MA-4680 
(NRRL8165) originating from an isolate by the Kitasato Institute 
from a soil sample collected at Kawana, Ito City, Shizuoka 
Prefecture, Japan. They are among the most potent anthelmintic, 
insecticidal and acaricidal compounds known. Avermectin B1, 
under the non-proprietory name abamectin, is widely used as an 
agricultural miticide and its 22,23-dihydro derivative, ivermectin is 
used world wide as a broad spectrum endectocide in animals and 
in man. Recently, an intensive program on avermectin derivatives 
discovered 4"-deoxy-4"-epimethylamino avermectin B1 benzoate 
to be the most potent lepidopteracide known. It is being 
developed under the non-proprietory name emamectin. Mode of 
action studies, have revealed a high affinity binding protein in 
membrane fractions from Caenorhabditis elegans and Drosophila 
melanogaster. The use of an affinity probe enabled the isolation of 
three proteins having molecular weights 8,47 and 53 kD. 

In 1976 scientists at Merck & Co. Inc. discovered a complex of eight 
closely related natural products, subsequently named avermectins, in a culture of 
Streptomyces avermitilis MA-4680 (NRRL8165) originating from an isolate by 
the Kitasato Institute from a soil sample collected at Kawana, Ito City, Shizuoka 
Prefecture, Japan. Their structures are shown in Figure 1 (7). They are among 
the most potent anthelmintic, insecticidal and acaricidal compounds known. 

The avermectins (Figure 1) are closely related to another group of 
pesticidal natural products, the milbemycins, the first examples of which were 
described by Japanese workers, but later were found to be more abundant in 
nature than die avermectins (2-7). Milbemycin structures are shown in Figure 2. 
Interestingly, the milbemycins were first discovered as miticides. Their 
anthelmintic properties were found only after the anthelmintic activity of the 
avermectins was demonstrated. 

To date, two avermectins, ivermectin and abamectin, have been 
introduced to date for use in animal and human health. Doramectin (8), prepared 

0097-6156/93/0524-0169$06.00/0 
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AVERMECTIN A : R 5 = OCH3 

1 : X = -CH=CH-

Rc = OH 

OH 

-CHo-CH-

R 25 = <25 

IVERMECTIN : *5 = 0 H x = " C H 2 - C H 2 - R 25 = 

r 
A N D ^ ^ 

Figure 1. Avermectin Structures 

£23 MILBEMYCIN ALFA SERIES 

R 5 - OH . OCH3 

R 2 2 = H . OH 

R 2 3 - H , 0C0CH(CH3)(CH2)3CH3 

R 25 = C H 3 • C 2 H 5 

ANTHELMINTIC F-28249 

ANTIBIOTICS S 541 

R 5 - OH , OCH3 

R22 ™ H "23 = ®^ 

MILBEMYCIN ALFA, ( A3 ) 

MILBEMYCIN ALFA3 ( A 4 ) 

MILBEMYCIN D 

ANTHELMINTIC F-28249-ALPHA 

R 5 - OH 

R 5 = OH 

R 5 - OH 

Rc * OH 

"22 
R22 

"22 

- K 2 3 - M 
= Ro-t = H 

R 22 

*23 

R 23 

*23 

H 

H 

*25 = 

R25 = 

"25 

R 25 

CH 3 

CH 2CH 3 

CH(CH3)2 

C(CH3)CHCH(CH3)2 

Figure 2. Milbemycin Structures 
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by directed biosynthesis, is expected to be released for use at some future date. 
Their structures are shown in Figure 3. 

Three milbemycins are used in animal health. Milbemycin D, which is 
structurally identical to 13-deoxy-22,23-dihydroavermectin B i b aglycone, is used 
principally in Japan as a canine anthelmintic. Milbemycin oxime is used for the 
prevention of dog heartworm disease and certain other helminth infections of 
dogs. Moxidectin is a broad spectrum endectocide, similar to ivermectin in 
activity. Their structures are shown in Figure 4. 

The only avermectin or milbemycin used in agriculture to date is 
avermectin B I . It has been commercialized for agricultural use under the non-
proprietory name abamectin (Figure 5). 

A summary of the activity of abamectin against some agriculturally 
important mites and insects is shown in Table I. Inspection of the data shows that 
it is generally more effective against mites than insects and that its activity against 
several important lepidopteran species is not commercially viable. 

Table I. Activity of Abamectin Against Mites and Insects 

Mite Species (Contact effect against adult mites) L C 9 0 (ppm) 

Phyllocoptruta oleivora (citrus rust mite) 0.02 

Tetranychus urticae (two-spotted spider mite) 0.03 

Tetranychus turkestani (strawberry mite) 0.08 

Panonychus ulmi (European red mite) 0.04 

Panonychus citri (citrus red mite) 0.24 

Polyphagotarsonemus latus (broad mite) 0.03 

Insect Species (Foliar Residue Bioassay) L C 9 0 (ppm) 

Leptinotarsa decemlineata (Colorado potato beede) 0.03 

Manduca secta (tomato hornworm) 0.02 

Epilachna varivestes (Mexican bean beetle) 0.20 

Acyrthosiphon pisum (pea aphid) 0.40 

Trichoplusia ni (cabbage looper) 1.0 

Heliothis zea (corn earworm) 1.5 

Spodoptera eridania (southern armyworm) 6.0 

Keiferia Lycopersicella (Tomato Pinworm) 0.031 
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OCH 

IVERMECTIN : X = - C H 2 C H 2 -

ABAMECTIN : X = -CH=CH-

DORAMECTIN : X = -CH = C H -

<25 

<25 

<25 

= CH(CH 3 )CH 2 CH 3 

AND CH(CH 3 ) 2 

= CH(CH 3 )CH 2 CH 3 

AND CH(CH 3 ) 2 

= CYCLOHEXYL 

Figure 3. Avermectins for Animal and Human Health 

MOXIDECTIN : R 5 = - O H R 2 3 

MILBEMYCIN OXIME : R5 = =NOH R 2 5 

MILBEMYCIN D : R 5 = — OH *25 

=NOCH 3 R 2 5 

C H 3 AND C 2 H 5 

- C H ( C H 3 ) 2 

Figure 4. Milbemycins for Animal Health 
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Therefore, an intensive synthetic program was initiated to try to find 
avermectin derivatives with improved insecticidal activity. The 4"-Epiamino 
avermectins, prepared by the 4-step synthetic sequence shown in Figure 6 were 
shown to have the greatest activity. From this series, 4"-Deoxy-4"-
epimethylamino avermectin BI benzoate (MK-244, emamectin)(Figure 7) (9) 
was selected for development. A summary of its activity against insect larvae and 
adult spider mites and aphids is shown in Table n. The activity of emamectin 
against lepidoptera is improved up to several hundred fold over abamectin, but its 
activity against mites and aphids is reduced. 

Table II. Foliar Ingestion Activity of 4"-Epi-Methylamino-4"-
Deoxyavermectin BjAgainst Insect Larvae and 

Adult Spider Mites and Aphids 

SPECIES (Common Name) LC Q 0 (ppm) at 96 hours 

Manduca sexta (L.) (tobacco hornworm) 0.003 

Trichoplusia ni (Huebner) (cabbage looper) 0.014 

Spodoptera exigua (Huebner) (beet armyworm) 0.005 

Spodoptera frugiperda (J.E. Smith) (fall armyworm) 0.01 

Leptinotarsa decemlineata (Say) (Colorado potato beetle) 0.032 

Epilachna varivestis (Mulsant) (Mexican bean beetle) 0.20 

Tetranychus urticae (Koch) (two-spotted spicier mite) 0.29 

Aphis fabae (Scopoli) (bean aphid) 19.9 

After several years of avermectin and milbemycin research and synthetic 
manipulation of most substitutents, little attention had been previously paid to the 
dioxaspirane system. Figure 8 shows how, starting with avermectin B2a, 
oxidation to the 23-keto derivative, regioselective enolization followed by 
epoxidation with M C P B A gave an epoxide which after opening to an oc-
hydroxyketone was oxidatively cleaved with lead tetraacetate to an intermediate 
which,when transketalized in acidic methanol, gave a pair of epimeric methoxy 
ketal-aldehydes (10). 

This mixture of methoxyketal-aldehydes provided an extremely useful 
intermediate for the synthesis of avermectins with novel 24,25 substitutents. 
Wittig condensation of the mixture with the appropriate phosphonium ylid gave a 
pair of olefins that were spiroketalized to a single avermectin having the same 
thermodynamic dioxaspirane configuration as that found in the natural products 
(77) (Figure 9). 
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OMe 

R 2 5 = - CH (CH 3 ) 2 AND -CH(CH 3 ) (C 2 H 5 ) 

Figure 5. Avermectins used in Agriculture 

1) t-BUTYLDIMETHYLSILYL CHLORIDE 

2) OXALYL CHLORIDE - DMSO 

3) H3CNH3OAC - N a B H 4 

4) p-TsOH - H 2 0 - MeOH 

Figure 6. Synthesis of 4M-Epiaminoavermectins 
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Figure 8. Cleavage of the Avermectin Spiroketal 
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Yields of these semi-synthetic avermectins were generally good, as shown 
in Table III. 

Table HI. Semi-Synthetic Avermectins 

YLH> PRODUCT YIELD 

Ph 3 P=CHCH 2 CH 2 OSi(Me 2 )(t-Bu) R 2 4 = H , R 2 5 = H 4% 

(R or S)-Fh 3P=CHCH(Me)CH 2OSiMe 3 R 2 4 = M e , R 2 5 = H 40% 

(S)-Ph 3P=CHCH 2CHPH(OsiMe 3) R 2 4 = H , R 2 5 =Ph 41% 

(R,S)-Ph 3 P=CHCH 2 CH(OSiMe 3 )C 6 H j { R 2 4 = H , R2^=cyclohexyl 39% 

(R,S) -Ph 3 P^CHCH 2 CH(OSiMe 3 )C 5 H 9 R 2 4 = H , R2^=cyclopentyl 40% 

(R or S)-Ph 3P=CHCH 2CH(OSiMe 3)Me 45% 

Ph3P=CHCH(Et)CH(OSiMe3)(sec-Bu) R 2 4 =Et, R 2 5=sec-Bu 33% 

Ph 3P=CHCH(Me)CH(OSiMe 3)(sec-Bu) R 2 4=Me,R 2^=sec-Bu 49% 

With a method in hand for the synthesis of novel 24,25-substituted 
avermectins, we turned our attention to the replacement of the 6,6-spiroketal with 
a 6,5-system. Starting with the 22,23-hydroxy ketone, oxidation with lead 
tetraacetate, followed by Horner-Emmons olefination of the adehyde gave an 
enone which by conjugate reduction of the olefin, followed by reduction to an 
alcohol, gave an intermediate which could be cyclized to the desired 6,5-
spiroketals by acid catalysis under thermodynamic control (72). Figure 10 shows 
the sequence of reactions. Products were obtained in excellent yields as shown in 
Table IV. 

The biological activities of some of the novel 24,25-substituted 
avermectins and the derivatives containing 6,5-spiroketal systems, as measured by 
their lethality to brine shrimp, are shown in Tables V and VI. 

The mode of action of the avermectins is still incompletely understood. 
Some pharmacological effects are shown in Table VII. It appears to bind 
specifically to, and cause opening of, a number of chloride channels at picomolar 
concentrations (13). 

A high affinity ivermectin binding site has been found in a membrane 
fraction from C. elegans, the membrane-bound receptor has a kD of 0.14 nm bmax 
0.57 p. mol/mg of protein whereas the l-O-n-octyl-fJ-D-glucopyranoside (NOG) 
solubilized receptor has kD 0.18 nm, bmax 0.82 pmol/mg protein. Binding to a 
similar membrane fraction from rat brain membrane fraction is much less efficient, 
kD 22 nm which may help to explain the wide margin of safety in mammals (14). 

In attempt to locate this receptor, an affinity probe, the structure of which 
is shown in Figure 11 was designed and synthesized (15). 
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a) Pb(OAc)4, MeOH, pyr; b) (MeO)2P(0)CH2C(0)R, LiCI, DIEA; c) Ph 3PCHC(0)R; 
d) 9 eq Na 2S 20 4,18 eq NaHC0 3; 1:1 PhH:H20, reflux; e) Pd(PPh3)4, nBu3SnH; 
f) NaBH4; g) RMgBr; h) BH3.SMe2, oxazaborolidine, 0° C; i) 4:1 PPTS:TsOH; j) HF.pyr 

Figure 10. Synthesis of 25-NOR-6, 5-Spiroketal Avermectins 
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Table IV. 25-OR-24-Substituted Avermectins 

R % Yield R % Yield 

H 62 CKfcOme 57 

Nfe 42 CH20Ph 43 

z-pr 68 Ph 38 

t-Bu 76 (p-F)Ph 30 

n-C 6 Hi7 41 ( r M e O ) P h 42 

0C6H17 59 2-Furyl 25 

C H 2 O H 48 OMe 56 

Table V. Activity of Novel 24,25-Substituted Avermectins 

24 25 
Brine Shrimp 
L C 1 0 0 " n g / m l 

H H 13,900 

C H 3 H 6,930 

H C H 3 1,730 

C H 3 C H 3 870 

H sec-Bu 220 

C H 3 sec-Bu 220 

Et sec-Bu 870 

C H , cyclohexyl 1,730 

C H 3 phenyl 870 
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Table VI. Activity of 6,5-Spiroketals 

24-R 
Brine Shrimp 

L C 1 0 0 " n g / m l 

H 55,500 

Methyl 55,500 

t-Butyl 870 

Phenyl 1,730 

p-Fluorophenyl 1,730 

p-Methoxyphenyl 6,930 

2-Furyl 1,730 

Table VII. Pharmacological Effects of Avermectins 

Nematodes paralyzed rapidly without causing hypercontraction or 
flaccid paralysis. 

Blockage of signal transmission from ventral interneurons to 
excitatory motorneurons of Ascaris. 

Reversible increase of chloride ion permeability of G A B A 
sensitive fibers of the extensor tibiae muscle of the locust 
Schistocerca gregaria at nanamolar concentrations. 

Irreversible inhibition of G A B A sensitive and insensitive muscle 
fibers of Schistocerca gregaria at micromolar concentrations. 

Reversible opening of crayfish stomach chloride channels at 
subpicomolar concentrations. 

Irreversible opening of crayfish stomach chloride channels at 
lOpmol or higher. 

Binds specifically to a number of chloride channel proteins but its 
binding site is distinct from that of all other effector molecules. 
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OMe 

R = H O = Avermectin B 1 a 

R 1 = H = A z i d o - A V M 

Ri = 1 2 5 | = 1 2 5 | - A z i d o - A V M 

Figure 11. An Affinity Probe for the Avermectin Binding Protein 

To demonstrate that azido-AVM retained anthelmintic activity, it was 
compared to ivermectin in the C. elegans motility assay (16). The L D ^ ' s were 
azido-AVM lOng/ml and ivermectin 3 ng/ml. 

A z i d o - A V M was then shown to bind to triton-solubilized C. elegans 
membrane proteins with IC^Q 0.3 nM, compared to 0.2 nM for ivermectin. The 
biologically inactive derivative octahydroavermectin which has been used 
routinely to uncover non-specific binding, did not inhibit the specific binding of 
either ivermectin or azido-AVM at concentrations up to 100 nM 

Furthermore, in a competitive binding study, azido-AVM was shown to be 
a competitive inhibitor of ivermectin with K . = 0.2 nM. 

125 
Similar high-affinity binding was shown for I-Azido A V M which 

bound with kD = 0.48 nM and bmax = 0.38 pmol/mg of protein. 
125 

With the assurance that I-azido-AVM bound specifically and with high 
affinity to the ivermectin binding site, labelling studies were undertaken using 
Triton X-100-solubilized C. elegans membrane proteins. 

Figure 12 is an autoradiogram of the result obtained when these solubilized 
125 

proteins were incubated with I-azido-AVM in the presence or absence of 
increasing concentrations of unlabeled ivermectin and then cross-linked with U V 
tight. Three major proteins having molecular weights approximately 8, 47 and 53 
kD were revealed. As the concentration of ivermectin during the incubation was 
increased, the intensity of labelling diminished indicating that the bands were 
related to the high affinity binding site. 

Figure 13 shows a coomassie-stained gel of a similar solubilized-
membrane preparation on a 5-20% SDS-polyacrylamide gradient gel. The arrows 
show where the affinity labelled bands line up with the coomassie-stained bands. 

D
ow

nl
oa

de
d 

by
 M

O
N

A
SH

 U
N

IV
 o

n 
O

ct
ob

er
 2

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
2,

 1
99

3 
| d

oi
: 1

0.
10

21
/b

k-
19

93
-0

52
4.

ch
01

2

In Pest Control with Enhanced Environmental Safety; Duke, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1993. 



FISHER Recent Progress in Avermectin Research 

Figure 12. Photoaffinity Labelling of the C. Elegans Avermectin Receptor 

Figure 13. Coomassie Stained Gel of C. Elegans Membrane Proteins 
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In a similar experiment using Drosophila head membranes, a single protein 
with a molecular weight of approximately 47 kD was labelled (77). 

Although the mode of action of the avermectins is still not completely 
understood, isolation and sequencing of the 53,47 and 8 kD binding proteins from 
C. elegans and the 47 kD protein from Drosophila melanogaster, which may turn 
out to be degradation products of a single protein, takes us one step closer to an 
understanding. 
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Chapter 13 

Imidacloprid 

A New Nitroguanidine Insecticide 

J. W. Mullins 
Agriculture Division, Miles Inc., P.O. Box 4913, Kansas City, MO 64120 

Imidacloprid (code name: BAY NTN 33893; Chemical Abstract 
Name: 1-[(6-Chloro-3-pyridinyl)methyl]-N-nitro-2-imidazolidini-
mine) is a highly effective insecticide being developed in the U.S. 
by Miles Inc. and by Bayer AG worldwide. Imidacloprid is a 
systemic and contact insecticide exhibiting low mammalian 
toxicity, with primary activity on sucking insects such as aphids, 
leafhoppers and planthoppers, thrips and whiteflies, including 
strains resistant to conventional chemistries. It is also effective 
against some Coleoptera, Diptera and Lepidoptera. Imidacloprid 
has a novel mode of action, and no cross resistance from any 
resistant species has been detected via oral ingestion of imidaclo
prid in worldwide field and laboratory testing. With excellent 
systemic and good residual characteristics, imidacloprid is 
especially appropriate for seed treatment and soil application. 
Effective early season control with long-lasting protection is 
achieved in crops such as cereals, corn, cotton, potatoes, rice, 
sorghum and many vegetables. Pests attacking later in the 
season can be controlled by foliar applications in the above
-mentioned crops, as well as in citrus, deciduous fruits, grapes and 
other crops. General characteristics of imidacloprid, including 
biological activity, environmental safety and potential for 
Insecticide Resistance Management and IPM, are presented and 
discussed. 

The continuing search for new crop protection products to aid in insect pest 
management led to the discovery of the insecticidal properties of the heterocy
clic nitromethylenes by Soloway et. al. (1). Nihon Bayer of Japan synthesized 
highly active compounds from this chemical group, leading to the development 
of imidacloprid (proposed common name; code number B A Y N T N 33893). 
Imidacloprid is being cooperatively developed worldwide by Nihon Bayer 
Agrochem of Japan, Bayer A G of Germany, Miles Inc. Agriculture Division of 
the United States and Chemagro Limited of Canada. 

0097-6156/93/0524-0183$06.00/0 
© 1993 American Chemical Society 
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184 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

Imidacloprid (designated as a "nitroguanidine") and the closely related 
nitromethylenes appear to share many similar characteristics including novel 
mode of action, broad spectrum of activity, low toxicity to vertebrates and 
favorable environmental fate characteristics, making them desirable candidates 
as a new generation of insect control agents. The nitromethylenes reported by 
Soloway et. al. (1) have not been developed for general agricultural use due to 
their extremely rapid degradation under both hydrolytic and photochemical 
conditions. Relative to the nitromethylenes reported by Soloway, et. al. (1), 
Imidacloprid is unique in that it exhibits a level of photostability that is 
appropriate for a variety of uses including outdoor agricultural use. 

Because of its significant properties, imidacloprid will contribute significantly 
to efforts to manage insect pests with less environmental impact and increased 
applicator and consumer safety compared to standard technology. These 
properties are: 

1. Broad spectrum activity /broad crop applicability 
2. Favorable characteristics for applicator/consumer/environment 
3. A new mode of action for insecticide resistance management 
4. A new tool for integrated pest management. 

These properties will be discussed in the following sections. 

Broad Spectrum of Activity/Broad Crop Applicability 

Imidacloprid is a highly effective insecticide exhibiting both systemic and 
contact activity. The spectrum of activity primarily includes sucking insects 
(aphids, whiteflies, leaf and planthoppers, thrips, plant bugs, and scales), and 
also many Coleopteran species (Colorado potato beetle, white grubs, leaf 
beetles, etc.) and selected species of Diptera and Lepidoptera. Activity has 
also been demonstrated for ants (Hymenoptera), termites (Isoptera) and 
cockroaches, grasshoppers and crickets (Orthoptera). No activity has been 
demonstrated against nematodes or spider mites. 

Due to its excellent systemic characteristics, the product is especially appro
priate for seed treatment and soil application. Effective early season control 
with long-lasting protection is achieved in crops such as cereals, corn, rice, 
potatoes, sugarbeet, and cotton. Pests attacking later in the season can be 
controlled by foliar applications in these crops, as well as in citrus, deciduous 
fruits, vegetables, and other crops. 

Because imidacloprid is active on many insects that are plant virus vectors, 
it is effective as a seed or soil treatment in preventing or reducing the spread 

Imidacloprid 
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13. MULUNS Imidacloprid: A New Nitroguanidine Insecticide 185 

of many plant viruses such as barley yellow dwarf or curly top of sugarbeets (2). 
Due to its novel mode of action, imidacloprid is also effective on many insects 
currently resistant to carbamates, organophosphates or pyrethroids. Excellent 
crop tolerance and broad spectrum activity allow for the potential use of 
imidacloprid on a wide range of economically important major and minor 
crops. 

Field use characteristics from a worldwide perspective is discussed by Elbert, 
et. al. (2). Miles Inc. has conducted field trials in the U.S. to establish dosage 
rates to further identify the effective pest spectrum and to compare methods 
and types of application. This testing has provided the information shown in 
Tables I-IV. These tables represent testing in more advanced stages of 
development in the U.S. and are not comprehensive lists of test crops. 
Formulations currently under investigation in the U.S. are listed in Table V . 
Readers are referred to Dewar et al. (3), Pike et al. (4), Schmeer et al. (5), 
Almand and Mullins (6), and Oetting (7) for discussions on the potential field 
and greenhouse uses of imidacloprid. 

Table I. Activity of Imidacloprid as a Seed Treatment fFood Uses) 
Dosage Active Ingredient 

Crop Eest Metric 

Seed Treatment 
Cereals Aphids (including: 

Russian wheat aphid 
English grain aphid 
Bird oatcherry aphid 
Greenbug) 

Hessian Fly 

g/100 kg seed 

70 to 125 

Rice Rice water weevil 63 to 187 

Cotton Thrips 
Aphids 
Leafhoppers 
Fleahoppers 
Plant bugs 
Lygus 
Whiteflies 

63 to 250 

* Peanut 

* Sorghum 

* Canola 

Thrips 

Aphids 
Chinch bug 

Flea beetle 
* Require further testing to confirm dosage ranges 

16 to 63 

250 to 1000 

500 to 1600 
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Table II. Activity of Imidacloprid as a Soil Application (Food Uses) 

Crop Pest 
Dosage Active Ingredient 

Metric 

Soil Application In-furrow 
Cotton 

Potato 

Thrips (Pre-squaring) 
Aphids 

Colorado potato beetle 
Potato leafhopper 
Green peach aphid 

Peanut Thrips 

Sorghum Aphids (Greenbug, 
Com leaf aphid) 

Chinch bug 

Soil Application as In-Furrow or Side-Dress 
•Vegetables Colorado potato beetle 
(Tomato, Green peach aphid 
Pepper, Flea beetle 
Eggplant, Potato leafhopper 
Bean, Potato aphid 
Onion, Bean leaf beede 
Lettuce, Whitefly 
Broccoli, (bandedwinged & sweetpotato) 
Cabbage, 
Cauliflower, 
Cucurbits) 

g/meter row 

0.01 to 0.03 

0.01 to 0.03 

0.0075 to 0.015 

0.0075 to 0.03 

0.01 to 0.045 

Soil Application as Transplant Drench 
•Vegetables Colorado potato beetle 
ai/plant 
(Tomato, Green peach aphid 
Pepper, Flea beetle 
Eggplant, Potato leafhopper 
Bean, Potato aphid 
Onion, Bean leaf beede 
Lettuce, Whitefly 
Broccoli, (bandedwinged & sweetpotato) 
Cabbage, 
Cauliflower, 
Cucurbits) 

Tobacco Aphid OJ01 gm ai/plant 
Flea beetle 

Mechanical pr Irrigation Incorporation 
•Pecan Black pecan aphid 0.1 to 0.2 gm ai/cm 

Black margined aphid 
* Require further testing to confirm dosage ranges. 
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13. MULLINS Imidacloprid: A New Nitroguanidine Insecticide 187 

Table III. Activity of Imidacloprid as a Foliar Treatment (Food Uses) 

Crop Pest 
Dosage Active Ingredient 

Metric 

Foliar Application 
•Cotton 

Potato 

Tobacco 

*Sorghum 

Grape 

•Vegetables 
(Tomato, 
Pepper, 
Eggplant, 
Bean, 
Onion, 
Lettuce, 
Broccoli, 
Cabbage, 
Cauliflower, 
Cucumber, Squash) 

Apple 

Aphids 
Whitefly 
(bandedwinged & sweetpotato) 

Colorado potato beetle 
Potato leafhopper 

Tobacco aphids 

Chinch bug 
Greenbug 

Grape leafhopper 

Colorado potato beede 
Green peach aphid 
Flea beetle 
Potato leafhopper 
Potato aphid 
Bean leaf beetle 
Whitefly 
(bandedwinged & sweetpotato) 

•Pecan 
0.003% 

*Pear 

•Citrus 

Rosy apple aphid 
Green apple aphid 
Spirea aphid 
Wooly apple aphid (preventative) 
Spotted tentiform leaf miner 
White apple leafhopper 

Aphids 

Pear psylla 

Thrips 
Scales 
Root weevils 
Aphids 

g/hectare 

25 to 150 

25 to 50 

50 

50 to 100 

12.5 to 25 

25 to 125 

Concentration 
0.003% 

0.0015% to 

0003% to 001% 

0003% to 001% 

* Require further testing to confirm dosage rates. 
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Table IV. Activity of Imidacloprid for Non-Food Uses 

Crop Pest 
Dosage Active Ingredient 

Metric 

Soil Application 
Turf 

Ornamentals 

White grubs (broadcast) 

Aphids (soil injected) 
Thrips 
Leafminers 
Scales 

g/hectare 

280 to 560 

Rates vary according 
to pest/plant species. 

Foliar Application 
Ornamentals Aphids 

Leafhoppers 
Thrips 
Scales 
Psyllids 

Rates vary according 
to pest/plant species. 

Table V- Imidacloprid Formulations Tested in the U.S. 
Formulation Target Use 
0.62% a.i. GR (Granular) 
2.5% a.i. GR (Granular) 
240 g a.i./liter FS (Flowable) 
75% a.i .WS/WP (Wettable Powder) 
5% a , i ,RTU (R^dy tp Use Liquid) 

Turf and Ornamentals 
Agriculture & Ornamentals 
Seed Treatment & Liquid Sprays 
Seed Treatment & Liquid Sprays 
Trunk or Vine Sprav 

Favorable Properties for Applicator/Consumer/Environment 

Safety to the User and Consumer. Toxicological studies indicate that 
technical imidacloprid shows low to moderate toxicity to mammals, and all 
U.S. formulated products currently being registered are proposed as Category 
III or "Caution" category products (Table VI). One exception is the 2.5 GR 
formulation which may be rated a category II or "Warning" category. This is 
based on the slight eye irritation effect of the base clay carrier and not a 
characteristic of the active ingredient. In acute tests technical imidacloprid 
shows no eye or dermal irritation, no dermal sensitization and no mutagenic 
effects. 

Chronic toxicity studies have demonstrated that imidacloprid is not carcino
genic, not teratogenic and demonstrates no primary reproductive toxicity. The 
highly systemic nature of imidacloprid and the favorable toxicological profile 
are particularly significant because imidacloprid should become a significantly 
safer alternative to many of the soil applied products currently in use in many 
crops. 
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190 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

Use rates of imidacloprid will vary depending on the crop, pest, and type 
of application; however, most applications will dictate rates that are several 
times lower than the competitive standards. (See Tables I-IV.) Crop residue 
studies indicate that both soil and foliar applications result in very low crop 
residues, generally < 1 ppm. Due to the low toxicity of imidacloprid to 
mammals the proposed reference dose (RfD) is relatively high. Because most 
treatments with imidacloprid result in low crop residues and the proposed 
RfD is relatively high, imidacloprid would appear to have the potential to be 
used on all food crops, including minor crop uses, without exceeding the RfD. 

This has been documented by conducting a Chronic Dietary Exposure 
Analysis (8) which estimates the mean chronic exposure to constituents in 
foods comprising the diets of the average U.S. population and 22 population 
subgroups. EPA is using this analysis system and designates it as the Dietary 
Residue Evaluation System or "DRES". This computer model analysis was 
conducted assuming that all foods consumed contain a tolerance level of 
imidacloprid residue. A tolerance level for each food crop was estimated 
from maximum residue levels established in worldwide field residue testing. 
For crops not tested the tolerance was assumed conservatively to be 1 ppm. 
Because residue levels seldom reach tolerance levels and normally not every 
acre of each food crop is treated, actual exposure is generally much less than 
the calculated value in the model. 

The results of the analysis for the U.S. population and some subgroups is 
presented in Table VII. 

Table VII. Imidacloprid Tolerance Assessment Analysis 
Population Subgroups Percent of API 
Nursing infants 20 
Non-nursing infants 44 
Children (1-6 years) 29 
Children (7-12 years) 19 
U.S. Population 13 

(All Seasons) 

Given the above parameters, use of imidacloprid on all crops would result 
in no more than 13% of the total RfD utilized for the general U.S. popula
tion. The group commonly considered to be at most risk due to pesticide 
residues, non-nursing infants, would receive no more than 44% of the total 
RfD. Given the conservative nature of this analysis and the large margin of 
safety (100X) associated with the RfD, results indicate that there will be a 
large measure of safety to the consumer relative to potential residue amounts 
of imidacloprid on food. Many insecticides are restricted from use on a large 
number of crops because the total residue consumed would exceed the RfD. 
Imidacloprid should not be restricted in this sense and could be available for 
use on any crop, including minor crops, where it is needed. 

In assessing the relative safety of imidacloprid to mixer/loader/applicator, 
estimates of exposure of imidacloprid were derived from surrogate data from 
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13. MULLINS Imidacloprid: A New Nitroguanidine Insecticide 191 

previous exposure studies conducted by Miles on other active ingredients, 
from publications in the literature, and from previous evaluations prepared by 
EPA's Occupational and Residential Exposure Branch. The use of surrogate 
exposure data for estimation purposes is based on the premise that mix
er/loader and applicator exposures are dependent on the physical parameters 
(i.e., type of application equipment, application rates, etc.) involved in the 
application process rather than on the chemical nature of the pesticides 
themselves. Margins of Safety (MOS) for each type of application relative to 
inhalation exposure and dermal exposure can be derived by comparing the 
expected exposure level with the appropriate inhalation or dermal No Effect 
Levels (NOEL) established in the rat subacute inhalation and rabbit subacute 
dermal toxicology studies. The low mammalian toxicity of imidacloprid 
coupled with very low application rates (and corresponding low exposures), 
result in estimated inhalation MOS that range from 375 to 120,000 and 
dermal MOS from 7,102 to 333,333 depending on the type of activity (Table 
VIII). These large margins of safety clearly suggest that imidacloprid can be 
used safely, without significant risk to people who mix, load or apply it. 

Safety to the Environment 

Environmental Fate. The dissipation of imidacloprid in the soil environment 
was investigated in a series of extensive field trials. Field soils, including 
coarse-textured soils with a high sand content, were treated with the highest 
proposed labelled rate and residues in soil were measured incrementally over 
time and at several soil depths. The soil half-life of imidacloprid in each 
study was < 150 days, but most significantly, no imidacloprid residue was 
found below the 30.5 cm soil level regardless of soil type. These results 
indicate that imidacloprid should not leach to groundwater under field 
conditions, even when used on soils with a high sand content. Efficacy studies 
with soil applications have demonstrated that, unlike other more soil mobile 
insecticides, imidacloprid performs best when the product is placed precisely 
where root uptake can occur. These studies indicate further that imidacloprid 
does not readily move in the soil (i.e.,should not leach). 

Crop residue studies have demonstrated low residue from foliar applica
tions. Although these low residue levels are due partly to the low rates 
applied, residue fate studies conducted on potatoes also indicate a short foliar 
half-life of approximately one day. In laboratory studies, imidacloprid in 
water was found to be rapidly degraded by sunlight. This rapid breakdown 
was confirmed in outdoor aquatic dissipation studies in which the water 
column half-life was shown to be approximately 1.4 days. 

Ecological Effects. Laboratory testing on the standard array of aquatic species 
indicate unusually low toxicity for an insecticide. Fish L C 5 0 values (the 
concentration required to produce 50% mortality in fish) range from > 105 to 
211 ppm. In addition, the L C 5 0 for the normally sensitive cladoceran Daphnia 
magna is 85 ppm. Shrimp are considerably more sensitive ( L C 5 0 = 0.034 
ppm) and results from studies conducted with other freshwater invertebrates 

D
ow

nl
oa

de
d 

by
 M

O
N

A
SH

 U
N

IV
 o

n 
O

ct
ob

er
 2

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
2,

 1
99

3 
| d

oi
: 1

0.
10

21
/b

k-
19

93
-0

52
4.

ch
01

3

In Pest Control with Enhanced Environmental Safety; Duke, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1993. 



192 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

Table VHL Imidacloprid Mixer/Loader and Applicator Exposure 
Estimates and Predicted Margins of Safety for Various Use Patterns 

Worker 
Exposure 
Activity 

Inhalation 
Exposure 

(ng/kg/day) 

Inhalation 
Margin of 

Safety1 

Dermal 
Exposure 

(ng/kg/day) 

Dermal 
Margin of 

Safety2 

LCO (trigger sprayer) 0.14 17,143 105.7 9,461 

MLA (in-furrow planter) 0.60 4,000 3.0 333,333 

ML (ground-rig boom) 0.33 72,727 5.94 168,350 

A (ground-rig boom) 0.33 72,727 6.49 154,083 

MLA (ground-rig boom) 0.05 48,000 9.35 106,951 

ML (airblast sprayer) 0.21 11.707 31.8 31,447 

A (airblast sprayer) 0.34 7,059 93.7 10,672 

MLA (airblast sprayer) 0.27 8,889 62.8 15,924 

ML (seed treatment) 2.56 938 140.8 7,102 

Coater (seed treatment) 1.60 1,500 44.8 22,321 

Bagger (seed treatment) 6.40 375 35.2 28,409 

Planter (seed treatment) 0.02 120,000 10.5 95,238 

1 Based on a rat subacute (6 h/day, 5 days/week for 4 weeks) inhalation NOEL of 2.4 
mg/kg/day. 
2 Based on a rabbit subacute (6 h/day, 5 days/week for 3 weeks) dermal NOEL of 1000 
mg/kg/day. 
LCO = Lawn Care Operator, M = Mixer, L = Loader, A = Applicator 
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13. MULLINS Imidacloprid: A New Nitroguanidine Insecticide 193 

such as amphipods and chironomids indicate L C 5 0 ' s in the same range as 
shrimp. These results led to the conduct of an outdoor microcosm study 
(10,000-L tanks colonized with aquatic organisms and exposed to varying 
concentrations of imidacloprid) to evaluate potential effects on invertebrate 
communities. In this study, temporary reductions in specific aquatic inverte
brates were observed at relevant environmental concentrations; however, due 
to the short half-life in the water column, recovery of the populations was 
rapid. 

The toxicity of imidacloprid to avian species was evaluated in both short 
and long-term laboratory tests. Minimal effects were observed in bobwhite 
quail and mallard duck exposed to the compound mixed in the feed. The 
quail and duck L C 5 0 values were 1420 and 5000 ppm, respectively. Long-term 
reproduction studies (> 20 weeks continuous exposure) were also conducted 
for quail and duck. Reproductive effects were not observed for quail and the 
No-Observed-Effect-Concentration (NOEC), based on a decrease in adult 
body weight, was approximately 125 ppm. Based on adverse effects on duck 
reproduction at 234 ppm, the reproductive NOEC for ducks was also 
determined to be 125 ppm. Worst case estimates of field exposure via feed 
were found to be less than 1/10 of the lowest L C 5 0 value and less than the 
NOEC value for chronic and reproductive effects. These values indicate there 
is minimal hazard to birds from dietary consumption of imidacloprid when 
used at rates and methods of applications currently being tested (See Tables 
I-IV). 

The other major use pattern for imidacloprid will be seed coatings and soil 
application of granules. Acute oral toxicity tests conducted with bobwhite 
quail and house sparrows provided L D 5 0 values of 152 and 41 mg/kg, 
respectively. For the more sensitive songbird species, this is equivalent to the 
consumption of 419 individual granules. Under field conditions it is highly 
unlikely that an individual songbird could consume this quantity of granules. 
However, to confirm the safety of this use pattern, field studies are currently 
being conducted to evaluate whether field mortality will result during the use 
of this product. 

In summary, extensive laboratory toxicity testing on aquatic and terrestrial 
species is performed prior to the registration of a new pesticide active 
ingredient. Based on the results of such testing and on estimates of the 
concentrations which non-target organisms may be exposed, field tests 
investigating both fate and effects may also be required. Both laboratory and 
field tests conducted on aquatic and terrestrial non-target organisms have 
been performed with imidacloprid and the overall risk assessment indicates 
that the use of this compound in turf and agricultural crops will result in 
minimal risk to wildlife. 

A New Tool for Resistance Management 

Potential for Cross Resistance to Other Insecticides. In numerous worldwide 
laboratory and field tests no signs of cross-resistance between ingested 
imidacloprid and conventional insecticides have been detected in any insect 
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194 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

species. This has been demonstrated in the field tests with various leafhopper 
species in Japan, aphid species in Europe, and Colorado potato beetles, 
greenbugs and other aphid species in the U.S. Control of insects resistant to 
conventional chemistries is probably due to the unique mode of action of 
imidacloprid. Like acetylcholine, the nitrometylene analogue, imidacloprid, 
acts in an agonistic fashion by binding to the nicotinergic acetylcholine 
receptor in the post-synaptic region of the insect nerve (9,10). This binding 
leads to opening of a sodium ion channel. In contrast to acetylcholine, 
imidacloprid is only slowly degraded in the insect, causing substantial disorder 
within the nervous system. In most cases this nerve disorder leads to the 
consequent lethal action. Nicotine, derived from plants, and nereistoxin, 
originating from a marine worm, have a similar mode of action on insects. 

Preliminary studies by Nihon Bayer Agrochem and Bayer A G indicate that 
organophosphate and carbamate resistant species of leaf and planthoppers 
were well controlled by the systemic application of imidacloprid and ingestion 
of the active ingredient (2). However, one organophosphate/carbamate 
resistant species was less susceptible to topical applications of imidacloprid 
than were the organophosphate/carbamate sensitive strains of the same 
species. Several general conclusions can be drawn from these preliminary 
results. First, an assay method must be developed for each insect species of 
concern that represents the actual route of exposure (i.e.,best simulates field 
exposure) to measure the true relative measure of susceptibility among species 
or strains. Studies with Myzus persicae (green peach aphid) indicate that 
imidacloprid is at least 20X more toxic when administered orally vs. the same 
amounts administered topically (oral L D 5 0 and L D 9 5 = 0.5 and 2.0 mg/g, 
respectively; topical L D 5 0 and L D 9 5 = 9 and 250, respectively). This basic 
relationship would appear to extend to most, if not all, insect species. 
Although conjecture at this time, most of the activity of imidacloprid applied 
foliarly appears to be due to ingestion of residues primarily, rather than 
contact exposure. Further research is needed to confirm this premise. 
Consequently, dosage-mortality assays should be developed to measure toxicity 
by ingestion and contact activity, rather than contact activity only. Secondly, 
indications of cross resistance as the result of contact assays only and not 
feeding assays suggest that reduced penetration may be a possible resistance 
mechanism. Testing is required to confirm this. Finally, these studies and 
other studies, including laboratory work with M. persicae and field perfor
mance studies on a variety of resistant species worldwide indicate no cross 
resistance has yet been expressed if the insects ingest imidacloprid. 

Potential for Resistance Development to Imidacloprid. Beginning in June of 
1990, Bayer A G of Germany conducted selection studies on Af. persicae to 
determine the potential risk of resistance developing to imidacloprid. The 
study was initiated using a multi-resistant (OP, carbamate, pyrethroid), 
greenhouse strain. Beginning in 1990, aphids were exposed to a foliar 
imidacloprid treatment for 5 days and surviving aphids were placed on 
untreated cabbage for 9 days. This pattern has been repeated so that the test 
strain has been exposed to 39 treatments of imidacloprid. Dosage mortality 
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responses were measured periodically throughout the test period. A separate 
susceptible strain (no imidacloprid treatment) has been maintained for the 
same time period. Results are summarized in Table I X . 

Table IX. Imidacloprid Pressuring Studies on Myzus persicae after 
Approximately Ninety Generations 

Rate Applied % Mortality (6 DAT) 

0.02 100 100 
0.004 95 100 
0.0008 98 99 
0.00016 20 25 
0.000032 5 0 

Although results of this study and a similar study on planthoppers in Japan 
do not indicate resistance development to imidacloprid when the insects are 
allowed to feed on imidacloprid, it remains clear that in principle resistance 
development against any new insecticide is possible (11). This may especially 
be true i f the target species (aphids, leafhoppers, planthoppers, whiteflies, 
Colorado potato beetle, etc.) have previously shown a high capability to 
develop resistance to other chemicals or if use conditions favor repeated 
applications with only one pesticide. Although further research is needed, 
early investigations on these aphid and hopper species indicate that insects do 
not appear to have a high propensity for the development of resistance to 
imidacloprid, and that imidacloprid will be useful in controlling insects 
currently resistant to other conventional chemistries. However, to maintain 
its utility as a resistance management tool, strategies such as insecticide 
rotations or mixtures should be considered as this novel compound is 
introduced to the marketplace. 

New Tool for IPM 

Imidacloprid is effective on a broad range of insects including activity on 
several beneficial species. But there are several properties of this new 
chemistry that are favorable for Integrated Pest Management (IPM) efforts. 
Due to its highly systemic nature and good residual activity, many pests can 
be controlled with a single soil or seed treatment or trunk spray application. 
These types of applications would replace single or multiple foliar applications 
targeted for the same pests. Beneficials that would be killed by foliar 
applications of imidacloprid or other insecticides would not be exposed to 
surface residues, and higher levels of beneficials could be maintained while 
controlling the target pest(s) species. Field experience, however, has 
demonstrated that in most situations, beneficial insect numbers occur in direct 
proportion to pest species. When imidacloprid is effective in controlling the 
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pest species that are the primary food source for the beneficials, the number 
of beneficials could be reduced indirectiy due to the lack of a food source. 

Although effective on many insect species, imidacloprid is not active on 
mites. This includes predatory mites which feed on pest mites and some 
insect pests as well. Neither foliar nor soil applications of imidacloprid affect 
these beneficial mites. However, occasionally an increase in pest mite 
numbers will occur after foliar applications of imidacloprid. It is conjectured 
that this has occurred where the foliar application(s) of imidacloprid has 
reduced the number of insect predators (leaf-dwelling Coccinellids or thrips) 
which were the primary biological control factor in maintaining the pest mite 
population. The effect of foliar applications on many of the parasitic insect 
species is not fully known; however, field testing results indicate little or no 
effect on the parasitic beneficials attacking Lepidopteran pests that are not 
controlled by imidacloprid treatments. Imidacloprid delivered systemically by 
seed, soil, or trunk paint treatments should have no direct affect on predatory 
or parasitic species. Bayer A G has demonstrated in laboratory studies that 
at least one Coccinellid predator species was not affected by feeding on 
aphids that were exposed to imidacloprid treatments (Leicht, personal 
communication). Because the amount of imidacloprid necessary to control 
most pest species by ingestion is so small, a similar safety factor to predator 
species would be expected for parasitic species present in the host exposed to 
foliar or systemic applications of imidacloprid. This premise is confirmed by 
results of field trials in Spanish citrus groves where larval and pupae stages 
of parasitic Hymenoptera were not harmed by foliar applications of imidaclo
prid. A U.S. field trial in which apples were treated with imidacloprid 
resulted in an equal or higher level of parasitism of codling moth larvae 
(which were not controlled by imidacloprid) compared to the untreated 
control. 

In many field trials excellent plant protection has occurred without a 
dramatic reduction in insect pest numbers. Laboratory and greenhouse 
studies conducted to determine how plant protection occurs without a 
significant reduction in pest numbers have demonstrated that imidacloprid 
affects many insects species sublethally. These effects are sometimes dosage 
dependent and include: (1) repellency, (2) reduction or cessation of feeding, 
(3) reduction or cessation of reproductive activities, (4) overall reduction of 
movement or activity, and (5) increased susceptibility to biological control. 

In many field trials yield protection has occurred without high pest 
mortality. In principle, maintaining higher pest numbers (while still protecting 
the plant) should encourage the maintenance of higher beneficial numbers. 
Laboratory studies have demonstrated with some insect species that sublethal 
doses of imidacloprid increases their susceptibility to certain microorganisms 
that are naturally occurring or that could be used commercially in conjunction 
with imidacloprid treatments. The potential of utilizing the sublethal effects 
of imidacloprid in conjunction with other control technologies integrated in 
pest management systems is just beginning to be explored. 

The use of imidacloprid will provide the grower with an additional tool for 
IPM. With a novel mode of action, imidacloprid represents another class of 
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chemistry to include in resistance management. Its versatile application 
properties will allow the pest management specialist to choose between 
seed/soil/trunk applications that provide long-lasting control with no surface 
residues for chronic insect problems, or foliar applications that exhibit shorter 
residual effectiveness applied on an "as needed" basis only. Although the 
potential for utilizing the sublethal effects of imidacloprid in conjunction with 
other control technologies has been indicated, further testing will be needed 
to understand the full potential. 

Summary 

The introduction of imidacloprid will represent a major advancement in the 
ability to manage insect pests in the near future. Due to its unique properties, 
this new insecticide will enjoy many advantages over current technology in 
insect control. Its novel mode of action makes it effective on many insect 
species currently resistant to conventional chemistries. By incorporation into 
resistance management programs it should become an important new tool to 
aid in the preservation of susceptibility to insecticides of other classes. Its 
spectrum of activity and high plant safety characteristics will make it broadly 
effective for many crops, including minor crops. Its systemic nature and 
versatile use patterns will allow for new options for Integrated Pest Manage
ment. Perhaps most significant is the extremely favorable characteristics 
relative to the safety of the applicator, consumer, and environment. Although 
significant advances have been made recently in the development of 
biologicals and genetic engineering of plants and microbes for insect control, 
major advances in the development of the more conventional chemistries has 
been difficult. History indicates that major developments in conventional 
insecticides, from the carbamates and organophosphates to the pyrethroids, 
occur only once every two decades. At each step in the development of these 
chemistries, efforts were directed to provide chemical classes with improved 
performance, and better human and environmental safety characteristics. As 
a representative of a new class of insecticides, imidacloprid may provide the 
next major step forward in this endeavor. 
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Chapter 14 

Application of Semiochemicals in Integrated 
Pest Management Programs 

Louis B. Bjostad, Bruce E. Hibbard, and Whitney S. Cranshaw 

Department of Entomology, Colorado State University, 
Fort Collins, CO 80523 

Chemical communication is important in the life cycles of many insect 
species, principally for the location of mates and food. Structural 
identification and synthesis has been carried out for many 
semiochemicals, and a number of techniques have been developed to 
use these compounds as components of integrated pest management 
(IPM) programs. Semiochemicals have two main uses in IPM 
programs: monitoring insect pest populations and preventing 
agricultural damage by interfering with insect behavior. Pheromones 
are perhaps the most widely exploited semiochemicals at present, but 
recent efforts have extended increasingly to the identification and use of 
compounds involved in interspecific exchange of information as well. 

The use of semiochemicals to manipulate insect behavior has proved to be one of the 
most useful components of integrated pest management (IPM) programs. 
Semiochemicals are compounds that are emitted or displayed by one organism and that 
affect the behavior of another organism [/]. Perhaps the most important 
semiochemicals used by insects are those involved in locating mates and food, and at 
present these are the kinds of semiochemicals most widely exploited for insect control. 
Semiochemicals with many other kinds of ecological roles have also been characterized 
in insects, such as compounds that function as warnings, or compounds that mediate 
the collective activity of many partners in completing large tasks. A number of major 
reviews of the use of semiochemicals in IPM programs have appeared [7-9], as well 
as a critical review of semiochemical utility in general [10], A n extensive list of 
companies that offer semiochemical lures, traps designed for semiochemical 
monitoring, and commercial systems for behavioral pest control has been compiled by 
Inscoe [11]. 

Practical applications of semiochemicals in agriculture fall into two main 
categories, population monitoring and behavioral pest control. The main use at present 
is in monitoring insect pests with traps baited with semiochemicals, as a part of 
making decisions about pesticide application or other control techniques. A second 
use of semiochemicals is the direct prevention of insect damage by a variety of 
techniques, including the placement of a large number of semiochemical sources that 
disrupt the behavior of the insects, mass trapping, attracticides (insecticide lures), and 
enhancement of parasitoid activity. 

0097-6156/93/0524-0199$06.00/0 
© 1993 American Chemical Society 
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Although use of semiochemicals in agriculture is centered heavily on pheromones 
at present, the use of other kinds of semiochemicals in agroecosystems has begun to 
emerge. Combinations of food-baited and pheromone-baited traps have been 
evaluated [72,73]. The use of kairomones to control Varroa mite, a pest of 
honeybees, has been proposed [14]. Two important groups of semiochemicals that 
are finding increased use in IPM are anti-feedant compounds [75-77] and repellents 
U8]. 

Formal consideration of semiochemical components of IPM programs is apparent 
in agricultural systems around the world [19-24]. Semiochemical uses in forest IPM 
have included studies with bark beeties [25,26], ambrosia beedes [27], Douglas-fir 
tussock moth [28], pine beauty moth [29], and forest defoliators [30, 31]. IPM 
with semiochemicals in fruit agroecosystems has included efforts in apple orchards 
[32] and programs with nitidulid fruit pests [33, 34]. Corn IPM has included 
semiochemical approaches for management of corn rootworms [35]. IPM for tsetse 
fly [36] currendy includes techniques utilizing semiochemicals. 

Monitoring with Semiochemicals 

Monitoring insect pest populations with semiochemicals has several powerful 
advantages over other techniques. Insect sensitivity to semiochemicals is typically 
very high, and pest populations that have just begun to appear in an area can quickly 
be detected. The specificity of semiochemicals for particular insect species is also very 
high, and baited traps can be prepared that will only attract the species of interest. 
Other monitoring techniques, such as sweep-net sampling or blacklight trapping, 
usually require more labor or expense to collect the insects, and often require extensive 
hand-sorting to separate the pest species of interest from many other insects in the 
sample. 

A principal value of monitoring with semiochemicals is the opportunity to reduce 
the amount of insecticide application but maintain acceptable insect control. Sex 
pheromone monitoring in the Netherlands and in Canada for the summer tortrix moth 
(Adoxophyes orand), an orchard pest, permitted reduction of insecticide application 
from 5-7 sprays per season to 3-4 sprays per season [37, 38], In Israel, sex 
pheromone monitoring for the pink bollworm (Pectinophora gossypielld), a cotton 
pest, has been used in conjunction with a program that has reduced insecticide 
application from 10-15 sprays per season to no more than 2 sprays per season [39]. 

Types of Monitoring. 

Time of First Appearance. Semiochemical trapping can be used qualitatively 
to determine the presence or absence of pest species. For pests that appear every year 
in a given crop, semiochemical trapping can be used to determine the time of annual 
emergence, so that control applications can be timed more accurately. Semiochemical 
traps have been used to monitor seasonal patterns of appearance for insect pests from a 
number of insect orders, some recent examples including the boll weevil [40], corn 
earworm [41], Heliothis phloxiphaga [41], sweet potato weevil [42,43], almond 
seed wasp [44], raisin moth [45], Planococcus citri [46], tufted apple bud moth 
[47], rice stem borer [48], European corn borer [49], bollworm [50], and tobacco 
budworm [50], and grape berry modi [57]. 

The codling moth is a major pest in orchards in many parts of the United States, 
and forecasting systems based on sex pheromone trapping have been developed. The 
predictive model developed by Riedl [52] allows the grower to relate pheromone trap 
catch to insect emergence and oviposition. The first capture of male codling moths in a 
pheromone trap is used as a "biofix date", and the accumulation of a specified number 
of day/degrees after the biofix date is used to estimate first egg hatch (in Michigan, this 
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is an average of 243°C after first trap catch). In a similar effort, predictions based on 
pheromone trap catches have been compared with the texcim model for predicting 
Heliothis egg timing in cotton [55]. Semiochemical monitoring cannot always be 
used to predict damage in the same season. Gypsy moth (Lymantria dispar) larvae 
begin feeding early in the season, but the adult males do not emerge until several 
weeks later, and it is therefore not possible to use sex pheromone trapping of adult 
males for timing insecticide sprays directed against the larvae [7]. 

More recently, the integration of pheromone detection with microbial biocontrol 
agents rather than chemical pesticides has been developed. Early virus treatment for 
Douglas-fir tussock moth has been coordinated with pheromone trapping [54], In 
Kenya, pheromone traps have been used for timing Bacillus thuringiensis applications 
for the African armyworm [55]. 

Exotic Pests. Insect species that have not previously been a pest in a particular 
geographic area may nevertheless represent such an important threat that monitoring 
efforts are maintained to detect their presence. The Mediterranean fruit fly is routinely 
monitored year-round in the U.S. with more than 10,000 traps baited with the 
chemical attractant trimedlure, as part of an early warning detection system. This 
monitoring system was an important part of the efforts to eradicate the Mediterranean 
fruit fly infestation that appeared in the Santa Clara Valley, California, in 1980 [56, 
57]. The chemical attractant is a kairomone analog, in that it mimics odors in food 
hosts for the Mediterranean fruit fly. 

The gypsy moth is not a pest in all states, and prior to 1984, gypsy moths had 
never been found in Colorado. In 1984, members of the National Park Service placed 
10 sex pheromone traps for gypsy moths in Rocky Mountain National Park, and a 
single male was captured throughout the season, the first recorded in Colorado. 
Extensive pheromone trapping throughout Colorado by the Colorado State Forest 
Service was initiated, and statewide catches of gypsy moth males were 16 in 1985, 
100 in 1986, 384 in 1987, and 194 in 1988. An IPM program for gypsy moth control 
was conducted in Colorado that included release of sterile gypsy moths, spraying with 
Bacillus thuringiensis, and mass trapping. Pheromone monitoring documented the 
dramatic drop in Colorado gypsy moth populations, and statewide catches of gypsy 
moth males were 10 in 1989, 0 in 1990, and 6 in 1991. The rapid detection of the 
gypsy moth as a new pest in Colorado, and the documentation of its demise in 
response to a three-part IPM effort, is a dramatic illustration of the sensitivity of 
semiochemical monitoring [58], 

Some pest species appear only sporadically as "exotic" pests because they are 
controlled successfully most of the time by efforts that are actually directed toward 
other pest species. Prediction of infestations of red scale, which is limited by natural 
enemies and incidentally by insecticide applications for citrus thrips, has been carried 
out with pheromone trapping [59]. 

Dispersal and Extent of Distribution. For pests that are principally limited 
to one portion of a large geographic region, the change in distribution from year to 
year may be one of the features of greatest interest. The gypsy moth is extensively 
monitored with semochemicals in states in which it is known as a pest. More than 
200,000 traps per year are used throughout the United States for detection and 
delimitation [60], Regional population trends of gypsy moth in an expanding 
population have been identified with pheromone trapping [67]. 

The long-range dispersal of the black cutworm has been followed with release-
recapture studies [62, 63], In addition, pheromone trap data have been used in 
conjunction with National Weather Service atmospheric trajectory data to project the 
long-range migration of black cutworm adults [64], On a smaller scale, pheromone 
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trap data has been used to evaluate the movement of Heliothis virescens in area-wide 
management programs [65,66]. 

Estimate of Density. Semiochemical monitoring is used extensively to 
determine the presence or absence of a pest population, but the size of the trap catch 
can also be used to estimate the density of the pest species and determine an economic 
threshold. Riedl and Croft [67] found that the number of codling moths caught in sex 
pheromone traps could be used to predict the degree of fruit damage that would occur 
later in the season. Similarly, Sanders [68] found that for the spruce budworm, a 
major forest pest in Canada, pheromone trap catches of adult males could be used to 
predict the density of larval populations. In Japan, the number of males caught in sex 
pheromone traps has been used to predict the yield reduction of sweet potatoes by the 
moth Spodoptera litura [69]. 

The use of semiochemical monitoring to determine population density has been 
questioned in some instances. Alford et al. [70] did not find a significant correlation 
between the number of adult male Adoxophyes orana caught in pheromone traps and 
the amount of fruit damage that later occurred. A possible problem proposed by 
Audemard [71] in using pheromone trap catches of codling moths to predict the 
population density in an orchard is that semiochemical traps may attract insects from 
outside the orchard, giving an overestimate of the actual pest density. A solution to 
this problem was reported by Baker and Roelofs [72], who found that the drawing 
range of trap lures for the Oriental fruit moth Grapholitha molesta can easily be 
controlled by changing the amount of semiochemical in the lure, so that traps only 
attract males from within the crop area and not from outside i t 

The relationship between semiochemical monitoring data and insect density has 
been considered (in conjunction with a related concept, the effective attraction radius) 
for a number of bark beetle species [73], In the corn earworm, pheromone catch in 
cornfields has been related to egg numbers [74], and to infestation levels [75]. 
Captures of Heliothis species in pheromone traps have been correlated with 
oviposition in cotton [76]. Forecasting larval infestations of pickleworm has also 
been carried out with sex pheromone trapping [77]. The reproductive capacity of 
Choristoneura murinana populations has been estimated not by using only the 
absolute numbers of males in traps, but by considering the size of the males as well 
[78]. Population densities of stored products insects have also been made with 
semiochemical monitoring [79, 80]. Pheromone trapping of Chilo partellus has 
been related to male population density and also competition with females [81]. 
Release-recapture data from pheromone traps was used to estimate male density in 
Spodoptera litura [82]. Species composition is often of related interest in 
considering population densities, and sex pheromone traps have been used to 
determine the relative abundance of Helicoverpa punctigera and Helicoverpa 
armigera [83], and to determine the relative abundance of Heliothis species [76]. 

Insecticide Resistance Monitoring. An innovative development in the use 
of pheromones is their recent application in detecting the appearance of resistance to 
pesticides in an insect population in the field. In early trials, pheromone lures were 
used to attract male moths, and males were then tested for resistance by topical 
application of pesticide solutions of different concentrations [84]. An alternative 
approach is the use of insecticide-treated vials to test males attracted to pheromone 
traps [85]. In a refinement of this approach, males were trapped in sticky traps baited 
with pheromone, and topical applications of pesticide solutions were made without 
removing the males from the glue in the trap [86,87]. In a further development, 
pheromone-baited traps have been made with different concentrations of a given 
pesticide incorporated into the glue in the bottom of a sticky trap, and the numbers of 
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live and dead males have been determined at defined time intervals after capture [88-
90]. A n important element of this technique is the demonstration that adult male 
susceptibility is highly correlated with larval susceptibility [91,92]. 

Quality Control in Biocontrol Programs. Measurement of semiochemical 
production by insects can be used as an indicator of quality control in the management 
of insect colonies maintained for use in biocontrol efforts. Pheromone emission in 
sterile pink bollworms reared for mass release was shown to be competitive with that 
of wild individuals, as was their mating success [93]. Analysis of sex pheromone 
production for quality control has also been carried out in boll weevil rearing efforts, 
and selective breeding has even been done to increase the rate of sex pheromone 
production [94]. The role of semiochemicals and foraging behavior with respect to 
quality of entomophagous insects for biocontrol has been discussed [95]. 

Technical considerations. 

Lure Design. Pheromone lures for monitoring are commercially available in 
several forms, designed to allow semiochemicals to be released at a controlled rate, 
and often to prevent semiochemical contamination of the user during handling. 
Semiochemicals are usually non-toxic and do not pose a health risk, but contamination 
can be a problem if a user handles lures for several different species because cross-
contamination of traps can cause reduced trap catches. Current aspects of dispenser 
designs [96] and controlled release formulations [97] have been reviewed 

Relative performance of different dispenser types have recently been determined 
for the pea moth [98], the boll weevil [99,100], the gypsy moth [101], Indian 
meal moth and almond moth [102], the Mexican rice borer [103], and the 
Mediterranean fruit fly [104,105]. A detailed consideration of the release 
characteristics of a laminated pheromone dispenser for Helicoverpa zea has been 
conducted [106,107]. Incorporation of pheromone in a starch borate matrix has 
been used to produce effective lures for western corn rootworm adults [108]. Recent 
developments in lure design include a compressed disk that has been developed for the 
controlled release of trimedlure C for monitoring of the Mediterranean fruit fly [109], 
and P V C dispensers impregnated with pheromones for tobacco budworm monitoring 
[110, 111]. 

Effects of pheromone quantity, age, and environmental exposure of lures are 
important considerations in planning monitoring applications. Sampling range in 
relationship to pheromone dosage and lure age has been determined for male sweet 
potato weevils [112]. Evaporation rates from rubber substrates, including a 
consideration of die effect of temperature, have been examined [773,114]. Release 
rates of pheromones from polymeric formulations as a function of temperature and air 
velocity have also been determined [115]. 

Trap Design. Trap design often has a strong effect on success in designing a 
monitoring program. McNeil [8] recently reviewed the behavioral ecology of 
chemical communication in moths with respect to trap design. In some cases the 
absolute efficiences of trap designs have been determined, as for the milk-carton traps 
frequently used to sample gypsy moths [776]. Sticky traps are highly effective in 
trapping small insects, such as codling moths in apple orchards. Double-cone traps 
[117] are more effective than sticky traps for catching larger moths, such as many 
species of noctuids, because if their legs become entangled in a sticky trap, they are 
powerful enough to fly away, leaving the legs behind. Development of trap designs is 
often based solely on cut-and-try methodology, but the value of behavioral 
observations in development of new trap designs has proven valuable [117,118]. 
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The influence of trap design has been evaluated for many herbivorous pest species, 
including codling moth and oblique-banded leafroller [119], velvetbean caterpillar 
[120], fall armyworm [120-122], corn earworm [123-125], European corn borer 
[126], black army cutworm [127], maize stalk borer [128], Heliothis virescens 
[129,130], Mexican rice borer [737], Ephestia kuehniella [132]; hickory 
shuckworm [733], apple leafroller [134], Lepidopteran fruit pests [735], the noctuid 
Mythimna convecta [136], sweet potato weevil [137], bark beetles and other forest 
Coleoptera [138,139], stored products insects [140-148], Mediterranean fruit fly 
[149], Mexican fruit fly [750] and pine sawfly [757]. The influence of trap design 
is equally important in developing semiochemical monitoring systems for medical and 
veterinary pests, including sheep blowflies [752], disease vectors of horses [753], 
vectors of African swine fever [154], mosquito species [755], and ticks [756]. 

Innovative trap designs are now commercially available for many specialized 
monitoring situations. Electronic monitoring systems have been developed in 
conjunction with semiochemical attraction [770]. Photovoltaic-powered suction traps 
have been developed for weakly flying insects [757]. A grain probe trap for stored 
products insects has been designed as a long cylinder that can easily be inserted into 
the grain, with small holes just large enough to allow insects (but not grain) to enter 
the cylinder [158]. 

In some instances, trap designs that were originally developed to rely on physical 
features such as color and shape for insect monitoring have later been adapted to 
include semiochemicals as attractive components of the trap. The thigmotactic 
responses of many stored products pests have been addressed with cardboard traps of 
appropriate design, and it has been shown that semiochemicals can enhance their 
effectiveness [140,159,160]. Semiochemicals have also been shown to augment 
monitoring of apple maggot flies with sticky spheres [767] and yellow panel traps 
[762]. 

Trap Placement. The context of trap use is often critical to successful 
monitoring. In field crops such as alfalfa and cotton, sex pheromone sources for adult 
males of most moth species must be placed near the top of the canopy because the 
males and females of most species mate at canopy level, and sex pheromone sources 
scattered on the ground usually have little effect on male behavior. Riedl et al. [763] 
found that the location of sex pheromone traps in apple trees had a significant effect on 
the numbers of male codling moths caught, and Hirano [764] found a significant 
influence of trap location on sex pheromone attraction of the vegetable pest 
Spodoptera litura. Similar effects in trap placement have been demonstrated for the 
bollworm [765], European corn borer [166], corn earworm [767], pickleworm 
[765], and Spodoptera litura [169]. 

Blend composition. Many semiochemicals consist of a blend of compounds 
rather than a single compound. The sex pheromones of moths usually consist of 
blends whose exact proportions are extremely important for optimum attraction. Some 
semiochemical blends are simpler to identify than others, and blends appropriate for 
monitoring may undergo revision as more evidence becomes available, as reviewed 
exhaustively for pheromones [6J. 

The relative efficacies of different commercial pheromone blends have been 
evaluated for monitoring the blackheaded fireworm, a pest of cranberries [170], and 
for Heliothis virescens [171]. Similar comparisons have been made with baits for 
the South American cucurbit fruit fly [772]. Field tests of effectiveness have been 
conducted with new synthetic pheromone blends for the beetle Prostephanus 
truncatus, a stored products pest of maize [773]. Undefined chemical blends are of 
use for some types of monitoring, and factors affecting blend composition have been 
shown important in these cases as well. The characteristics of hydrolyzed protein baits 
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for flies and other insects are affected by pH [174], A fermentation trap has been 
developed for selective monitoring of the moth Mythimna convecta [775]. 

In some instances, a useful improvement for a pheromone lure is the addition of 
compounds that are inhibitory to non-target species, and thereby improve the 
specificity of the lure. Lures for Grapholitha molesta that contain a compound 
inhibitory to Grapholitha funebrana have been developed because of their greater 
specificity [176], Inadvertent capture of non-target species in semiochemical traps 
has been identified as a significant problem for bark beetles [177] and other forest 
pests [178], noctuids in sweet corn [779], and corn rootworms [180], The 
pheromone of the fall armyworm has been implicated in the incidental attraction of 
bumblebees [181], 

Behavioral Pest Control 

Semiochemicals can be used directly to control insect pest populations by interfering 
with insect behavior and thereby preventing damage the insects would otherwise do. 
Semiochemical lures have been developed for dozens of species of insects for 
population monitoring, but commercial systems that use semiochemicals for direct 
prevention of insect damage have only been developed for a few insect species. 
Although behavioral control of insect pest populations has only been developed for a 
small number of species at present, the systems commercially available for insect 
control have been found as effective and as economical as conventional control with 
insecticides. Initial approaches to semiochemical control involved stand-alone 
applications, in which semiochemicals were evaluated as exclusive agents of pest 
control. More recently, aproaches have been developed that use semiochemicals as 
elements of IPM programs. Applications in which semiochemicals, insecticides, 
biocontrol organisms, and cultural techniques work together are of particular interest, 
because the special advantages of each can be used to minimize the disadvantages of 
the others. 

Behavioral Disruption. The most common commercial technique for 
behavioral control of insects is the placement of many individual sources of 
semiochemical in the host plant to be protected. In a landmark field study led by H. 
H. Shorey at the University of California at Riverside, it was shown that the pink 
bollworm, one of the most serious cotton pests in the United States, could be 
effectively controlled over a large geographic area by placing a large number of 
synthetic sex pheromone dispensers (hollow plastic fibers) on the cotton foliage 
[182]. Males were unable to locate females to mate because the large number of 
synthetic pheromone sources effectively competed with the female moths for the 
attention of the males. Cotton fields treated with sex pheromone alone were protected 
from larval damage as effectively as fields treated with conventional insecticide 
applications alone. Moreover, pheromone control was economically competitive with 
conventional insecticide control. The cost of pheromone control was estimated at $26 
per ha per season, which was equivalent to the expense of two insecticide applications. 
Improvements in control of pink bollworm with mating disruption and with other 
control techniques in integrated pest management have continued [183-185]. 

The effective use of mating disruption with sex pheromones to control many other 
pest species of Lepidoptera has now been established, including the Oriental fruit moth 
[186], codling moth [187], grape root borer [188], gypsy moth [759,190], lesser 
peach tree borer [797], almond moth [792], Spodoptera litura [193], Douglas-fir 
tussock moth [794], light brown apple moth [795], grape berry moth [796], 
Symmetrischema plaesiosema [197], beet armyworm [198,199]. The use of 
pheromone disruption of mating as a component of resistance management efforts has 
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been developed for the light-brown apple moth [200], a complementary approach to 
the use of pheromones in monitoring insecticide resistance in field populations as 
discussed above. Many different types of dispensers are now commercially available 
for use as multiple release sources. An extensive list of companies that market 
dispensers for semiochemical disruption of behavior has been published [11], A 
polyethylene pheromone dispenser has recently been developed for mating disruption 
of codling moth [201]. 

Bark beetles coordinate their mass attacks of host tree species by the use of a 
complex sequence of chemical signals at different stages of the attack, and interference 
with different steps in the sequence have been exploited for forest protection [202], 
Use of synthetic semiochemicals to disrupt beetle communication and hinder 
successful mass attack has been carried out successfully in the mountain pine beede 
[203-206] and the southern pine beetle [207], The semiochemical blends that are 
used typically include both pheromones produced by the beetles and kairomones from 
the tree, but green leaf volatiles alone have been shown to interfere with aggregation in 
some bark beetles [208]. Behavioral disruption with sex pheromones has been 
carried out with other beetle species, such as the sweet potato weevil [209-211]. 

The physiological mechanisms of mating disruption have been discussed by Renou 
[272]. The role of delayed mating as a factor in success with pheromone disruption 
has been demonstrated in the stem borer [273], and the reproductive effects of mating 
delay have also been examined in Pectinophora scutigera [214]. Although the natural 
blend produced by the female is typically used for mating disruption, the need for this 
has been questioned [275]. 

As mating disruption has been adopted more widely in agroecosystems, effects 
extrinsic to control of the target pest species have become of increasing interest. The 
effects of pheromone mating disruption on parasitoids and other natural enemies of the 
target pest species has been considered [216]. Residue analyses of pheromone 
components used in grape pest management have been conducted [277]. 

Containment and Concentration. This technique also relies on use of 
multiple point sources of semiochemicals, but differs from behavioral disruption in 
that insect attack is not prevented, but is instead redirected to a new location. This 
approach has been used both for the protection of living trees and harvested trees in 
lumberyards from attack by the mountain pine beetle [275] and the spruce beetle 
[279, 220]. Trap cropping can be considered an instance of containment and 
concentration with semiochemicals in its simplest form, in that trap crops typically 
produce semiochemicals that are a central part of their effectiveness [227]. 

Mass Trapping. Although mass trapping appears the most straightforward 
means of controlling insects with semiochemicals, it has not been widely used for 
insect control. An important reason for this is that sex pheromones that attract males to 
females are the semiochemicals that have been most fully characterized, but only males 
can be trapped with such pheromones, and early theoretical work indicated that 
significant population reductions might require that 80-95% of the males be trapped 
[222]. Moreover, traps can fill with insects and cease to trap additional insects, 
necessitating tedious replacement or cleaning, and large numbers of traps may be a 
considerable expense. Because of these possible problems, initial efforts for 
semiochemical pest control mainly involved dispersal of multiple semiochemical 
sources to disrupt the chemical communication of the insects without actually trapping 
them. Despite the potential difficulties described above, some studies have shown that 
in practice mass trapping may be a promising approach to insect control. 

By far the largest mass trapping program ever conducted was a project initiated by 
Norway to control the spruce bark beetle Ips typographus. The project involved 1 
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million pheromone traps and cost approximately $23 million. In 1979, 3 billion 
beetles were trapped, and in 1980, 4.5 billion beetles were trapped. Insecticide 
application was not possible because of concerns about environmental risk, and a 
decline in the beetle populations has been observed in conjunction with mass trapping 
alone [223]. This demonstration was not complete, in that sampling was not 
conducted in non-trapped areas for comparison [7]. An overview of the program has 
recently been presented [224,225]. Recent efforts for pest control by mass trapping 
have been considered for other insect species, including the western corn rootworm 
[226], Prays citri [227], spruce bark beedes [228], and cockroaches [229]. 

Insecticide Lures (" Attracticides"). The use of attractants has been 
employed for direct control of insects dating to the time of the Roman Empire. Baits 
used at the time were chemically uncharacterized, such as blood used in flea traps 
worn by women in the 15th through 18th centuries [230] and bran baits that were 
commonly employed for grasshopper control in the 1930's [231]. Because of the 
benefits of decreased active ingredient required for control and increased specificity in 
what insects are controlled, interest in characterized and uncharacterized baits is 
increasing. Lanier [232] reviewed the principles of attraction-annihilation. 

One of the more promising prospects for new uses of uncharacterized baits is from 
the use of powdered roots of buffalo gourd, Cucurbita foetidissima. Diabroticite 
beedes feed strongly on substrates that contain cucurbitacins, bitter triterpenoids found 
in many species of Cucurbitaceae [233,234]. The western and northern corn 
rootworm beetles are among the most important insect pests in North America. Sutter 
et al. [235] demonstrated that a toxic bait containing powdered roots of buffalo gourd, 
1% carbaryl, and a sticky carrier was effective in controlling adults and subsequent 
egg-laying in a 16 square mile area in South Dakota. Lance and Sutter [236,237] 
(and references therein) had previously demonstrated the concept in smaller scale 
trials. The new formulation is on the market under the registered name SLAM [238]. 

One of the traditional methods for controlling grasshoppers and the red imported 
fire ant has been with toxic baits. The use of fly pupae as carriers for toxic baits for 
the red imported fire ant [239] helped to solve one of the problems with these baits by 
making them more specific to the ant species targeted. Other studies with red imported 
fire ant baits have focused on new toxicants for these baits [240] and seasonal 
changes in bait preference [241]. Research with grasshopper baits have demonstrated 
that they have no significant impact on leaf cutting bee populations [242], and that 
both sprays and baits are equally effective in controlling rangeland grasshoppers 
[243]. Formulations have also been developed for formulation of entomopoxviruses 
for grasshopper control [244]. 

Other recent studies with baits include the incorporation of juvenoid bait 
formulations for the control of cockroaches [245], incorporation of entomophagous 
nematodes into food baits for control of black cutworms and tawny mole crickets 
[246], and development of baits for soil dwelling insects in sunflower [247]. Other 
studies have focused on combining food-baited traps with pheromone-baited traps 
[12,13,248]. 

The use of characterized attractants in insect control began with methyl eugenol in 
the control of the oriental fruit fly in Hawaii [249]. The approach has been used to 
successfully control a number of fruit fly species [250]. Although some of the fruit 
flies have been traditionally controlled by uncharacterized baits, work is continuing to 
develop synthetic lures for these species [257]. 

The term "attracticide" was used to refer to formulations that contained chemically 
characterized attractants and insecticides by Haynes et al. [88]. They demonstrated 
that males of the pink bollworm moth readily contacted pheromone sources containing 
different insecticides and suffered significant mortality. Their study was prompted by 
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growers who began adding small amounts of insecticide to the adhesive used to hold 
multiple pheromone release sources in place in a mating disruption application. The 
success of the growers in achieving enhanced control with this insecticide lure was 
later verified in controlled tests by Butler and Las [252] and by Beasley and 
Henneberry [253]. An advantage of using insecticide in this way is that non-target 
organisms, such as many beneficial insect species, are much less at risk fiom the 
insecticide used in this limiting application. Miller et al. [254] demonstrated that 
increasing the attracticide source to 47,424 flakes per hectare did not cause habituation 
in the male pink bollworm moth. Attracticide formulations have been developed for 
other Lepidoptera including the cabbage looper [255], the navel orangeworm [256], 
and the Mediterranean flour moth [257]. Studies with the pink bollworm and the 
Mediterranean flour moth involved the use of sex pheromones with insecticides, while 
the attracticide formulations for the cabbage looper and the navel orangeworm involved 
the use of host attractants with insecticide. Attracticide formulations have also been 
developed for Coleopteran species. McKibben et al. [258] have developed a design 
for control of the boll weevil using its aggregation pheromone. Dedek et al. [259] 
used pheromones and insecticides for attracting and killing Ips typographies in an 
integrated approach to forest management 

Increase Parasitoid and Predator Searching. Among the novel approaches 
for use of semiochemicals in IPM programs is their influence on natural enemies of 
target pests. Manipulation of the behavior of parasitoids [260,261] and predators 
[262] in order to enhance the impact of biocontrol efforts is currently under 
investigation. These efforts stemmed from an early demonstration by Lewis et al. 
[263] that Trichogramma, an egg parasite of Helicoverpa zea, is attracted to the sex 
pheromone of H. zea females. Trichogramma females use this semiochemical to 
select a particular area to search for H. zea eggs, but recognize the eggs on the basis 
of other cues. A potential control strategy involves placing H. zea sex pheromone in 
fields in which Trichogramma is released as a biocontrol organism, to induce 
Trichogramma to remain in the field and search for H. zea eggs. 

Anti-Feedants. The use of chemically defined compounds to prevent feeding by 
crop and veterinary pests is relatively new in IPM programs [9, 75-77]. One of the 
most useful antifeedants under development at present is azadirachtin, a natural 
product from the neem tree that is active against a wide variety of insect species [264-
267], Among other chemically defined antifeedants, limonoids have been shown to 
have activity for Colorado potato beetle larvae [268] and termites [269], rotenoids 
have been shown to have activity for stored products pests [270], and decalins have 
been shown to have activity for spruce budworms [277]. Antifeedants have been 
used against aphid vectors of plant-virus disease [272]. A novel application of plant-
produced antifeedants is their use to protect packaging materials from stored products 
insects [273]. 

Repellents. In IPM programs related to animal and human health, DEET and 
other synthetic repellents have been used extensively against mosquitoes [274-286], 
against blackflies [287], and against ticks [288]. Recently, the use of natural 
products as insect repellents has had renewed interest as well. Natural products with 
insect repelling activity have been derived from arthropods [18,289] and from 
essential oils [290-292]. Honey has been shown to contain bee repellents, and an 
analysis of these compounds has been made [293]. A horticultural oil has been 
shown to have repellency against whiteflies [294]. Further characterization of these 
compounds may prove a useful complement to the large number of attractant 
semiochemicals now used in agriculture. 
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Summary 

Semiochemicals have been in widespread use in agriculture for monitoring insect pests 
for more than 25 years, and have been in commercial use for more than 15 years for 
insect control through behavioral disruption. Recent efforts in monitoring have 
included surveys for insecticide-resistant pests, and tracking the long-range dispersal 
flights of migratory insects. Recent efforts in semiochemical applications for insect 
control include the use of "attracticide" formulations that combine semiochemical 
attractants with reduced amounts of insecticide, and semiochemical manipulation of 
predator and parasitoid behavior to enhance control of the pests they attack. Anti-
feedants and repellents are under active investigation at present for use as newer 
components of IPM systems. 
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Chapter 15 

Insecticidal Pyrroles 

D. G. Kuhn, R. W. Addor, R. E. Diehl, J. A. Furch, V. M. Kamhi, 
K. E. Henegar, K. A. Kremer, G. T. Lowen, B. C. Black, T. P. Miller, 

and M. F. Treacy 

Agricultural Research Division, American Cyanamid Company, 
P.O. Box 400, Princeton, NJ 08543-0400 

The development of a new series of insecticidal pyrroles, based on 
the natural product dioxapyrrolomycin, is described. In particular, 
new chemistry leading to halogenated and trifluoromethyl
-containing pyrroles is presented. This new class of insect control 
agents has been shown to be active on a broad spectrum of insect 
pests. It is proposed that the mode of action for this series is the 
uncoupling of oxidative phosphorylation. One member of this 
series, AC 303,630 [4-bromo-2-(4-chlorophenyl)-1-(ethoxy-
methyl)-5-(trifluoromethyl)pyrrole-3-carbonitrile] is currently 
undergoing development as a broad spectrum insecticide/miticide. 

The discovery of new strategies, whether chemical or biological, for the control of 
insect pests remains one of the premier challenges facing scientists today. A variety 
of approaches to lead generation and optimization of biological activity has been 
developed. In particular, the world of natural products has been the starting point 
for many compounds with insecticidal activity. This chapter details our effort to 
develop a new, effective insect control agent based on a naturally occurring 
compound. 

The genesis of this work was our screening group's discovery of the 
insecticidal activity of a fermentation broth from a Streptomyces strain. The active 
component was isolated and identified by our scientists at our Lederle Laboratories 
and was shown to have the structure in Figure 1. It has been named 
dioxapyrrolomycin (7). 

At about the same time, the identical pyrrole was reported by Meiji Seika 
and SS Pharmaceutical Company in Japan to have activity against Gram-positive 
and some Gram-negative bacteria (2, 3). Neither group reported insecticidal 
activity. While dioxapyrrolomycin had moderate, broad spectrum insecticidal 
activity as shown in Figure 1, the compound was found to be highly toxic to mice 
(oral L D 5 0 of about 14 mg/kg). This combination preculed the natural product as a 
candidate for development. However, the simplicity of the structure suggested this 
compound as a starting point for synthetic modification (4,5). 

0097-6156/93/0524-0219S06.00/0 
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Synthesis 

We chose the left portion of the dioxapyrrolomycin molecule, i.e., the dihalonitro-
pyrrole, as our starting point, thereby eliminating the methylenedioxy subunit At 
the outset of this work, we found the need to develop synthetic methodology suitable 
to highly functionalized pyrroles. 

2- Aryl-3-cyano/nitro-4,5-dihalo Pyrroles, Our initial efforts required an efficient 
synthesis of the dihalo pyrrole nucleus that allowed for variation of substituents on 
the aryl ring and also the ability to change the electron withdrawing group at the 
3- position. The synthesis that was developed is shown in Figure 2. Condensation of 
the ketones (1) with aminoacetaldehyde diethylacetal gave the enamines (2) as a 
mixture of isomers. Treatment with trifluoroacetic acid gave the 2-aryl-3-
cyano/nitro pyrroles (3) in good yield. Halogenation using bromine or sulfuryl 
chloride gave the desired 4,5-dibromo or 4,5-dichloropyrroles (4). 

2-Aryl-5-trifluromethyl Pyrrole Derivatives. Synthesis efforts have been directed 
toward replacing the halogen substituents at the 4 and/or 5 positions of the molecule. 
A particularly intriguing candidate is the trifluoromethyl (CF3) group. This group, 
considered a "pseudo-halogen", often imparts interesting biological activity when 
introduced into molecules (6). However, methods for the direct introduction of the 
CF 3 group onto deactivated aromatic systems were scarce. Therefore, it was 
necessary to develop new procedures that would allow for the pyrrole to be formed 
with the CF 3 group in place. This was accomplished using cycloaddition chemistry 
(Figure 3). Although 1,3-dipolar cycloadditions have been utilized extensively to 
prepare heterocycles (7), these methods were not used to prepare pyrroles 
substituted with a trifluoromethyl group. 

In this procedure, an oxazolinone (6) derived from a suitably substituted 
phenylglycine (5), reacts with an olefin bearing an electron-withdrawing group and a 
leaving group such as a halogen (7) in the presence of a base to give the 2-aryl-5-tri-
fluoromethylpyrrole (8) in good to excellent yield (5). This reaction is rapid, usually 
requiring less than one hour, and occurs under mild conditions. It has been found 
that the reaction is regiospecific, and yields only the isomer shown. 

If R*= H, in the olefin (7) the 4-unsubstituted pyrrole is produced. Treatment 
of (8) (R 1 = H) with bromine/sodium acetate/acetic acid cleanly introduces bromine 
into the 4-position to give (9). In a similar manner, using an olefin substituted with 
a trifluoromethyl group (7) (Rl= CF3) gives the desired 4,5-Z?w-tafluoromethyl-
pyrrole (8) (Rr= CF3) analog of the lead 4,5-dihalopyrroles. By using various 
substituted phenylglycines available via the Strecker synthesis, a series of mono- or 
to-trifluoromemylsubstituted pyrroles has been prepared. 

A special case of this chemistry has been used as a key step in the 
preparation of the 2-aryl-3-nitro-5-trifluoromethylpyrroles (Figure 4). Cyclo
addition of the oxazolinone (6) (R= 4-C1) with the pyridinium salt (10) in pyridine 
gave the 2-aryl-5-trifluoromethyl pyrrole (11) in good yield. In this reaction, the 
pyridine acts as both an activating group for the olefin and also as the leaving group. 
Nitration of (11) gave a separable mixture of the 3- and 3,4-dinitropyrroles of which 
the 3-nitro isomer (12) predominates. Bromination of (12) gives the desired 
2-aryl-3-mtro-4-bromo-5-trifluoromethylpyrrole (13). 

During the course of our work aimed at optimizing the insecticidal activity, 
we encountered an unexpected drawback. Certain of these compounds were highly 
phytotoxic. In an attempt to overcome this deficiency and to see if other benefits 
might accrue, the effect of N-derivatization of these pyrroles was studied (Figure 5). 
Alkylation of the parent pyrroles (8) produced the N-protected compounds (14). A 
number of N-derivatized pyrroles were found to retain the high biological activity of 
the parent with little or no observed phytotoxicity. 
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Southern 
Armyworm 
Spodoptera 

ertdania 
3rd instar 

40 

Dioxapyrrolomycin 

Insecticidal Activity 

LC 5 0 (ppm) 

Tobacco 
Budworm 
Helothis 

virescens 
3rd instar 

32 

2-Spotted 
Mite 

Tetranychus 
urticae 

P-Resistant 
10 

Western Potato 
Leafhopper 
Empoassa 

abrypta 
Mixed 
<100 

Figure 1. Structure and Insecticidal Properties of Dioxapyrrolomycin. 
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9 8 
Where EWG = CN, C02R2 and COR 2 

Figure 3. Synthesis of 5-CF 3 Pyrrole Derivatives. 

Figure 4. Synthesis of 2-Aryl-3-N0 2-5-CF 3 Pyrrole Derivatives. 
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Insecticidal Activity 

All compounds prepared in this study were screened against third instar southern 
armyworms (SAW), Spodoptera eridania (Cramer), first and third instar tobacco 
budworms (TBW) Heliothis virescens (F) and western potato leafhopper (WPL) 
Empoasia abrupta (De Long), using a standard leaf dip feeding bioassay with 
technical material. When possible, L C 5 0 values were determined and reported in 
parts per million (ppm). 

2-Aryl-3-cyano/nitro-4,5-dihalo Pyrroles. Figure 6 shows the insecticidal activity 
of a select group of 4,5-dichloropyrroles against southern armyworms and tobacco 
budworms. In this series, we have varied the substituents on the phenyl ring at the 
2-position of the pyrrole. The activity of both the 3-cyano and the 3-nitro analogs is 
presented. 

The insecticidal activity of the natural product, dioxapyrrolomycin (Dioxa) is 
included for comparison. Against SAW, both the 3-cyano and the 3-nitro 
compounds were significandy more active than dioxapyrrolomycin when the 
substituent was halogen (15,16) or CF 3 (17). The 3-cyano isomers achieved a level 
of activity superior to dioxapyrrolomycin when tested against tobacco budworms. 
However, the 3-nitro analogs were less effective in controlling this species. 

Figure 7 compares the activity of a series of 2-(p-chlorophenyl)-3-cyano 
pyrroles in which the groups at the 4 and 5 position of the pyrrole ring have been 
varied. All of the compounds showed good activity against SAW. 

The 4,5-dichloro (15) and 4,5-dibromo (18) pyrroles were roughly equivalent 
against the TBW. It should be noted that two halogens are required; 
mono-halogenated pyrroles were far less active. Moreover, a dramatic increase in 
potency was observed when the halogen at the 5-position was replaced with a 
trifluoromethyl group. The bis trifluoromethyl compound (21) retained activity 
against the first instar TBW but was less effective when tested on third instar TBW. 

2-Aryl-5-trifluoromethylpyrrole-3-carbonitriles. With the discovery of improved 
activity of 2-(p-cWorophenyl)-4-bromo-5-trifluoromethylpyn-ole-3-carbonitrile, a 
series of phenyl substituted analogs was prepared. Some of the results are given in 
Table I. 

The compounds with halogen, (19, 23-24) trifluoromethyl (25), or dihalo 
(31) substitution effectively controlled lepidopterous insects and, in some cases, 
WPL. However, substitution with methyl (26), methoxy (27), or hydroxyl (28) 
groups produces inactive compounds while nitro substitution (29) gives reduced 
control of lepidopterous insects and no activity in WPL. 

N-Derivatization. The phytotoxicity observed for some of the compounds prepared 
in this work led to a study of various blocking groups on the nitrogen in an effort to 
suppress the undesired side effect while maintaining insecticidal potency. Some of 
the results are summarized in Figure 8. 

N-Methylation of the parent compound (19) (R= H to R= CH3) results in a 
reduction of activity. 

The N-ethoxymethyl derivative (R= CH2OEt) (33) retained the high 
insecticidal activity of the parent pyrrole (R= H) (19) while at the same time 
showing no phytotoxicity. Other alkoxyalkyl derivatives also showed good activity 
against the target species and littie or no phytotoxicity. The N-cyano derivative (R= 
CN) (36) was also highly active. 

A cyano (or to a lesser extent, nitro) group at the 3 position of the pyrrole 
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Figure 6. Insecticidal Activity of 4,5-Dihalopyrroles. 
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Figure 7. Insecticidal Activity of 4,5-Disubstituted Pyrrole-3-carbonitriles. 

Table I. Insecticidal Activity of 2-Aryl-5-CF3-pyrrole-3-carbonitriles 

% C o n t r o l at 100 ppm 
Southern Tobacco Western Pol 
Armyworm Budworm Leafhopper 
S. eridania H. virescens E.abrupta 

R 3rd instar 3rd instar 
22 H 100 100 0 
19 4-C1 100 100 100 
23 4-F 100 100 90 
24 4-Br 100 100 100 
25 4-CF3 100 100 100 
26 4-CH3 100 0 0 
27 4-OCH3 0 0 0 
28 4-OH 0 0 0 
29 4-N03 80 80 0 
30 4-C1 100 100 100 
31 3,4-a2 100 100 100 
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Figure 8. Insecticidal Activity of N-Derivatized Pyrroles. 
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ring provided high activity. A study was conducted to determine whether other 
electron withdrawing groups would be as effective as cyano or nitro (Table II). 

Table n. Insecticidal Activity of N-Derivatized 
3-Substituted Pyrroles 

Br EWG 

% C o n t r o l at 100 ppm 

SAW TBW Western Potato 
S. eridania H. virescens Leafhopper 

EWG 3rd instar 3rd instar E. abrupta 
33 CN (AC 303630) 100 100 100 
37 COaHj 0 0 0 
38 COCH 3 60 0 0 
39 CONH 2 0 0 0 
40 CH=C 0 0 0 

At 100 ppm, the 3-cyano derivative (33), designated AC 303,630, gave 
complete control of SAW, third-instar TBW, and WPL. Replacement of the cyano 
group with the methyl ester (37), amide (39) or the alkyne (40) resulted in complete 
loss of activity. Only the methyl ketone (38) gave partial control of SAW at this 
level. 

Mode of action Studies. The interference with respiration and, in particular, the 
uncoupling of oxidative phosphorylation has been proposed as the mode of action 
for a number of pesticides (8, 9). For example, the acaracide fentrifanil (70, 77) and, 
the soil insecticide EL-499 (72) have been shown to be potent uncouplers of 
oxidative phosphorylation. 

Certain physiochemical features of the pyrroles such as lipophicity and 
acidity suggested that these compounds were also acting as uncouplers. This was 
verified by oxygen electrode experiments using rat liver mitochondria (Table IH). 
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Table HI. Comparison of in vitro and in vivo Toxicities of 
Selected Pyrroles 

Mitochondria SAW 
UC50(nM) LC50(ppm) 

In the mitochondrial assay, the dihalopyrrole (16) and the trifluoromethyl 
pyrrole (19) were both potent uncouplers causing 50% uncoupling at 2 nM, and 2.4 
nM, respectively. The N-ethoxymethyl derivatives were virtually inactive in this 
assay. However, in vivo the compounds (33 and 41) were as active as the parent 
compound against southern armyworms. These differences between in vivo and in 
vitro activity suggest that the N-derivatized pyrroles are acting as "pro-insecticides" 
and, that after metabolic removal of the group on nitrogen, the parent pyrrole is 
functioning as the uncoupler. This is in agreement with the suggestion that effective 
uncouplers are both lipophilic and have pKa's in the range of 4.5-6.2 (75). The pKa 
of the pyrrole (19) is 5.6 while calculated logP is 5.6. 
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AC 303,630. Table IV summarizes some of the structure-activity trends that have 
emerged from this study. Based on these observations, the compound that has been 
selected for development is AC 303,630 (33). A comparison of the toxicities of AC 

Br CN 

AC 303,630 (33) 

303,630 and the starting lead dioxapyrrolomycin, is presented in Figure 9. 
It has therefore been possible, though synthetic manipulation, to optimize the 

insecticidal activity while reducing the mammalian oral toxicity. In addition, AC 
303,630 has low dermal toxicity i.e. rabbit dermal LD 5 0= >2000 mg/kg and a rat oral 
L D 5 0 of 662 mg/kg. This combination of properties has led to the large scale 
development of AC 303,630 (33) towards introduction as a commercial product. A 
comparison of AC 303,630 vs. some commercial standards on third instar TBW is 
shown in Figure 10 (14). 

A series of studies has been undertaken to evaluate the potential of AC 
303,630 in IPM programs. The preliminary results of one of these tests are shown in 
Figure 11. In this work, the toxicity of an EC formulation of AC 303,630 on a 
susceptible strain of pest mite (Tetranychus urticae Koch) and on a predatory mite 
(Metaseiulus occidentalis) was determined. It was found that AC 303,630 had low 
toxicity toward the predatory species but was highly active on the pest mites. 
Further evaluation of AC 303,630 (33)against other predatory species along with 
additional field studies is underway. 

Table IV. Structure-activity Trends in the Pyrrole Series 

X EWG 

1. X and Y must be CI, Br, or CF 3 for maximum activity. 

2. EWG = CN or N02pproximately equivalent 
3. R 1 requires some electron withdrawal (CI, Br, or CF 3 

are best). 
4. Best activity when R1substituent is in the 4-position. 

Also 3,4-disubstituted compounds are fairly good. 
5. R= alkoxyalkyl produces compounds with high 

insecticidal activity an reduced phytotoxicity relative to 
the parent. 

6. RDerivatized pyrroles appear to be acting as pro-
insecticides with in vivo removal of the N-protecting 
group necessary for high uncoupling activity. 
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MOUSE ORAL LD50 

S 
CL 
Q. 

• AC 303630 (33) 
• DIOXAPYRROLOMYCIN 

SAW LC50 

Figure 9. Comparative Toxicities of AC 303,630 (33) and Dioxa
pyrrolomycin. 
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TOBACCO BUDWORM (3RD INSTAR) 

AC 303630 CYPERMETHIN METHOMYL ACEPHATE ENDOSULFAN 
33 

Figure 10. Comparison of the Toxicities of Selected Insecticides. 

300 

Q. 200 
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M. occidentalis T. urticae 
( P R E D A T O R Y ) ( P E S T ) 

Figure 11. L C 5 0 Values of AC 303,630 (33) on Mites. 
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Chapter 16 

Arthropod-Derived Neurotoxic Insecticides 

A Lead in Pesticide Science? 

T. Piek 
Department of Pharmacology, University of Amsterdam, Meibergdreef 15, 

1105 AZ Amsterdam, Netherlands 

Many hymenopteran insects incapacitate their prey by means of a 
neurotoxin. The glutamatergic excitatory neuromuscular 
transmission and the nicotinic excitatory synaptic transmission of 
insects is reversibly blocked by philanthotoxins, as well as by 
structurally related polyamine toxins isolated from spider venoms. 
These polyamine toxins are cation channel blockers or change at 
least the glutamatergic channel kinetics. They therefore are not 
receptor specific and are, for example, also active at the nicotinic 
receptors in the insect brain, albeit at higher concentrations. 
Poneratoxin, a 25 amino acid residue polypeptide isolated from an 
ant venom, is the first described hymenopteran neurotoxin 
affecting excitability of nerve and muscle fibres by changing the 
kinetics of the voltage-dependent sodium channel. The nicotinic 
synaptic transmission in the insect central nervous system (CNS) 
is presynaptically and irreversibly blocked by kinins, which 
probably cause transmitter depletion. Besides this delayed effect 
the carbohydrate-containing vespulakinins also show a direct and 
reversible inhibition of the synaptic transmission. Criticism on the 
possibilities to use venom toxins as leads in pesticide science has 
been, that these compounds have to be injected into the body or 
the CNS. For primary synthesis products the incorporation of the 
genetic codes into entomophilic viruses could solve this problem. 

Several groups of hymenopteran insects, like wasps and ants, sting their prey to 
a paralysis or only to a behaviourial inactivation, in order to offer the prey to 
the own offspring as an incapacitated, but living fresh source of food. These 
insects have developed venoms containing natural insecticides. The ideas of the 
1980fs included the possibility of using natural neurotoxins from arthropods as 
leads to new pesticides (4, 41-43). 

0097-6156/93/0524-0233S06.00/0 
© 1993 American Chemical Society 
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The Reversible Non-competitive Block of Synaptic Transmission by Polyamine 
Toxins 

In the 1960fs investigations started in our laboratories on the paralysing venom 
of the European solitary sphecid wasp Philanthus triangulum. The excitatory 
glutamatergic neuromuscular transmission of insects is antagonized by the venom 
and by its most active toxin (philanthotoxin 4.3.3, Figure 1) through two different 
effects. Firstly by a presynaptic inhibition of the high affinity glutamate uptake 
(1-4) and secondly by a block of open ion channels of the glutamate receptor-
ionophore complex (4,5). The same toxin was isolated from the venom of an 
African subspecies of this wasp: P.t. abdelcader (7). 

Structure-activity relationship studies showed that the potency as a 
channel blocker of philanthotoxin depends on the presence of an aromatic moiety 
(8-11). Attempts to change the molecule into a more potent antagonist resulted 
in an increase in potency with factors varying from 10-100 (8, 10-13, 22). The 
pre- and postsynaptic inhibiting properties of the natural philanthotoxin were 
dissociated into two different analogues (14). Comparable polyamine-like 
structures have been isolated from spider venoms (15-17). 

These polyamine toxins are also active at the mammalian CNS glutamate 
synaptic transmission (18-20) and the vertebrate and insect nicotinic transmission 
(21-23). The most active philanthotoxin analogue in the mammalian CNS is 
dideaza-philanthotoxin-12 (19, 20). 

Irreversible Depletion of Cholinergic Nerve Endings by Kinins 

In 1954 Schachter and colleagues discovered a pain-producing substance in the 
venom of the social wasp Paravespula vulgaris (24). Due to the similarity in 
pharmacological properties of this substance and the bradykinin (Figure 2) they 
called this substance wasp kinin (25). The first wasp kinin, which was chemically 
characterized is polisteskinin 3, an octapeptide isolated from a mixture of 
Polistes species (26). During the following twenty years a number of kinins were 
isolated from social vespid wasps, like hornet, (Vespa), yellow jackets 
(Paravespula), and paper wasps (Polistes) (27), from solitary wasps Megascolia, 
Colpa (28-30) Tiphia and Dasymutilla (31), and from several ant species (31). 
They were pharmacologically characterized (31) and in some cases the amino 
acid sequence was determined (27, 30, 33). 

It was not before the discovery of threonine-6-bradykinin (Thr^BK) in the 
venom of Megascolia flavifrons (28, 29) that kinins were considered to be 
neurotoxins. Scoliid wasps sting into the ganglia of their prey, resulting in an 
irreversible paralysis. Therefore, the action of the venom and of Thr 6 BK was 
studied using the technique of microperfusion of the sixth abdominal ganglion of 
the cockroach, Periplaneta americana (28). A t concentrations from 10 M to 
10~^M Thr^BK causes an irreversible block of synaptic transmission from the 
cereal nerve XI to a giant interneuron. The velocity of inhibition is use 
(frequency) dependent like the antagonism of hemicholinium-3 (32). 
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During the 1960fs Pisano and colleagues isolated, from the venom of the 
most offensive wasp in the United States: Paravespula maculifronsf a 
heptadecapeptide called vespulakinin 1. This kinin is highly basic and contains the 
nonapeptide bradykinin at the carboxyterminus (Figure 2). Most interesting is the 
presence of carbohydrate moieties connected to threonine residues (33). 
Synthesis of some mono- and di-glycosylated analogues of the polypeptide called 
"carbohydrate free" vespulakinin 1 (Figure 3) were described, (34-36). Recently 
the effects of these synthetic vespulakinin analogues on the synaptic transmission 
of the insect CNS were studied. Two distinctly different effects were found: a 
direct reversible block of excitatory nicotinic transmission and a delayed 
irreversible block of transmission as has been described earlier for threonine-6-
bradykinin (32). 

Poneratoxin Induces an Interconversion between Two Gating Modes of 
Sodium Channels 

Evenomation by the ponerine ant Paraponera clavata causes pain and 
uncontrollable trembling (37). Recently, three neurotoxin principles, which block 
the synaptic transmission from the cereal excitatory nerve to a giant interneuron 
in the sixth abdominal ganglion of the cockroach have been separated from this 
venom (38,39). One of the principles was pharmacologically characterized as a 
kinin. Another and also the most active neurotoxic fraction was 
rechromatographed, resulting in the purification of a peptide of 25 amino acid 
residues, called poneratoxin (PoTX, Figure 4). 

A t concentrations varying from 10"**M to 10~^M synthetic PoTX is a 
strong, but very slowly acting agonist of smooth muscles, it also blocks synaptic 
transmission in the insect CNS in a concentration dependent manner and it 
depolarizes giant interneurons (40). 

PoTX induces a concentration dependent (10~^M to 5 x 10"^M) 
prolongation of action potentials and at saturating concentration, a slow 
repetitive activity, developing at negative potentials (40). PoTX specifically acts 
on voltage-dependent sodium-ion channels by decreasing the peak sodium current 
(I N a ) and by simultaneously inducing a slow I N a which starts to activate at -85 
mV and inactivates very slowly. Both the fast and the slow components of I N a 

are suppressed by tetrodotoxin and reverse at equal potentials, corresponding to 
the equilibrium potential for sodium ions. The fast component of I N a has a 
voltage-dependence, activation and steady-state inactivation almost similar to 
those of the control I N a . The voltage dependence of the slow I N a is 40 mV more 
negative than that of the fast one. These results suggest that PoTX affects all 
the sodium channels and that the fast and slow IN a-components originate from 
a possible PoTX-induced interconversion between a fast and a slow operating 
mode of the sodium channel (40). 

Discussion 

The present paper describes two types of arthropod neurotoxins selected by 
nature to incapacitate insects and spiders. The first group consists of low 
molecular weight neurotoxins that contain a polyamine part. These toxins are 
highly specific for modifying the kinetics of cation channels coupled to 
excitatory receptors like glutamate or acetylcholine receptors. Their action is 
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c=o 
I 

NH 
I HO—(C))-- CH 2 CHCNH(CH 2 ) 4 NH(CH 2 ) 3 NH(CH 2 ) 3 NH 2 

O 

Figure 1. Structure of 6-philanthotoxin (philanthotoxin-4.3.3) 
isolated from the wasp Philanthus triangulum. 

C a r b o h y d r a t e (T) C a r b o h y d r a t e @ 

T i 
T h r - A l a - T h r - T h r - A r g - A r g - A r g - G l y - B r a d y k i n i n 

Carbohydrate 1 : N;Ac.Galactosamine 1-2, Galactose 1 

Carbohydrate 2 : N.Ac.Galactosamine 2-3, Galactose 2 
Bradykinin i s Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg 
Figure 2 . Structure of vespulakinin 1 (33). 

A C a r b o h y d r a t e f r e e p e p t i d e (VSK 1) 

B ( G a l a ) T h r 3 - VSK 1 

C ( G a l a ) T h r 3 , ( G a l a ) T h r 4 - VSK 1 

D ( G a l f l ) T h r 3 - VSK 1 

Figure 3- Synthetic vespulakinin-1-analogues (34, 35). 

Pine— Leu—Pro—Leu-Leu 

i 
Leu— Ser—Gly — Leva.— H e 

i 
Leu-Met-Thr-Pro-Pro 

I 
H e — A X « a — G i n - l i e - V a X 

I 
His-Asp-Ala-Gln-Arg 

I 

Figure 4- Amino acid sequence of poneratoxin (PoTX), a neurotoxin 
isolated from the ant Paraponera clavata. 
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non-competitive and reversible. Attempts to change the molecules into more 
potent antagonists resulted in an increase in potency with factors varying from 
only 10 to 100 (8, 10-12). If no further increase in potency and/or decrease in the 
reversibility can be obtained, these interesting class of neurotoxins may be only 
important as tools for the study of insect neurophysiology. 

The second group of medium-sized low molecular weight arthropod 
neurotoxins consists of polypeptides. Examples of such neurotoxins are the (wasp) 
kinins (27-29) and the ant venom.component poneratoxin (38-40). It is conceivable 
that a large number of potent polypeptide neurotoxins could be isolated from 
venoms of insectivore ants. Especially in case of irreversible or slowly reversible 
action of primary synthesis products, as has been demonstrated for kinins, a 
pesticide action could be obtained by means of genetic manipulation. Moreover, 
it might be possible to design a mimic pharmacophore (loop) of a peptide (44). 
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Chapter 17 

Viral Insecticides 

James L. Vaughn 

Insect Biocontrol Laboratory, Plant Sciences Insitute, Beltsville 
Agricultural Research Center-West, Agricultural Research Service, 

U.S. Department of Agriculture, Beltsville, MD 20705-2350 

Viruses are potentially valuable tools for managing pest insect 
populations. As has been observed in countless natural 
epizootics, a virus can cause significant reductions in pest insect 
populations. Presently they are used on a large scale to control 
the pine caterpillar in Japan and the soybean looper in Brazil. 
Four are registered for use in the U.S. They are exempted 
from the requirement for residue tolerance and, therefore, are 
free of residue problems. Their host specificity makes them 
compatible with other natural enemies and safe to use in 
environmentally sensitive areas. Recent advances in genetic 
manipulation offer possible solutions to the problems of 
severely restrictive host range and slow activity and have 
increased the attractiveness of viruses as pest control agents. 
Although resistance is possible, the fact that the virus is capable 
of variation and change reduces this possibility. The technology 
for in vitro production has improved rapidly and appears to be 
economically feasible. 

The control of insect pests with viruses has a long history. In 1892 there was 
a severe outbreak of the nun moth, Lymantria monacha, in the pine forests 
of Germany. A disease of this insect, believed to be caused by an organism 
called Hofinann's bacterium, had been observed. To control the pest, 
foresters attempted to cultivate the suspected causative organism on a mixture 
of horse meat and potatoes. Following an appropriate incubation, 
pieces of the meat were tied in the trees in threatened parts of the forest. 
After a time it was reported that larvae of the nun moth began to show 

This chapter not subject to U.S. copyright 
Published 1993 American Chemical Society 
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typical signs of the disease. Eventually the population of nun moths 
collapsedand extensive damage to the forest was prevented. So impressive 
was this result that the technique was widely used by the German forest 
service for nun moth control, with highly variable results (7). We now know 
that the disease was caused by a virus and that the collapse of the population 
was due to naturally occurring virus not to the intervention of the foresters. 
The story does illustrate two important points, however. First, attempts to use 
viruses to control insect pests often have been made with little or at least 
incomplete understanding of the biology of the system being used. Second, 
when this was done, the results were often inconsistent and failures occurred 
frequently. 

The long standing interest in the use of viruses for controlling insect 
pests is not surprising. Many viruses cause acute diseases and the affect they 
can have in a dense pest population often is spectacular. In Ontario, Canada 
a virus of the European spruce sawfly, Gilpinia herecynia, that was introduced 
from Europe in 1950 causes annual epizootics and still maintains the insect 
population below a level that would cause economic damage (2). A similar 
virus periodically causes the collapse of gypsy moth, Lymantria dispar, 
populations in hardwood forests (3). A virus causes regular, naturally 
occurring epizootics in populations of the cabbage looper, Trichoplusia ni {4\ 
Over 1600 virus isolates have been recorded from diseased animals in about 
1100 species of insects and mites (5). 

There are four characteristics that a virus must have to make it useful 
as a pest management tool. First, it should be lethal to the target insect or 
stop it from feeding. Second, the incubation period should be short. A 
prolonged incubation period in which the insect continues to feed may result 
in economic loss, even though the pest may be eventually controlled. Third, 
the virus must be safe to use. It must not infect vertebrates, plants, and 
nontarget insects. Finally, it must be stable enough to retain activity for a 
reasonable time between production and application. 

The viruses that cause diseases in insects are presently classified into 
several families shown in Table I. The Poxviridae, Reoviridae, and 
Baculoviridae have received most of the attention as biological pest control 
agents. One feature that these viruses have in common is that the virion is 
occluded in a protein crystal when the replication is completed giving a 
relative stability to the virion, Figure 1. 

Insect viruses belonging in the family Poxviridae have morphological 
and enzymatic characteristics very similar to other members of this family that 
have been isolated from vertebrates. However, the restriction enzyme 
nucleotide fragment patterns are quite different and the Entomopox viruses 
have not been shown to infect any animals other than insects (d). Pox viruses 
have been described in a number of pest insects including forest pests, beetles, 
and grasshoppers (as examples see refs. 7-9). These viruses develop slowly in 
the infected insect. For example, Henry, et al. (9) reported that death of 
infected grasshoppers occurred 20-30 days after inoculation. The similarity 
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of these viruses to vaccinia, the long incubation time, and problems 
inproduction have discouraged their development for pest control. 

Table I. Viruses Infecting Insects 

F A M I L Y 
N U C L E I C 

A C I D 
INSECT 

P A T H O G E N S 

B A C U L O V I R I D A E <fcDNAa Nuclear Polyhedrosis, 
Granulosis virus, 
non-occluded 

B I R N A V I R I D A E dsKNA 

I R I D O V I R I D A E dsDNA Iridovirus, Chloriridovirus 

N O D A V I R I D A E ssRNA Nodaviridae virus 

P A R V O V I R I D A E ssDNA Densovirus 

P I C O R N A V I R I D A E raRNA 

P O L Y D N A V I R I D A E dsDNA 

P O X V I R I D A E dsDNA Entomopox 

R E O V I R I D A E dsENA Cytoplasmic Polyhedrosis 

a ds= double stranded; ss= single stranded 

Viruses in the family Reoviridae are especially interesting in that they 
cause diseases in plants, vertebrates, and invertebrates (10). A unique 
characteristic of the viruses in this family that multiply in insects is the virions 
are occluded in a protein crystal, polyhedra, formed in the cytoplasm prior to 
release from the infected cell. For this reason they are called cytoplasmic 
polyhedrosis viruses (CPV). About 200 species of insects have been found to 
be infected by a C P V . Eighty-five percent of these are Lepidoptera; the 
remainder infect Diptera, Hymenoptera, and Coleoptera (11). Only a few of 
these have been suggested for use as biocontrol agents and only one, the C P V 
of the pine caterpillar, Dendrolimus spectabilis, has been registered in Japan 
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Figures 1A and IB. Electron micrographs showing the inclusions of the 
infectious virions (arrows) in the protein crystal. A) Entomopox virus 
from the army cutworm, Ewcoa awdliaris. B) Nuclear polyhedrosis virus 
from the alfalfa looper, Autographa californica. All photographs are cour
tesy of Dr. Jean R. Adams, Insect Biocontrol Laboratory. Figure IB is 
reprinted from the Atlas of Invertebrate Viruses (60), with permission of 
CRC Press. 
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Figures 1C and ID. C) Cytoplasmic polyhedrosis virus from the gypsy 
moth, Lymantria dispar. D) Granulosis virus from the codling moth, Cydia 
pomonella. All photographs are courtesy of Dr. Jean R. Adams, Insect 
Biocontrol Laboratory. 
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as a microbial insecticide. Generally these viruses are chronic and persist at 
low levels in host populations. Diseased larvae are not as active and feed less 
than uriinfected larvae. The larvae may survive and pupate, but the adults 
from these pupae are often malformed and lay fewer eggs than uriinfected 
adults. Thus, control may require replication in several generations of the 
pest, and the use of the virus should be on crops where some insect damage 
can be tolerated so that these characteristics can be exploited. 

The only family of viruses found exclusively in arthropods is the 
Baculoviridae. These viruses have been isolated most frequently from insects, 
and rarely from shrimp (12). Baculoviruses usually cause acute infections, and 
larvae infected in the first or second instar seldom survive to adults. These 
viruses also have the other desirable characteristics required for a potential 
control agent; the infectious virion is protected with the protein crystal and 
the host range is restricted to Arthropods. Baculoviruses infecting most of the 
serious crop pest species have been identified. The genetics of the 
baculoviruses are the best known of the insect viruses, and methods for the 
alteration of the genome of several baculoviruses with recombinant DNA 
technology are available. At the present time these viruses are the most likely 
candidates for use in pest control and the rest of this discussion will deal with 
this group. 

Characterization of Baculoviruses 

As the family name implies, these are rod shaped viruses. The nucleic acid 
is a single molecule of circular, double stranded DNA with a molecular weight 
of 90-230 kb contained in nucleocapsids 250-300 nm in length and 30-60 nm 
in diameter. The virion consists of one or more nucleocapsids enclosed in a 
single envelope. Enveloped virions are enclosed in a crystalline protein viral 
occlusion which usually is polyhedral in shape. The crystal consists of a single 
protein with a molecular weight of 25-33 x 103. 

The Family is subdivided based upon morphological characteristics. 
Those viruses that have one nucleocapsid per virion and have only one or 
rarely two virions per inclusion body are in the genus Granulosis Virus (GV). 
The inclusion bodies of these viruses are ovicylindrical. They have been 
isolated from a number of pest insect species including Pieris brassicae and 
Cydia pomonella. These viruses are highly host specific, infecting only one or 
a few closely related species. They have been isolated from about 50 species 
of Lepidoptera. 

Viruses with more than one virion per inclusion body are placed in the 
genus Nuclear Polyhedrosis Viruses (NPV). This genus is further divided 
between those viruses with a single nucleocapsid per envelope (SNPV) and 
those with multiple nucleocapsids per envelope (MNPV). The SNPV seem 
to have a somewhat broader host range than the GV, but are still generally 
restricted to closely related species. They have been isolated from a number 
of species in seven insect orders including such important pest species as 
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Heliothis virescens and Helicoverpa zea. In addition isolations have been made 
from Crustacea (12). 

The MNPV are the most widely distributed and the best known. There 
have been isolations made from 400-500 insect species including such serious 
insect pests as Spodoptera frugiperda, Helicoverpa armigera, Lymantria dispar, 
and Mamestra brassicae. The host range varies from a single known species 
as the L. dispar NPV to the Autographa californica NPV that will infect 43 
insect species and many insect cell lines (13,14). 

Advantages to Using Viruses in Pest Management 

Host-Specificity. The infectivity of baculoviruses for insects other than the 
insect species from which they were isolated has been widely tested. Although 
not all data for any specific virus are acceptable because of insufficient test 
conditions, some conclusions can be made. This subject was reviewed in 
depth by Groner (15) and only will be summarized here. With only a few 
exceptions, infectivity of most baculoviruses were restricted to the genus or 
family of the original host. An early review of Ignoffo (16), cited by Groner, 
reported that only in three of nine attempts were baculoviruses transmitted 
to insects in orders other than the original, and 30 of 137 attempts to transmit 
to new families were successful. 

The H. zea NPV was extensively tested against mammals and birds as 
part of the requirements for registration by the Environmental Protection 
Agency (EPA). These tests included acute and subacute toxicity and 
pathogenicity tests in mammals, teratogenicity and carcinogenicity tests, and 
tests against a variety of wildlife and aquatic invertebrates. Similar tests have 
been carried out with other viruses. There has been no indication from any 
of this testing that the baculoviruses can cause disease in animals other than 
insects. 

A baculovirus is much less likely to reduce the control provided by 
existing insect parasites and predators than synthetic insecticides. Thus, it will 
not increase the need for control measures for either the target pest or other 
potential pests in the same crop. It poses no hazard to fish, birds or other 
wild life, and it will not accumulate in organisms higher up the food chain as 
some chemicals do. It is not a threat to humans during production or 
application if procedures to prevent the development of adventitious 
microorganisms and to contain allergens are followed. 

No Residue Problems. Baculoviruses, like other microbial control agents, 
have the potential to multiply after application. They have also been shown 
to occur on harvested crops as the result of naturally occurring disease in the 
pest population (4). Therefore, when these organisms are to be used to 
control pests, EPA requires that they meet the requirements for an exemption 
from the requirement of tolerance. As a result, microbials can be used up to 
and including the day of harvest. 
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Successful Use of Baculoviruses 

Of the several hundred baculoviruses causing diseases in insects, only a few 
have been used successfully against pests. Yearian and Young (17) reviewed 
the reports on those viruses with demonstrated control potential and found 
that of 31 viruses identified 29 were baculoviruses. With one exception all the 
pests were Lepidoptera and one half of these were in the family Noctuidae. 
Of those viruses used in agriculture, 10 were on field crops, 10 on vegetable 
crops, 7 on forage crops, and 6 on fruit crops. Entwistle and Evans (18) have 
assembled a list of 39 pests that could be controlled with baculoviruses (Table 
II.) This list contained 32 Lepidoptera, 6 Hymenoptera, and one Coleoptera. 
Of the 39, 16 are forestry pests and the remaining 23 are agriculture pests. 
Selected examples from this list are discussed in some detail to illustrate the 
level of control obtained with viruses. 

Cole Crops. The Trichoplusia ni MNPV and the A. californica MNPV have 
consistently been shown to suppress cabbage looper populations on cole crops. 
In studies by McEwen and Hervey (19) populations of T. ni on cabbage, 
broccoli, and cauliflower were reduced by 75-98% with T. ni NPV. Vail and 
his coworkers (20) reported that A californica NPV or T. ni NPV used alone 
or in combination reduced looper populations on cabbage as well as the 
standard chemical insecticides. However, the initial control was not as good 
and perhaps, as a result, damage control was not as good as with chemical 
insecticides. Using a 10-fold higher treatment, Hostetter et al. (21) obtained 
93% marketable cabbage heads compared to only 30% in the control plots. 

A second pest frequently found on cole crops worldwide is the imported 
cabbageworm, Pieris rapae. This insect is not affected by the NPVs but is 
killed by a granulosis virus, another baculovirus. On cabbage, control of the 
cabbageworm with two applications of this virus was equal to that with DDT 
followed by organophosphate insecticide (22). Treatment with the virus 
reduced the number of insects by 87-97% nine days post-treatment. The 
damage was confined to the wrapper leaves and the marketable heads were 
increased from 22% to 84%. Note that the data on population reduction was 
given for nine days after treatment. Although feeding stops, the insects may 
live for some time after exposure to the virus. This must be understood by 
the user. 

The diamondback moth, Plutella xylostella, a serious pest of cole crops 
in much of the world, is rapidly developing resistance to chemical insecticides 
and to the endotoxin of Bacillus thuringiensis (23). This insect has been shown 
to be susceptible to both the A. californica NPV (24) and to a G V (25). 
Recently in India studies demonstrated that an unidentified, locally isolated 
NPV was highly infectious for diamondback larvae in laboratory tests (26). 
Since resistance is rare to viruses, this may be the way to control this difficult 
pest. 
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Table H Agricultural Pests Potentially Controllable with Baculoviruses 

PEST PLANT 

NPV Baculovirus 
Anticarsia gemmatalis soybean 
Choristoneura fumiferana spruces 
Colias philodice eurytheme alfalfa 
Galleria mellonella beehives 
Gilpinia hercyniae spruces 
Helicoverpa armigera cotton, sorghum 
Helicoverpa virescens cotton 
Helicoverpa zea cotton, vegetables 
Heliothis punctigera cotton 
Hyphantria cunea broadleaved 
Kotochalia junodi black wattle 
Lymantria dispar broadleaved 
Lymantria fumida Japanese fir 
Malacosoma distria aspen 
Malacosoma fragile orchards 
Mamestra brassicae brassicas 
Neodiprion lecontei pines 
Neodiprion sertifer pines 
Neodiprion swainei Jack pine 
Neodiprion taedae linearis lobolly pine 
Orgyia pseudotsugata Douglas fir 
Spodoptera exigua horticultural crops 
Spodoptera littoralis cotton 
Spodoptera litura bananas 
Thymelicus lineola timothy grass 
Trichoplusa ni brassicas 
Wiseana cervinata 

GV Baculovirus 
pasture 

Agrotis segetum carrots, beets 
Choristoneura muriana spruces 
Cydia pomonella apples, pears, walnuts 
Phthorimaea opercullela potatoes 
Pieris rapae brassicas 
Pieris brassicae brassicas 
Plutella xylostella brassicas 
Plodia interpunctella 

BV Baculovirus 
stored products 

Oryctes rhinoceros coconuts 

Per Entwistel and Evans (18) African Chemfcaf 
Society Library 

w V55
 m st. h. w 

"wiiiiflton, 0. C. 2003A. 
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Orchard Crops. The most promising virus control of an orchard pest is the 
G V of the apple codling moth, C. pomonella. The insect is a pest of apples, 
pears, and walnuts all over the world. In many places it's natural enemies are 
incapable of keeping populations below economic tolerance (1). The virus is 
highly specific and one of the most virulent known. The first field trials were 
conducted by Falcon and his associates in California (27) with virus isolated 
from larvae collected in Mexico (28). It has subsequently been tested in 
Australia, Canada, South America, and Europe. Over a five year period, the 
G V outperformed azinphosmethyl in a commercial pear orchard (29). The 
potential of this virus has been thoroughly demonstrated and it would appear 
to be a strong candidate for development. 

Cotton. In the early 1960's the work of Ignoffo and colleagues provided the 
stimulus for the development of the H. zea NPV for the control of H. zea and 
H. virescens on cotton (30). Early field results were erratic but promising. In 
1969, excellent results were reported in large-scale field tests (31). 
Application of the virus at 247 LE/acre in 1971 resulted in much more square 
and boll damage than 123.5 and 247 LE/acre applied in 1972 (32). By 1974 
improved formulations hads been developed, and in field tests at several 
locations seed cotton yields were significantly higher than with previous 
formulations. In 1975 test yields were consistently better except where the 
insect populations were high (Reviewed by Yearian and Young, 17). The H. 
zea NPV became the first virus to be registered for use in the United States 
to control insect pests in 1975 and was the only virus manufactured and sold 
commercially. 

Bell and Romine (33) have tested combinations of the NPV and the 
exotoxin of B. thuringiensis and reported that there was no apparent benefit 
to the use of combinations of pathogens to control Heliothis in cotton. All 
treatments reduced the number of larvae when compared to the untreated 
control. However, the virus alone did not give significant reduction of 
terminal damage. When they used the virus - bacterial mixture, applied by 
air, to treat a commercial field of short-staple cotton the number of eggs, the 
damage to bolls and the yields from the field were about the same as in the 
fields treated with chemical insecticides. 

In Egypt, Spodoptera littoralis, the Egyptian cotton leafworm, is a 
serious pest on cotton and a NPV has been developed to provide an 
alternative control measure. Applications of 5 x 1012 polyhedra/ha to the 
under surface of the leaves were as effective as chemicals in preventing 
damage. The virus did not remove the insect predator population as did the 
chemicals and as a result large numbers of beneficial insects were found in 
neighboring fields and reduced the number of egg masses below the level 
required to cause significant damage without additional treatment (34). 

Soybeans. The velvetbean caterpillar (Anticarsia gemmatalis) defoliates over 
11 million ha of soybean per year in Brazil and most of the chemical 
insecticides applied to soybeans are for its control. In 1979 a program was 
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established at the Soybean National Research Center of Empresa Brasileira 
de Pesquisa Agropecuaria (EMBRAPA) to develop alternative non-polluting 
methods for its control. An NPV, isolated from veletbean caterpillars in 
Brazil, was evaluated for efficacy and safety at the Center. A program was 
begun to produce the virus at the Center for distribution to extension service 
personnel and farmer cooperatives for further multiplication and field 
application. 

The project began with the treatment of 2,000 ha in the 1982/83 
season. By the 1987/88 season 500,000 ha were treated. Due to increasing 
farmer demand the production programs had to be expanded and the 
technology was transferred to six private firms. The process also has been 
transferred to other South American countries, such as Argentina and 
Paraguay, where 2,000 and 18,000 ha, respectively are treated with the virus 
(55). A commercial formulation of the NPV has been manufactured and sold 
in Brazil. In 1988/89 the amount sold was sufficient to treat about 81,000 ha. 

Forests. The forest environment is ideal for biological control because minor 
cosmetic damage and the presence of low numbers of insects can be tolerated. 
Since the attempts by the German foresters to control the nun moth with virus 
100 years ago, viruses of numerous other pests have been used in pest 
management systems. The classical introduction into the U. S. and Canada 
of the NPV of the European spruce sawfly has already been mentioned. An 
NPV for use against the Douglas fir tussock moth, Orgyia pseudotsugata, and 
a second NPV for use in controlling European pine sawfly, Neodiprion sertifer, 
have been registered by E P A Another virus for controlling the redheaded 
pine sawfly, N. lecontei, has been developed in Canada. 

In the 1860's the gypsy moth, Lymantria dispar, was introduced into the 
United States and became a serious defoliator of Northeastern forests, parks, 
and urban areas. In the latter two areas, it is also an aesthetic problem when 
present in high numbers. It was observed that the NPV was one of the causes 
of the periodic collapse of high density populations and in the 1960's research 
began to develop this virus for managing gypsy moth. This research 
culminated in the U. S. Forest Service obtaining registration of the virus as 
a pesticide. However, a combination of low virulence and very limited 
availability restricted the use. Recently a new strain of this NPV was 
obtained by selection from a wild population of the virus that has increased 
virulence in laboratory tests and may provide control at application rates that 
are economical (36). The addition of a stilbene to the tank mixture before 
application increases the activity of the virus and reduces the dose needed to 
control gypsy moth further enhancing this virus as a successful control agent 
(37). 

Restraints to Development 

The viruses discussed above are selected examples of recent progress in the 
use of viruses for pest management. Despite the economic importance of the 
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crops affected by the pests listed and the potential value of viruses for their 
control, only five of those in Table 2 have been registered and approved for 
use in North America. The five are the NPVs for H. zea, L. dispar, O. 
pseudotsugata, N. lecontei, and N. sertifer. In 1985 the worldwide sale of 
viruses for pest control was estimated at about $1 million US compared to the 
sales of products containing the bacterium B. thuringiensis which were 
estimated at $30 million US of a total insecticide sales of $5 billion US (38). 
None are currently sold for general use in the United States. 

A market report by Frost and Sullivan (New York) cited by Reinecke 
(39) forecasts that by the year 2000 biologicals will be 40% of the pesticide 
sales assuming that the total market remains unchanged for the next ten years. 
Insect resistance to chemicals, public concern about synthetic chemical 
residues on food, and environmental pollution have come together to establish 
a need for biologicals. Successful marketing requires the appropriate product 
to meet a need. Years of basic research, briefly described here, have 
developed the raw materials, viruses that kill insects. The viruses can capture 
a significant share of the increased biological insecticide sales if the factors 
constraining their use are overcome. 

Specificity. The specificity which makes the viruses attractive as an 
environmentally safe insecticide is also a limitation to commercialization. In 
many situations the viral products will be minor use pesticides and the 
potential market size will not justify the cost of development and registration. 
For these viruses it may be imperative that government or institutional funds 
support some or most of the development. The U. S. Forest Service 
supported the development of and holds the registrations for three of the four 
viruses registered in the United States. In California a unique partnership has 
supported the development of the GV of the codling moth. California 
farmers developed a non-profit cooperative to provide funds for the 
development of the virus. The experimental use permit was issued to the 
University of California, Berkeley and UCB is the potential registrant (29). 
Increased use of funds from the federal IR-4, minor use pesticide program for 
the collection of data on biologicals will also further the development of viral 
pesticides. 

From the end user's view, a product that only controls one pest on a 
crop with several major insect pests is not as desirable as one that controls 
them all. This can be overcome by using a combination of specific pesticides. 
However, growers need to be made aware that switching to a broad spectrum 
pesticide in this situation may remove the natural enemies of the pests and 
also increase their pest control costs in the long term. 

Slow Action. Unlike synthetic chemicals or the B. thuringiensis toxin, viruses 
are pathogens and the target insects are killed as the end result of a disease. 
Growers are accustomed to the rapid knock-down and death caused by the 
chemical pesticides and need to be educated on the effects to be expected 
when pathogens are used. Viruses applied to rescue a crop already suffering 
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damage from pests will not give satisfactory results even if there is significant 
reduction in pest numbers because the insects will feed for two or more days 
during the incubation period of the disease. Similarly, insects that feed on 
foliage for only a few days before boring into fruit or other parts of the plant 
may cause economic loss during the time between exposure to the virus and 
death. Thus, the timing of the application is much more critical for viruses 
than for chemicals. 

If there is sufficient understanding of the biology and ecology of the 
pest and an economic threshold has been established on the threatened crop, 
economic loss can be minimized by proper timing of the application. The 
monitoring of pest numbers, knowledge of the rate of increase in pest 
numbers, and the length of the incubation period are needed to time the 
application of viruses. Viruses are most infectious for neonatal or early instar 
larvae. Therefore, the virus should be applied as soon after hatching as the 
need can be established. This also will reduce the loss caused by foliage 
feeding insects, as they do the most damage in the later instars. 

There has been great interest in using recombinant DNA technology 
to modify the baculoviruses to prevent loss during the incubation period. 
With this technology, a foreign gene coding for a protein that causes the 
insect to stop its activity shortly after infection occurs could be inserted into 
a nonessential area on the viral genome. The gene should be expressed very 
early in the replication cycle but allow continued development of the virus. 

Several types of proteins, affecting insects in different ways are possible 
candidates: insect growth regulating proteins, regulators of essential 
physiological functions, and those that are toxic to the target insects. An 
example of the first type of protein is the juvenile hormone esterase. This 
enzyme is produced in the last larval instar and hydrolyzes the active juvenile 
hormone to the inactive acid form. As a result of the reduced levels of the 
hormone, the larva stops feeding and metamorphosis is initiated. Hammock 
et al. (40) constructed a modified AcNPV that produced the enzyme during 
replication. When first instar T. ni larvae were fed this virus the feeding and 
growth of the infected larvae were halted in the third instar. These larvae 
were much smaller than larvae killed by the wild type virus. 

The diuretic hormone used by Maeda (41) is an example of the second 
type of proteins. This hormone controls the intake and excretion of water. 
When insects were fed a recombinant virus containing the gene for the 
hormone all larvae died four days after inoculation, whereas 95% of the 
control larvae were still alive. Decreased volumes of collectable hemolymph, 
fragile midguts and other physiological changes indicated that a disruption of 
the process controlling water balance had occurred. 

The insertion of genes for insect specific neurotoxins has been an 
intriguing concept for the improvement of the baculoviruses as control agents. 
Several reports of initial successes in modifying the A. californica NPV in this 
manner were published recently. Tomalski and Miller (42) inserted the gene 
for mite neurotoxin in place of the viral gene for polyhedrin in the >lcNPV. 
The gene was expressed early after infection, caused paralysis, and eventually 
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the larvae died of the viral disease. This viral construction did not produce 
polyhedrin and so no occluded virions were produced. The non-occluded 
virion is not infectious to the insect per os, but must injected and therefore 
is not suitable for insect control. A second polyhedrin positive recombinant 
was produced in which both the neurotoxin and polyhedrin genes were 
expressed. Neonatal larvae were infected per os with this virus and showed 
paralysis by the second day post infection. 

A similar construction was made with the NPV of the silkworm, 
Bombyx mori by Maeda and associates (43) in which the gene for an insect 
specific toxin from the scorpion, Androctonus australis was inserted into the 
viral genome in the site of the polyhedrin gene. When silkworm larvae were 
injected with the recombinant virus the expressed toxin caused feeding 
cessation within 40hr post infection followed by paralysis and death by 60 hr. 
Larvae infected with control virus did not die for another 36 hr. 

Stewart and colleagues (44) have also constructed a recombinant in 
which they inserted the gene for this scorpion peptide. Their constructs were 
polyhedrin positive. Per os infected insects became paralysed and the L T 5 0 

was reduced from 113 hr for wild type virus to 86 hr for the recombinant. In 
experiments in which infected larvae were placed on cabbage leaves after 
feeding overnight on a diet plug inoculated with 104 polyhedra, those larvae 
fed recombinant virus caused 50% less damage than those infected with the 
wild virus. Studies on another set of constructs containing this gene 
demonstrated that the expressed toxin was effective in reducing the L T 5 0 of 
the v4cNPV in H. virescens from 125 hr for wild type virus to 88 hr for the 
recombinant (45). 

These studies are the first to demonstrate increased effectiveness with 
recombinant viruses. If the increase demonstrated in these laboratory studies 
carries on in field tests, this technique has potential for increasing the use of 
the NPV in the insecticide type strategy of pest management. As a result, 
commercial concerns have increasing interest in developing products based on 
these viruses. 

Production. Poor supply and high cost are factors that have limited the 
development of viruses in pest management. Viruses are obligate parasites, 
as such, their multiplication occurs only in living cells, either in the insect or 
in cultures of insect cells. Producing viruses in mass reared insects is 
generally labor intensive. There has been more interest in the insect system 
in developing countries where inexpensive labor is available and chemical 
insecticides are more expensive. The method is suitable for a cottage industry 
type production unit and the very successful program to control the velvetbean 
caterpillar in Brazil began with the production of the virus in the farmer 
cooperatives using seed virus provided by the research laboratory in 
EMBRAPA (35). Similar programs have been used in Thailand, Columbia, 
Zimbabwe, and China (46). In China the total area treated with viruses is 
now near 70,000 ha. A manufacturing facility has been established to produce 
the H. armigera NPV (Gu Baogen, personal communication). 
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In countries outside of North America the commercial production of 
viruses has an increasing role in pest management as the development of the 
NPV for control of the velvetbean caterpillar demonstrates. In Guatemala, 
two viral products are produced and sold by a private company. One based 
on the A. californica NPV, for the control of the beet armyworm and cabbage 
looper on cotton, broccoli, and ornamentals. The second contains the NPV 
from Spodoptera sunia and is used on cotton for the control of S. sunia and 
beet armyworm. In France the NPV from M. brassicae is sold to control 
Mamestra, Heliothis, and Diparopis spp. on cotton, cabbage, and other 
vegetables. In England and Finland the NPV from N. sertifer is sold for 
control of that insect in forests (47). 

Most of the agrochemical companies in North America have not shown 
interest in the insect or in vivo production system. Sandoz Inc. has developed 
the only facility specifically for in vivo virus production in the United States. 
In 1980 their commercial H. zea NPV, Elcar, was marketed at $7.80 per ha 
treatment (48). However production was discontinued due to low sales in the 
early 1980's and no viruses are sold in the United States presently. Crop 
Genetics International of has recently begun development of a facility to 
produce at least three NPV for control of agriculture and forest pests. 

The production of viruses in cell culture is attractive to industry 
because the process is highly automated and easily controlled. A number of 
cell lines have been established and the NPVs infecting the major pest insects 
can be grown in vitro. However, the fragility of insect cells and their high 
oxygen requirements discouraged research on culture systems that would scale 
up to the volumes needed for virus production. In cultures of three liters or 
more the increased mixing and sparging required to maintain the required 
level of dissolved oxygen caused sever damage to the cells. Foaming was 
shown to be a cause of much of the damage and cell viability in foam was 
very low (49). The bursting of the foam bubbles at the surface of the cell 
suspension was more damaging to the insect cells than the velocity at which 
the bubble rose through the suspension. Miltenburger and David (50) had 
avoided this problem in earlier studies by supplying oxygen through silicon 
rubber tubing coiled around the metal tube of the fermenter's heating system. 
This enabled them to culture cells in volumes up to 10 liters, but the system 
was not practical for the larger volumes needed for virus production. 
Infection of the cells with an NPV further increased the O z consumption and 
virus replication in cultured cells was limited to volumes of 3 liters or less (51, 
52). 

At this time much of the work on large-scale insect cell culture 
stopped because solutions to these problems were not apparent. The recent 
discovery of methods for producing monoclonal antibodies from cultured cells 
led to the development of systems designed to grow animal cells rather than 
microorganisms. Fermenter vessels were designed with round bottoms and 
marine type propellers instead of the flat bottoms and blades in microbial 
fermenters. These new designs were quickly adapted for use with insect cells 
(53, 54). Weiss et al. (55) have grown the SF9 cells from Spodoptera in 40 
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liter airlift reactors. Parameters established for optimum cell growth at this 
volume should apply to cell growth in larger volumes as well. 

Another factor limiting the use of cell cultures for virus production was 
the high cost of media due primarily to the need for fetal bovine serum. This 
was partially overcome when it was shown that commercial serum 
replacements could be used in place of the fetal bovine serum and that 
efficacious virus could be produced (56, 57). 

Media were then developed in which insect cells grew to high titers 
without any serum components (58). Recently it was shown that NPV 
produced in cells grown in this type of medium were as infectious for the test 
insect as were polyhedra produced in insect larvae (59). The medium used 
in this study was projected to cost between $3-5 per liter. Assuming that the 
cost of materials is 33% of the production costs, viruses could be produced in 
a bioreactor for $9-15 dollars per liter. Current yields are about 5 x 1010 

polyhedra per liter. If the treatment rate is 4 x 1010 polyhedra per ha, the cost 
would be $8-12 per ha. Thus, it appears that there is now technology for the 
in vitro production of some insect viruses. 

Patent Protection. Newly developed selective chemicals can be patented to 
protect the developer and allow time to recover the investment made in 
discovery. Naturally occurring microbials have not been patentable and 
developing companies have not had the advantage of patent protection in the 
past. However, recent success in patenting both strains of B. thuringiensis 
(U.S. Patent No. 4,950,471) and of the viruses from the celery looper (U. S. 
Patent No. 4,911,913) and the gypsy moth (U.S. Patent No. 5,124,149) indicate 
that under some conditions such strains are likely to be protected by patent. 
Certainly the recombinant DNA strains will have patentability. 

Conclusions 

A few viruses have become valuable tools in the management of insect pests. 
There are many more that could be developed in the future. Successful 
development will require identifying the unique market niche in which the 
virus will fit, and developing this niche carefully. It is necessary to develop 
use strategies that take advantage of the attributes of the virus, which are 
safety, and compatibility with other control measures. A solid data base 
defining the application rates and the time of application needed to assure 
consistent control must be established. The promotion of the virus must 
include the education of all involved with the sale and use to understand how 
the virus works, and what effects to expect, both in the sort term and in the 
long term. If this is done viruses will become useful tools in the control of 
insect pests. 
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Chapter 18 

Development of Improved Bioinsecticides Based 
on Bacillus thuringiensis 

Bruce C. Carlton 

Ecogen, Inc., 2005 Cabot Boulevard West, Langhorne, PA 19047 

Research on the genetics and molecular biology of Bacillus 
thuringiensis (BT) during the past 10-12 years has led to a 
reasonably clear understanding of the genetic organization and 
diversity of the insecticidal crystal protein (ICP) genes 
responsible for the bioactivity of B T strains. This research has 
led to the recognition that ICP genes are primarily localized to 
extrachromosomal plasmids, that many strains harbor multiple 
plasmids for these genes, and that certain of these plasmids are 
self-transmissible between strains of B T by a conjugation-like 
process. The molecular cloning and characterization of 
individual ICP genes has further emphasized the diversity of ICP 
insecticidal activities. This information has provided both the 
knowledge base and the methodologies for the systematic 
construction of new strains of B T having improved properties 
over their naturally-occurring counterparts. Utilizing both non
-recombinant and recombinant genetic approaches, new BT 
-based products have been developed that are not only superior 
to older products based on naturally-occurring strains but are 
competing effectively with synthetic chemical insecticides for 
many applications. 

The development of alternatives to synthetic chemical pesticides is an ever-
accelerating activity around the world today. Despite the reassurances from 
the manufacturers and distributors of chemical pesticides as to their safety, the 
lesson taught by Rachel Carson in her 1962 book, Silent Spring (1) is more 
than ever apparent. The perception of chemical pesticides by the consuming 
public is that their safety is questionable, and there is an increasing demand 
for safer alternatives. Among these alternatives are such approaches as 
organic farming, employment of farming practices that encourage the control 
of pests through non-intervention, and the use of biological pesticides. Each 
of these alternatives has its own merits, and this discussion will concentrate on 
the latter of these approaches. Of all of the biological agents that have been 
discovered and evaluated as potential pesticides, very few have achieved a 
significant penetration into the pest control market in a commercial sense. In 
fact, of the current annual world-wide pesticide expenditures of greater than 

0097-6156/93/0524-0258$06.00/0 
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$25 billion, less than $150 million (0.6%) represents non-chemical pest control 
products. 

If biologically-derived products are indeed safer, why then have they 
received so little acceptance within the pest-control marketplace? There are 
several reasons for this situation, some obvious and some rather subtle. A 
major historical problem with biological products has been their lack of 
consistency in field efficacy as compared to their synthetic chemical 
competition. Over the last fifty years users of chemical pesticides have come 
to expect high levels of consistency and efficacy in pesticides, and this has not 
been a strong feature of biologicals. Another major problem with biologicals 
has been that many of them, especially those based on complex organisms 
(e.g., fungi, protozoans, and viruses that are obligate parasites of living cells) 
could not be produced, packaged, and delivered to the user in a cost-effective 
way. Third, and perhaps less obvious, is that in contrast to the synthetic 
chemicals, many of which are derived from less effective naturally-occurring 
progenitor compounds, biologicals have undergone little or no improvement 
over the years. For example, one of the first biologicals to be marketed 
commercially in the U.S., Bacillus popilliae, a bacterium that generates milky 
spore disease in white grubs, is still produced today by the same labor 
intensive in vivo production process as it was when first introduced in the late 
1940's. Thus a product that potentially could address a $100 million turf 
insecticide market remains relegated to a sales volume of less than $50 
thousand due to the very limited availability of product. Similarly, the 
expansion of markets for products based on insect viruses has been held back 
for the same basic reason- the only commercial method currently available for 
producing the viruses is in vivo within the host insects, thus drastically 
constraimng their productivity and cost-competitiveness. 

A fourth limitation in the acceptance of biological alternatives to 
chemical pesticides has been the perceived (and sometimes real) delayed 
action of biologicals. When a farmer has a problem pest that is endangering 
his crop, he wants to apply a pesticide that literally stops the pest "in its tracks." 
Many biologicals, especially those that function as infective agents of pests, 
require days or even weeks for their effects to be expressed on the pest 
organism. Insect viruses, for example, must be disassembled in the infected 
insect target, and then express a complex sequence of functions that may 
require many days to be fully expressed. During much of this activity by the 
virus the host insect does not even recognize that it has been infected and thus 
goes on feeding normally, and continuing to cause crop damage. 

For the reasons stated above, biologicals have for the most part 
received only minor attention as alternatives to chemical pesticides, primarily 
by environmentally-conscious growers and for home garden and organic 
farming activities. Probably the one exception to this lack of attention is the 
bacterial insecticide Bacillus thuringiensis, or B T as it is commonly called. B T 

roducts have been sold commercially since the late 1950's, and now exceed 
125 million in worldwide sales- increasing at the rate of about 20 per cent 

annually. Part of this expanded usage has resulted from the introduction of 
new products for different insect applications. The original B T products 
marketed in the 1950's, '60's, and 70's were only for caterpillar (Lepidopteran) 
insect control. Following the discovery in 1977 of a new subspecies named 
subsp. israelensis, an array of new products were developed for control of 
certain Dipteran insects such as mosquitos and blackflies, many of which are 
important vectors of human disease^ such as malaria, Dengue fever, and river 
blindness disease. 
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More recently, the discovery in 1982 of the subspecies tenebrionis strain 
active on certain beetle (Coleopteran) insects has produced an array of 
products directed at Colorado potato beetle on potatoes, eggplant, and 
tomatoes. 

These and other developments at the basic research level have 
contributed to the general popularity of BT as a bioinsecticide, and the 
remainder of this chapter will focus on this agent. For an earlier summary of 
this topic please refer to reference (2). 

To begin this discussion, a few statements are in order about BT and 
how it acts as a bioinsecticide . BT is a common gram-positive bacterium, 
closely related to B. cereus, and is found in soils, grain dusts, the bodies of dead 
insects, and on many plant leaf surfaces. Considerable effort has been put into 
examining the diversity of BT, and it is now recognized that this bacterial 
species is indeed very diverse. One criterion that has been used extensively to 
characterize and categorize BT was developed by de Barjac and associates (5) 
at the Pasteur Institute, and involves the immunological characterization of 
antigens on surface fiagellae; appendages that act as locomotion structures for 
the bacterium. Currently there are nearly 30 subspecies of BT that are 
recognized based on this criterion. Another approach to assess the diversity of 
BT in nature has been described by Baumann et al (4), who evaluated a wide 
array of biochemical properties of BTs in an attempt to provide additional 
criteria for classification. As useful as these approaches have been, neither of 
them has been definitively correlated with insecticidal activity, which at 

{>resent can only be determined by in vivo bioassay, a very time-consuming and 
abor intensive procedure. Thus, the characterization of BT strains remains 

complicated by the different criteria which are used. Regardless of which 
parameters are used to assess diversity however, the basic conclusion that BT 
is complex is consistent throughout. 

As an insecticide, BT acts as a stomach poison to susceptible insects. 
As the bacterium grows in culture, it undergoes a pseudo-developmental 
change resulting in the formation of a spore, which encapsulates the essential 
genetic information of the cell. When this process (sporulation) is complete 
the "mother cell" dies and disintegrates, releasing the mature spore into the 
surrounding medium. The major property that distinguishes BT from its close 
Bacillus relatives is the production, in sporulating cells, of a prominent 
proteinaceous crystal, termed the parasporal body. This structure contains 
most of the insecticidal activity of BT, in the form of insecticidal crystal 
proteins, or ICP's as they are commonly referred to. When eaten by a 
susceptible insect, the parasporal body is first solubilized in the insect midgut. 
Then, the crystalline protein which usually, although not always, exists in the 
form of an inactive protoxin is converted into an active toxin by a proteolytic 
activation process. The active toxin binds to either specific or non-specific 
receptors on the insect mid-guts, and an ion channnel imbalance is created 
which ultimately leads to swelling and bursting of the mid-gut epithelial cells. 
In some insects, the movement of the spore into the hemolymph leads to a 
secondary septicemia which contributes to the pathogenic response. Recently 
there has been a great deal of interest in the nature and specificity of the toxin 
receptors, particularly with regard to the management of the potential for 
insects to develop resistance to BT toxins. At the moment what is known 
about this situation is that there are apparently different receptors for BT 
toxins in given insects, and that different toxins may bind to the same or 
different receptors (5). The next year or two will undoubtedly reveal many 
new and important aspects of this situation as ongoing studies on the nature of 
these receptors are completed and reported in the literature. 
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The diversity of BT has also been well-documented with respect to the 
various types of different toxin proteins that can be expressed in BT, and the 
fact that many strains of BT are capable of producing multiple toxin proteins. 
This situation has served to complicate the understanding of the activity 
diversity of BT, since a given strain may be expressing widely-varying levels of 
several different ICP's, each with its own unique activity. The cloning and 
characterization of individual genes, for which some 25 or so have now been 
reported, has helped to clarify this situation. Two significant conclusions can 
be drawn from the information obtained. First is that even very closely-related 
ICP's may have widely different levels of activity on different insects, even 
those in the same genus. Second, the activity of a specific ICP varies over a 
range of as much as 1000-fold on different insects. Both of these observations 
undoubtedly reflect the specificity of the mode of action of the ICP proteins, 
which at this writing cannot yet be pinpointed to a specific region or site on the 
ICP protein. 

The ICP proteins can be grouped into families that are closely related 
in actual amino acid sequence and with respect to insecticidal specificity. 
Based on these criteria a BT toxin classification system was recently proposed 
by Hofte and Whiteley (6) that allows the placement of ICP proteins into the 
classification system. For example, the Cry I proteins are grouped together 
from two perspectives; they all are of the 130-145 kd size range, they are all 
primarily active only on Lepidoptera and they all have at least 50% identity at 
the level of amino acid sequence homology. Cry II proteins, in contrast, are 
much smaller (70-75 kd), some (e.g., Cry IIA) have bifunctional activities on 
Lepidopterans and Dipterans, and their sequence homology to Cry I proteins 
is very low. Cry IQ proteins are those having Coleopteran insect activity, are 
very similar in size to the Cry II proteins, and have greater inter-group 
sequence homology than with proteins in other groups. While there will 
undoubtedly arise exceptions to the clear assignment of toxin proteins to 
specific groups, particularly as more and more different insecticidal activities 
are discovered, the system has nevertheless provided a useful beginning to 
separate the various proteins in a systematic way. 

As both genetic and biochemical techniques have become more 
sophisticated in recent years, the complexity of naturally-occurring BT strains 
has been clearly documented. From the earlier indications of Krywienczyk and 
Angus (7) that BT crystals contained different antigenic determinants, it is 
now very clear that a single strain may contain multiple toxin proteins, either 
of the same family or of different types. Analyses of purified crystals by 
techniques such as gel electrophoresis have confirmed that a bipyramidal 
crystal may be composed of different but related toxin proteins. It has also 
been shown that a single strain may produce more than one crystal type, as 
exemplified by the highly-studied strain HD-1, the basis for most existing 
caterpillar control products. This strain produces a large bipyramidal crystal 
comprised of three Cry I proteins, and a smaller, cuboidal crystal containing a 
Cry II protein (reviewed m 2). Through a combination of protein and genetic 
analyses, using gene probes to identify various toxin genes, it has been well-
documented that many BT isolates are multi-genic for these insecticidal 
proteins, and in some instances may contain as many as six identifiable genes. 
What is less-well understood at present is how these multi-genic situations are 
regulated with respect to the individual gene products. While it is evident that 
the protein products of closely-related genes are expressed to different levels 
and that transcriptional regulation plays an important role in differential gene 
expression (S), it is not yet clear whether translational or post-translational 
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factors may also play an important role in the ultimate levels of the various 
proteins expressed by a given strain. 

Over the past several years much effort has been expended in 
developing an understanding of the genetic organization of BT toxin systems. 
One of the major conclusions from these efforts is that the genes for these 
proteins are located, for the most part, not on the essential chromosome but 
instead on an array of non-essential extrachromosomal plasmids (see 
reference (9) for review). Different strains of BT may harbor anywhere from 
one or two such plasmids to as many as 12-14 different species. A given strain 
of BT may contam several such plasmids harboring up to five or six different 
insecticidal toxin genes, including some localized on the same plasmid. The 
second important conclusion from BT genetic studies is that many of the toxin-
encoding plasmids are capable of self-transmission from one cell to another by 
a naturally-occurring process called conjugation (10). This is a type of sexual 
gene transfer previously described in great detail for E. coli and other bacteria 
and for which Joshua Lederberg shared the Nobel Prize in Physiology or 
Medicine. In BT, this process has been observed to permit reciprocal transfer 
of toxin-encoding plasmids at high efficiency (up to 75%) in matings between 
different parental strains. 

A second property of significance to BT toxin plasmids is their ability to 
be spontaneously lost ("cured") from cells that harbor them. Variants can be 
readily recovered that have lost one or more of their plasmid complement, and 
if the cured plasmid contains an insecticidal toxin gene the resulting mutant 
strain becomes crystal-negative (unless it harbored another toxin-encoding 
plasmid). Regardless, there are molecular techniques that can readily 
distinguish such cured variants. If derivatives are identified that have been 
cured of toxin-encoding plasmids that contribute relatively little to the activity 
against a particular insect target, the typical result is that the remaining toxin 
gene products are expressed in relatively higher amounts. This is because 
there is an apparent built-in dosage compensation effect that allows the 
production of a certain level of toxin protein, within some as yet undefined 
range of ICP genes. Although this regulatory system is not yet well 
understood, the data from various mutant strains are sufficiently convincing 
that this conclusion appears valid. 

Thus, one way of improving a naturally-occurring BT strain is to isolate 
cured variants that have lost plasmids encoding inactive or poorly-active 
toxins. A variation of this approach that exploits the natural transmissibility of 
BT toxin plasmids involves the mating of a partially-cured variant of an 
otherwise desirable strain with a second strain having a toxin plasmid with 
some desired property. The resulting transconjugants will typically yield some 
derivatives which have acquired the desired toxin plasmid from the donor 
strain, effectively replacing the undesired or poor activity with a better activity. 
Depending upon how many toxin plasmids were originally present, this first 
transconjugant may be mated with still another plasmid donor strain to 
transfer in another toxin plasmid. This process allows the accumulation, in a 
single strain background, of an array of BT toxin plasmids derived from 
several different parental origins. By the selective choice of parental donor 
strains possessing either more potent insecticidal activities, or different 
insecticidal activities, new strains can be constructed that are more active or 
that have broader target insect spectra. In addition, the properties of such 
genetically-derived strains provide the basis for the filing of patents to provide 
a means of proprietary protection. 
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Development of Improved BT Products by Non-Recombinant Approaches 

Based upon the foregoing considerations Ecogen Inc. set about several years 
ago on a BT improvement program. This program was designed with several 
integrated components to ensure the most rapid development of new BT-
based products. 

First was an aggressive new strain discovery program to expand its 
library of BT insecticidal activities. Samples were collected from all over the 
world and carefully examined to identify new and different strains of BT, using 
a variety of criteria such as plasmid arrays, insecticidal activities, toxin gene 
profiles, etc. Through these activities we have amassed a collection of over 
8000 novel BT isolates having a broad array of characteristics. From the 
strains identified as having desired characteristics, a strain development 
program was instituted to utilize the procedures of plasmid curing and 
conjugal transfer described previously to generate new gene combinations 
directed at specific crop and insect applications. From many hundreds of such 
constructs a small number of candidate strains was identified with the desired 
levels of activity and/or insecticidal spectrum. These strains were subjected to 
an intensive evaluation program, including fermentation process behavior, 
greenhouse performance in on-plant assays, formulation behavior, and field 
performance. From among those having acceptable properties were selected 
three strains of different genetic compositions for development as new 
products. One of these products, Condor® bioinsecticide, was specifically 
designed for improved performance on soybean caterpillars, cotton 
caterpillars (the so-called Heliothis complex), and caterpillars that attack forest 
trees (gypsy moths and spruce budworms). Condor also has excellent 
performance against an important vegetable insect pest, the diamondback 
moth. A second product, Cutlas^ bioinsecticide, was developed for improved 
efficacy against a broad array of vegetable crop pests, including cabbage 
loopers, beet armyworms, webworms, imported cabbageworms, and others. 
Although the BT strains contained in the two products are genetically distinct, 
the nature of the gene compositions in the two strains provides for significant 
overlap in their insecticidal activities. The third product, Foil® bioinsecticide 
is very different in its activity spectrum, however, since it combines in a single 
strain activities against both beetle and caterpillar insects. This is a truly novel 
construct that we have not observed in natural BT isolates, and is the only 
product of its type that has ever been commercialized to our knowledge. Foil® 
was developed to control a complex of beetle and caterpillar pests on crops 
such as potato, tomato, and eggplant. U.S. patents have been received on all 
three of these strains and are pending in foreign countries. Condor®, Cutlas^, 
and Foil® are all fully-registered for sale in the United States, and registrations 
are currently being pursued in other countries. It is important to note in the 
context of the registration of BT products that the U.S. Environmental 
Protection Agency, which is responsible for the regulatory oversight and 
approval for sale of all pesticide products in the U.S., has determined that 
genetically-altered strains of BT generated by plasmid curing or conjugal 
transfer are considered the same as naturally-occurring strains with respect to 
risk assessment and environmental impact considerations. Obtaining 
registrations for new BT products developed by these techniques has thus been 
greatly facilitated. The registrations for Condor®, Cutlas^ and Foil® were 
received following only a few months in the review process. 
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Development of Improved BT Products By Recombinant Approaches 

Despite the advances in BT strain development that have been possible 
through the non-recombinant methods described, there are significant 
limitations to the genetic improvements that can be made with these 
approaches. For example, the conjugal transfer approach requires that the 
gene to be transferred be located on a transmissible plasmid. Although many 
BT plasmids are capable of transfer, either on their own or through 
mobilization by other plasmids, some are very difficult to move from one cell 
to another or do not transfer at all. A second limitation of the non-
recombinant approaches is a consequence of the frequent localization of two 
or more insecticidal genes on the same plasmid. If one of these is a desired 
gene and the other encodes a poorly-active protein, the curing or conjugal 
transfer techniques only allows moving the two genes together. Thus, for 
greater flexibility in new strain construction it is highly desired that techniques 
be available to transfer any gene from any donor source into any desired 
recipient. Such a technique is obvious through the use of recombinant DNA, 
or enzyme-mediated gene splicing. 

In choosing a strategy for BT product improvement utilizing 
recombinant DNA techniques, we elected to utilize, as the expression and 
production system, the BT bacterium itself, for several reasons. First is that 
BT is already a very efficient production system. BT cells synthesize typically 
greater than 30 per cent of their cell mass in the form of the insecticidal crystal 
proteins, and have clearly evolved very efficient expression systems for these 
proteins. Second, was the objective of developing products containing 
multiple insecticidal activities, much as naturally-occurring BT strains typically 
have. Since BT is known to maintain in a genetically-stable way such 
multigenic situations, we believe that the choice of BT as the host organism 
will minimize stability problems in the future. 

The objective of multigenic constructs has three significant advantages. 
First is that these constructs allow one to take advantage of the potency 
synergies that frequently occur between different insecticidal proteins. In 
addition, the use of multigenic strains having activities with different receptor 
binding properties or other aspects of their mode of action helps to minimize 
the potential for the target insects to develop resistance to the products. 
Lastly, the choice of BT as an expression host for the generation of new 
insecticidal gene combinations we believe will create less of a regulatory 
concern than if these activities were expressed in a heterologous host. 

For a cloning vector, we chose to isolate replication origins from native 
BT plasmids. This choice was based on two considerations. First was to 
maintain an all-BT nature of the recombinant constructs. Second was that we 
reasoned that native BT plasmids, particularly those that naturally harbor 
insecticidal toxin genes, should be stable when such genes are spliced onto 
them. From these considerations a number of replication/maintenance 
fragments were initially cloned from a BT strain of subspecies kurstaki. It 
turned out in subsequent analyses that these replication fragments had a 
number of very interesting properties. First, of the three replication origins 
derived from a single BT parent, all had extremely different nucleotide 
sequences (which presumably explains why they could naturally co-exist within 
the same cell). Second, although two of these origins were derived from 

Elasmids capable of high efficiency transfer by conjugation, the replication 
•agments derived from them had drastically reduced transfer efficiencies, 

either by themselves or in the presence of mobilizing plasmids. Third, when 
many different BT strains were probed with these replication origins it was 
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observed that they were ubiquitous, in that one or more were found to exist in 
many of the strains examined. For each of these replication origins we 
constructed shuttle cloning vectors by adding an£ . coli replicon, a Gram-
positive antibiotic selection marker that is expressed in BT, and a small 
synthetic fragment of DNA containing a number of unique restriction enzyme 
cleavage sites that serves as a multi-insertion site for a variety of different ICP 
genes. These vectors are uniquely constructed such that either the E. coli 
DNA or the antibiotic resistance marker, or both, can be conveniently 
removed by cleavage of the shuttle vector with specific restriction enzymes 
whose sites are not present within the BT replication fragment or the ICP 
genes to be cloned. Thus, with this cloning system, initial cloning and 
characterization of ICP genes can be done inE. coli, which has a number of 
important advantages. The desired clones can then be transferred to BT, in 
which their stability can be examined both in the presence and absence of the 
selected antibiotic. Ultimately, for a final product the recombinant plasmid 
can be finally modified to remove all of the foreign DNA, leaving only the BT 
replication origin, the cloned ICP gene, and the small amount of synthetic 
DNA from the multi-cloning site (see reference (11) for a review of this 
cloning and expression system). 

Utilizing this system, we have constructed recombinant strains with 
improved potencies and increased fermentation productivities. One of the 
prime examples of this approach is illustrated by a derivative of our current 
Foil® product that was field-tested both in 1991 and in 1992. The original 
Foil® product contains a strain that, by the conjugal transfer system, has two 
copies of a caterpillar-active gene and one copy of a beetle-active gene. 
During fermentation, the strain produces roughly two-thirds of the insecticidal 
toxin of caterpillar type and one-third of the beetle toxin. We inserted into 
this strain a recombinant plasmid containing a new beetle-active toxin gene 
that we isolated on one of our proprietary plasmid vectors. Due to the fact 
that the original Foil strain carried a toxin-encoding plasmid having the same 
replication origin as that of the recombinant plasmid, transformants were 
recovered in which one of the native plasmids containing a caterpillar-active 
toxin gene was replaced by the related replication origin of the recombinant 
plasmid containing the novel beetle-active gene. Thus the recombinant 
derivative now contains two different beetle-active genes, and only one 
caterpillar-active gene. During fermentation this switching of gene ratios is 
basically reflected in a similar reversal of the relative amounts of production 
of the beetle-active and caterpillar-active proteins. This new recombinant 
(EG7618) was field-evaluated in 1991 at two locations and showed excellent 
performance in control of Colorado potato beetle (caterpillar pest control was 
not evaluated in these trials). More extensive field trials are being conducted 
as this is being written. The importance of this recombinant strain is two-fold. 
First, by changing the gene ratios of the original Foil® strain we have 
essentially achieved a two-fold increase in the production of the beetle-active 
protein per volume of fermentation broth. Second, since the added beetle-
active gene is different than the one originally present in Foil®, it has certain 
important differences in the activity of its ICP toxin on young adult larvae of 
Colorado potato beetle, thus offering a potentially important advantage over 
similar products that lack adulticide activity (see reference (12) for a more 
complete description of this strain). 

Similar constructs utilizing a variety of new gene combinations are 
currently under evaluation against other important target insects. It is our 
expectation that the additional advantages of this BT-based plasmid vector 
system, employed in concert with our strain discovery program, will allow us to 
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make significant and dramatic improvements in BT-based insecticide products 
within the very near future, and we are optimistic in obtaining permission to 
field-test such strains and to register them for commercial production. It is our 
firm belief that the future is extremely promising for a broad new array of BT-
based insect control products, that will not only be highly effective but will be 
both cost-competitive with current chemical insecticides and much less likely 
to cause problems with resistance. 
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Chapter 19 

Use of Bacillus thuringiensis Genes 
in Transgenic Cotton To Control 

Lepidopterous Insects 

Johnie N. Jenkins 

Crop Science Research Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, Mississippi State, MS 39762 

Transgenic cotton, Gossypium hirsutum L., plants containing 
modified, truncated versions of the cryIA genes from Bacillus 
thuringiensis var kurstaki are resistant to many Lepidopterous 
insects. Plants containing specific, truncated versions of the 
cryIA gene were resistant to tobacco budworm, Heliothis 
virescens Fab., in field and laboratory studies in my 
laboratory. Other researchers have shown that these transgenic 
plants are also resistant to bollworm, Helicoverpa zea 
(Boddie); pink bollworm, Pectinophera gossypiella (Saunders); 
cotton leafperforator, Bucculatrix thurberiella Busck; and 
saltmarsh caterpillar, Estigmene acrea (Drury). Others have 
shown that the proteins coded for by the B. thuringiensis genes 
bind selectively to sites in the brush borders of epithelial 
cells in the midgut of the insect and induce the formation of 
small pores (0.5 to 1.0 nm) in the cell membranes, resulting in 
a net Influx of ions and outflow of water. The cells swell and 
lyse. The B. thuringiensis genes in transgenic cotton plants 
appear to offer an environmentally desirable control method for 
Lepidopterous cotton pests when used in integrated pest 
management programs. 

Introduction to Host Plant Resistance 

Pest resistant cultivars are the most environmentally benign method 
available for control of many crop pests. For many pests they are 
the only method available. The cult ivar forms the foundation upon 
which successful integrated pest management programs are b u i l t . 
Resistance genes are available in crops for insects, mites, 
nematodes, and plant diseases caused by fungi, bacteria, and 
viruses; however, cultivars are not usually resistant to a l l pests 
that affect the crop. 

There are several advantages of resistant cult ivars: 1) pest 
control is bought when the seed are purchased, as the control is 
bred into the seed; 2) this method of pest control is compatible 
with most other methods of control; 3) resistant cult ivars form a 
foundation upon which integrated pest management programs can be 
bu i l t ; 4) few or no adverse effects on the environment are caused 

This chapter not subject to U.S. copyright 
Published 1993 American Chemical Society 
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by the genes for resistance; 5) cost of this type of pest control 
is usually minimal; and 6) compared to conventional chemical pest 
control , less effort is required after the seeds of resistant 
cult ivars are planted; however, for cotton, Gossvplum hlrsutum L . , 
integrated pest management involving control of several pests w i l l 
be required. 

Host plant resistance, i . e . , the development of resistant 
cul t ivars , is a dynamic process. Most insect pests and pathogens 
of important crop plants are very diverse and have a wide host 
and/or geographic range. These pests are dynamic and their 
population makeup is subject to selection pressure from host 
cult ivars and other factors in the environment. A resistant 
cult ivar can exert selection pressure upon a variable population of 
insects and, thus may select for a biotype that can successfully 
colonize and damage the cul t ivar . The degree of selection pressure 
strongly influences how long a gene or set of genes w i l l be useful 
for control of a particular pest. Some genes for resistance to 
pests last for many years; whereas, others last only a few years. 
The most dramatic examples of successful control of insects with 
resistant cult ivars are the control of hessian f l y , Mavetiola 
destructor (Say), in wheat, Triticum spp.; and brown planthopper, 
Nilaparvata lugens. in r i ce , Orvza sativa (1). 

Twenty genes for resistance to hessian f ly have been discovered 
(2). During the period from 1950 to 1983, 60 cult ivars of wheat 
with various combinations of these genes for resistance to hessian 
f l y were developed and successfully used to control this pest (2). 
There is great v a r i a b i l i t y in the length of time a particular gene 
is useful for pest control before the selection and development of 
a pest biotype that is resistant to the gene occurs. For example, 
the f i r s t gene for resistance to brown planthopper was Bph-1 and 
was in the cult ivar IR26 released in 1973 (3). Widely planted in 
the Philippines, Indonesia, and Vietnam this cul t ivar became 
susceptible to brown planthopper in just three years after being 
released (1). This gene was effective but only for a re lat ive ly 
short time, yet i t was very successful during this time. 

Plant breeders continued to work and developed r ice cult ivars 
with a different gene for resistance to the new biotype of the 
brown planthopper. IR36 and IR38 with the bph-2 gene were 
developed and released (4) and became the dominant r ice cult ivar in 
many areas. This source of resistance has held up for 14 years and 
is s t i l l useful in many areas (1). Continuous research on cult ivar 
development, discovery, and identif ication of new genes for 
resistance to brown planthopper has resulted in the breeding and 
release of cult ivars with additional genes for resistance. This 
effort has culminated in the release of IR56 and IR60 with the 
Bph-3 gene for resistance which was useful when a resistant biotype 
was discovered in small pockets of the Phi l l ipines and Indonesia. 
IR66 with the bph-4 gene for resistance was released in 1987 and 
IR68, IR70, IR72, and IR74, a l l with the bph-4 gene for resistance, 
were released in 1988. These cultivars are widely grown in 
tropical and subtropical r ice growing countries of the world (1). 
These developments i l lus trate the continuous effort necessary to 
successfully u t i l i z e host plant resistance for pest control. 
U t i l i z i n g genes made available through recombinant DNA technology 
probably w i l l not change this . Many factors influence how long a 
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particular gene for resistance w i l l be useful. These examples, 
however, i l lus trate that i t is possible to develop resistant 
cult ivars for pest control that are friendly to the environment; 
safe, ef f ic ient , and economical for the grower; and useful to the 
consumer. 

This chapter reviews current research involving transgenic 
plants for insect control. It deals primarily with cotton and 
genes from Bacillus thuringiensis because the majority of research 
with transgenic plants for insect control involves genes from this 
bacterium and cotton w i l l probably be the f i r s t crop to be grown 
commercially with these genes. 

Conventional Plant Breeding 

Conventional plant breeding involves crossing plants, usually 
within a species, and transferring genes for useful t r a i t s . Genes 
that confer pest resistance are often found in unadapted, low 
yielding land races of crop plants or in weedy relatives of crop 
plants. An arduous and long process is necessary before an adapted 
cult ivar can be developed with these gene(s) for resistance. This 
process has worked very well because plant breeders and associated 
scientists have realized that resistant cultivars are useful and 
that pest population gene pools are dynamic and influenced greatly 
by resistant cult ivars . Their continuing work has resulted in 
discovery of new genes for resistance and the deployment of these 
through new cultivars resistant to pests. Species barriers have 
been major obstacles to this type of research. Plant breeders 
have been more successful with intraspecific crosses. Only a few 
examples exist where genes from other closely related species have 
been successfully u t i l i z ed in breeding programs. Fer t i l e crosses 
are usually limited to plants within the same species and some 
closely related relatives. These have been the constraints within 
which plant scientists have worked. Modern cult ivars of cotton 
show that plant breeders have been successful in developing 
cultivars with higher yields and higher effective levels of pest 
resistance (5). 

Biotechnology and Recombinant DNA Technology 

The developments in recombinant DNA technology and other aspects of 
biotechnology, including genetic engineering, have improved the 
opportunities for plant scientists . Genetic engineering 
complements conventional plant breeding by increasing the diversity 
of genes available for incorporation into crops. It is now 
theoretically possible to move a gene from any organism to a plant 
and have that gene produce i ts product in the plant. Presently 
there are limitations upon which types of genes can be moved and 
upon how many genes can be moved at one time; however, as this 
technology advances, many of the present obstacles w i l l be erased 
or reduced. Genetically changed plants, in which genetic material 
from other species is inserted by biotechnology, are cal led 
transgenic plants. Transgenic plants have been developed for 47 
species of crop plants ( 6 ) . These involve a l l the major food and 
fiber crops of the world. 
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Fraley (6) says that, "Between 1992 and 2030 farmers w i l l have 
to produce more food--more calories--than they have done from the 
beginning of agriculture u n t i l now." He asks and answers the 
question: "In short, how can we create sustainable agriculture? 
Invest in , and develop new agricultural technologies." Plant 
biotechnology is one of these new technologies that w i l l be 
developed to help meet these future human needs. 

Systems for Producing Transgenic Plants 

The most advanced systems for producing transgenic cotton plants 
have involved Agrobacterium tumefaciens as the genetic engineering 
agent. This bacteria infects many dicotyledonous plants and causes 
the growth of tumors or galls in the infected plants. Virulent 
strains of the bacteria contain large T i (tumor-inducing) plasmids, 
which are responsible for the DNA transfer and subsequent disease 
symptoms. These T i plasmids contain two sets of sequences 
necessary for gene transfer to the plants. One of these sequences 
is the T-DNA (transferred DNA) region which is transferred to the 
plant. The other sequence, the v i r (virulence genes), is not 
transferred during infection. The T-DNA regions are flanked by 
border sequences that determine the definit ion of the region 
transferred to the infected plant. A special type of the bacteria 
which has the tumor-inducing genes disarmed is used in 
transformation experiments. Disarming the tumor inducing genes 
allows the bacteria to infect the plant, but does not allow the 
formation of tumors. The desired genes that have been inserted 
between the flanked border sequences of the T i plasmid are then 
inserted into the plant by the bacteria in a manner similar to 
normal infection of the plant in nature. Thus, the infection 
process of the A. tumefaciens bacteria is used to insert the gene 
of interest rather than the tumor inducing gene and becomes the 
vehicle by which foreign genes can be inserted into plants. 

A second major means of producing transgenic plants is the 
part ic le bombardment process. A recent review of gene transfer by 
part ic le bombardment describes how this method is being used with 
plants and animals, and reports important applications of the 
process to produce transgenic maize, Zea maize, and soybean, 
Glycine max. as well as the introduction of DNA into plastids and 
mitochondria (7). One application is the direct insertion of genes 
into organs of l i v ing animals. This technique is also being used 
to transform cotton ( 8 , 9 ) . A recent review of biotechnology of 
cotton summarizes many of these concepts (10). 

As plant development is better understood, we are beginning to 
achieve a better understanding of how gene regulation occurs. 
Tissue specific promoters and regulators are now available that 
when linked with pest resistant genes should allow for tissue 
specific expression of the pest resistance genes (11). Resistance 
to the herbicide glyphosate has been enhanced by targeting the 
product of a mutated form of the EPSPS bacterial gene to reside in 
the chloroplasts of plants where EPSPS normally occurs (12). There 
are situations where the tissue specific approach would be 
desirable from a pest control or safety approach. Gasser and 
Fraley (10) suggest that in the near future we w i l l have on hand a 
large number of regulatory sequences that w i l l allow for accurate 
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targeting of gene expression in specific tissue within transgenic 
plants. Reducing the expression of a specific gene in a plant can 
also be useful. Through anti-sense RNA technology this is now 
possible and has found application in tomatoes, Lvcopersicon 
esculentum. where the messengers for polygalacturonase have been 
altered with anti-sense RNA. As a result the altered tomatoes do 
not produce much of this enzyme and the tomatoes ripen without 
becoming soft (11, 13). 

B. thuringiensis Endotoxin for Insect Control 

The most widely used genes for insect control in transgenic plants 
are those from several strains of Bacillus thuringiensis. This 
bacteria produces proteins which are lethal to selected insect 
pests. Many strains of B. thuringiensis are toxic to insects in 
the order Lepidoptera, some are toxic to insects in the order 
Dipteria ( f ly ) , and some to Coleoptera (beetle). Recently a strain 
of B. thuringiensis has been discovered that is toxic to nematodes 
(14, 15). 

Tobacco, Nicotiana tabaccum, plants were f i r s t transformed with 
the B. thuringiensis delta endotoxin gene in 1987 (16). Insertion 
of the 1176 amino acid toxin in plant ce l l s was phytotoxic; 
however, Barton et a l . (16) reported that eliminating the protoxin 
carboxyterminus solved the phytotoxicity problems and produced 
tobacco plants that expressed the delta endotoxin. 

Commercial cotton cultivars were f i r s t transformed using A. 
tumefaciens mediated transformation technology (17). Effective 
selection for kanamycin resistance in tissue culture, regeneration 
of plants, and expression of the marker enzymes, neomycin 
phosphotransferase II (npt II) and chloramphenicol 
acetyltransferase (cat), at the whole plant level showed that 
transformation had occurred. Direct evidence of foreign DNA 
integration was provided by southern blot hybridization. 

The f i r s t f i e l d test of transgenic cotton plants containing the 
B. thuringiensis gene encoding for the delta endotoxin was 
conducted in 1989; however, these plants did not provide control of 
tobacco budworm insects in the f i e l d or in the laboratory (18). 
Subsequent f i e l d tests of cotton strains in 1990, using plants with 
a different form of the B. thuringiensis gene, did however, provide 
effective f i e l d control of tobacco budworm (19). 

Other Genes for Insect Control in Transgenic Plants 

A gene encoding a cowpea, Vigna unguiculata. trypsin inhibitor 
(CpTI) has been shown to confer a level of resistance to tobacco 
budworm when transferred into tobacco (20). Cowpea trypsin 
inhibitors are small polypeptides of around 80 amino acids 
belonging to the Bowman-Birk type of double-headed serine protease 
inhibitors and are the products of a small gene family (21). 

Insecticidal Crystal Proteins Present in B. thuringiensis 

Nucleotide sequences for 42 crystal protein genes from B, 
thuringiensis have been described (22). Several sequences are 
nearly identical . There are 14 dist inct crystal protein genes of 
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which 13 specify a family of closely related insect ic idal proteins 
(Cry proteins). These are divided into a minimum of four major 
classes and several subclasses specified by structural s imi lar i ty 
and insect ic idal spectra of the encoded proteins. The major 
classes are Lepidoptera specific (I); Lepidoptera and Diptera 
specific (II); Coleoptera specific (III); and Diptera specific 
(IV). 

The Lepidoptera specific crystal proteins are the best 
characterized. The 20 different cry I sequences identif ied, can be 
divided into six different genes. These are crvIA(a). crvIA(b). 
crvIA(c). crvIB. crvIC. crvID (22). These have 1176, 1155, 1178, 
1207, 1189, and 1165 amino acids, respectively. A l l 20 genes 
encode 130 to 140 kDA proteins which are accumulated in bipyramidal 
crystal l ine Inclusions during sporulation of B. thuringiensis. 
These proteins are protoxins and are solubil ized in the alkaline 
environment of the insect midgut and are proteolyt ical ly converted 
by crystal associated or larval midgut proteases into toxic core 
fragments of 60 to 70 kDa. 

Strains of B. thuringiensis produce several different crystal 
proteins simultaneously and the same or very similar crystal 
proteins occur in strains of different subspecies (22). Most of 
the genes are located on large conjugative plasmids, thus, mobility 
of crystal protein genes among subspecies is expected. This 
mobility property has been exploited to develop strains of B. 
thuringiensis with desired genes from two or more strains. 

Genes encoding for insect ic idal proteins for Lepidoptera have 
been genetically engineered into transgenic cotton plants. The 
wild type genes are expressed poorly in plants (21). Therefore, 
various modifications of the genes are needed to increase 
expression and increase act iv i ty toward Lepidoptera insects. For 
example, plants with a par t ia l ly modified crvIA(b) gene had a 
10-fold higher level of insect control protein than wild plants, 
and plants with a fu l ly modified crylA(b) had a 100-fold higher 
level of the protein (23). Similar results were obtained in plants 
with the fu l l y modified crvIA(c) gene. Part ia l ly modifying the 
gene involved selectively removing DNA sequences predicted to 
inhibi t eff icient plant gene expression without changing the amino 
acid sequence. Ful ly modifying the gene involved wholesale changes 
in DNA which required the use of a fu l ly modified synthetic gene 
(23). This increased gene expression was generic across several 
plant species--tomato, cotton, and tobacco. These results show 
that i t is quite possible to modify wild type genes in a manner 
that is favorable for insect control. 

Mode of Action of B. thuringiensis Insect Control Proteins 

The general characteristics exhibited by insects upon ingestion of 
the B. thuringiensis toxin are: 1) cessation of feeding within one 
hour, 2) reduced act iv i ty within 2 hours, and 3) progressive 
sluggishness and paralysis within 6 hours. The epi the l ia l ce l l s 
swell with disrupted m i c r o v i l l i , c e l l l y s i s , and c e l l sloughing 
occur, and the insects die as a combined result of starvation and 
septisemia. Our experience with transgenic cotton plants with a 
modified B. thuringiensis gene indicates that neonate tobacco 
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budworm larvae feed on transgenic tissue for only a few bites and 
then stop. They then become lethargic and die within 3 to 6 days. 

The delta endotoxins are synthesized as large protein molecules 
and crystalized as parasporal inclusions. When susceptible insects 
ingest the crystals , they are dissolved in the midgut of the insect 
and protoxins are released that are about 140 kDa in size for the 
c r v l proteins. They may be further processed by the insect to 
smaller toxic molecules. The toxic protein molecule then binds 
with specific a f f in i ty to receptors in the midgut ep i the l ia l ce l l s , 
where pores or ion channels develop in c e l l membranes. This 
disturbs ce l lu lar osmotic balance and causes ce l l s to swell and 
lyse. These effects cause paralysis of the insect midgut and 
mandibles, and thus, death occurs through a combination of 
starvation and septicemia. The ultrastruetural changes and time 
course of poisoning varies between insect species and the various 
crv l toxins. 

Limitations to Use of B. thuringiensis Genes 

It is well known that pest resistance to conventional insecticides 
is widespread. We should expect that genetically engineered plants 
or biopesticides w i l l also be susceptible to the same problems. 
Conventional forms of B. thuringiensis pesticides have been used 
for over 20 years without widespread development of resistance; 
however, in the past few years several instances of resistance have 
been reported. A tobacco budworm strain has been selected in the 
laboratory to be 13X to 20X more resistant to diet incorporated 
Pseudomonas fluorescens which had been genetically engineered to 
express the 130kDa protein from the HD-1 strain of B. thuringiensis 
(24). These same insects were 4X less susceptible to purif ied HD-1 
endotoxin and to Dipel , which is a commercial formulation of a 
crystal-spore mixture of B. thuringiensis var kurstaki. 

Plodia interpunctella. the Indian meal moth, a pest of stored 
grain, developed resistance to a commercial formulation of B. 
thuringiensis when stored grain was treated with B. thuringiensis 
for a few insect generations (25). Resistance increased nearly 
30-fold in two generations in a strain of this insect reared on 
diet treated with B. thuringiensis and after 15 generations 
resistance reached a plateau 100 times higher than the control 
level (25). From these reports, we should expect that insect pests 
of cotton have the genetic capability to develop resistant biotypes 
v ia selection by transgenic cult ivars . We should at least 
recognize that the poss ib i l i ty for resistance development exists 
and that the potential for resistance varies with the insect and 
the cultural practices for the crop. This should motivate 
researchers to develop means of dealing with the potential for 
resistance. 

Mechanisms of Resistance to B. thuringiensis 

Studies on a strain of Indian meal moth selected in the laboratory 
for resistance to a B. thuringiensis insect ic idal crystal protein 
in Dipel, provide evidence that resistance in this insect is due to 
an alteration in binding of the toxin to c e l l membranes (26). This 
research provides insight into how the B. thuringiensis protein is 
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associated with toxic i ty in the insect. Two dist inct changes have 
apparently occurred in the resistant strain of Indian meal moth. 
The f i r s t change is that this strain is resistant to insect control 
protein of the CrvIA(b) type, but there is no resistance to CrvIC 
protoxin or CrvIC toxin. This (CrvIC) insect control protein is 
not present in crystals of Dipel; whereas, the insect control 
proteins of CrvIA(b) type are present in Dipel which was used to 
select the resistant insects. The second change that has occurred 
is a marked increased sensit iv i ty to CrvIC protoxin and CrvIC toxin 
in the resistant strain (26). Van Rie et a l . (26) suggest that 
when two insect control proteins are available for the same insect, 
resistance to one insect control protein does not necessarily 
confer resistance to the second insect control protein; therefore, 
insect control proteins with different binding properties could be 
used to delay development of resistance. Research on the molecular 
mechanisms involved in resistance is expanding rapidly and better 
ways to manage resistance should emerge from these studies. 

The Indian meal moth population studied by Van Rie et a l . (26) 
was selected for resistance in the laboratory. Insect strains 
selected for resistance in the laboratory may or may not have the 
identical genes for resistance as those selected under f i e l d 
conditions. In Hawaii, the Diamondback moth, Plute l la xvlostel la 
( L . ) , is resistant to the insect ic idal spore-crystal protein 
complex of B. thuringiensis (27). This resistance was developed in 
response to commercial f o l i ar applications of B. thuringiensis. In 
the Phi l l ipines a strain of diamondback moth resistant to 
commercial formulations of Dipel was established from pupae (28). 
Crystal proteins, from recombinant genes CrvIA(b). CrvIB. and 
CrylC. were obtained as proteins expressed in Escherichia c o l i and 
the proteins were evaluated for binding to the brush borders of 
membrane vesicles (BBMVs) of the resistant and a susceptible 
laboratory strain. A l l three proteins bound to the BBMVs from the 
susceptible laboratory strain; however, CrvIA(b) protein did not 
bind to the BBMVs from the resistant s train . These results 
indicate that the susceptible laboratory strain has specific 
receptors for CrvIA(b). CrvIB. and CrylC, whereas in the resistant 
s tra in , receptors were only detected for CrvIB and CrvIC (28)• 
Resistance in the diamondback moth and the Indian meal moth each 
involved membrane receptor mechanisms, even though one was selected 
for resistance under f i e l d conditions and one under laboratory 
conditions. Thus, membrane receptor mechanisms are l ike ly to be 
one of the mechanisms involved in resistance of other insects to B. 
thuringiensis. 

Management Strategies for B. thuringiensis Transgenic Cotton 

Various strategies have been proposed for management of B. 
thuringiensis genes used in cultivars of crops to delay or prevent 
the development or selection of strains of insects that are no 
longer susceptible. The strategies must consider that the toxins 
from B. thuringiensis w i l l be used in the form of transgenic plants 
as well as in the form of commercial applications of spray £ . 
thuringiensis products. The f i r s t commercial transgenic crop to 
use modified B. thuringiensis genes in the plant for control of 
insects w i l l probably be cotton. Commercialization w i l l probably 
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occur in the mid 1990's. Industrial companies with transgenic 
cotton germplasm are developing corporate arrangements with 
established cotton seed breeding companies that w i l l provide 
growers with transgenic cultivars of cotton with selected 
proprietary £ . thuringiensis genes. 

Promising results have been obtained from f i e l d tests conducted 
for two years with transgenic cotton strains for control of 
Lepidopterous insects. Resistance management in this crop w i l l 
employ several techniques not yet fu l l y developed. Several 
conferences involving Industry, Government, and Academic scientists 
have considered strategies for management of B. thuringiensis 
genes; however, no strategies have been agreed upon by a l l 
concerned parties. 

As one possible means to manage the development of resistance, 
a system has been devised for temporally controll ing the expression 
of the endotoxin. This has been accomplished in tobacco. Plants 
containing a toxin gene driven by a chemically-responsive promoter 
were developed. When treated with a chemical regulator, chemical 
induction resulted in accumulation of toxin mRNA which caused the 
plants to become insect tolerant (29). This a b i l i t y to control 
when the toxin gene is expressed, should be of value in resistance 
management. 

A general scenario for resistance management in cotton could be 
as follows: 

A. Short Term (at commercialization): 
1. High dose expression of the gene in cotton plants to 

control insects heterozygous for resistance a l l e l e s . 
2. Refugia as hosts for sensitive insects. 
3. Crop management practices that minimize insect exposure 

to the gene. 
4. The use of integrated pest management tact ics . 
5. Monitoring of insect populations for susceptibi l i ty to 

the gene or genes. 
B. Medium Term (implemented 2 to 5 years after 

commercialization): 
1. Continue a l l short term strategies plus: 
2. Combine two B. thuringiensis genes into the same plant, 

each of which produce toxins that are active on target 
insects but with different sites of action. 

C. Long Term (more than 5 years after commercialization): 
1. Continue a l l short and medium term strategies plus: 
2. Incorporate natural cotton host plant resistance 

genes into the transgenic cotton cultivars as 
the natural cotton genes are proven effective. 

3. Incorporate non B. thuringiensis proteins to 
provide effective control of Lepidopterous pests. 

There is much planning and research effort involved in developing 
strategies to successfully u t i l i z e transgenic cotton plants. 
Similar efforts are under way with other crops being considered for 
transgenic approaches to pest control. 

Recent research is providing new prospects for use of various 
B. thuringiensis products and a wide range of possible uses for 
this biological pesticide in forms ranging from transgenic plants 
to newer types of B. thuringiensis spray products with widened 
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ranges of potencies (15). A l i s t of 18 major companies involved 
with research on various B. thuringiensis products is shown. Five 
of the companies are involved with B. thuringiensis in plants. Of 
the 53 U.S. patents on B. thuringiensis granted in the last 21 
years, 39 have been issued in the last 4 years (15). These newer 
products may also be useful in managing resistance to B. 
thuringiensis endotoxins, including transgenic plants. 

Results of Experiments with B. thuringiensis Genes i n Cotton 

Insect resistant transgenic cotton plants containing B. 
thuringiensis genes genetically engineered into cotton have been 
reported (30). F ie ld and laboratory experiments have been 
conducted to evaluate the effectiveness of several of these 
transgenic lines of cotton for control of Lepidopterous insects 
(19, 31-37). Cotton is a crop in the U.S. that does not cross 
poll inate with any wild or cultivated plants other than cotton and 
no wild cottons occurred where these experiments were conducted. 
Thus, there was no chance for escape of the genetically engineered 
gene to other species via pollen. A biological sink (buffer) of 24 
rows of non-transgenic cotton was grown on a l l sides of the plots . 
This provided a place for the insects to deposit pollen when they 
v i s i ted flowers of the transgenic plants. Seed cotton from the 24 
rows of cotton were destroyed. In an experiment in Miss iss ippi to 
determine the efficacy of the 24 row border as a pollen sink, we 
found a significant reduction in pollen dissemination as distance 
from the test plot increased. Outcrossing went from 5% to < 1% by 
7 m away from the test plot . A low level of pollen dispersal of < 
1% continued to occur sporadically in the remaining border rows out 
to a distance of 25 m. The border rows f u l f i l l e d their purpose of 
serving as a pollen sink to s ignif icantly reduce the amount of 
pollen dissemination from the test plot (38)• Cotton is normally 
self pollinated and cross pollinated only by insects. Wind is not 
a factor in cross pol l inat ion as the cotton pollen is heavy and not 
wind-borne. These features provided for a re lat ive ly safe 
experiment with transgenic cotton in f i e l d plots. For the two 
years of f i e l d tests that followed this experiment (38)» regulatory 
agencies have accepted a 24 row border as sufficient pollen 
containment for the B. thuringiensis gene for f i e l d experiments 
with transgenic cotton. 

A major economic factor in cotton production is the cost of 
insect control. Insects in the order Lepidoptera, which in the 
larva l stage are worms or caterpi l lars , are major pests of cotton. 
In the mid-south about $123.00 US per ha, per year are spent on 
insect control. Most of this expense is for control of larva of 
Lepidoptera. 

The gene from B. thuringiensis was genetically engineered into 
the Coker 312 cult ivar of cotton via A. tumefaceins technology. 
The gene expressed in a l l cotton tissue and was measured in 
terminal leaves at a level of 0.05% to 0.10% of the tota l soluble 
protein (30). Six cotton l ines , each with a different insertion of 
an insect control protein gene from B. thuringiensis. were 
evaluated in my laboratory (19). Each time a gene is engineered 
into cotton the placement of the gene among the cotton chromosomes 
is uncontrolled, but we do not know that i t is random. Further, 
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soma clonal variation and mutation can occur in tissue culture. 
Thus, each l ine is the result of a separate gene insertion and 
tissue culture processes. Because of th is , each transformation 
event may be expressed differently. This may result in differences 
in the level of insect control protein and insect control . 
However, each transgenic l ine and the non-transformed Coker 312 
should be considered as a pair of "near isogenic" lines for 
comparison purposes. 

The f i e l d experiment conducted by my laboratory (19) involved 6 
replications of 4 row plots each 9 m long separated by 1 m. The 
four rows were separated by 2 m blank rows. Plots were infested 
with 10-12 neonate tobacco budworm, Heliothis virescens. larvae 
once each week for 5 weeks beginning the second week of squaring. 
No insecticide was used for tobacco budworm control; however, 
malathion for bo l l weevil, Anthonomus grandis Boheman, and plant 
bug, Lvgus spp., control was used. An identical set of plots were 
planted and not infested with tobacco budworm larvae. These plots 
were sprayed each week with a pyrethroid insecticide plus malathion 
to control a l l major insects. The difference in y ie ld between the 
two sets of plots should reflect the amount of y ie ld lost to the 
tobacco budworm insects and is an indirect measure of resistance to 
tobacco budworm provided by the genetically engineered insect 
control protein gene. A second measure of control provided by the 
B. thuringiensis gene was damaged squares or bolls caused by the 
weekly infestations of tobacco budworm. 

Results of these f i e l d experiments show that the genetically 
engineered cotton lines were successful in controll ing tobacco 
budworm insects and preventing excessive damage to the cotton 
plants (19). Transgenic lines never had over 8% damaged squares, 
whereas the non-transgenic strain had up to 22% damaged squares. 
Transgenic strains never had over 5 larvae per 100 squares compared 
to up to 19 larvae per 100 squares in Coker 312. The 
non-transgenic Coker 312 had up to 20% of the bol ls damaged by 
tobacco budworm whereas b o l l damage ranged from 2 to 12% in the 
transgenic strains. Larvae in bolls ranged from 0 to 7.8 per 100 
bolls in transgenic strains, but up to 22 per 100 bolls in the 
non-transgenic strains (19). 

In the plots without pest insects, each of the transgenic 
strains yielded equal to or s ignif icantly more l i n t than Coker 
312. This shows that the foreign gene in these cotton lines was 
not detrimental to y i e ld . When grown under tobacco budworm 
infestation, each transgenic strain yielded s ignif icantly more than 
Coker 312. This shows that the B. thuringiensis gene in the 
transgenic plants was providing a significant and useful level of 
protection from damage by tobacco budworm (19). 

Tobacco budworm larvae were grown in the laboratory on several 
plant parts each week beginning at seedling emergence and 
continuing u n t i l the end of the effective squaring period. The 
delta endotoxin was expressed in each plant part (.39) . When 
neonate tobacco budworm larvae were placed on anther and stigma 
tissue for 6 days the following results were obtained: Larval 
survival (mean of transgenics 1.7% + 0.7:Coker 312 62.5% + 7.5); 
Larval biomass (mean of transgenics 0.2 mg ± 0.2:Coker 312 117 mg ± 
14.6) (39). Thus, the small amount of larval survival on the 
transgenics was not biological ly significant because the larvae 
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were very small and would not survive to pupation. Detailed data 
from the 1991 experiments cannot be cited due to confidential ity 
agreements between my laboratory and the company that provided the 
transgenic l ines . However, the 1991 data fu l ly support the above 
cited data, and the transgenic cotton lines provided effective 
f i e l d control of tobacco budworm. 

Thus, we have shown that the gene from B. thuringiensis which 
encodes for a delta endotoxin can be genetically engineered into 
cotton and that the gene product (delta endotoxin) i s expressed in 
a form that is effective in protecting transgenic cotton plants 
from damage by tobacco budworm. This represents an environmentally 
desirable way to control tobacco budworm in cotton. 

Although the transgenic lines yielded as much or more than 
Goker 312 when the insects were controlled, we measured differences 
in some other t r a i t s . Bolls on 4 of the 6 transgenic lines were 
s ignif icantly smaller than Coker 312. Weight of 100 seed was less 
on two transgenic lines than on Coker 312 (19). In other research 
with five of these transgenic l ines , each transgenic l ine had lower 
l i n t percentages and three had smaller bol ls than Coker 312 (36)* 
Effects on fiber properties have also been reported (33). At this 
time we cannot determine i f these differences are due to 
pleitrophic effects of B. thuringiensis genes, position effects, or 
some (somaclonal) changes that occurred during tissue culture. 

Other research has shown that these cotton lines also control 
cotton bollworm, Helicoverpa zea (32-35): pink bollworm, 
Pectinophora gossvplella: cotton leaf perforator, Bucculatrix 
thurberiel la Busck; and saltmarsh caterpi l lar , Extigmene acrea 
(Drury) (36, 37); and tobacco budworm and cabbage looper, 
Tricoplusia n i (33); in f i e l d plots. These are the major 
Lepidopterous pests of cotton in the United States and are among 
the major worm pests of cotton worldwide. 

Transgenic cotton with the gene from B. thuringiensis should be 
available to growers in the mid 1990rs. These cotton cultivars 
w i l l be marketed through the conventional channels of the existing 
cotton seed breeding companies. An Experimental Use Permit from 
the Environmental Protection Agency has been received for 1992 by 
at least one U. S. company involved in this research. Approval 
w i l l be required from APHIS and/or EPA before the cotton cult ivars 
can be placed into commercial production. Companies are presently 
col lect ing the research data to request granting of this status by 
the mid 1990's. Present indications are that cotton w i l l be the 
f i r s t f i e l d crop to be grown commercially with a gene from B. 
thuringiensis that encodes for the delta endotoxin expressed at a 
level to provide effective control of several major Lepidopterous 
pests. 
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Chapter 20 

Recombinant Baculoviruses Expressing Foreign 
Genes for Insect Pest Control 

Susumu Maeda1 and Bruce D. Hammock2 

1Department of Entomology and 2Department of Environmental Toxicology, 
University of California, Davis, CA 95616 

A general overview of the use and safety of recombinant 
baculoviruses in insect control and their potential for commercial use 
in the near future is given in this chapter. A critical evaluation of 
recent advances in the use of recombinant DNA technology to 
enhance the insecticidal activity of naturally occurring insect viruses 
also is presented. This article targets scientists with a background in 
classical insecticide toxicology. Background references including 
recent advances in the molecular biology and use of baculoviruses 
essential in evaluating genetic modification of these viruses for insect 
control are presented. 

Insect Viruses as Insecticides 

Virally induced diseases of insects have historically been studied with regard to 
beneficial insects such as honey bees and silkworms. The use and study of insect 
viruses for pest control began in Canada in the 1930's with the introduction of a 
nuclear polyhedrosis virus (NPV) (a subfamily of Baculoviridae) for control of the 
European spruce sawfly, Gilpinia hercyniae. G. hercyniae NPV was used as an 
efficient insecticide to protect pine trees in North America (7) until replaced by 
synthetic chemical insecticides in 1960. Several species of insect viruses have also 
been introduced with varying success in the forests of Europe, North America, the 
former Soviet Union, and Japan. In the 1970's Heliothis zea NPV was made 
commercially available in the U.S. for the control of H. zea caterpillars which attack 
cotton, however, its use was limited predominantly due to its slow speed of insect 
kill and the introduction of faster acting synthetic chemical insecticides. The 
successful use of NPVs in industrialized countries for vegetable crop protection has 
been limited, however, in Brazil the Anticarsia gammatalis NPV has been used for 
the large scale protection of soybeans (2) and in the South Pacific the Oryctes 
rhinoceros baculovirus has been used for protection of palm and coconut trees (5). 
In addition to NPVs, cytoplasmic polyhedrosis viruses have also been used as 
effective insecticides (4). There are several other examples of the successful control 
of specific insects by insect viruses on a small scale. Compared to classical synthetic 
insecticides, however, their use has been very minor. 

0097-6156/93/0524-0281$06.00/0 
© 1993 American Chemical Society 
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282 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

Insect viruses are classified into eight families: Poxviridae, Baculoviridae, 
Polydnaviridae, Iridoviridae, Parvoviridae, Reoviridae, Biruaviridae, and 
Picornaviridae (5). Baculoviridae is the most common family of insect viruses and 
more than 500 species of baculoviruses have been isolated (6). Baculoviruses 
generally have a limited spectrum of target insects, however, almost all major 
agricultural insect pests belonging to the order Lepidoptera are attacked by at least 
one species of baculovirus. Baculoviruses have been shown to be harmless to 
vertebrates and most beneficial arthropods (7). These and other attributes make 
baculoviruses excellent candidates for use in integrated pest management programs 
and under conditions where resistance to classical insecticides is a serious problem. 

Classical synthetic insecticides have set a very high standard of efficacy, cost 
effectiveness and ease of use. Even in limited markets, baculoviruses will need to 
meet or exceed these standards before they can compete effectively with classical 
insecticides. The major disadvantage of naturally occurring baculoviruses in many 
cropping situations is their slow speed of kill. Recombinant DNA technology offers 
several routes to overcome this limitation of naturally occurring viruses for 
commercial exploitation. Refinements in the formulation and production of insect 
viruses for commercial use in crop protection are likely to be addressed along a 
number of fronts. 

Replication and Gene Structure of Baculoviruses 

Baculoviruses are characterized by genomes of closed circular double-stranded 
DNA. Viral particles of baculoviruses are rod shaped with an envelope size of 40-60 
x 200-400 nm (5). Baculoviruses have been isolated from the insect orders 
Lepidoptera, Coleoptera, Diptera, Hymenoptera, Trichoptera, and from the 
crustacean order, Decapoda. No baculovirus counterparts have been found in plants, 
vertebrates, or invertebrates other than arthropods. 

Baculoviruses are classified into three subfamilies: 1) nuclear polyhedrosis 
viruses (NPVs), 2) granulosis viruses (GVs), and 3) non-occluded baculoviruses. In 
the replication cycle of NPVs two types of viral progeny are formed: during an early 
stage of infection a budded form is released from the plasma membrane of infected 
cells; and during a late stage of infection an occluded form which is embedded in 
polyhedral-shaped inclusion bodies (Figure 1) is found in the nucleus (8). The 
budded form is necessary for cell to cell secondary infection in both in vitro cell 
culture and in host larvae. The occluded type is necessary for oral infectivity and 
prolonged protection of the virus in the field. Following ingestion of polyhedral 
inclusion bodies by host insect larvae, viral particles (occluded form) are released in 
the alkaline pH in the gut and attach to the midgut epithelial cells. After initial 
replication in midgut tissues, the viruses pass through the basal membrane of the 
midgut into the body cavity and start rapid replication in hemocytes and other 
tissues. 

Baculoviruses as Expression Vectors 

Baculoviruses have been successfully used as excellent eucaryotic expression vectors 
for basic and applied research (9-11). NPVs have several advantageous 
characteristics which make them ideal expression vectors including: 1) double 
stranded DNA genomes which can be modified easily, 2) established cell lines which 
support viral replication and allow the isolation and propagation of individual 
recombinant virus clones, 3) non essential genes, such as polyhedrin, which have 
strong promoters to drive foreign gene expression, and 4) markers for the detection 
of foreign gene insertion. Currently, Autographa californica NPV (AcNPV) and 
Bombyx mori NPV (BmNPV), are widely used as vectors for foreign gene 
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20. MAEDA & HAMMOCK Recombinant Baculoviruses for Insect Control 283 

Figure 1. Electron microscopic observation of the nucleus of a fat body cell 
of the silkworm, B. mori, infected with BmNPV at a late stage of infection. 
Enveloped virions (occluded form) in the polyhedra and free nucleocapsids 
are visible. 
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expression in insect cells by replacement of the polyhedrin gene with a foreign gene. 
Although the construction and isolation of recombinant baculoviruses involves some 
technical skill and possibly more time compared to other expression systems (12-
13), the benefits of high yield, ease of purification, correct post-translational 
modifications, authentic biological activity and antigenicity far outweigh any 
inconveniences (9-11). Recently several modified systems have become available 
through the open literature and in kit form which eliminate many of the difficulties 
and limitations of the baculovirus expression vector system as discussed below (14-
16). 

Only an overview of the construction of recombinant baculovirus for foreign 
gene expression is given in this chapter, since specific procedures for the 
construction of recombinant baculoviruses are described in detail in numerous 
publications (12,13,17). Due to the large size of the baculovirus genome (more than 
100 kb), the recombinant virus must be constructed in two steps. Firstly, the foreign 
gene must be inserted into a transfer vector and propagated. Secondly, the foreign 
gene must be transferred from the transfer vector into the genome by homologous 
recombination. N P V transfer vectors generally contain an ampicillin gene and 
replication origin for propagation in E. coli, and a polylinker sequence for insertion 
of the foreign gene. Vectors are available with multiple cloning sites as well as with 
single cloning sites which fix the distance between the promoter and the 
transcriptional start site. The polylinker is flanked by the 5' and 3' (about 3 kb each) 
regions of the target gene (e.g. the polyhedrin gene) along with an appropriate 
promoter (e.g. the strong polyhedrin gene promoter). 

Numerous transfer vectors with appropriate promoters are available for 
specific uses including: promoters from NPV genes other than the polyhedrin gene, 
e.g. plO (18), chimeric promoters based on the polyhedrin gene promoter (19), and 
promoters derived from non-NPV genes, e.g. the hsp70 promoter from Drosophila 
melanogaster (18). Transfer vectors which simultaneously express two different 
foreign genes are available (20). Transfer vectors possessing the (J-galactosidase 
gene (16,18) or complete polyhedrin gene (14,21) for ease of selection have greatly 
simplified cloning procedures. Transfer vectors possessing a functional polyhedrin 
gene can produce polyhedral inclusion bodies (occluded recombinant viruses) 
resulting in orally active viruses stable in the field. 

Once the recombinant transfer vector is constructed, the foreign gene is 
transferred into the baculovirus genome by co-transfection with wild-type (or other 
appropriate) viral D N A in a susceptible cell line. After an appropriate incubation 
period recombinant viruses carrying the foreign gene are classically separated from 
wild-type (non-recombinant) viruses by plaque assay (generally by screening for the 
lack of polyhedral inclusion body production using a light microscope or by the 
naked eye for the absence of refractive polyhedra). Once isolated as a pure clone, 
the recombinant virus is propagated and the foreign gene is expressed in an 
established cell line or in larval insects. Either media containing proteins or serum 
free media can be used. Cells can be grown under a variety of conditions ranging 
from the surface of petri plates, through spinner flasks and roller bottles, to airlift 
fermenters and bioreactors. If necessary, the expressed product is purified by 
traditional biochemical procedures such as ion exchange column chromatography or 
affinity column systems. 

The Use of Peptides for the Control of Insect Pests 

A major public concern regarding synthetic chemical insecticides is their toxicity 
towards non-target animals. The appearance of resistant insect strains has also 
necessitated changes in traditional application methods and control strategies using 
chemical insecticides. Synthetic chemical insecticides are generally smaller than 
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polypeptide molecules and induce toxic effects by binding to specific targets. Target 
sites such as those in the sodium channel of pest insects often have similar sites in 
vertebrate animals, including humans. The endocrine system presents novel targets 
for insect control. For example, the agonists and antagonists of two major insect 
hormones, juvenile hormone (JH) and ecdysone, have been considered and used 
successfully as insecticides (22) due to their ability to disrupt important insect 
metabolic functions. The neuroendocrine system relies on peptides as chemical 
mediators and has not been exploited for insect control. Also many toxins are 
peptidic. Peptides and polypeptides of insect and non-insect origin that can 
influence insect metabolism and metamorphosis can exhibit insecticidal effects 
without affecting other living organisms including vertebrates. 

Polypeptide or Peptide Genes Useful for Insertion into the Baculovirus Genome 

Baculoviruses are efficient vectors for carrying and expressing genes, possibly 
effective for insect pest control, into the insect body cavity. Numerous gene 
candidates have been considered for use in conjunction with baculovirus vectors for 
pest insect control. Any gene can be considered effective for pest insect control, i f 
its expression can safely block feeding, disrupt metamorphosis, or otherwise change 
normal behavior so that there is a reduction in crop damage. It is not necessary for 
the product of the inserted gene to cause immediate insect death as long as there is a 
reduction in crop damage. Once the amino acid sequence of a peptide of interest has 
been determined, the nucleotide sequence of the gene which encodes the peptide can 
be deduced and constructed by chemical synthesis. Larger genes can be synthesized 
in parts and combined using plasmid vectors. Alternatively, cDNA or the authentic 
gene can be isolated from the organism producing the peptide of interest. 

Candidate genes for construction of recombinant baculoviruses for insect pest 
control can be classified into the following categories: 

Enzymes and Enzyme Inhibitors. Insect metabolism is controlled by numerous 
essential enzymatic pathways, many of which are tightly regulated in response to the 
environment. Various lethal mutants which are based on the inactivation or over-
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neuropeptide genes very attractive for construction of recombinant baculoviruses for 
pest control. 

The amino acid sequences of several neuropeptides with potential for use in 
pest control have been determined. The amino acid sequence of an allatastatin 
(allatohibin) (57) and allatatropin (32) which inhibit and stimulate JH synthesis 
respectively, have been determined. The amino acid sequences of adipokinetic 
hormones (AKH), which stimulate the release of diglycerol from fat bodies, have 
been determined from various insects (30). A K H genes from M. sexta (55), and 
grasshoppers (34) have been isolated and characterized. Diuretic hormone, which 
plays an important role in the secretion of water, has also been isolated from M. 
sexta (35). 

Genes encoding eclosion hormone, a signal for molting, from M. sexta (36) 
and B. mori (37) have been isolated and characterized. Prothoracicotropic hormone 
(PTTH) is a neuropeptide which targets the prothoracicotropic gland and initiates the 
synthesis and release of ecdysteroids. Genes encoding bombyxin (originally 
designated as 4 kD PTTH) and 22 kD PTTH, which exhibit PTTH activity to Samia 
sincia (38) and B. mori (39), respectively, have been isolated from B. mori and 
characterized. 

Myotropin, leucopyrokinin, pheromone biosynthesis activating neuropeptide, 
and diapause hormone are neuropeptides which possess the consensus C-terminus 
sequence, Phe-Xaa-Pro-Arg-Leu-NH2. Complete amino acid sequences of these 
peptides from several insects have been determined (30,40). These neuropeptides 
generally show unique biological activities, although cross biological activity also 
has been demonstrated (41, O. Yamashita, Nagoya University, personal 
communication, 1992). 

Venom Toxins and Other Toxins. Venom is a toxin-containing fluid which is 
produced and stored in specialized tissues in venomous animals. Several species of 
venomous animals including scorpions, mites, spiders, and insect-predatory wasps 
paralyze their insect prey by injecting venom into them. Venoms from these animals 
generally contain neurotoxic components which are able to induce rapid paralysis at 
very low concentrations (as low as 10-12M) (42). Many of these venoms are 
exceptionally specific for insects or a single insect group. 

Scorpion Venom Toxins. The venoms of scorpions in the family Buthidae have 
various polypeptide neurotoxins that modify axonal sodium conductance. In 1971, a 
scorpion toxin which exhibits toxicity only towards insects, was isolated from the 
venom of the scorpion, Androctonus australis Hector (43). Insect selective scorpion 
toxins are classified into two groups: 1) excitatory insect toxins which cause 
immediate spastic paralysis, and 2) depressant insect toxins which induce 
progressive flaccid paralysis by blocking action potentials (42). Various 
electrophysiological and binding studies indicate that these two toxin groups exhibit 
toxicity only toward insects and show no cross reactivity to the mammalian specific 
alpha toxin (42). 

The excitatory insect selective toxins, AalT (AalTl and AaIT2) (44,45) and 
LqqITI (46), have been isolated from the scorpions, A. australis and Leiurus 
quiniquestriatus quiniquestriatus, respectively. AalT injected into the body cavity 
of blowfly larvae causes immediate paralysis (43). Lepidopteran larvae, however, 
are about 500 times less sensitive to AalT compared to the blowfly (47). AalT is 
composed of 70 amino acid residues containing four disulfide bridges (Figure 2). 

The depressant insect toxins LqqIT2 (48), LqhIT2 (42), and BJIT2 (49) have 
been isolated from the scorpions, L. quiniquestriatus quiniquestriatus, L. 
quiniquestriatus hebraeus, and Burhorua judaicus, respectively. These depressant 
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insect toxins are composed of 61-64 amino acid residues and contain four disulfide 
bonds (46) (Figure 2). 

LqhocIT, which exhibits high toxicity towards insects and very low toxicity 
towards mice, has been isolated from the scorpion L. quiniquestriatus hebraeus and 
characterized (50). This toxin binds to the same site bound by the mammalian 
specific alpha scorpion toxin. 

Non-scorpion Venom Toxins. Insect-paralytic mites produce polypeptides which 
cause involuntary muscle contractions in lepidopteran insects. Two toxins, slow 
acting (250 kD) and immediate acting (around 21 kD), which cause paralysis in 
Galleria mellonella, have been isolated from the straw itch mite, Pyemotes tritici 
(51). Two closely related toxins, TxP-I (27 kD) and TxP-II (30 kD), have been 
further purified from immediate acting toxins. Both TxP-I and TxP-II are composed 
of about 8% cysteine. Both can cause muscle contraction and death upon injection 
into lepidopteran insect larvae (LD50=500 ug/kg), however, they show no obvious 
effects (50 mg/kg) in mice (52). cDNA (Tox34) encoding TxP-I has been isolated 
using a specific antibody, and a synthetic oligomer probe based on the N-terminal 
amino acid sequence of TxP-I (53). The mode of action of the Tox34 gene product 
is not known, but preliminary experiments indicate that it acts presynaptically in a 
complex manner. It does not appear to have a simple effect on the sodium or 
calcium channels (L. K . Miller, University of Georgia, personal communication, 
1992). 

Certain spiders have toxins which can attack glutamate and calcium channel 
receptors. Several of these peptides, which are toxic only in insects, have been 
isolated and their amino acid sequences have been determined (54). 

Insect-paralytic wasps are found in a wide variety of habitats and generally 
prey upon specific host insect species. Several of these wasps produce toxins which 
have potential for pest insect control. Wasps also often carry polydnaviruses in their 
calyx which are injected into host insects. Peptides expressed in the insect host cells 
by these polydnaviruses may cause paralysis of the host insects (55). 

Bt Toxin. The bacterium, Bacillus thuringiensis, produces paracrystal insect 
specific endotoxins which have been widely used for pest control in many countries. 
Several types of Bt toxins which are toxic to Lepidoptera, Coleoptera, and Diptera, 
have been identified. Genes encoding these toxins have been isolated and the 
relationship between their host specificity and amino acid sequence have been 
examined. Many of the Bt toxins appear specific for midgut cells and require 
proteolytic activation, however, others appear to have cytolytic effects or act directly 
at the neuromuscular junction (56,57). The latter toxins or toxins acting on 
fundamental mechanisms of cell to cell communication are attractive for baculovirus 
expression. 

Recombinant Baculoviruses Carrying Foreign Genes Causing Increased 
Insecticidal Effects for Insect Pest Control 

Recombinant baculoviruses carrying various peptide genes have been constructed to 
see whether they exhibit any increased insecticidal effects. To date, the greatest 
increase in insecticidal activity reported has been obtained from recombinant 
baculoviruses carrying scorpion and mite toxin genes. 

The BrnNPV/5. mori expression system is an excellent system for screening 
genes with potential for pest insect control. The silkworm, B. mori, has been used 
for the screening of chemical insecticides for several decades at leading companies 
producing chemical insecticides in Japan. The silkworm is especially useful for 
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initial screenings due to the ease with which it can be synchronized and cultured at 
low cost and in large numbers. The response of B. mori to foreign peptides and 
chemicals is constant and comparable to other lepidopteran insects found in the wild. 
The silkworm, B. mori, is also very well characterized biochemically and 
physiologically. They have been domesticated for thousands of years and do not 
have the ability to survive in the field. This inability to survive in the field provides 
an added safety feature in regards to the use of this animal in recombinant D N A 
experiments by creating a major barrier to the escape of recombinant viruses. 
Following initial testing in the B. mori system, foreign genes are readily transferred 
to viruses infecting pest insects. 

Recombinant baculoviruses carrying both a foreign gene for increased 
insecticidal activity and the polyhedrin gene for oral infectivity are the most feasible 
constructs for application of baculoviruses for crop protection in the field. The 
following polypeptides have shown increased insecticidal activity when expressed in 
lepidopteran larvae by a recombinant baculovirus. 

Diuretic Hormone. A recombinant BmNPV carrying a diuretic hormone (DH) (35) 
gene under control of the strong polyhedrin promoter has been constructed (58). 
The complete D H gene cassette consisted of a secretion signal from a cuticle protein 
of D. melanogaster, the mature D H peptide gene, and a glycine codon for C-
terminus amidation. The recombinant virus was constructed by replacing the 
polyhedrin gene in the BmNPV genome with the D H gene cassette by calcium 
mediated co-transfection. The recombinant BmNPV caused the hemolymph of 
infected B. mori larvae to excrete water into the midgut which resulted in about a 20-
25% increase (about 24 h) in speed of insect kill compared to the wild-type virus. 

J H Esterase. A recombinant AcNPV carrying cDNA encoding JH esterase of H. 
virescens under the control of the polyhedrin gene promoter (28) has been 
constructed. Injection of purified JH esterase expressed by the recombinant virus 
into the body cavity of M. sexta resulted in blackening, which is an indication of JH 
esterase induced reduction of JH titer in the hemolymph. JH esterase in infected 
larvae was detected specifically in pericardial cells by immunostaining (59). This 
was consistent with results showing a short half life and specific uptake of JH 
esterase injected into the body cavity of M. sexta (60, R. Ichinose, University of 
California, Davis, personal communication, 1992). Oral infection of first instar 
larvae of T. ni with high levels of the recombinant, polyhedron minus AcNPV 
inhibited their growth, however, this effect was not seen in other larval instars. 
Polyhedron positive constructs expressing JH esterase exhibited minimal effects in 
later larval instars regardless of the presence or absence of the ecdysone glucose 
transferase gene (61-63). Several modifications to JH esterase have been prepared 
by site directed mutagenesis and expressed under the plO promoter. Two of these 
show enhanced speed of kill . One mutant acts slightly faster than the virus 
expressing AaHIT and one slightly slower (B. Bonning and V . Ward, University of 
California, Davis, personal communication, 1992). 

Bt Toxin. Recombinant AcNPVs carrying the 8-endotoxin gene of B. thuringiensis 
subp. kurstald HD-73 have been constructed (64). Recombinant AcNPV carrying the 
Bt toxin gene under control of the polyhedrin gene promoter produced toxin 
polypeptides of 130, 62, and 44 kD in Spodoptera frugiperda (Sf) cells, each of 
which were immunoreactive to antibodies specific to the Bt protoxin. Application of 
purified viral particles and cellular extracts from infected Sf cells to T. ni larvae 
exhibited inhibition of feeding and insect death which was presumably caused by the 
expressed toxin. In another recombinant AcNPV construct the same toxin gene was 
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placed under control of the plO promoter. This recombinant AcNPV produced 
occluded virus as well as biologically active Bt toxin. The L D 5 0 of this polyhedron 
positive recombinant AcNPV was about two-fold higher and the L T 5 0 was nearly the 
same as wild-type AcNPV. Bt toxin expression also reduced the expression of the 
late genes, plO and polyhedrin, by 6-8 fold. This phenomenon may have been the 
result of cytotoxicity caused by the expressed Bt toxin. 

Scorpion Toxins. A recombinant BmNPV carrying a synthetic toxin gene based on 
the A australis scorpion toxin (AalT) has been constructed (65). The inserted toxin 
gene consisted of a signal sequence for secretion from the bombyxin gene (38) and 
the coding sequence for synthetic AalT. Injection of the recombinant BmNPV 
carrying the AalT gene after the polyhedrin promoter into the body cavity of the 
silkworm, B. mori, induced symptoms expected from AalT toxicity starting 40 hours 
post injection. Infected larvae exhibited characteristics including dorsal arching, 
body tremors, and feeding cessation which were identical to those observed 
following injection of authentic purified AalT. The correct cleavage of the 
heterologous (bombyxin) signal sequence and secretion to the hemolymph was 
confirmed by N-terminal sequencing and SDS-PAGE analysis of the expressed 
AalT. Compared to the wild-type virus a 40% increase in speed of insect kill was 
observed following injection of this recombinant virus (65). An increase in the 
speed of insect kill was not clearly observed in larvae infected with a similar 
recombinant BmNPV possessing the synthetic AalT gene, but lacking the signal 
sequence for secretion. Larvae injected with authentic AalT at low dosages 
recovered from the toxin induced symptoms. This indicates that accumulation of the 
expressed and secreted AalT in the hemolymph is necessary for a decrease in time to 
insect death. 

Two recombinant AcNPVs carrying the synthetic AalT gene under control of 
the plO promoter (the polyhedrin gene is active) have also been constructed (66,67). 
The toxin gene cassette was inserted into a polyhedrin gene positive transfer vector 
(14) and co-transfected with viral D N A from an AcNPV mutant with a deletion in 
the polyhedrin gene. The expression of AalT was confirmed in orally-infected H. 
virescens (67) and T. ni (66) larvae using specific antibodies against AalT and by 
bioassay. These viruses caused about a 30% increase in speed of insect kill and a 
clear reduction in feeding damage of cabbage leaves. The stability of these 
recombinant AcNPVs in the field should be similar to the wild-type virus due to 
their polyhedron positive phenotype. 

Mite Toxin. A recombinant AcNPV carrying the mite toxin gene, Tox34, has been 
constructed using a transfer vector possessing a modified polyhedrin promoter, 
L S X I V (53,68). This virus excreted active toxin, which induced paralysis in a 
manner identical to that caused by authentic purified mite toxin, into the supernatant 
of infected Sf cells. Intrahemocoelic injection of this recombinant AcNPV caused 
paralysis in G. mellonera larvae within two days of infection. A similar recombinant 
AcNPV construct carrying a synthetic late gene promoter and a functional 
polyhedrin gene (21) also caused muscle contractions and exhibited an increase in 
speed of insect kill compared to wild-type AcNPV in T. ni larvae. 

Improving Existing Viruses 

The improvements in the biological activity of the baculoviruses expressing insect 
specific toxins and metabolic enzymes such as AalT, TxP-1, and the modified JH 
esterases are significant in that they demonstrate the long held concept that the speed 
of kill can be dramatically improved by the expression of proteins deleterious to the 
insect. As discussed previously and elsewhere (29) the biological activity of these 
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viruses can be improved by a variety of methods, however, a point of diminishing 
returns will eventually be reached with any of these approaches. It should also be 
noted that the research funds invested to date on improving the baculovirus1 

biological activity by all of the laboratories concerned are trivial in comparison to 
the funds invested in the development of similar leads using classical chemistry and 
second generation pesticide approaches (69). 

Improvements in existing viruses can be based on the simple assumption that 
a lethal concentration in an active pool (for instance the hemolymph) must be 
reached before a desired effect is observed (death, cessation of feeding). As shown 
in Figure 3 by the heavy line I, insect death can be expected to occur when the 
concentration of protein exceeds the lethal concentration at 1. If this occurs before 
the normal time to death caused by the wild-type virus at 2, then a positive 
biological effect is seen. The same protein under a weaker or later promoter as 
shown by line II would not show an observable biological effect. Any of a variety 
of factors which result in an increased rate of production or decreased rate of 
removal/degradation from the active pool will decrease time to death as shown by 
line III resulting in death at 3. 

In Figure 3, panel B, a hypothetical situation is shown where a toxin does not 
reach the lethal concentration rapidly enough to exhibit a biological effect as shown 
by line IV. If an increase in the rate of production and/or decrease in degradation 
can be accomplished as shown by line V , then an improved speed of kill is observed 
at time 4. The same effect can be obtained by placing the protein under an earlier 
promoter as shown by line VI. For instance Bonning et al. (61, personnel 
communication, 1992) report that both the basic protein promoter and the plO 
promoter produce JH esterase earlier and at higher levels than the polyhedrin 
promoter. Tomalski and Miller, 1991 (53) also report higher expression of TxP-1 
using a hybrid promoter. Further improvements will likely be seen as more 
information about promoter function becomes available and promoters from other 
organisms are isolated. 

The rate of protein production is dependent upon numerous factors. Early in 
the infection process a relatively low number of cells will be infected and the 
concentration of the recombinant protein will be low even i f a very strong early gene 
promoter is used (see Figure 3, panel C). If the same protein is expressed under both 
a strong late promoter (line I) and a weak early promoter (line VII), biological 
effects will only be observed with the strong late promoter because the protein never 
reaches the critical concentration under the early promoter. However, i f 
removal/degradation of the protein can be halted, lethal concentrations can be 
reached even with the weak early promoter as shown by line VIII leading to death at 
5. Alternatively if a highly potent toxin is used so that the lethal concentration is 
dramatically reduced from lethal concentration 1 to lethal concentration 2 (Figure 3, 
panel C) time of death can be reduced as indicated at 6. 

It is very significant that the studies published to date move us from the 
region of low potency with no biological activity to a region where biological effects 
are observed. Toxins with greater potency will allow greater flexibility in using 
earlier and weaker promoters as shown in Figure 3, panel C. The effects of the 
peptides expressed by recombinant baculoviruses to date are of mediocre potency 
compared to others described (if not purified) in the literature. As increasingly more 
powerful factors are used, biological activity will be improved. A point of 
diminishing returns will be reached here as well, based upon the maximum rate of 
viral replication or other factors (Figure 3, panel D). 

As shown in Figure 3, panels A, B, and C, the concentration of the 
deleterious protein or peptide must reach a critical concentration and be accessible to 
the active site. Three rate constants describe the removal of the toxin from the active 
pool: sequestration remote from the active site(s), metabolism, and excretion. A 
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higher concentration of protein in the active pool can be obtained by modifying the 
protein to decrease any of these rates. It is important to remember, however, that 
until these pathways of removal are saturated it can be anticipated that any increase 
in protein concentration in the active pool will result in a proportional increase in the 
amount of protein removed. Thus a series of sequential modifications in the toxin 
may be critical to increase the protein concentration in the active pool. In the 
simplest case this active pool is the hemolymph. However, another pool in more 
intimate contact with the active site(s) may be involved. In this case targeting of the 
viral infection or transport of the recombinant toxin could be critical. 

The existing recombinant viruses if properly formulated can halve the time to 
death of infected insects. Since this translates to a great reduction in the amount of 
food consumed, this is an important advance for control of foliage feeders. How 
much more reduction is needed will vary with the crop concerned. Certainly even 
small improvements in time to kill will result in proportionally larger improvements 
in reduction of crop damage. For pests which attack fruiting parts of the plants, still 
greater speed of kill will be required. Using Figure 3 for planning, a variety of 
approaches can be used to improve the activity of recombinant baculoviruses. If 
these improvements in the recombinant viruses can be coupled with formulations 
resulting in better coverage or even attraction of the pest insects to virus droplets, 
effective control can be obtained even of larvae which bore quickly into the plant 
tissue. Times to death of under 24-48 h are likely to be reached with improvements 
in transcription, translation, export, targeting, and utilization of proteins of greater 
potency. 

Safety and the Future 

Two general approaches can be used to generate data regarding the safety of any 
pesticide, including recombinant organisms. One approach involves massive 
screening tests as currently done for classical compounds. The other approach 
involves the design of careful mechanistic tests which probe the safety of the 
organism (in this case the baculovirus), the expressed protein (mite toxin, scorpion 
toxin, JH esterase, etc.), and the foreign gene in its new environment (the 
recombinant organism). Certainly some general toxicity testing needs to be 
performed. However, incisive experiments designed to evaluate the safety of the 
recombinant organism are likely to be far more valuable and cost effective. 

Like the wild-type baculoviruses, the recombinant organisms have many 
layers of selectivity. Baculoviruses embedded in the protein matrix of the inclusion 
bodies must be released under stringent conditions which dissolve the protein matrix 
without inactivating the virus particle. Non-occluded baculoviruses on the other 
hand are not generally orally infectious and are rapidly degraded in the field. 
Recombinant NPVs mixed with the wild-type virus become dramatically replaced 
with the wild-type virus during passages in vitro (70) indicating that the recombinant 
virus should be rapidly out competed by the wild-type virus in the field. Even i f the 
virus is injected, most non-target insects will not be infected. Furthermore, recent 
studies have shown that baculoviruses are unable to enter into the mammalian cell 
nucleus (71). Thus, non-specific toxicity problems are very unlikely and i f they do 
occur will most likely be observed on non-target lepidopteran larvae. 

The safety of the use of baculoviruses in agriculture for pest control has been 
examined extensively and all studies unanimously indicate a high level of safety of 
baculoviral based insecticides (7). The viruses introduced in this chapter are 
designed as biological pesticides, not as classical biological control agents which 
will remain in the environment. The organisms are designed to not compete with the 
wild-type virus and will be rapidly eliminated in the field (29). Thus, it is unlikely 
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that an organism will encounter the recombinant viruses unless that organism is in a 
specific microecosystem treated with the biological pesticide. 

In addition to the selectivity of the baculovirus vector, the toxins expressed 
by the recombinant baculoviruses to date are highly insect selective. Although the 
toxins are peptides, they are expected to vanish rapidly from the environment. The 
toxin molecules are also not generally orally active (except in insects known to take 
up large proteins through the gut) even in species where they are active following 
infection with recombinant viruses. 

The selectivity of scorpion toxin molecules has been studied extensively (42). 
The selectivity of AalT in particular has been tested under very rigorous conditions 
including injection directly into the brains of mice with no detectable effects. It has 
also been demonstrated that AalT fails to bind to the sodium channel of mammals. 
As indicated in Figure 2, AalT only has about 30% amino acid homology to the 
mammalian specific a scorpion toxin, possesses an extended C-terminal amino acid 
chain and the positioning of its disulfide bridges are different (72,42). On the 
contrary, LqhIT2 (depressant insect toxin), LqhocIT (insect a toxin), and the 
mammalian specific a toxin have identical positioning of their disulfide bridges and 
they have about 40% and 70% amino acid homology, respectively, to the 
mammalian-specific toxin (50,46,42) (Figure 2). LqhocIT also has an identical 
binding domain in the target sodium channel as the mammalian specific a toxin and 
exhibits slowing and incomplete inactivation of sodium currents. LqhIT2, however, 
is insect specific and has a completely different binding domain compared to the a 
toxin (48) and LqhocIT exhibits very low toxicity in mice (50). These results 
indicate that the mechanisms of scorpion toxin selectivity are very restrictive and 
that AalT appears to be a very safe molecule in terms of mammalian selectivity. 
Clearly other tests need to be done, but the data to date support the hypothesis that 
these recombinant viruses offer a large factor of safety. 

Recombinant viruses carrying scorpion toxin genes, mite toxin genes, and 
modified JH esterases, have shown the greatest increase to date in speed of insect kill 
compared to wild-type virus and have exhibited effects similar to those caused by 
chemical insecticides. Modifications of the gene sequences of these polypeptides or 
other polypeptides effective for pest control or the use of stronger promoters or 
promoters activated during different stages of infection will increase the baculovirus 
natural insecticidal abilities. A combination of these approaches or the use of more 
potent/toxic gene products will increase the insecticidal ability of recombinant 
baculoviruses to levels comparable to those of chemical insecticides, however as 
with all technologies a point of diminishing returns will be reached in the ability of 
recombinant baculoviruses to control pest insects. 
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Chapter 21 

Naturally Occurring Nematicides 

David J. Chitwood 

Nematology Laboratory, Beltsville Agricultural Research Center-West, 
Building 011A, Agricultural Research Service, U.S. Department 

of Agriculture, Beltsville, MD 20705 

This review of naturally occurring phytochemicals with biological 
activity against plant-parasitic nematodes focuses on several 
diverse classes of compounds, including polythienyls, alkaloids, 
phenolics, polyacetylenes, fatty acids, terpenoids, and others. 
The nematotoxic mode of action and physiological role of most 
of these compounds in plants are unknown, although some are 
synthesized in response to nematode infection. Only a few plant 
families, primarily the Asteraceae and Fabaceae, have been 
examined for existence of nematotoxic substances. In a few 
cases, synthetic analogs of naturally occurring compounds have 
been synthesized and have possessed stronger biological activity 
than the naturally occurring ones. Enhanced research and 
development of phytochemical nematicides and analogs could 
provide safe, selective compounds for minimizing the multibillion 
dollar annual losses inflicted by phytoparasitic nematodes in the 
U.S. 

Currently available chemicals for management of phytoparasitic nematodes are 
not only expensive but can also adversely affect the environment or human 
health (1-3). Consequently, several nematicides have been deregistered or 
restricted in use during the past decade, and others could face similar 
restrictions. Because phytoparasitic nematodes inflict annual agricultural losses 
of 6 billion dollars in the U.S. and 77 billion dollars in the world (4), better 
management tools are needed urgently. 

Because higher plants could be expected to be a rich reservoir of 
interesting compounds with biological activity against phytoparasitic nematodes, 
isolation and identification of naturally occurring phytochemicals with biological 
activity against nematodes would be a logical first step for development of new, 
environmentally safe nematicides. Indeed, higher plants are being increasingly 
examined as sources for novel compounds with activity against animal-parasitic 

This chapter not subject to U.S. copyright 
Published 1993 American Chemical Society 
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nematodes (5). The development of agronomic nematicides is more difficult 
than development of mammalian anthelmintics because the former must either 
move rapidly within the soil without deactivation or else be systemic in plants 
(6). This review will focus on reports of compounds from higher plants with 
biological activity against phytoparasitic nematodes. Although direct toxicity 
is the most common biological activity of these compounds, several have other 
or unknown effects. 

In keeping with the chemical orientation of the symposium, this review 
will not address studies demonstrating the activity of crude plant extracts 
against nematodes (7-79), although this research can lead to development of 
management strategies involving incorporation of plant extracts or residues into 
soil. Although the author's research involves the effects on nematodes of 
insect molting or juvenile hormones, compounds which do occur in the plant 
kingdom, this review will exclude these compounds because these investigations 
have been endocrinologically centered and have not involved plant-parasitic 
nematodes (20-22). 

Polythienyls 

Marigolds (Tagetes spp., Asteraceae) were among the first plants to be 
examined for nematicidal compounds because they often suppress populations 
of soil nematodes. Two such compounds identified (Figure 1) were a-terthienyl 
(I) and 5-(3-buten-l-ynyl)-2,2,-bithienyl (II), with the former active against the 
stem and bulb nematode (Ditylenchus dipsaci) at 5 iig/ml, the wheat seed gall 
nematode (Anguina tritici) at 0.5 ng/ml, and the potato cyst nematode 
(Globodera rostochiensis) at 0.1-0.2 pg/ml (25,24). In a survey of 110 different 
Asteraceae, over 40 species suppressed greenhouse populations of the lesion 
nematode Pratylenchus penetrans, and thienyls occurred in at least 15 of these 
species. Two reviews (25, 26) contain excellent summaries of the effects of 
marigolds on populations of nematodes in soils, the weak nematicidal activity 
of the two polythienyls or synthetic analogs when incorporated into soil, and 
the mode of action of the compounds, which involves generation of singlet 
oxygen by light, peroxidase, or other activators. Interestingly, a simple analog 
(tetrachlorothiophene) was once a registered nematicide in the U.S. but is now 
obsolete (6). 

Several naturally occurring alkaloids (Figure 2) are toxic or otherwise inhibitory 
to phytoparasitic nematodes. For example, physostigmine (III), an alkaloid 
from the Calabar bean, Physostigma venenosum (Fabaceae), immobilized D. 

Alkaloids 

I II 

Figure 1. Polythienyls biologically active against nematodes. 
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XII 

Figure 2. Alkaloids biologically active against nematodes. 
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dipsaci at 1 mg/ml (27) but was not toxic, as nematodes regained motility and 
became infective after transfer to water. Pretreatment of pea seedlings with 30 
Hg/ml of physostigmine sulfate protected them against subsequent infection. 
Another bean alkaloid, monocrotaline (TV) (from the showy crotalaria, 
Crotalaria spectabilis) inhibited movement of juveniles of the root-knot 
nematode Meloidogyne incognita at 10 ng/ml (28). Resistance to M. incognita, 
however, was not correlated with the monocrotaline content of various species 
of Crotalaria or Cynoglossum. Three other alkaloids— AT-methylcytisine (V), 
anagyrine (VI), and sophocarpine (VII)—were discovered in another member 
of the Fabaceae, Sophora flavescens (29, 30). When applied to cotton balls in 
petri dish cultures of the pinewood nematode (Bursaphelenchus xylophilus) 
feeding upon the fungus Botrytis cinerea, the alkaloids inhibited reproduction 
at 3-6 \ig. 

Three tetracyclic alkaloids—chelerythrine (VIII), sanguinarine (IX), and 
the previously unknown bocconine (X)—were identified in a poppy, Bocconia 
cordata (31, 32). Each was active at 50-100 jig/ml against the free-living 
nematodes Rhabditis and Panagrolaimus. The Solanaceous steroidal glyco-
alkaloid a-tomatine (XI) was also toxic to the free-living nematode Panagrellus 
redivivus; the E D 5 0 expectedly varied with pH and was as low as 50 jig/ml (33). 
A similar pH-dependent response occurred with another Solanaceous alkaloid, 
a-chaconine (XII); the most effective E D 5 0 was 85 \ig/m\ (34). A 
nonprotonated nitrogen atom was required for maximal activity of either 
compound. 

Acetylenes 

Nematotoxic polyacetylenes (Figure 3) have been isolated from many members 
of the Asteraceae. The first of these was tridec- l-en-3,5,7,9,11-pentayne (XIII), 
isolated from Helenium sp. and active against Pratylenchus penetrans (25, 35). 
Subsequently, 3-cis, 11-trans- and 3-rran^,ll-^ra^-trideca-1,3,1 l-triene-5,7,9-
triyne (XIV,XV) were obtained from flowers of safflower (Carthamus tinctorius) 
and were nematicidal against the rice white tip nematode (Aphelenchoides 
besseyi) at 1.0 \ig/m\ (36, 37). Two acetylenes, tridec-l-en-3,5,7,9,11-pentayne 
(XIII) and 9,10-epoxyheptadec-16-en-4,6-diyn-8-ol (XVI), were identified from 
roots of a thistle (Cirsium japonicum) and completely inhibited reproduction 
of B. xylophilus in the cotton ball bioassay at 16 or 250 \ig, respectively (38). In 
the same bioassay, l-phenylhepta-l,3,5-triyne (XVII) and 2-phenyl-5-(r-
propynyl)-thiophene (XVIII) from tickseed (Coreopsis lanceolata) and 
cw-dehydromatricaria ester (XIX) from goldenrod [Solidago canadensis (= S. 
altissima)] completely inhibited nematode reproduction at 110 jig/ball (38). 

Roots of a daisy (Erigeron philadelphicus) contained methyl 2-trans,S-
cw-deca-2,8-diene-4,6-diynoate (2-fraflj,8-ds-matricaria ester, XX) and methyl 
2-cw,8-cw-deca-2,8-diene-4,6-diynoate (2-cw,8-cw-matricaria ester, XXI). The 
L D 5 0 of each against the lesion nematode Pratylenchus coffeae was 3.0 jig/ml 
(39). Four additional naturally occurring polyacetylenes (cis- and trans-
dehydromatricaria and cis- and fra>w-lachnophyllum esters, (XIX, XXH-XXIV) 
and four synthetic analogs (lachnophyllic acid, dehydromatricarianol, 
dehydromatricarianyl acetate, and lachnophyllol XXV-XXVIII) were also active. 
In an investigation of nematotoxicity against P. coffeae of 28 synthetic analogs, 
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none with greater than one triple bond, several were active at concentrations 
below 1.0 pg/ml (40). A triple bond-conjugated ketone, aryl, or ester group 
resulted in maximal activity. 

Finally, among non-Asteraceae, heptadeca-l,9-diene-4,6-diyne-3,8-diol 
(XXIX) from roots of Angelica pubescens (Apiaceae) had nematicidal activity 
against Aphelenchoides besseyi (41). 

Fatty Acids and Other Lipids 

Several lipids (Figure 4) are toxic to nematodes. At 1 mg/ml most of 41 fatty 
acids or their salts evaluated were toxic against Panagrellus redivivus, as were 
most of the 13 tested against the tobacco cyst nematode Globodera tabacum 
(42). Butyric acid (XXX) was identified in decomposing rye (Secale cereale) 
and timothy (Phleum pratense) and was toxic at 880 pg/ml to M. incognita and 
P. penetrans but not to the free-living nematodes Rhabditis, Cephalobus, and 
Plectus (43). Variation of activity with pH indicated that the undissociated acid 
was nematicidal. Extracts of Iris japonica (Iridaceae) roots were toxic to A. 
besseyi; purification by HPLC indicated that myristic, palmitic, and linoleic acids 
(XXXI-XXXIII) were nematicidal components (41). 2-Undecylenic acid was 
the most active (LD 5 0 < 10 pg/ml) of the synthetic fatty acids tested. 

Di-n-butyl succinate (XXXIV) created artifactually during isolation and 
identification of nematicidal substances from peanut (Arachis hypogaea, 
Fabaceae) induced 90% mortality against Pratylenchus coffeae at 100 iig/ml 
(44). Eleven of 17 additional, synthetic dialkyl succinates were nematicidal. 

Terpenoids 

Several investigators have described nematotoxicity of various terpenoids 
(Figure 5). In a comparison of 20 non traditional chemicals applied as root dips 
or soil drenches to tomato plants for control of the root-knot nematode 
Meloidogyne javanica, citral (XXXV) and geraniol (XXXVI) inhibited nematode 
reproduction by 52% and 86%, respectively, when applied as 100 pg/ml soil 
drenches (45). Similarly, when limonene (XXXVII), a component of citrus oil 
and an inhibitor of insect neurotransmission, was applied as a soil drench at 
100 jig/ml, population development of the sugarbeet cyst nematode (Heterodera 
schachtii) was 3% of that of controls (46). Steam-distilled essential oils of 
several Labiatae and Myrtaceae were toxic to four species of plant-parasitic 
nematodes, as were five synthetic terpenoids identified in the extracts—geraniol 
(XXXVI), linalool (XXXVIII), eugenol (XXXIX), menthol (XL), and 1,8-cineole 
(XLI) (47,48). A foliar spray of eugenol decreased galling of okra 
(Abelmoschus esculentus) induced by M. incognita (18) 

Phenolics 

There has been substantial investigation of the role of elevated preinfectional 
levels of plant phenolics (Figure 6) in resistance to nematodes (49, 50). 
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Figure 4. Fatty acids and other lipids biologically active against 
nematodes. 
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Unfortunately, few of these compounds have been isolated from plant roots 
and examined for nematotoxicity. Pyrocatechol (XLII), isolated from weeping 
lovegrass (Eragrostis curvula, Gramineae), was toxic to root-knot nematode 
juveniles (51). As a 400 jig/ml soil drench, the common plant phenolic 
quercetin (XLIII) inhibited reproduction of M. javanica (45). 

Postinfectional Compounds 

Numerous compounds are synthesized by plants after nematode attack; a large 
body of work has accumulated on the role of these compounds (Figure 7) in 
resistance to nematodes (25, 26, 49, 50, 52-57). Although lack of space pre
cludes a discussion of the function of postinfectionally synthesized compounds, 
several of these investigations are relevant to the scope of this article. For 
example, coumestrol (XLIV) was produced by lima beans in response to 
infection by Pratylenchus scribneri and inhibited the motility of P. scribneri at 5.0 
jig/ml (58). Similarly, resistance toM. incognita in cotton (Gossypium hirsutum, 
Malvaceae) was associated with biosynthesis of terpenoid aldehydes; a crude 
terpenoid aldehyde extract from cotton inhibited movement of M. incognita at 
50 u.g/ml, as did gossypol (XLV) at 125 iig/ml (59, 60). In soybean roots, 
glyceollin (XLVI) accumulated during incompatibility to root-knot nematodes. 
At 15 iig/ml, the compound strongly inhibited movement of M. incognita in 
vitro; nematodes recovered upon removal from glyceollin solutions (61, 62). 
In potato tubers, levels of rishitin (XLVII) synthesized in response to infection 
by the potato rot nematode (Ditylenchus destructor) were correlated with 
resistance to nematodes, and the compound inhibited movement of Ditylenchus 
dipsaci at 100 \ig/m\ (63). 

Other Compounds 

Many additional compounds (Figure 8) possess antagonism towards plant-
parasitic nematodes. The inhibition of hatching of eggs of Globodera 
rostochiensis by mustard seedlings was one of the first investigations of 
chemically mediated plant-nematode interactions. Allyl isothiocyanate 
(XLVIII), a constituent of seeds of black mustard (Brassica nigra, Cruciferae), 
inhibited hatching at 50 jig/ml and significantly improved potato yield when 
incorporated into field soils (64). Several isothiocyanates and related 
compounds have been evaluated as preplant soil fumigants, including sodium 
methyldithiocarbamate, a commercially utilized compound which degrades in 
soil to form methyl isothiocyanate (2). 

Resistance of garden asparagus (Asparagus officinalis, Liliaceae) to the 
stubby-root nematode (Paratrichodorus christiei) is associated with a preformed 
chemical substance in roots and root exudates; the compound was characterized 
as a glycoside with a low molecular weight aglycone (65). At concentrations 
of 100 p.g/ml, the purified compound paralyzed four species of plant-parasitic 
nematodes, and root drenches or foliar sprays of tomato plants reduced 
populations of M. incognita. Unfortunately, the compound was not identified. 
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Figure 5. Terpenoids biologically active against nematodes. 
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Figure 6. Phenolics biologically active against nematodes. 
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Figure 7. Postinfectional compounds biologically active against 
nematodes. 
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Much later, asparagusic acid (XLIX) was isolated from 30 kg of asparagus roots 
at a concentration of 35 pg/ml. It inhibited hatching of the soybean cyst 
nematode (Heterodera glycines) and G. rostochiensis at 50 p.g/ml, even in the 
presence of hatching stimulants. The same concentration resulted in 80-99% 
mortality in Meloidogyne hapla, Pratylenchus penetrans, and the pin nematode 
Paratylenchus curvitatus (66). Another species of asparagus, A. adescendens, 
contained several glycosides, e.g., asparanin B (L), which inhibited motility of 
M. javanica at 200 ng/ml (67). 

The nematicidal properties of the neem tree (Azadirachta indica, 
Meliaceae) have been reviewed (68). Although various plant tissues or crude 
extracts are nematicidal, the specific nematotoxic compounds are unknown. 
One neem component, azadirachtin (LI), is an insect antifeedant and growth 
and molt inhibitor (for references, see 69). Because it inhibits microfilarial 
release in the animal-parasitic nematode Brugia pahangi at 10 pg/ml (70), 
azadirachtin is likely one of the many neem components active against plant-
parasitic nematodes. 

Other phytochemicals with nematicidal activity include 
2,3-dihydro-2-hydroxy-3-methylene-6-methylbenzofuran (LII) from Helenium 
sp. (Asteraceae) (71) and alantolactone (LIII) from elecampane (Inula 
helenium, Asteraceae) (72). Hannoa undulata (Simarubaceae) seeds contained 
three polycyclic lactones: chaparrinone (LIV), klaineanone (LV), and 
glaucarubolone (LVI). A 1.0-jig/ml mixture of these compounds inhibited 
penetration of tomato roots by M. javanica (73). Roots of Daphne odora 
(Thymelaeaceae) contained odoracin (LVII) and odoratrin (LVIII), which 
induced 100% mortality in Aphelenchoides besseyi at <5.0 ng/ml (41, 74). Four 
compounds were isolated from methanolic extracts of Allium grayi (Liliaceae) 
and were active in vitro against M. incognita: 1-octanol, methyl 
4-hydroxybenzoate, methyl 4,-hydroxycinnamate, and allygrin (LIX) (75). 
Allium fistulosum var. caespitosum contained dipropyl thiosulfinate (LX) and 
four other thiosulfinates; each was more active than the four compounds from 
A. grayi. Many other thiosulfinates and thiosulfonates were prepared and had 
nematicidal and antibacterial activity (75). 

Although hatching stimulants are not nematicidal, they could be used 
in field situations to induce hatching in the absence of host plants. 
Glycinoeclepin A (LXI), a hatching stimulant for Heterodera glycines, was 
isolated from roots of kidney bean (Phaseolus vulgaris, Fabaceae) (76); two 
related nortriterpenoids were also isolated but did not stimulate hatching (77). 
Two simpler analogs were synthesized chemically and stimulated hatching, but 
were less active biologically than glycinoeclepin A (78). 

The involvement of plant lectins in plant-nematode recognition events 
is a very active area of research (51, 79). Concanavalin A, a lectin from the 
jackbean, Canavalia ensiformis (Fabaceae), provided substantial control of M. 
incognita on tomato in growth chamber, greenhouse, and microplot experiments 
(80). Pretreatment of infective M. incognita juveniles with concanavalin A or 
two other lectins somewhat stimulated the hypersensitive response of soybean 
to the nematodes (79). 
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Future Prospects 

The most conspicuous aspect of these investigations of nematicidal 
phytochemicals is that this field of research is truly in its infancy. Even though 
only a few plants have been investigated, a wide range of structurally diverse 
compounds with nematotoxic effects have been identified. Because only a few 
plant families (mainly the Asteraceae and Fabaceae) have been examined for 
antinematodal activity, a more extensive range of plant taxa needs to be 
investigated. 

The functional roles of these compounds in plants have also been 
investigated to a limited extent. Although one speculation would be that such 
compounds function in higher plants as antinematodal substances, most 
researchers have noted that inadequate attention has been given in most cases 
to the concentrations of many of these compounds within plants, or their 
cellular or subcellular locations. Occasionally, the concentrations required for 
in vitro biological activity are sufficiently high to indicate that the compounds 
do not function in vivo as nematode antagonists. 

From the perspective of an agricultural chemist, this field of research is 
in its infancy because most investigations have been of a basic, descriptive 
nature. In only a few cases have analogs of phytochemical nematicides been 
chemically synthesized and examined for biological activity. Similarly, except 
for the nematicidal components in marigolds, the antinematodal mode of action 
of these compounds has received slight attention. Of course, in some cases 
(e.g., polyacetylenes) there exists excellent studies of mode of action in other 
organisms. Regardless of mode of action, the high potential of naturally 
occurring compounds for environmental compatibility indicates that many 
phytochemicals could be valuable starting points in the development of safer 
management tools for phytoparasitic nematodes. The multibillion dollar losses 
caused by plant-parasitic nematodes and the problems facing current 
management practices dictates that research of natural products with activity 
against nematodes be intensified. 

Acknowledgment. The author thanks Patricia Oakley for preparation of the 
figures. 
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Chapter 22 

Utilizing Derivatives of Microbial Metabolites 
and Plant Defenses To Control Diseases 

H. V. Morton1 and R. Nyfeler2 

1Ciba-Geigy Corporation, P.O. Box 18300, Greensboro, NC 27419 
2Ciba-Geigy, Ltd., Basle, Switzerland 

The phenylpyrroles are a new class of agricultural fungicides 
related to the natural antibiotic pyrrolnitrin, which is produced 
by Pseudomonas spp. Pyrrolnitrin fulfills the main 
requirements of natural products, namely it has interesting 
biological activity and possesses a simple enough structure to 
allow the synthesis of analogues. A second area offering a new 
approach to disease control is that of systemic acquired 
resistance (SAR) utilizing chemicals with no direct bactericidal 
or fungicidal effect. Agents which induce SAR include the rice 
blasticide probenazole and the immunization compound 
2,6-dichloroisonicotinic acid and its ester. 

Opportunities for Natural Products 
A question frequently heard today is: "What is the role of chemicals in the future 
of crop protection?" We view our business objectives as inseparable from our 
environmental objectives and thus integrated pest management (IPM) is one of our 
goals. These are fundamental elements that help drive trie discovery, development, 
production, and sale of our products. The following discussion illustrates the chal
lenges and opportunities for (a) using natural products or their derivatives, and 
how these may be optimized, and (b) the use or chemicals to stimulate the host 
plant resistance mechanisms. Such strategies offer new approaches to disease con
trol and a possible means to address the growing public concern for the environ
ment. It should also be recognized that IPM win oe the primary strategy of pest 
control and that chemical crop protection remains an integral feature oiTPM. To 
maintain the value of chemicals in crop protection, the following four objectives 
must be fulfilled. 

1. Continue and even accelerate the search for novel compounds which 
are effective at very low doses; are selective for the target organisms; 
show a moderate persistence in the environment; and are nontoxic to 
humans, nontarget organisms, and the environment 

2. Strengthen the search for methods to delay or eliminate the induction 
and appearance of resistance to crop protection chemicals. 

3. Improve application technology, concentrating on optimization of for
mulations, placement of the products, and timing o f applications. 

4. Extend and improve the Integrated Pest Management approach. 
This paper will address only the first point, namely the search for new 

chemicals. Such a search is influenced by: 

0097-6156/93/0524-0316$06.00/0 
© 1993 American Chemical Society 
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22. MORTON & NYFELER Microbial Metabolites and Plant Defenses 317 

1. The availability of relevant biological test systems. 
2. A battery of tests to investigate the fate of the compounds in the 

environment, and to study the metabolism in plants and animals and 
the toxicological properties. 

3. An ample supply of novel compounds. 

The quality and relevance of these tests and the diversity of the chemical 
structures are the "key elements to finding safe, effective crop protection com
pounds. 
While a review of crop protection chemistry shows that synthetic chemicals have 
clearly dominated the natural products, the main reasons to search for natural prod
ucts as crop protection chemicals are: 

1. Natural products provide an alternative source of new structures, 
2. Since natural products are formed and degraded in nature, there is a 

reasonable chance they will fit IPM, and 
3. An understanding of the role of secondary metabolites in natural pro

cesses can lead to new crop protection principles. 
There are two approaches to searching for new secondary metabolites from 

plants and microorganisms: (a) random screening, and (b) utilizing a biorational 
approach, e.g., allelochemicals and induced or preformed metabolites which con
tribute to the resistance of plants against diseases and insects. Typical examples of 
these would be phytoalexins or insect antifeedants. 

Many microorganisms that are evaluated as biocontrol agents owe their 
activity, at least in part, to secondary metabolites. Isolation anastructure determi
nation of these active principles can result in new interesting lead structures. Table 
I shows an overview of the natural products which have gained some importance 
in crop protection. Secondary metabolites from microorganisms show a broader 
spectrum of activity than those derived from plants. A review of the 8th edition of 
"The Pesticide Manual" shows that there is a total of 14 natural products out of 
approximately 570 chemicals listed. 

Table T. The Direct I Jse of Natural Products in Crop Protection 
Active Against 

Plants Microorganisms Insects 

Derived From Plants 

Nicotine 
Rotenone 
Pyrethrins 

Derived From Microorganisms 

Blasticidin S Delta-endotoxin 
Cycloheximide from Bacillus 
Kasugamycin subtihs 
Pimancin Avermectin B1 
Polyoxins B and D 
Vafidamycin 
Streptomycin 

Gibberellic Acid 
Bialaphos 

Japan has been a pioneer in finding uses for natural products in crop protec
tion. The most widely used of these are shown in Table H 
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Table II. Agricultural Antibiotics Used in Crop Protection in Japan 

Intro- Tons Sold 
Name duction Produced By In 1986 
Blasticidins 1962 Streptomyces 

griseochrbmoeenes 
11 

Kasugamycin 1965 S. kasugaensis 91 
Polyoxins 1968 S. cacaoi 76 
Validamycin 1972 S. hvgroscopicus 172 
Streptomycin 1957 S. griseus 175 

Reference: Noyaku Yoran (1) 

With the exception of streptomycin, all of these compounds have been dis
covered and developed in Japan. 

It is worth noting that all of these antibiotics are produced by fermentation 
from Streptomyces species. One of the main reasons these products are not used 
outside of Japan is that the purity of the products, respective to the by-products, is 
not sufficient to satisfy the stringent western registration guidelines. EPA requires 
that any by-product that is present at more than 0.1% of the total amount has to be 
identified. 

The following is an example of a project CIBA-GEIGY undertook using a 
natural product as a lead structure. Pyrrolnitrin, a secondary metabolite from 
Pseudomonas pvrrocinia. was isolated by Arima. et al., in 1965 (2). This com-
pound showed interesting antifungal activity and was developed as a topical anti-
mycotic for human use. In the late 1970's pyrrolnitrin was found to be nighly 
active against a range of phytopathogenic fungi in our fungicide screen. The inter
esting biological activity, combined with an apparently simple structure, made pyr
rolnitrin an ideal lead structure for optimization (Figure 1). 

I 
Figure 1. Pyrrolnitrin 

Despite the simple looking structure, the compound proved to be quite a 
challenge for the chemists. The best total synthesis of pyrrolnitrin still required 
seven steps and afforded the product in only 20% total yield from the reaction 
sequence (Figure 2). Fortunately, we have discovered a novel procedure to prepare 
new analogues of pyrrolnitrin. From readily available starting materials, the 
desired products were prepared in a single step and with good yields. Out of a 
large optimization program in which the substitutes X ana E (Figure 2) were 
broadly varied, there resulted a number of highly active fungicides belonging to the 
phenylpyrrole chemical class. 
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(a) The Production of Pyrrolnitrin: (3) 

319 

7 Steps 

a ' 
N02 

Total Yield: 20% 

(b) Analogues with New Synthetic Method: (4) 

N 
I 
H 

E 

+ 

^2S02NC 

Base 

H 3 C ~ ^ ^—OK* 

Ether/DMSO 

Yield: 50-80% 

E = C N 
COOH 3 H 
NO, 

Figure 2. Synthetic Approaches to Pyrrolnitrin Production 

The phenylpyrrole fungicides are protectant fungicides with a broad spec
trum of activity which allows them to be used as both seed treatments and foliar 
fungicides. Fenpiclonil (see Table IV) has recently been introduced as a cereal 
seed treatment in Europe. In the U.S., we are developing a more active analogue, 
CGA-173506 4-(2,2-difluoro-l, 3-benzodioxol-4-yl) pyrrole-3-carbonitrile (Figure 
3, Table III). 

Chemical class: 

Chemical name: 

Structural formula: 

Phenylpyrrole 

4-(2,2-difluoro-1,3-benzodioxol-4-yl) 
pyrrole-3-carbonitrile 

Figure 3. CGA-173506: A new phenylpyrrole fungicide with broad-spectrum 
disease control 
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Table III. In Vitro Spectrum of Activity of CGA-173506 
Fungal Pathogen EC 50 (ppm a.i.) 

Oomvcetes: 
Phytophthora infestans 
Pythium ultimum 
Aphanomvces laevis 
Ascomvcetes: 
Ophiobolus graminis 
Monilini^ructicola 
Venturia inaequalis 
Basidiomvcetes: 
Rhizoctonia solani 
Pellicularia~sasakii 
Sclerotiumroltsii 
Deuteromvcetes: 
Helminthosporium teres 
Alternarnia solani 
Botrytis cinerea 
Fusarium culmorum 
Cercospora arachidTcola 

>100 
>100 
10.3 

0.18 
0.07 
6.05 

0.04 
0.10 
0.22 

0.05 
0.15 
0.02 
0.18 
0.20 

With its spectrum and degree of activity, protectant mode of action, and lim
ited toxicity, CGA-173506 is a major breakthrough. The key to this optimization 
program was the marked increase in light stability of the cyanopyrroles (See Table 

Table TV. Modification of Pyrrolnitrin for improved Light Stability 

Pyrrolnitrin 

Test 

Light stability 

T 1/2 (suntest- lamp) 27 min 48 hrs. 

Botrvtis activity 

Greenhouse EC 80 Apple: 6 ppm 6 ppm 
Bean: 200 ppm 6 ppm 

Field activity (100 g/hl) 4% 91% 

E. Stamm, CIBA-GEIGY, unpublished 
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New Crop Protection Principles 
Now we will turn to a somewhat more speculative approach: regulation of host 
parasite interactions, in particular the phenomenon of systemic acquired resistance 
(SAR) first described by Ross (5) on tobacco. In a variety of plant species, the 
development of necrotic lesions in response to pathogen infection leads to 
induction of generalized disease resistance in infected tissues. SAR is character
ized by the development of a disease-resistant state in plants that have reacted 
hypersensitively to previous infection by tobacco mosaic virus. Salicylic acid has 
beenjim^icated as the endogenous signal that activates the resistant state Malamy 

At CIBA-GEIGY we have been trying to synthesize compounds which will 
induce local and systemic resistance in plants. 2,6-dichloroisonicotinic acid 
(CGA-41396) andits ester (CGA-41397) are examples of chemistries which 
induce host plant resistance (Figure 4). Ward, et at (7) have shown that these 
products also induce SAR gene expression by following nine classes of RNAs (by 
gel blot hybridization) that are coordinately induced concomitantly with the onset 
of SAR. 

CGA-41396 CGA-41397 

Figure 4. Chemical structures of isonicotinic acid derivatives 
The onset of SAR is characterized by a decrease in the size of lesions of 

foliar pathogens. This induction response takes about six days to develop in the 
case of T M V in tobacco as described by Ross (4). Isonicotinic acid was shown by 
Ward, et a l (7) to impact lesion size within four days and reached a maximum of 
steady-state RNA at six days after infection. 

Practical experience in field trials has shown these isonicotinic acids must be 
applied preventively to provide acceptable disease control. It is of interest to note 
that monocotyledonous plants express this resistance for longer than dicotyledon
ous plants, which require applications every seven to ten days to maintain the 
expression of induced resistance. These products are effective against bacteria, 
fungi, and viruses, as well as Pyricularia oryzae (rice blast) via seed-treatment. 
The isonicotinic acid derivatives perform best against the powdery and downy 
mildews, while they are weaker against thymatrophic parasites (those that kil l tis
sues in advance of their own cells and then invade the Killed tissues) such as 
Rhizoctonia solani and Septoria spp. 

Unfortunately the amount of phytotoxicity associated with foliar sprays of 
CGA-41396 and CGA-41397 precludes their commercial development. CIBA-
GEIGY is currently working with a second generation of products which are safer 
to plants. There are several opportunities offered by products which result in 
SAR. One of these possibilities is for plant breeders to use such products to 
accentuate host plant resistance to plant pathogens. We view this chemistry as 
resulting in exciting new forms of disease control in the future. 
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Chapter 23 

Strategies and Techniques for Improving 
Biocontrol of Soilborne Plant Pathogens 

D. P. Roberts and D. R. Fravel 

Biocontrol of Plant Diseases Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, Beltsville, MD 20705 

For successful biocontrol, timing and placement of inoculum of 
biocontrol agents can be more important than the population size 
of the biocontrol agent. Delivery of the biocontrol agent is often 
timed so that it coincides with a period of low biological diversity 
and maximum pathogen accessibility. Control strategies include: 
1) protection of the root or seed; 2) impeding the progress of the 
pathogen; and 3) destruction of pathogen inoculum. In addition 
to being in the right place at the right time, the biocontrol agent 
must also express specific traits at the appropriate time. Traits 
associated with biocontrol agents include competition for nutrients 
and production of antibiotics and enzymes. 

Environmental and food safety issues have fostered increased interest in 
alternatives to chemical pesticides for control of soilborne plant pathogens. 
Disease control strategies involving the use of introduced, beneficial bacteria and 
fungi (biocontrol agents) for control of soilborne, plant pathogenic bacteria and 
fungi can be integrated into pest management strategies using minimal quantities 
of chemical pesticides. In some cases, the biocontrol agents may replace 
chemical pesticides. In this chapter we discuss current areas of research aimed 
at enhancing the effectiveness of these biocontrol strategies. Examples are given 
to illustrate the status of this research and the experimental approaches used in 
this research. This chapter is not intended as an all-inclusive review of the 
literature. 

Elements of Successful Biocontrol 

Biocontrol of soilborne plant pathogens is dependent on establishing a sufficient 
population of active propagules of the biocontrol agent in the right place at the 
right time. Expression of the appropriate traits by the biocontrol agent, timing 

This chapter not subject to U.S. copyright 
Published 1993 American Chemical Society 
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of application of the biocontrol agent, and placement of the biocontrol agent can 
be more important to the success of biocontrol than the population size of the 
biocontrol agent. Also, understanding the ecology of the biocontrol agent, the 
pathogen, the plant and the interactions among these organisms is important in 
determining how, when, and where to introduce the biocontrol agent. Hence, 
areas of intensive research include: 1) development of control strategies based 
on the ecology and epidemiology of the biocontrol interactions and 2) 
elucidating the traits expressed by the biocontrol agent that are necessary for 
biocontrol and optimizing their expression. 

Biocontrol agents disrupt the disease process by inactivating, retarding 
growth and movement, or killing the pathogen. Several strategies have been 
used to achieve biocontrol of soilbome plant pathogens. This chapter discusses 
three of these strategies: protection of the rhizosphere or spermosphere, 
impeding advancement of the pathogen through soil, and destruction of pathogen 
inoculum. 

Biocontrol Strategies 
Protection of the Rhizosphere or Spermosphere. Protection of the 
rhizosphere (zone of root influence) or spermosphere (zone of seed influence) is 
an attractive strategy for several reasons. First, delivery of the biocontrol agent 
is greatly simplified. The biocontrol agent can be applied to the seed as a seed 
treatment prior to planting for protection of the spermosphere (5, 27) or to the 
root as a root dip for protection of the rhizosphere (14). Both treatments are 
amenable for use in many crop production strategies. Second, biocontrol can be 
achieved with small quantities of biocontrol agent inoculum delivered to the 
seed or root surface. Since the pathogen must contact the plant for infection to 
occur, the biocontrol agent has been properly positioned to control the disease. 
There is no need to apply large quantities of the biocontrol agent to the bulk 
soil. In addition, the plant deposits a variety of reduced carbon compounds and 
other nutrients in the soil through root or seed exudation and through sloughing 
off of root cells and the seed coat. These nutrients stimulate growth and 
proliferation of the biocontrol agent in the rhizosphere or spermosphere. 

One example of successful biocontrol by protection of the rhizosphere is 
the use of Agrobacterium radiobacter strain 84 (strain 84) to control crown gall 
caused by pathogenic Agrobacterium radiobacter var. tumifaciens. The pathogen 
produces a tumor-like gall at the soil line of many hosts, particularly rosaceous 
hosts such as almond, peach and rose. Strain 84 is usually supplied in a dry 
carrier such as peat. For use, the formulated material is wetted with chlorine-
free water and bare-rooted plants are dipped in the suspension just prior to being 
transplanted in the field (14). 

Retarding Pathogen Growth Through Soil. Retarding growth of the pathogen 
through soil has also been used as a strategy for biocontrol of soilbome plant 
pathogens. Generally, roots grow through soil and contact pathogen propagules 
since pathogen growth through raw soil is limited by microbial competition for 
nutrients. In soil that has been disinfested, by heating or with chemicals, 
introduced pathogens spread through the soil quickly due to the absence of 
competition for nutrients. 
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The low biological diversity in soil created by disinfestation presents an 
opportunity for biocontrol, such as in the control of Fusarium wilt of 
chrysanthemums in the greenhouse. Greenhouse-grown chrysanthemums are 
often grown in freshly steamed potting mix. Fans for greenhouse cooling draw 
in large volumes of air which can contain air-borne spores of the pathogen 
Fusarium oxvsporum f. sp. chrysanthemi. This leads to the introduction and 
establishment of Fusarium in the disinfested potting mix. Success of biocontrol 
in this strategy depends on the biocontrol agent proliferating in the freshly 
steamed potting mix and utilizing the nutrients that would otherwise be available 
to the pathogen. The addition of Trichoderma viride strain T-1-R9 to freshly 
steamed potting mix resulted in increased C 0 2 evolution during the first 12 days 
which indicated an increased level of nutrient utilization. There was also a 
reduction in the final population density of F. oxvsporum f. sp. chrysanthemi 
and in disease incidence (24). 

Destruction of Pathogen Inoculum. Another strategy that has been used 
successfully for biocontrol of plant diseases is the destruction of overwintering 
inoculum of the pathogen. Destruction of overwintering inoculum is feasible 
because: 1) biocontrol agents are living organisms and, hence, are capable of 
reproduction, growth, and spread; 2) in soil, pathogens occur in aggregate 
distribution in association with the crop plants or plant residues (facilitating 
spread of the biocontrol agent); and 3) inoculum of some soilborne pathogens is 
formed above ground and is therefore accessible to applications of the biocontrol 
agent. 

Sporidesmium sclerotivorum. a mycoparasite of the plant pathogen 
Sclerotinia minor, can provide complete control of Sclerotinia lettuce drop in the 
field at application rates as low as 0.2 kg of the formulated biocontrol agent/ha 
(1). Pathogen sclerotia (overwintering structures) are formed in the above 
ground portion of the lettuce crop. When this crop residue is disked into the 
soil, sclerotia remain in an aggregate distribution in the soil. Therefore, i f one 
sclerotium in the aggregate is infected with S. sclerotivorum. the biocontrol 
agent can spread to destroy all sclerotia in the aggregate, resulting in disease 
control. 

Introduction of the Biocontrol Agent 

In addition to considering which strategy would be most appropriate for a 
particular crop-pathogen situation, it is also necessary to consider where and 
when introduction of the biocontrol agent is most likely to result in successful 
biocontrol. Soil is a complex physical, chemical, and biological environment 
that is constantly evolving (7). Nutrient sources in soil are limiting to growth 
and reproduction of soil microbes. Thus, chances for successful biocontrol can 
be increased by introducing the biocontrol agent at a time and/or place where 
the environment is biologically less complex or microbial competition is lower. 
This can be a time and place that occurs naturally during the growing cycle, or 
it can be a special environment that is created for the purpose of introducing the 
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biocontrol agent. Different levels of ecological complexity are associated with 
various agricultural systems. Less ecologically complex agricultural systems, 
such as greenhouse crops grown in potting mix or steamed soil, are often more 
amenable to biocontrol than field situations (23). In some systems, such as the 
biocontrol of Fusarium wilt of chrysanthemum discussed previously, biocontrol 
agents are introduced to freshly heat-sterilized or fumigated soil. Heat 
sterilization and fumigation of the soil kills resident organisms leading to a 
situation of reduced ecological complexity. 

Establishment of biocontrol agents may be enhanced through formulation 
with nutrient sources that are uniquely available to the biocontrol agent. For 
example, a number of inexpensive carbon sources such as L-arabitol, D-
arabinose, L-xylose, xylitol, and L-mannose are not commonly found in nature 
and are not utilized by most microbes (25). Biocontrol agents that can utilize 
these uncommon compounds, or spontaneous mutants of biocontrol agents that 
have acquired the ability to grow on these uncommon carbon sources, could be 
added to the soil along with these carbohydrates. Microorganisms probably 
have not evolved the catabolic pathways specific for compounds they have not 
encountered in their environment (25). Thus, competition for these uncommon 
compounds should be less than competition for commonly encountered carbon 
sources. 

Traits Associated with Biocontrol 

The biocontrol agent must express certain traits for biocontrol to occur. It is 
necessary to identify these traits and to determine how the environment modifies 
the expression of these traits before the performance of biocontrol agents can be 
predicted or enhanced (Nelson, E.B; Maloney, A.P. Can. J. Plant Pathol., in 
press). Techniques from analytical chemistry, biochemistry, and molecular 
biology are being used to identify the traits expressed by biocontrol agents that 
result in biocontrol. These techniques are used 1) to demonstrate that the trait is 
expressed in situ and 2) to demonstrate that a correlation exists between the 
expression of the trait and biocontrol. The examples given below illustrate how 
these techniques have been used in this evaluation process. 

Antibiotics Involved in Biocontrol. Phenazine-producing pseudomonads 
suppress primary infections and limit secondary spread of Gaeumannomyces 
graminis var. tritici. the fungus causing take-all of wheat (4). Thomashow et al. 
(39) demonstrated that the antibiotic phenazine-l-carboxylate was produced by 
derivatives of Pseudomonas fluorescens strain 2-79 in wheat rhizospheres. This 
antibiotic was detected in wheat rhizospheres colonized by strain 2-79RN10, a 
rifampicin-resistant derivative of strain 2-79. The antibiotic was not detected in 
wheat rhizosphere colonized by strain 2-79-B46, a phenazine-l-carboxylate 
deficient mutant of strain 2-79. In addition, this antibiotic was detected in 
wheat rhizospheres colonized by a derivative of strain 2-79-B46 which had 
phenazine-l-carboxylate production restored by genetic complementation (39). 
Strong evidence for a role for this antibiotic in biocontrol by P. fluorescens 
strain 2-79 comes from biocontrol assays with random Tn5 mutants of this 
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strain. Six mutants, each containing a single transposon Tn5 insertion, were 
deficient in phenazine-l-carboxylate production and had reduced biocontrol 
capabilities when compared to the parental strain (38). Thomashow and 
coworkers (39) also demonstrated a role for phenazine-l-carboxylate in 
biocontrol in this system by detecting production of this antibiotic in situ and 
correlating production of this antibiotic with biocontrol. 

The beneficial fungus Gliocladium virens controls damping-off of zinnia, 
cotton, and cabbage caused by the pathogenic fungus Pythium ultimum in 
nonsterile soilless mix (21). An antibiotic produced by G. virens may have a 
role in this biocontrol interaction. Size-fractionated culture supernatants from G. 
virens containing compounds that were < 10 kDa in size inhibited P. ultimum 
sporangial germination and mycelial growth in vitro. The antibiotic gliotoxin 
was the only compound in these < 10 kDa preparations that was inhibitory to P. 
ultimum (31). Gliotoxin has been detected in a variety of soils and soilless 
media colonized by G. virens (22). In addition, quantities of gliotoxin in the 
soil were related to the level of biocontrol of damping-off. Damping-off was 
significantly suppressed in peat moss-vermiculite medium, composted mineral 
soil, and clay soil but not in a sandy soil. Quantities of gliotoxin detected in 
these soils were 0.42, 0.36, 0.20, and 0.02 p.g/cm3, respectively (22). 

Enzymes Involved in Biocontrol. Glucose oxidase, excreted by the fungal 
biocontrol agent Talaromvces flavus. catalyzes the production of hydrogen 
peroxide from glucose (15). Microsclerotia (overwintering structure) of the 
plant pathogen Verticillium dahliae are killed by hydrogen peroxide in vitro 
(15). Glucose oxidase purified from culture filtrates of T. flavus T f l , when 
applied to sand columns reduced the growth rate of V. dahliae when eggplant 
roots were present in the sand columns (9). In addition, no effect on growth 
rate of V. dahliae was evident in the absence of eggplant roots in this 
experiment. This suggests that glucose, the substrate used in the production of 
hydrogen peroxide, is supplied by exudates from the eggplant root. In addition, 
the experiment demonstrates that the enzyme glucose oxidase can contribute to 
biocontrol. Another line of evidence for the involvement of glucose oxidase in 
biocontrol comes from a study using a natural variant of the parental isolate T. 
flavus T f l . The single-spore isolate Tfl-np produced only 2% of the level of 
glucose oxidase produced by T f l , while Tfl-np was similar to Tf l for all other 
characteristics measured. Isolate Tf l provided control of Verticillium wilt of 
eggplant while Tfl-np did not control the disease (9). 

Chitinolytic strains of S. marcescens reduce the incidence of disease 
caused by Sclerotium rolfsii (30) and Fusarium oxvsporum f.sp. pisi (11). 
Chitinase, secreted by the Gram-negative soil bacterium Serratia marcescens 
(32), catalyzes the degradation of the fungal cell wall component chitin. A 
partially purified preparation of chitinase, isolated from cultures of an E. coli 
strain containing a cloned S. marcescens chitinase gene, caused rapid bursting of 
S. rolfsii hyphal tips (35). In addition, application of this chitinase preparation 
to bean plants reduced the incidence of disease caused by S. rolfsii (35). Jones 
et al- (U) demonstrated that a chitinase gene was involved in biocontrol of F. 
oxvsporum f.sp. pisi by S. marcescens strain QMB1466. The chiA gene, which 
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encodes one of the chitinases produced by this strain, was cloned and 
subsequently mutated by insertional inactivation with an antibiotic resistance 
gene. A strain that produced reduced levels of chitinase was constructed by 
incorporating this mutated chiA gene into the S. marcescens chromosome. The 
resultant strain, which produced reduced levels of chitinase, did not control 
Fusarium yellows of pea as well as the parental strain (11) correlating chitinase 
production by S. marcescens with biocontrol. In another set of experiments a 
chitinase gene from S. marcescens was mobilized into Pseudomonas fluorescens 
strain NRRL B-15135 by conjugation (37). The resultant strain, P. fluorescens 
NRRL B-15135 (pLESl), had enhanced biocontrol properties (37). Collectively 
these experiments indicate that chitinase is involved in biocontrol by S. 
marcescens and that addition of this trait to non-chitinolytic biocontrol agents 
can enhance biocontrol performance. 

Nutrient Competition Involved in Biocontrol. Competition for various 
nutrients is also involved in biocontrol. Competition for iron between plant 
growth-promoting rhizobacteria (PGPR) (16) and plant pathogens has been 
particularly well documented (19). A number of experimental approaches 
implicate siderophore-induced iron limitation as a mechanism involved in 
biocontrol. Strains of PGPR, including Pseudomonas fluorescens. P. putida and 
some closely related strains, produce siderophores in culture which have a high 
affinity for soluble ferric iron (Fe+3). Pyoverdine, a type of siderophore, inhibits 
growth of a number of plant pathogens on agar plates (17,18). Available iron 
in soil has been correlated with biocontrol. When iron availability was 
enhanced with various soil amendments, plant disease suppression was not 
present. However, in nonamended soils there was plant disease suppression (17. 
18, 33). Soil amended with a purified pyoverdine, pseudobactin, or a synthetic 
iron chelating agent, EDDHA, mimicked plant disease suppression by a 
fluorescent pseudomonad. Finally, experiments with well characterized near-
isogenic strains correlated pyoverdine production with biocontrol in several 
biocontrol interactions. Pyoverdine deficient strains containing single transposon 
insertions were reduced in their biocontrol capabilities. This was the case for P. 
putida strain WCS controlling minor pathogens of potato (3, 34) and P. 
fluorescens 3551 controlling Pythium damping-off of cotton (20). 

The experiments outlined above indicate that the production of 
antibiotics, enzymes, and siderophores are traits associated with some biocontrol 
interactions. Some other traits thought to be involved in biocontrol are listed in 
Table I. 

Multiple Traits Involved in Biocontrol. Current research findings indicate that 
biocontrol is not due to the expression of a single trait by the biocontrol agent. 
It is thought that biocontrol is a complex polygenic phenotype resulting from the 
expression of a variety of traits concurrently or in sequence (Nelson, E.B.; 
Maloney, A.P. Can. J. Plant Pathol., in press). Evidence supporting this 
hypothesis comes from genetic analyses of a number of different interactions 
involving biocontrol bacteria. 
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Table I. Examples of Traits Associated with Biocontrol 
Biocontrol Agent Trait Reference 

Agrobacterium radiobacter production of Agrocin 84 6, 13, 29 
Enterobacter cloacae production of ammonia 10 
Enterobacter cloacae binding to pathogen hyphae 26 
Enterobacter cloacae blocking signal for pathogen germination 28 
Gliocladium virens production of gliotoxin 22, 31 
Pseudomonas fluorescens production of phenazine-l-carboxylate 38, 39 
Pseudomonas fluorescens production of 2,4-diacetylphloroglucinol 12 
Pseudomonas fluorescens production of hydrogen cyanide 40 
Pseudomonas fluorescens production of siderophore 20 
Serratia marcesens production of chitinase 11 
Talaromvces flavus production of glucose oxidase 9 

With the agrobacterium system, the transfer of genes encoding agrocin 
84 (a disubstituted fraudulent adenine nucleotide analogue) into isolates of A. 
radiobacter confers the capacity to produce agrocin 84 on the recipient strain. 
However, very few of the resultant strain constructions control crown gall (8, 
36). This suggests that the genetic background within which agrocin 84 is 
expressed is important. In addition, a derivative of strain A. radiobacter K84 
that no longer produces agrocin 84 can control agrocin-84-sensitive and agrocin-
84-resistant A. tumefaciens strains under certain experimental conditions. 

Similar results are observed with near isogenic strains of P. fluorescens 
that no longer produce phenazine-l-carboxylate or pyoverdine. In both cases the 
mutant strains were decreased in biocontrol capability relative to the parental 
strain. However, these strains still produced significant disease suppression 
relative to the pathogen control treatment, where no biocontrol agent was 
applied (20, 38). 

Finally, P. fluorescens strain CHAO, which controls black root rot of 
tobacco, produces a number of metabolites in culture, including hydrogen 
cyanide, siderophores, and 2,4 diacetylphloroglucinol (Phi) (2, 12). Near-
isogenic strains of strain CHAO deficient in the production of hydrogen cyanide 
or Phi were constructed by the insertional inactivation of the genes involved in 
production of these compounds (12. 40). Both deficiencies resulted in a 
decreased ability to suppress black root rot under gnotobiotic conditions. 

In all of the experiments outlined above, the deletion of a trait involved 
in biocontrol resulted in a decreased biocontrol capability but not a loss of the 
biocontrol phenotype. This indicates that, at least in the biocontrol systems 
discussed, biocontrol is the manifestation of the expression of several traits by 
the biocontrol agent. Unfortunately, the identity of all of the traits expressed 
by any particular biocontrol agent are not known for any given biocontrol 
interaction. 
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Summary 

Traits associated with biocontrol of soilborne plant pathogens are understood in 
only a few systems. Continued study of biocontrol interactions will undoubtedly 
result in the detection of other unknown, and perhaps unexpected, traits 
associated with biocontrol. Both the level of biocontrol and the reliability of 
this control can be improved by understanding how components of the disease 
setting work and interact at the population, organismal, cellular, and biochemical 
levels, and how these biological components interact with the environment. 
This knowledge can be used to make adjustments, exploiting attributes of each 
component, resulting in improved disease control. Thus, biocontrol can be 
integrated into current production systems. 
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Chapter 24 

Minimizing Nontarget Effects of Fungicides 

N. N. Ragsdale1, M. J. Henry2, and H. D. Sisler3 

1National Agricultural Pesticide Impact Assessment Program, 
U.S. Department of Agriculture, Washington, DC 20250 

2Crop Disease Management Discovery Group, DowElanco, P.O. Box 708, 
Greenfield, IN 46140 

3Botany Department, University of Maryland, College Park, MD 20742 

The history of fungicides demonstrates a movement toward 
compounds that are less likely to produce adverse environmental 
effects. The primary concerns about fungicide residues have focused 
on chronic toxicity, carcinogenicity in particular, resulting from 
dietary exposure. Because of their low acute non-target toxicity, 
fungicides have not been as actively sought in environmental 
monitoring as other classes of pesticides; their residues are rarely 
found in random sampling of soil, water, and air. Effects on 
microorganisms other than pathogenic fungi are the most likely non
-target impacts of fungicide use. Industry is currently taking a 
proactive approach to discover and develop new products with 
minimum environmental impact and an improved toxicological profile. 

A l l economically important plants are subject to attack by one or more fungal species. 
Because fungal infection can cause a great reduction in both yield and product 
quality, fungicides are used to control plant diseases. Fungicides are applied: 

1. to soil to reduce pathogens before planting; 

2. to seeds prior to planting to prevent fungal infection; 

3. to established plants to prevent fruit, foliar, and root infections; 

4. to established plants to eradicate infections; and 

5. post harvest to reduce infections that impact storage, shipment, and shelf 
life. 

Fungicides are used in conjunction with non-pesticidal measures such as 
resistant plant varieties, pruning and burning diseased parts, managing irrigation and 
drainage methods, and crop rotation. If a resistant crop variety is available or i f a 
disease can be controlled by non-chemical methods, fungicides generally are not 
used. However, most successful integrated pest management (IPM) programs include 
the use of fungicides. 

0097-6156/93/0524-0332$06.00/0 
© 1993 American Chemical Society 
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Without fungicides there would be a substantial increase in crop failures 
which would impact availability and cost of agricultural products. In recognition of 
the value of fungicides in production, storage, and distribution, as well as the need to 
minimize adverse environmental effects, ecological principles should be considered in 
designing a strategy for disease control. Because fungicides are used in a variety of 
ways and applied to a variety of sites with varying climatic conditions, a crop 
production strategy should be developed for a specific situation in order to reduce 
detrimental impacts on the environment. 

Historical Perspective 

A general overview of the history of fungicides, using examples of those commonly 
associated with agricultural practices, wil l demonstrate a movement toward 
compounds that are less likely to cause environmental concerns. This trend 
emphasized the advances made through research that have contributed to a better 
understanding of pathogenic organisms and the disease process. This information, in 
turn, is important in the development of fungicides with minimal non-target effects. 
The selectivity and site specificity of the newer compounds reduce the chances of 
non-target effects as well as quantities required to achieve disease control. The 
systemic properties of the new compounds make them more amenable to IPM since 
they show therapeutic action and can be applied after infection. 

Sulfur, the oldest effective fungicide, is still used extensively. It is mentioned 
as a purifying agent in Homer's "Iliad1' and "Odyssey", which were written in the 
eighth century B.C. The first reference to sulfur as a fungicide appeared in 1802 (7). 
The primary advantages of sulfur are low cost and exemption from tolerance 
requirements. Detriments include phytotoxicity to a number of plant species, 
particularly in hot weather, the large application quantities required, and the limited 
number of diseases controlled (2). There are also disadvantages in the fact that sulfur 
may cause human injury, such as skin and eye irritation (3). 

A number of heavy metal ions show fungicidal properties; however, only 
compounds of copper have played a major role as plant protectants while inorganic 
compounds containing zinc, cadium, or mercury have seen limited use (2). Sulfur 
and the copper-containing Bordeaux mixture were by far the major chemicals used to 
control plant pathogens from the late 1800's until the synthetic organic compounds 
were adopted for practical use in the 1940's. 

With the introduction of synthetic organic fungicides, the amount of chemicals 
required for disease control dropped. Thiram, a dialkyldithiocarbamate, was the first 
of this group; it was developed in 1934 (4). The development of the 
ethylenebisdithiocarbamates (EBDC's), which include zineb, maneb, and mancozeb, 
followed. Organotins (e.g. triphenyltin compounds), quinones (e.g. dichlone), and 
phthalimides (e.g. captan) were developed during the 1940's and 1950's. The 
fungicidal activity of chlorothalonil was reported in the mid-1960's (2). 

A l l of these compounds, along with sulfur and the inorganic copper 
compounds, are classed as broad spectrum, multisite surface protectants. Because 
they are not absorbed or translocated by the plant, they are suited only for 
prophylactic use. They must be present on the plant surface when a pathogen arrives. 
These compounds may damage plants because the margin of safety between 
phytotoxicity and fungitoxicity may be narrow (5). However, because they have 
multiple sites of fungitoxic action, these fungicides have had few problems with 
fungal resistance and are extremely valuable for use in resistance management 
programs designed to prevent or delay fungal resistance associated with the use of 
newer compounds that are highly specific in their modes of action. 
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A new era in plant disease control emerged with the introduction of the 
systemic fungicdes in the sixties. In order to be a successful systemic pesticide, a 
compound must be able to penetrate a plant's natural barriers, which include the waxy 
cuticle at the leaf surface, the cell wall, and the cell membrane. The fungicide must 
withstand the plant's metabolism so the toxic moiety is not broken down before it 
interacts with the pathogen. The compound must demonstrate selective toxicity so it 
is toxic to the fungus and not the plant (7). Systemic fungicides have the advantage 
over the surface protectants of being internally therapeutic and can cure a disease 
after infection has occurred. This property makes them particularly valuable in 
integrated pest management (IPM) programs because it allows a more flexible 
application schedule and reduces the amount of fungicide required (5). 

In contrast to the older inorganic fungicides and organic multisite inhibitors, 
which interact with a number of biochemical targets involved with numerous cellular 
functions, the systemic compounds show a greater degree of specificity. This 
specificity, which reduces the risk of non-target effects, increases the risk of selective 
resistance development in the fungal population. Various resistance strategies have 
been proposed employing compounds with various modes of action, including the 
multisite inhibitors. 

The carboxamides, which include carboxin, were introduced for practical use 
in the early 1970's. They are active principally against smut fungi, rust fungi, and 
Rhizoctonia solani, a soil fungus (72). These compounds interfere with energy 
production by blocking the transfer of electrons from succinate to ubiquinone in the 
mitochondrial electron transport pathway (22). 

Introduction of the benzimidazole fungicide, benomyl, demonstrated that 
systemic compounds offered the potential for control of a wide range of plant diseases 
(6). Benomyl and other benzimidazoles bind to the p-tubulin subunit in sensitive 
organisms and interfere with microtubular dependent processes such as mitosis and 
hyphal growth (9). The benzimidazoles are generally effective for a broad range of 
plant diseases with the exception of those caused by Oomycetes and Zygomycetes 
(101 

In the mid-1970's a major impact was seen in disease control with the 
introduction of the systemic fungicides that inhibit sterol biosynthesis. This group 
encompasses compounds that are effective against a broad range of fungal diseases of 
humans and other animals as well as plants (2). Imazalil, triadimefon, fenarimol, 
propiconazole, tridemorph, terbinafine, and triforine are in this group, which currently 
includes more than 30 compounds. Sterol biosynthesis inhibitors may be divided into 
three groups based on their primary site of action. 
These are: 
1. squalene epoxidase inhibitors; 
2. sterol 14a- demethylase inhibitors; and 
3. sterol A8-A7 isomerase inhibitors and/or sterol 14-reductase inhibitors. 

At the present time, agricultural fungicides fall into the second and third 
groups with the majority in the second. The inhibitory effects result in a lack of key 
sterols. This leads to a modification of fungal membranes resulting in detrimental or 
lethal effects (2). Compounds in the second group act through interference with a 
cytochrome P-450 monooxygenase enzyme involved in sterol 14a-demethylation. In 
some instances, particularly when application rates are exceeded, growth regulatory 
effects may be noted in higher plants. These are the result of inhibition of a P-450 
enzyme involved in gibberellin biosynthesis (2). 

Other fungicides introduced into practical use since 1970 include fosetyl-
Aluminum, the phenylimides and the dicarboximides. Fosetyl-Al is the only 
commercially available fungicide that is known to be transported in a downward 
direction in plants, thus permitting control of root diseases by foliar or trunk/stem 
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applications (13). The mode of action of fosetyl-Al is not clearly understood, but it is 
certain that in the plant fosetyl-Al is quickly degraded to phosphonate (phosphonic 
acid), which is the principle active component. The action of phosphonate almost 
certainly lies within the pathogen, but the effects also appear to cause an increase in 
plant resistance to fungal infection (14,15). The phenylamides, which are specific for 
Oomycetes, include metalaxyl, furalaxyl, benalaxyl, ofurace, cyprofuram, and 
oxadixyl. These compounds act through inhibition of ribosomal RNA synthesis (16). 
The dicarboximides (e.g. vinclozolin, iprodione, and procymidone) are used to 
control a number of agriculturally important diseases. Their primary mode of action 
is uncertain with effects such as membrane damage and interference with nuclear 
function as well as cellular motile function considered secondary (17). Although a 
number of studies have indicate the dicarboximides may be translocated, their 
practical use has been prophylactic as contact fungicides (18). 

A new approach to disease control is seen in the action of the fungicide, 
tricyclazole. At concentrations that do not inhibit fungal growth this compound 
blocks certain reductase reactions in the fungal polyketide pathway to melanin and 
interferes with appressorial function (2). Melanization of the appressorial wall 
appears necessary to maintain osmotic forces as well as the architecture and rigidity 
required for the pathogen to penetrate into the plant. Thus, tricylazole is a non-
fungicidal compound which acts through interference with the pathogenic process. 
Other compounds such as probenazole increase host resistance in plants challenged 
by pathogens (19). Dichloroisonicotinic acid is a promising new experimental 
compound of this type which is nonfungitoxic but increases host resistance to both 
fungal and bacterial pathogens (20). Future directions for chemical disease control 
will undoubtedly include more compounds that interfere with the disease process 
without direct toxicity to the pathogen. Progress in this area, however, is dependent 
on an increase in fundamental knowledge of fungal pathogenicity and host/parasite 
interactions. 

Human Exposure 

As a general rule, fungicides and their residues have a low mammalian toxicity and 
are rarely the cause of acute intoxication. Some sensitive individuals develop contact 
allergies following exposure to fungicides, but generally fungicides do not present a 
reentry problem for agricultural workers (21). Data from the state of California, 
which monitors accidents and illnesses occurring in agricultural production, indicate 
that in 1987 1,507 illness cases were related to pesticide exposure during occupational 
duties (3). Of this number, a total of 234 cases were linked to fungicide use with 
sulfur exposure accounting for 44 percent of the cases. Thus, if the cases attributed to 
sulfur were removed (since it is also used as an insecticide and acaricide), 130 cases 
remain, representing 8.6 percent of the occupationally related pesticide illnesses. 
Studies have shown the highest likelihood for pesticide exposure occurs during the 
mixing and loading operations prior to application (21). This potential risk as well as 
many of the occupationally related exposures can be reduced or eliminated by the use 
of protective gear and adjustments in working practices. Success in this area must 
rely on educational programs for agricultural workers. 

The primary concerns about human exposure to fungicides have focused on 
chronic toxicity, carcinogenicity in particular. Since very little, if any, reliable data 
exist on human carcinogenesis resulting from pesticide exposure, data from animal 
studies are used to estimate the likehhood of cancer occurrence. If one examines the 
background for the concerns related to fungicides, two factors become evident: 

1. Low acute toxicity means that large quantities of chemicals can be fed to 
animals (usually rats and mice) without killing them. In the United States a range of 
pesticide doses is used that is increased to the Maximum Tolerated Dose (MTD), the 
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highest dose that results in toxic effects during chronic exposure without causing 
death and does not decrease body weight by more than 10 percent. 

2. When large quantities of fungicides are fed to animals, the chemicals may 
saturate or inhibit enzyme systems that would rapidly metabolize the chemical or 
show little effect at doses encountered in reality. The extrapolation procedures from 
effects on rodents at high doses to humans exposed to low doses is highly 
controversial. The fungicides that are multisite inhibitors are particularly likely to be 
vulnerable in this testing protocol. Others could also face difficulties on this same 
premise depending upon cellular sites of action and whether these or similar sites are 
present in mammalian systems. 

The risk of cancer extrapolated from long-term rodent feeding studies coupled 
with maximum potential pesticide residue levels (tolerances) in food was examined 
recently in a study conducted by the Board on Agriculture of the National Research 
Council (NRC) (23). The resulting publication, "Regulating Pesticides in Food: the 
Delaney Paradox," presented conclusions showing rather high cancer risks from 
pesticides in foods, and in particular from fungicides. The total hypothetical cancer 
risk from pesticides in food was presented as 5,800 per million with 3,500 (60 
percent) of the total attributed to fungicides. The unrealistic information was reported 
by the press in rather alarming language, and the public has been unduly concerned 
ever since about food safety in relation to pesticide residues. An examination of data 
from a number of residue monitoring programs reveals that fungicides applied in the 
production of food seldom result in detectable residues in food (21). When they are 
found, they are usually orders of magnitude less than the allowable residue levels 
(tolerances). When Archibald and Winter (22) used actual residue and incidence data 
from the Los Angeles FDA laboratory to recalculate the cancer risk resulting from 
fungicide residues on tomatoes, they determined it to be 0.24 per million as opposed 
to 823 per million indicated in the NRC study (23). A factor completely overlooked 
when the study was presented to the public was the important role fungicides play in 
preventing food contamination with toxic fungal products (mycotoxins) and plant 
defense chemicals (phytoalexins). These hazards may exceed any small risk involved 
in the use of fungicides to control this contamination. 

The question still remains concerning the possible effects of chronic exposure 
to fungicides. There are no published scientific data that indicate whether or not 
problems exist at the low levels that are likely to be actually encountered. However, 
there is no question that under the current guidelines for cancer assessment, the new 
fungicides are less likely to encounter problems related to carcinogenic risk estimates. 

Environmental Considerations 

The fate and effects of fungicides in the environment may be examined at three 
levels. First there is the movement off the immediate site of application; second is 
fate in the immediate environment; and third is the plant (site) itself. 

In examining the effects of movement off the site of application, one finds that 
the ultimate fates of many fungicides have not been determined. Because of their low 
acute non-target toxicity, they have not been as actively sought in environmental 
monitoring programs as other classes of pesticides. Also, the amounts of fungicides 
used in the United States (U.S.) are much less than insecticides and herbicides; and 
fungicide residues are rarely found in random sampling of soil, water, and air. 
Generally fungicides have short half-lives, but these can very considerably depending 
on a number of factors such as chemical structure, and climatic and edaphic factors. 

Since the older organic fungicides generally have low volatility, fungicide 
residues are not likely to be detected in air samples other than immediately after spray 
application (21). Monitoring surveys for six pesticides in the air of several California 
communities detected small amounts of captan residues consistent with patterns of 
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use in the vicinity (24). While the newer fungicides demonastrate more volitility, the 
rates applied have given no indication of off site non-target effects. 

Fungicide residues are rarely found in surface water, and there have only been 
a very limited number of detections in ground water in the U.S. Direct soil 
application and/or incorporation are important factors contributing to the potential for 
ground water contamination. Oregon State University surveyed state agencies 
responsible for ground water protection in the fifty States to determine the extent of 
ground water contamination by pesticide residues used in agriculture. Of the 67 
pesticide residues identified in 6,032 positive out of 122,881 wells tested, only two 
were fungicides; they were PCNB and chlorothalonil (25). 

When the fate of a fungicide in the immediate environment is considered, the 
soil in the vicinity of the plants treated is the area of concern. Half-lives of fungicide 
residues in soil are highly dependent on the rate of application and local conditions 
(21). For example, captan residues may remain in the soil from one day to several 
months depending on soil type, temperature, and moisture content (26). Formulation 
may also be a factor in persistence and degradation. Undoubtly this issue will be 
more closely monitored in future developmental investigations. 

Microbial degradation may be the single most important factor in preventing 
buildup of a fungicide. In certain cases soil microorganisms degrade specific 
pesticide residues so rapidly that their effectiveness is reduced or eliminated (27). 
This process is know as "enhanced" or "accelerated" microbial degradation and is the 
result of a process known as "selective enrichment" in which the microbial population 
is altered by the presence of a certain pesticide acting as a nutrient. The 
dicarboximide fungicides iprodione and vinclozolin have had efficacy problems 
related to enhanced degradation (28). Additional research is needed in the area to 
determine the many factors which influence this process. The first essential strategy 
for managing the problem is using a maximum rotation of chemicals with varying 
structures and modes of action. 

In some situations there is concern that some fungicides persist too long. The 
widespread use of the triazole fungicides has raised concern about effects of these 
fungicide residues on subsequent crops (21). In some situations the half life of 
triazole fungicides in soil has been shown to be greater than one year (29). Although 
these fungicides are not usually applied directly to the soil, they reach it during foliar 
application, rain wash off, and leaf drop. Such persistence creates concerns not only 
for effects on mycorrhizal associations in future crops but also for increased chances 
of the development of fungal resistance to the fungicide as a result of the prolonged 
selection pressure. 

The soil ecosystem is extremely complex, and the introduction of crop 
systems is disruptive in itself. The addition of pesticides can have positive and 
negative effects. Fungicide residues may modify the degradation rates of other 
pesticides. For example, fungicide residues can increase the half-life of the 
insecticide carbofuran by 1.2 to 3 times compared to the carbofuran half-life in 
isolation (30). This situation indicates the fungicides have adversely affected the soil 
fungal population that would normally degrade the insecticide. This can be a 
valuable factor when some persistence is necessary to accomplish the pest control the 
insecticide is intended to deliver. 

Beyond effects on microorganisms, some fungicides have been shown to 
affect other components of the soil ecosystem. A great deal of concern has been 
expressed over the fact that use of the benzimidazoles has temporarily reduced 
earthworm populations under some conditions (31). In apple orchards where 
earthworms fed on benzimidazole-treated plant debris, populations were reduced. In 
situations where earthworms are critical, excessive use of benzimidazoles should be 
avoided. 
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Fungicides that are applied to the soil, or come in contact with it following 
above ground application, may be toxic to microorganisms other than pathogenic 
fungi (32). Alterations of the ecosystem in the rhizosphere can have beneficial as 
well as antagonistic effects in agricultural production. Generally the assumption is 
made that use of a particular pesticide enhances production. The indirect and 
ecological effects of a given pesticide are difficult to assess (33). However, if optimal 
production under a specific crop management regime in a specific location is sought, 
the effects of pesticides on the soil ecosystem should be considered. There are 
various indicator processes in the soil that can be measured such as effects on 
respiration in soil cores, effects on invertebrate and microbial biomass, and effects on 
breakdown of organic matter (34). If such studies are undertaken, consideration 
should be given to the soil, hydrological, and climatic conditions in the area under 
investigation (35). 

Fungicide applications to plant surfaces may alter the microorganisms present 
(28), cause phytotoxicity or growth regulatory effects, or stimulate the plant defense 
system as discussed previously. Alteration of microorganisms on a plant surface may 
be beneficial or antagonistic to maximum production, and studies of pesticide effects 
in this regard can be important to integrated control strategies (36). 

Industrial Perspective 

The discovery of effective plant disease control agents is an increasing challenge as 
we approach the 2 1 s t century. Not only must new materials meet customer 
expectations of cost and efficacy at very low use rates with minimal resistance risk, 
but these materials must meet new standards of environmental safety. Industry is 
currently taking a proactive approach to discover and develop new products with 
minimum environmental impact and an improved toxicological profile. To achieve 
this goal several factors are considered in the discovery process: 

Low Use Rates. A low use rate is probably the key factor in developing better 
and safer materials for controlling agricultural plant pathogens. As industry has 
succeeded in discovering more efficacious materials which act at specific targets 
within plant pathogens, much less compound is now required to control these 
pathogens. As adverse effects are almost inevitably dose dependent, the more 
selective the material the fewer indirect problems result 

Mode of Action. Low use rates are also linked to specific modes of action. The 
more potent and selective a compound is toward a specific mode of action, the less 
material is needed to control the pathogen of interest. It is now a standard practice in 
industrial discovery research laboratories to use specific enzyme assays in parallel 
with whole plant disease control tests to maximize the potency of new candidate plant 
disease control agents. In addition to focusing on improved potency, mode of action 
is a factor which is used to maximize selectivity and safety. Clearly the exploitation 
of biochemical pathways and specific enzyme targets which are not present in non-
target species provides one level of safety. An example of such a mechanism is found 
with the compound tricyclazole that inhibits the enzyme 1,3,8 -trihydroxynapthalene 
reductase of the polyketide pathway which produces a form of melanin which is not 
found in mammals (37). This target site thus meets a very desirable feature of being 
specific for the pest we are trying to control. Silbcellullar targets need not always be 
unique to the fungus, as many successful plant disease control agents such as the 
benzimidazoles, azoles, carboxamides, and phenylamides as described earlier in this 
chapter act on targets which are present in fungal pathogens and non-target species 
and yet possess enough selectively to be safely used and widely accepted. Although 
it is desirable to exploit targets unique to fungal pathogens, this is not always 
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possible. The ability to directly measure the inhibitory effect at the target site gives 
us the ability to develop methods to maximize the activity on the fungal target and 
avoid the non-target. 

Environmental and Toxicological Factors. The following factors all specifically 
relate to critical features required in registration of new plant disease control agents. 
Unless compounds are related to existing products, prediction of environmental 
stability and toxicological profile is unreliable. Therefore, firsthand studies must be 
performed; this occurs only if sufficient interest in a particular compound warrants the 
initiation of environmental and toxicological studies. It is during this stage of 
development that adverse effects are typically identified which may activate efforts to 
determine the necessary modification of compounds to avoid the problem. 

Stability in the Soil and Water. The stability of a compound in the 
environment is another area that industry examines during compound development. 
Although it is impractical to evaluate this parameter for all antifungal leads, the 
stability of a compound in soil and water is often examined as candidates progress 
toward development, especially if there is a reason to suggest that this may ultimately 
be a limiting factor. The stringent regulations for compound half-life in Japan and the 
European Community justify this research. Depending on the interest of the chemical 
lead, a wide variety of projects can be initiated to optimize residual disease control 
while identifying candidates which do not accumulate in the environment. Features 
such as the physical parameters affecting stability in soil and water such as soil type, 
pH, temperature and water hardness and biotic factors such as microbial degradation 
may be examined. It is important to determine if the response of compounds 
concerning these parameters is common to all compounds in a series or if differences 
exist which are unique to specific compounds. It is the latter which allows us to use 
an information based approach to mirurnizing non-target effects. 

Toxicity to Non-Target Species. As with stability, adverse toxicity to 
non-target species is a parameter which can be actively investigated if there is 
sufficient interest in a particular lead, or lead area of chemistry. Again, as with 
stability in the environment, the difficulty in identifying this problem is the fact that 
toxicity problems cannot be predicted and only arise during safety evaluations of 
advanced compounds. Once a problem has been identified and characterized, only 
then can tests be designed to discover compounds to specifically avoid a particular 
toxicity problem. Experiments to resolve these specific problems are not nearly as 
elaborate as those required for registration purposes, but can direct chemistry to avoid 
the toxicity problem. An example of this is fish toxicity which is an extremely 
important non-target species concern for compounds which control rice pathogens. 

Similarity to Known Hazardous Materials. Very early in the discovery 
process many compounds are routinely screened that result in more weakly active 
compounds than most companies can pursue. In an effort to rninimize chances of 
having problems later, some compounds which are related to older well known 
problem chemistries, such as chlorinated hydrocarbons and heavy metal containing 
compounds are avoided at this stage 

Mutagenicity Parameters. The Ames assay has provided opportunities to 
examine mutagenicity problems with minimal time and effort. Although not always a 
perfect indication of the actual mutagenicity risk, it is still a tool for industry to 
employ and avoid potential problems. 

Minimizing non-target effects of plant disease control agents is possible in 
today's research environment when industry approaches it as a problem that can be 
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solved rather than avoided. By identifying the specific concerns that need to be 
resolved, a research strategy can be established to solve these problems early in a 
rational process rather than reacting to them late in the development process when the 
investment of time and resources is at its height. 
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Subject Index 
A 

A A L toxin 
phytotoxicity, 118 
structure, 116/,118 

Abamectin 
activity against mites and insects, 171* 
application, 169 
structure, 171,172/ 

AC 303,630 
properties and structure, 229,231/ 
structure-activity relationship, 228,229* 
toxicities, 229,230/" 
use in integrated pest management 

systems, 229,231/ 
Acetolactate synthase, inhibition, 3Qf,31 
Acetyl coenzyme A carboxylase, inhibition, 

29,3Qf 
Acetylenes, nematicidal activity 

and structures, 303,304-305 
Acifluorfen, structure, 71/ 
Acivicin 
structure, 24/ 
use as enzyme inhibitor, 24-25 

Aerobic soil, metabolism of 
pyriproxyfen, 160 

Affinity labels 
structure, 24/ 
use as enzyme inhibitors, 24-25 

Affinity probes, noncompetitive blocker site 
on Y-aminobutyric acid receptors in 
mammals, 133 

Agricultural antibiotics, use of natural 
products, 317,318* 

Agricultural efficiency, need, 38 
Agriculture, concern about environmental 

consequences, 39 
Agrobacteriwn tumefaciens, production of 

transgenic cotton plants, 270 
Agrochemicals, function, 38 
Alachlor, structure, 22/ 
Alantolactone 
nematicidal activity, 311 
structure, 31Qf,311 

Alkaloids 
nematicidal activity, 301,303 
phytotoxicity, 114 
structures, 301,302/ 

Allelochemicals 
definition, 111 
phytotoxicity, 111-112 

Allelopathic compounds, development, 10-11 
Allidochlor, structure, 22/ 
Allygrin 
nematicidal activity, 311 
structure, 3 lQf,311 

Allyl isothiocyanate 
nematicidal activity, 308 
structure, 308,31Qf 

Alternatives to synthetic chemical pesticides, 
reasons for development, 258 

Amidases, inhibition by synergists, 56 
Aminobenzotriazole, monooxygenase 

inhibition, 52-53,54* 
Y-Aminobutyric acid, functions, 126-129 
Y-Aminobutyric acid induced chloride-36 

flux, enhancers and inhibitors, 127 
Y-Aminobutyric acid receptor 
future as insecticide targets, 140 
structure, 127-128/ 

L-(a-5,55)-a-Amino-3-chloro-4,5-dihydro-
5-isoxazoleacetic acid, See Acivicin 

cw-2-Amino-1 -hydroxycyclobutane-1 -acetic 
acid 

phytotoxicity, 115 
structure, 115,116/ 

5-Aminolevulinic acid 
as porphyric herbicide, 64-65,67-68 
phytotoxicity, 112 
structure, 112,113/ 

5-Aminolevulinic acid dehydratase, as 
herbicide target site, inhibition, 73/ 

Ancymidol, monooxygenase inhibition, 
52-53,54* 

Anisomycin, phytotoxicity, 115,117 
Antibiotics, use in biocontrol, 326-327 
Antifeedants, use of semiochemicals, 208 
Antisense RNA, enzyme inhibition, 20-21 
Apple codling moth, control with 

baculoviruses, 248 
Aquatic environment 
ecological effects of diflubenzuron, 

153-154 
ecological effects of methoprene, 155 

Aquatic organisms, bioaccumulation and 
metabolism of pyriproxyfen, 163,164/ 
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Arthropod-derived neurotoxic insecticides, 
effects, 234-237 

2-Aryl-3-cyano-4,5-dihalopyrroles and 
2-Aryl-3-nitro-4,5-dihalopyrroles 

insecticidal activity, 223,224-225/ 
synthesis, 220,221/ 

2-Aryl-5-(trifluoromethyl)pyrrole derivatives 
insecticidal activity, 223,225* 
synthesis, 220,222/224/ 

Ascorbate, oxidant detoxification pathway 
suppression, 55 

Asparagusic acid 
nematicidal activity, 308,311 
structure, 3 lQf,311 

Attractants, history of use, 207 
Attracticides, use of semiochemicals, 

207-208 
Auxotrophy, zip code system, 106-107,108* 
Avermectin(s) 
advantages, 136 
applications, 169,171 
discovery, 169 
pharmacological effects, 176,179* 
structures, 138,169,17(y 
synthetic program to discover compounds 

with increased insecticidal activity, 
173-182 

types of action, 136,138 
Avermectin B l , structure, 171,174/ 
Avermectin-binding protein 
affinity probe, 176,18(y 
isolation, 180,181/182 

Avermectin binding site in mammals, 
insects, and nematodes 

binding affinity, 138,139/ 
identification of binding protein, 138,140 

Avermectin spiroketal, cleavage, 173,175/ 
Azadirachtin 
nematicidal activity, 311 
structure, 3 lQf,311 

Azidoavermectin 
activity, 180 

binding affinity, 180,181/182 

B 
Bacillus popilliae, production process, 259 
Bacillus thuringiensis 
complexity, 260-262 
developments, 259-260 

Bacillus thuringiensis—Continued 
improvement methods, 262-266 
insecticidal crystal proteins, 271-272 

Bacillus thuringiensis gene use in transgenic 
cotton to control lepidopterous insects 

biotechnology, 269-270 
development of endotoxin for insect 

control, 271 
experimental results, 276-278 
insecticidal crystal proteins present in 

Bacillus thuringiensis, 271-272 
limitations, 273 
management strategies, 274-276 
mode of action of insect control proteins, 

272-273 
recombinant DNA technology, 269 
resistance mechanisms, 273-274 
systems for producing transgenic 

plants, 270 
Bacillus thuringiensis insect control 

proteins, mode of action, 272-273 
Bacillus thuringiensis toxin 

insecticidal activity effect, 289-290 
use in construction of recombinant 

baculoviruses, 287 
Bacteria-based bioherbicides 
examples, 82-83,92 
greenhouse screens, 94,95/ 
preparation of bacteria-herbicide tank 

mixes, 94 
Baculoviridae, applications, 244 
Baculovirus(es) 
cattle application, 248-249 
characterization, 244-245 
cole crop application, 246,248 
development, 6 
expression vectors, 282,284 
forest application, 249-250 
future prospects, 293-294 
gene structure, 282 
improvements in biological activity, 

290-291,292/293 
orchard crop application, 248 
polyhedral-shaped inclusion bodies, 

282,283/ 
potentially controllable agricultural 

pests, 246,247* 
replication, 282 
safety, 293 
soybean application, 249 
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Baculovirus genome, polypeptide or peptide 
genes useful for insertion, 285-287 

Barbiturates, binding sites, 128/, 129 
BAS110, monooxygenase inhibition, 

52-53,54* 
BAS111, monooxygenase inhibition, 

52-53,54* 
Bees, ecological effects of 

diflubenzuron, 154 
Behavioral pest control, use of 

semiochemicals, 205-208 
Benomyl, use as fungicide, 334 
Benzodiazepines, binding sites, 128/129 
Bialaphos 
phytotoxicity, 115 
structure, 115,116/ 

Bialaphos resistance gene, use in gene 
transfer, 44 

Binding kinetics, noncompetitive blocker 
site on Y-aminobutyric acid receptors in 
mammals, 133,135/ 

Bioavailability, pyriproxyfen, 163,165* 
Biocontrol 

antibiotics, 326-327 
elements, 323-324 
enzymes, 327-328 
justification, 101-102 
nutrient competition, 328,329* 

Biocontrol agents 
advantages and disadvantages, 87-88 
development, 6 
history of use to control pests, 87 
introduction, 325-326 
replacement for chemical pesticides, 323 
synergism with chemical herbicides, 87 
synergizing, 57 

Biocontrol of weeds, development, 11 
Biocontrol strategies 
destruction of pathogen inoculum, 324 
protection of rhizosphere or 

spermosphere, 324 
retarding pathogen growth through soil, 

324-325 
Bioherbicides 
advantages, 79-80 
bacteria, 82-83 
bacteria based, See Bacteria-based 

bioherbicides 
correct target choice for 

commercialization, 83-84 

Bioherbicides—Continued 
current scientific effort, 80 
factors important for commercialization, 81 
fermentation effect on commercialization, 

84-85 
fungal based, See Fungal-based bioherbicides 
importance of recognition of biological 

principals for commercialization, 81-82 
stabilization effect on commercialization, 

84-85 
technical barriers for commercialization, 84 

Bioinsecticides based on Bacillus 
thuringiensis, development, 263-266 

Biological containment systems, 
advantages, 102 

Biological herbicides, See Bioherbicides 
Biological materials 
factors affecting growth, 2 
market, 1 

Biological pesticides, lack of acceptance in 
pest control marketplace, 259 

Biological principals, recognition for 
commercialization of bioherbicides, 81-82 

Biopesticides, market value, 10 
Biotechnological methods, impact on pest 

management, 10-11 
Biotechnological products, market value, 10 
Biotechnology, plant science effect, 269-270 
Bocconine 
nematicidal activity, 303 
structure, 302/303 

Broad host range of plant pathogens, 
examples, 102 

Brown plant hopper, control with resistant 
gene, 268 

Bt toxin, See Bacillus thuringiensis toxin 
Buprofezin 
insecticidal activity, 147* 
structure, 145/ 

5-(3-Buten-l-yl)-2,2'-bithienyl 
nematicidal activity, 301 
structure, 301/ 

Butyric acid 
nematicidal activity, 306 
structure, 306,307/ 

C 

C^-C^ avermectins, Wittig approach for 
synthesis, 173,177/ 
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Cabbagelooper 
Bacillus thuringiensis gene effect, 278 
control with baculoviruses, 246 
control with virus, 240 

Cabbageworm, control with 
baculoviruses, 246 

Cancellation of pesticides, process, 4 
Carboxamides, uses as fungicides, 334 
Carboxybiotin, structure, 29,31/ 
Carotenes, oxidant detoxification pathway 

suppression, 55 
Centaurea maculosa, See Spotted 

knapweed 
CGA-41396 
structure, 321/ 
systemic acquired resistance, 321 

CGA-41397 
structure, 321/ 
systemic acquired resistance, 321 

CGA-173506 
activity, 319,320* 
structure, 319/ 

Chaparrinone 
nematicidal activity, 311 
structure, 31(y,311 

Chelerythrine 
nematicidal activity, 303 
structure, 302/303 

Chemical herbicides, synergism with weed 
biocontrol agents, 88-99 

Chemical pest controls, nonconventional, 
See Nonconventional pest controls 

Chemical pesticides 
interest in alternatives, 323 
public perception, 258 

Chemical validation, targets for herbicide 
design, 18-19 

Chitin, biosynthetic pathway, 148,149/ 
Chitin synthesis inhibitors 
insecticidal activity, 146-147* 
mode of action, 147-148,14^ 
structures, 144,145/146 

Chlorfluazuron 
insecticidal activity, 146* 
structure, 145/146 

Chloroacetamide herbicides 
function, 21-22 
structures, 21,22/ 

2-Chloro-iV^-diallyl-acetamide, See 
Allidochlor 

Chlorophyll content, measure of herbicide 
phytotoxicity, 62 

Chlorothalonil, use as fungicide, 333 
Chlorsulfuron, structure, 29,31/ 
Cholinergic nerve endings, irreversible 

depletion by kinins, 234-235,236/ 
Chorismate synthase, inhibitors, 19 
1,8-Cineole 
nematicidal activity, 306 
phytotoxicity, 112 
structure, 112,113/306,307/ 

Cinmethylin 
phytotoxicity, 112 
structure, 112,113/ 

Citral 
nematicidal activity, 306 
structure, 306,307/ 

Clethodim, structure, 29,31/ 
Cole crops, use of baculoviruses for pest 

control, 246,248 
Colletotrichin, phytotoxicity and 

structure, 116/118 
Commercialization, influencing factors for 

bioherbicides, 81-85 
Condor, development by nonrecombinant 

approaches, 263 
Containment and concentration of pests, use 

of semiochemicals, 206 
Control of pests, See Pest Control 
Conventional plant breeding 
description, 269 
discovery of genes for resistance, 269 

Copper chelator-synergists, Halliwell-Asada 
pathway suppression, 55-56 

Corn 
rate of glufosinate required for weed 

control for tolerant crops, 45*,46 
weed control systems, 40* 

Corn rootworm complex, management 
approaches, 8 

Cornexistin, phytotoxicity and structure, 
116/117 

Cotton, use of baculoviruses for pest 
control, 248-249 

Cotton bollworm, Bacillus thuringiensis gene 
effect, 278 

Cotton leaf perforator, Bacillus 
thuringiensis gene effect, 278 

Cotton plants, transgenic, See Transgenic 
cotton plants 
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INDEX 347 

Coumestrol, nematicidal activity and 
structure, 308,309/ 

Crop protection chemicals 
function, 1 
market value, 1 

Crop resistance, engineering, 38-46 
Crop tolerance, herbicides, 7 
Cultivars, pest resistant, See 

Pest-resistant cultivars 
Cutlass, development by nonrecombinant 

approaches, 263 
Cytoplasmic polyhedrosis viruses, 

description, 241 

D 

2- *r^,8-ris-Deca-2,8-diene-4,6-diynoate, 
nematicidal activity and structure, 303,304/ 

cw-Dehydromatricaria and trans-
dehydromatricaria 

nematicidal activity, 303,306 
structures, 303,304-305/ 

cw-Dehydromatricaria ester, nematicidal 
activity and structure, 303,304/ 

Dehydroquinate synthase, inhibitors, 19 
Density of pests, estimation with 

semiochemicals, 202 
Diamondback moth, control with 

baculoviruses, 246,248 
Di-W-butyl succinate, nematicidal 

activity and structure, 306,307/ 
Dicarboximides, use as fungicides, 335 
3- (2,4-Dichlorophenoxy)-1 -propyne, 

monooxygenase inhibition, 52-53,54* 
Diclofop, structure, 29,31/ 
Diflubenzuron 
activity, 145-148 
ecological effects in environment, 153-154 

4- (2,2-Difluoro-l,3-benzodioxol-4-yl)-
pyrrole-3-carbonitrile, activity and 
structure, 319,320* 

2.3- Dihydro-2-hydroxy-3-methylene-6-
methyl-benzofuran, nematicidal activity 
and structure, 310/311 

Dihydroquinone sorgoleone, phytotoxicity 
and structure, 112,113/ 

Dihydroxy acid dehydratase, inhibitors, 19 
1.4- Dihydroxy-1,4-benzoxazin-3-one, 

phytotoxicity and structure, 112,113/ 
American Chemical 

Society Library 
1155 16th St. N. w. 

Washington, D. C. 20036 

Dioxapyrrolomycin, insecticidal activity and 
structure, 219,221/ 

Diphenyl ether analogues, quantitative 
structure-activity relationships, 72 

Diphenyl ether herbicides, mode of action, 
68,69/ 

Dipropyl thiosulfinate, nematicidal activity 
and structure, 31Qf,311 

2,2'-Dipyridyl, phytotoxicity and structure, 
112,113/ 

Disease control, use of microbial metabolite 
derivatives and plant defenses, 316-321 

Dithianes, noncompetitive blockers of 
y-aminobutyric acid receptor binding 
site, 131,132* 

Diuretic hormone, insecticidal activity 
effect, 289 

Doramectin 
application, 169,171 
structure, 171,172/ 

Douglas fir tussock moth, control with 
baculoviruses, 249 

DU-19111, insecticidal activity and structure, 
144,145/146 

Ecological effects 
diflubenzuron, 153-154 
methoprene, 154-157 
pyriproxyfen, 157,158-159/160 

Edifenphos, amidase inhibition, 56 
Efficacy, pest control approaches, 6 
Egyptian cotton leafworm, control with 

baculoviruses, 248-249 
EL-499, structure, 227 
Emamectin 

foliar ingestion activity against insect larvae 
and adult spider mites and aphids, 173* 

structure, 173,175/ 
Engineered baculoviruses, development, 6 
Enhancer-type modulators, mechanism of 

action, 66-67 
Environment, degradation of insect growth 

regulators, 160-165 
Environmental concerns 
fungicides, 336-338 
pesticide use, 3 

Environmental fate studies, 5 
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PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

Environmental safety, challenge of pest 
control, 1-12 

Enzyme(s) 
selection as target for herbicide design, 

17-18 
use in biocontrol, 327-328 
use in construction of recombinant 

baculoviruses, 285 
Enzyme inhibitors), use in construction of 

recombinant baculoviruses, 285 
Enzyme inhibitor design 

affinity labels, 24/,25 
extraneous site inhibitors, 29-30,31/.32 
ground-state analogues, 22,23/,24 
group-specific reagents, 21,22/ 
reaction intermediate analogues, 25-30 
suicide substrates, 25,26/ 

4'-Epiaminoavermectins, synthesis, 173,174/ 
9,10-Epoxyheptadec-16-en-4,6-diyn-8-ol, 

nematicidal activity and structure, 303,304/ 
Esterases, inhibition by synergists, 56 
Eugenol, nematicidal activity and structure, 

306,307/ 
European pine sawfly, control with 

baculoviruses, 249 
European spruce sawfly, control with 

virus, 240 
Exotic pests, monitoring with 

semiochemicals, 201 
Expression vectors, baculoviruses, 282,284 
Extraneous site inhibitors, mechanism, 29-32 

F 

Fatty acids, nematicidal activity and 
structures, 306,307/ 

Federal Environmental Pest Control Act, 
function, 4-5 

Federal Insecticide, Fungicide, 
and Rodenticide Act 

function, 3-4 
reregistration process, 4-6 

Fenchlorazole-ethyl, use as synergist, 50 
Fenoxycarb, insecticidal activity, 150 
Fenpiclonil, activity and structure, 319,320* 
Fentrifanil, structure, 227 
Fermentation, role in commercialization of 

bioherbicides, 84-85 
Ferulic acid, phytotoxicity, 112 

Flufenoxuron 
insecticidal activity, 146-147* 
structure, 145/146 

6-Huoro-5-enolpyruvylshikimate-3-phosphate 
function, 22-24 
structure, 22,23/ 

Foil development, 263,265 
Foreign genes, insecticidal effect on 

recombinant baculoviruses, 287,289-290 
Forests, use of baculoviruses for pest 

control, 249-250 
Fosetyl aluminum, use as fungicide, 334-335 
Fumonisin B l t phytotoxicity, 118 
Fungal-based bioherbicides 
examples, 88,89*,91*,92 
sicklepod results, 92,93/ 
specificity, 88 
velvetleaf results, 89,9Qf 

Fungicides 
advantages, 333 
application areas, 332 
environmental considerations, 336-338 
history, 333-335 
human exposure, 335-336 
industrial perspective, 338-340 

G 

Genetic engineering, plant science effect, 269 
Genetic manipulation, alteration of 

mycoherbicide host range, 101-108 
Genetic modification of endemic plant 

pathogens, use in weed control, 11 
Genetic validation, targets for herbicide 

design, 19-21 
Geraniol, nematicidal activity and 

structure, 306,307/ 
Glaucarubolone, nematicidal activity and 

structure, 31Qf,311 
Glufosinate 
advantages for generation of tolerant 

crops, 43 
phytotoxicity, 43,115 
properties for ideal chemical weed 

control, 42*,43 
structure, 115,116/ 
synergism with bacteria, 96,98/ 

Glufosinate-tolerant crops 
field use, 44,45*,46 
tolerance acquisition mechanisms, 43-44 
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INDEX 349 

Glutamine synthetase, inhibition, 27,28/ 
Glutathione, oxidant detoxification pathway 

suppression, 55 
Glutathione transferases, inhibition by 

synergists, 51,52* 
Glyceollin, nematicidal activity and 

structure, 308,309/ 
Glycinoeclepin A, nematicidal activity and 

structure, 31Qf,311 
Glycosyl transferases, inhibition by 

synergists, 56 
Gossypol, nematicidal activity and structure, 

308,309/ 
Granulosis vims, description, 244 
Ground-state analogues 
examples, 22,23/24 
use as enzyme inhibitors, 22 

Groundwater contamination, public 
concern, 8-9 

Group-specific reagents, 21 
Growth, pesticide use, 2-3 
Gypsy moth, control with baculoviruses, 

249-250 

H 

Haber-Weiss reactions, description, 55 
Halliwell-Asada pathway, suppression by 

copper chelator-synergists, 56 
Halliwell-Asada pathway enzymes, 

resistance to herbicides, 55-56 
Halogenated benzoic acid herbicides, 

phytotoxicity, 112 
Heavy-metal ions, use as fungicides, 333 
Helicoverpa virescens, control with 

baculoviruses, 248 
Helicoverpa zea, control with 

baculoviruses, 248 
Heliothis, control with baculoviruses, 248 
Heptadeca-1,9-diene-4,6-diyne-3,8-diol, 

nematicidal activity and structure, 303,305/ 
Herbicide(s) 
crop tolerance, 7 
development from natural phytotoxins, 

110-119 
interest in alternatives, 101 
soil and water contamination, 8-9 
target-site-directed design, 16-33 

Herbicide design, effect of understanding 
of weed and crop biochemistry, 7-8 

Herbicide resistance, influencing factors, 
9-10 

Herbicide-resistant crops, 11 
Herbicide target site 
8-aminolevulinic acid dehydratase, 73/ 
protoporphyrinogen oxidase, 68,69-71/ 

Hessian fly, control with resistant gene, 268 
History, fungicides, 333-335 
HOE 704 
discovery, 19 
use as enzyme inhibitor, 27,28/ 

Honeybees, ecological effects of methoprene, 
156-157 

Host plant resistance 
definition, 267 
developmental process, 268-269 

Host range of mycoherbicides, alteration by 
genetic manipulation, 101-108 

Human exposure, fungicides, 335-336 
Hymenopteran insects, prey 

incapacitation, 233 
Hypericin, phytotoxicity and structure, 

112,113/ 

Imazaquin 
structure, 29,31/ 
use as enzyme inhibitor, 31-32 

Imidacloprid 
activity, 185-187 
broad spectrum of activity and broad crop 

applicability, 184,185-188* 
comparison to nitromethylenes, 184 
development, 183 
ecological effect, 191,193 
environmental fate, 191 
favorable properties for applicator, 

consumer, and environment, 188-192 
formulations tested, 185,188* 
mammalian toxicity, 188,189*,190 
margins of safety, 190-191,192* 
potential for resistance, 193-195 
structure, 184 
tolerance assessment analysis, 190* 
tool for integrated pest management, 

195-197 
tool for resistance management, 

193-194,195* 
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350 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

In vitro activity, translation to in vivo 
efficacy, 32 

Indigenous fungi, efficacy, 6 
Inducer-type modulators, mechanism of 

action, 65-66 
Industrial perspective for fungicides 
low use rates, 338 
mode of action, 338-339 
mutagenicity parameters, 339-340 
similarity to known hazardous 

materials, 339 
stability in soil and water, 339 
toxicity to nontarget species, 339 

Inhibitors, noncompetitive blocker site on 
Y-aminobutyric acid receptors in 
mammals, 132-133 

Insect(s) 
noncompetitive blocker site on 

Y-aminobutyric acid receptors, 
134*,135/,136*,137/ 

use in weed control, 11 
Insect control in transgenic plants, 

Bacillus thuringiensis endotoxin, 271 
Insect growth regulators 
chitin synthesis inhibitors, 144-149 
degradation in environment, 160-165 
groups, 144 
juvenile hormone analogues, 148-153 
mode of action, 144 
nontarget organism effect, 153-157 

Insect pest control, use for peptides, 284-285 
Insect viruses for pest control, 281-282 
Insecticidal activity 
chitin synthesis inhibitors, 146-147* 
juvenile hormone analogues, 150*,152* 

Insecticidal crystal proteins 
Bacillus thuringiensis, 261,271-272 
families, 261 

Insecticide(s), soil and water 
contamination, 8 

Insecticide action, primary targets, 126 
Insecticide binding sites on Y-aminobutyric 

acid receptors of insects and mammals 
avermectin binding site, 136,138,139/,140 
binding sites, 128/,129 
future research, 140 
noncompetitive blocker(s), 

129,130-131/,132 
noncompetitive blocker site in insects, 

134*,135/,136*,137/ 

Insecticide binding sites on Y-aminobutyric 
acid receptors of insects and mammals— 
Continued 

noncompetitive blocker sites in mammals, 
132-133,135/ 

study system, 126-127 
Insecticide lures, use of semiochemicals, 207-208 
Insecticide resistance, monitoring with 

semiochemicals, 202-203 
Integrated crop management, definition, 39 
Integrated pest management 
objectives, 316 
practices, 2 
use of imidacloprid, 195-197 
use of semiochemicals, 199-208 

Isonicotinic acid derivatives, structure and 
systemic acquired resistance, 321 

iV-Isopropyloxalylhydroxamate, use as 
enzyme inhibitor, 27,28/ 

Ivermectin 
application, 169 
structure, 171,172/ 

Juvenile hormone(s) 
functions, 148,150 
structures, 148,149/ 

Juvenile hormone analogues 
insecticidal activity, 150*,152* 
mode of action, 152-153 
structures, 150,151/ 

Juvenile hormone esterase, insecticidal 
activity effect, 289 

K 

Ketol acid reductoisomerase 
inhibition, 27,28/ 
inhibitors, 19 

Kinins, irreversible depletion of 
cholinergic nerve endings, 234-235,236/ 

Klaineanone, nematicidal activity and 
structure, 3 lQf,311 

L 

cw-Lachnophyllum and *raw-lachnophyllum 
esters, nematicidal activity and 
structures, 303-306 
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INDEX 351 

Lepidopterous insects, Bacillus 
thuringiensis gene effect, 276-278 

Limonene, nematicidal activity and structure, 
306,307/ 

Linoleic acids, nematicidal activity and 
structures, 306,307/ 

Lipids, nematicidal activity and structures, 
306,307/ 

M 

Maculosin, phytotoxicity and structure, 
116/117 

Mammals, noncompetitive blocker site on 
y-aminobutyric acid receptors, 
132-133,135/ 

Mass trapping of pests, use of 
semiochemicals, 206-207 

Menadione, monooxygenase inhibition, 
52-53,54* 

Menthol, nematicidal activity and 
structure, 306,307/ 

Metabolic synergists 
amidase inhibition, 56 
biocontrol agent synergism, 57 
definition, 49 
esterase inhibition, 56 
glutathione transferase inhibition, 51,52* 
glycosyl transferase inhibition, 56 
limitations, 50-51 
monooxygenase inhibition, 52-53,54* 
oxidant detoxification pathway 

suppression, 54-56 
research value, 49-50 
role in lowering pesticide use levels, 49 
selectivity, 50 
target site resistances, 57 

Methoprene 
ecological effects, 154-157 
insecticidal activity, 150 

Methyl [(4-aminophenyl)sulfonyl]carbamate, 
function and structure, 22,23/ 

Methyl 2-c«,8-cw-deca-2,8-diene-4,6-
diynoate, nematicidal activity and 
structure, 303,304/ 

Metyrapone, monooxygenase inhibition, 
52-53,54* 

Microbial degradation, prevention of buildup 
of fungicide, 337 

Microbial metabolite derivatives, use for 
disease control, 316-321 

Microbial phytotoxins with herbicidal 
potential 

development strategies, 114-115 
examples, 115,117-118 
factors affecting discovery and 

development, 118-119 
structures, 115,116/ 

Milbemycins 
applications, 169,171 
discovery, 169 
structures, 169-172 

Mite toxin, insecticidal activity effect, 290 
Mode of action, chitin synthesis inhibitors, 

147-148,14^ 
Modulators 
herbicidal synergism with 8-aminolevulinic 

acid, 64,65* 
mechanism of action, 65-67 

Monitoring with semiochemicals, types, 
20O-203 

Monocrotaline, nematicidal activity and 
structure, 302/303 

Monooxygenases, inhibition by synergists, 
52-53,54* 

Moxidectin, applications and structure, 
171,172/ 

Multiple nucleocapsids per envelope, 
description, 244-245 

Mycoherbicide host-range alteration by 
genetic manipulation 

Sclerotinia sclerotiorum model system, 
102-106 

zip code system for auxotrophy, 
106-107,108* 

Myristic acid, nematicidal activity and 
structure, 306,307/ 

N 

Natural phytotoxins as herbicides 
factors affecting discovery and 

development, 118-119 
history of development, 110-111 
microbial phytotoxins, 114-118 
plant-derived phytotoxins, 

111-112,113/114 
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352 PEST CONTROL WITH ENHANCED ENVIRONMENTAL SAFETY 

Natural products 
direct use in crop protection, 317* 
history of use for pest control, 110 
opportunities, 316-320 
phenylpyrrole fungicides, 319/320* 
pyrrolnitrin, 318 
systemic acquired resistance, 321 
use as agricultural antibiotics, 317,318* 

Naturally occurring nematicides 
acetylenes, 303,304-305/,306 
alkaloids, 301,302/,303 
fatty acids and lipids, 306,307/ 
future prospects, 312 
other compounds, 308,31(̂ ,311 
phenolic compounds, 306,308,309/ 
polythienyls, 301/ 
postinfectional compounds, 308,309/ 
terpenoids, 306,307/ 

Nematicides 
development of environmentally safe 

compounds, 300-301 
disadvantages, 300 
naturally occurring, See Naturally 

occurring nematicides 
Neuropeptides, use in construction of 

recombinant baculoviruses, 285-286 
Neurotoxic insecticides, arthropod derived, 

See Arthropod-derived neurotoxic 
insecticides 

Nitrodiphenyl ethers, oxidant detoxification 
pathway suppression, 54 

Nitrogen-derivatized pyrroles, insecticidal 
activity, 223,226/227* 

Nitroguanidine insecticide, imidacloprid, 
183-197 

Nitromethylenes, comparison to 
imidacloprid, 184 

Noncompetitive blockers), insecticide binding 
sites on y-aminobutyric acid receptors of 
insects and mammals, 129,130-131/132* 

Noncompetitive blocker site on 
Y-aminobutyric acid receptors in insects 

comparison to that of mammals, 
134*,136*,137/ 

inhibitors, 134,135/ 
resistance mechanism, 136,137/ 

Noncompetitive blocker site on 
Y-aminobutyric acid receptors in mammals 

affinity probes, 133 
binding kinetics, 133,135/ 

Noncompetitive blocker site on Y-aminobutyric 
acid receptors in mammals—Continued 

comparison to that of insects, 134*,136*,137/ 
inhibitors, 132-133 

Nonconventional chemical pest controls, 
approaches, 10 

Nonrecombinant approaches, development of 
improved Bacillus thuringiensis 
products, 263 

Nonscorpion venom toxins, use in 
construction of recombinant 
baculoviruses, 287 

Nontarget effects of fungicides, 
minimization, 332-340 

Nuclear polyhedrosis vims 
description, 244 
use as insecticide, 281 

Nun moth, control with viruses, 239-240 
Nutrient competition, use in biocontrol, 

328,329* 

Odoracin, nematicidal activity and 
structure, 3 lQf,311 

Odoratrin, nematicidal activity and 
structure, 310/311 

Orchard crops, use of baculoviruses for pest 
control, 248 

Organochlorine pesticides, environmental 
effects, 3 

Organotins, use as fungicides, 333 
Ornithine transcarbamoylase, inhibition, 

29.3QT 
Oxidant detoxification pathway, suppression 

by synergists, 54-56 

Paclobutrazol, monooxygenase inhibition, 
52-53,54* 

Palmitic acid, nematicidal activity and 
structure, 306,307/ 

Particle bombardment process, production of 
transgenic cotton plants, 270 

Pathogen growth, retardation with 
biocontrol strategies, 324-325 

Pathogen inoculum, destruction with 
biocontrol strategies, 325 
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INDEX 353 

Peptides, use for control of insect pests, 
284-285 

Pest control 
importance of discovery strategies, 219 
insect growth regulators, 144-165 

Pest control approaches 
contamination concerns, 8-9 
selectivity, 6-8 

Pest control chemicals, growth, 2-3 
Pest control with enhanced toxicological and 

environmental safety, challenges, 1-12 
Pest management 
future directions, 11-12 
impact of biotechnological methods, 10-11 

Pest resistance, influencing factors, 9-10 
Pest-resistant cultivars, advantages and 

examples, 267-268 
Pesticide(s) 
advantages, 2 
environmental effects, 3 
factors affecting growth, 2-3 
Federal Insecticide, Fungicide, and 

Rodenticide Act, 3-6 
human exposure routes, 6 
public policy, 6 
use of synergists to reduce use rates, 48-57 

Pesticide chemicals, market value, 1 
Pesticide use, growth, 2-3 
Phaseolotoxin, phytotoxicity, 117 
Phenolic compounds 
nematicidal activity, 306,308 
structures, 308,309/ 

Phenopylate analogues, quantitative 
structure-activity relationships, 72 

Phenyl saligenin cyclic phosphonate, 
esterase inhibition, 56 

Phenylalanine ammonia lyase, inhibition, 21 
Phenylarnides, use as fungicides, 335 
1- Phenylhepta-l,3,5-triyne, nematicidal 

activity and structure, 303,304/ 
2- Phenyl-5-(l '-propynyl)thiophene, 

nematicidal activity and structure, 303,304/ 
Phenylpyrrole fungicides, activity, 319 
A^-Phenyltetrahydrophthalimides, quantitative 

structure-activity relationships, 72 
Phenylureas, oxidant detoxification pathway 

suppression, 54 
Philanthotoxin 4.3.3, structure, 234,236/ 
Phosalacine, phytotoxicity and structure, 

115,116/ 

L-PhospWnothricin, description, 43 
Phosphinothricin acetyltransferase, 

transformation of crops to 
glufosinate-tolerant crops, 44 

Phosphinothricin acetyltransferase gene, use 
in gene transfer, 44 

N-(Phosphonoacetyl)-L-aspartate, use 
as enzyme inhibitor, 29,3Qf 

N-(Phosphonoacetyl)-L-orrrithine, use 
as enzyme inhibitor, 29,3Qf 

Phototoxicity, measurement from chlorophyll 
content, 62 

Phthalimides, use as fungicides, 333 
Physostigmine, nematicidal activity and 

structure, 301-303 
Phytoparasitic nematodes, disadvantages of 

control chemicals, 300 
Phytotoxins 
microbial, See Microbial phytotoxins with 

herbicidal potential 
natural, See Natural phytotoxins as 

herbicides 
plant derived, See Plant-derived 

phytotoxins with herbicidal potential 
Picrotoxinin, noncompetitive blocker of 

y-aminobutyric acid receptor binding 
sites, 129,13Qf 

Pink bollworm, Bacillus thuringiensis gene 
effect, 278 

Piperonyl butoxide, monooxygenase 
inhibition, 52-53,54* 

Plant breeding, use in integrated crop 
management, 39 

Plant defenses, use for disease control, 
316-321 

Plant-derived phytotoxins with herbicidal 
potential 

development strategies, 114 
examples, 111-112,114 
factors affecting discovery and 

development, 118-119 
structures, 112,113/ 

Plant protection chemicals, annual 
application, 38* 

Pogo strategy, description, 107 
Polyamine toxins, reversible noncompetitive 

block of synaptic transmission, 234,236/ 
Polychlorocycloalkanes, noncompetitive 

blockers of Y-aminobutyric acid receptor 
binding site, 129,13(̂ ,132 
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Polythienyls, nematicidal activity and 
structures, 301 

Poneratoxin, induction of interconversion 
between two gating modes of sodium 
channels, 235 

Porphobilinogen deaminase as herbicide 
target site, inhibition, 73 

Porphyric herbicides 
5-aminolevulinic acid, 64-68 
function, 63-64 

Porphyrin pathway, reactions, 63/ 
Porphyrin pathway as herbicide target site 
8-aminolevulinic acid as porphyric 

herbicide, 64-68 
design, 75-76 
enzymes, 72,73/ 
importance, 62-63 
protoporphyrinogen oxidase, 68,69-71/ 
quantitative herbicide structure-activity 

relationships, 72 
relationship of substrate macrocycle and 

backbone structure of inhibitor, 73,74/75 
Postinfectional compounds, nematicidal 

activity and structures, 308,309f 
Poxviridae, applications, 240-241 
Preemergence herbicides, use as insurance 

policy against pest attack, 48 
Propachlor, structure, 22/ 
Propargyl glycine, use as enzyme inhibitors, 

25,26/ 
Propiconazole, monooxygenase inhibition, 

52-53,54* 
Protogen 
molecular similarities of inhibitors to 

protoporphyrinogen oxidase inhibitors, 
7Qf,71 

proposed oxidation pathway, 74/75 
structure, 71/ 

Protoporphyrin IX, phytotoxicity and 
structure, 112,113/114 

Protoporphyrinogen oxidase as herbicide 
target site 

competitive inhibition, 69,71 
inhibition by herbicides, 68-69 
molecular similarities of inhibitors to 

Protogen inhibitors, 70-71/ 
proposed oxidation pathway, 74/75 
quantitative structure-activity 

relationships, 72 
reasons for advantages, 75-76 

Protoporphyrinogen oxidase inhibiting 
herbicides, synergism with 
5-aminolevulinic acid, 67-68 

Protox, See Protoporphyrinogen oxidase 
Pyridazinones, oxidant detoxification 

pathway suppression, 54 
Pyriproxyfen 
aerobic soil metabolism, 160 
bioaccumulation and metabolism in aquatic 

organisms, 163,164/ 
bioavailability, 163,165* 
Daphnia pulex reproduction effect, 

157,158-159/160 
decline in natural ponds, 161 
degradation in water-sediment system, 

160,161 ,̂162/ 
efficacy, 150,152* 
insecticidal activity, 150 
photodegradation, 160 

Pyrocatechol, nematicidal activity and 
structure, 308,309/ 

Pyrroles 
AC 303,630,228,229*,230-231/ 
insecticidal activity, 223-231 
mode of action, 227,228* 
structure-activity relationship, 227 
synthesis, 220,221-222/224/ 

Pyrrolnitrin, 318-320 

Quercetin, nematicidal activity and 
structure, 308,309/ 

Quinones, use as fungicides, 333 

Rape seed 
rate of glufosinate required for weed 

control for tolerant crops, 45*,46 
weed control systems, 40-41* 

Reaction intermediate analogues 
structures, 27,28/29,30^ 
use as enzyme inhibitors, 25-30 

Recombinant approaches, development of 
improved Bacillus thuringiensis 
products, 264-266 

Recombinant baculoviruses carrying foreign 
genes, insecticidal activity effect, 287 
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Recombinant DNA technology, plant science 
effect, 269 

Redhead pine sawfly, control with 
baculoviruses, 249 

Reliability, pest control approaches, 6 
Reoviridae, applications, 241,244 
Repellents, use of semiochemicals, 208 
Reregistration, process, 4-6 
Resistance management, use of imidacloprid, 

193-194 
Resistance mechanisms, Bacillus 

thuringiensis gene use in transgenic 
cotton to control lepidopterous insects, 
273-274 

Resistance to pesticides, influencing 
factors, 9-10 

Rhizobacteria, synergism with chemical 
herbicides, 92,94-99 

Rhizosphere, protection by using biocontrol 
strategies, 324 

Ribulose-1,5-bisphosphate carboxylase 
and oxygenase, 18 

Rice cultivars, control of brown 
planthopper, 268 

Rishitin, nematicidal activity and 
structure, 308,309/ 

Rubisco, use as target for herbicide 
design, 18 

S 

Safety, challenge of pest control, 1-12 
Saligenin cyclic phosphates, glutathione 

transferase inhibition, 51,52* 
Salt-marsh caterpillar, Bacillus 

thuringiensis gene effect, 278 
Sanguinarine, nematicidal activity and 

structure, 302/303 
Sclerotinia sclerotiorum model system 
mutant(s), 102,104* 
mutant toxicity, 104,105/106 
strain improvement via mating, 106 
weed hosts, 102,103* 

Scorpion venom toxins 
insecticidal activity effect, 290 
use in construction of recombinant 

baculoviruses, 286-287,288/ 
Search for new chemicals, influencing 

factors, 316-317 
Selection, targets for herbicide design, 17-18 

Selectivity 
metabolic synergists, 50 
pest control approaches, 7-8 

Semiochemicals 
definition, 199 
development, 6 
uses, 199-200 
integrated pest management programs 
advantages for monitoring, 200 
antifeedants, 208 
behavioral disruption in pests, 205-206 
blend composition, 204-205 
containment and concentration of 

pests, 206 
estimation of density of pests, 202 
examples, 200 
exotic pest monitoring, 201 
increased parasitoid and predator 

searching, 208 
insecticide lures, 207-208 
insecticide resistance monitoring, 202-203 
lure design, 203 
mass trapping of pests, 206-207 
monitoring of dispersal and extent of 

distribution of pests, 201-202 
monitoring of time of first appearance of 

pests, 20Q-201 
repellents, 208 
technical considerations, 203-205 
trap design, 203-204 

Semisynthetic avermectins, yields, 176* 
Single nucleocapsid per envelope, 

description, 244-245 
Sodium channels, interconversion between 

two gating modes induced by poneratoxin, 
235,236/ 

Soil, photodegradation of pyriproxyfen, 160 
Soil contamination concerns, pest control 

approaches, 8-9 
Soilborne plant pathogens, strategies and 

techniques for improving biocontrol, 
323-329 

Soybeans, use of baculoviruses for pest 
control, 249 

Specificity, pest control approaches, 6-7 
Spermosphere, protection by using biocontrol 

strategies, 324 
6,5-Spiroketal avermectins, 176-179 
Spotted knapweed, amino acid profile, 

107,108* 
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Stabilization, role in commercialization of 
bioherbicides, 84-85 

Sterol biosynthesis inhibitors, use as 
fungicides, 334 

24,25-Substituted avermectins, 
activity, 176,178* 

Sugar beet 
rate of glufosinate required for weed 

control for tolerant crops, 45*,46 
weed control systems, 40*,41,42* 

Suicide substrates, use as enzyme 
inhibitors, 25,26/ 

Sulfonylureas, advantages, 39 
Sulfosate, synergism with bacteria, 94-97,99 
Sulfur, use as fungicide, 333 
Superoxide dismutase, oxidant detoxification 

pathway suppression, 55 
Surface water contamination, public 

concern, 8-9 
Synaptic transmission, reversible noncom

petitive block by polyamine toxins, 234,236/ 
Synergisms) 
definition, 49 
function, 48-49 

Synergistic mixture, definition, 49 
Synthetic chemical pesticides 
description, 7 
development of alternatives, 258 

Synthetic herbicides, factors affecting use, 79 
Systemic acquired resistance, 321 
Systemic fungicides, 334 

T 

Tabtoxin, phytotoxicity, 117 
Tabtoxinine-p-lactam, phytotoxicity, 117 
Target selection for herbicide design, 

criteria, 17-18 
Target site directed herbicide design 
enzyme inhibitor design, 21-32 
processes, 16-17 
target selection, 17-18 
target validation, 18-21 
translation of in vitro activity to in vivo 

efficacy, 32-33 
Target site resistances, synergist design, 57 
Target validation for herbicide design 
chemical validation, 18-19 
genetic validation, 19-21 
importance, 18 

Teflubenzuron, insecticidal activity and 
structure, 145/146 

Tentoxin, 116-118 
Terpenoids 
nematicidal activity, 306 
phytotoxicity, 114 
structures, 306,307/ 

Terrestrial environment 
ecological effects of diflubenzuron, 154 
ecological effects of methoprene, 156 

a-Terthienyl 
nematicidal activity, 301 
phytotoxicity, 112 
structure, 112,113/301/ 

Tetcyclacis, monooxygenase inhibition, 
52-53,54* 

Thiram, use as fungicide, 333 
Tobacco budworm larvae, Bacillus 

thuringiensis gene effect, 277-278 
a-Tocopherol, oxidant detoxification 

pathway suppression, 55 
Tolerance setting, process, 4 
Toxicity, pest control approaches, 8 
Toxicological safety, challenge of pest 

control, 1-12 
Toyocamycin, phytotoxicity, 115,117 
Traits, use in biocontrol, 328-329 
Transgenic cotton plants 
Bacillus thuringiensis gene management 

strategies, 274-276 
production systems, 270 

Transgenic plant species, development, 6 
Triazines, oxidant detoxification pathway 

suppression, 54 
Triazolopyrimidine sulfonamide, structure, 

29,31/ 
S,S,S-Tributyl phosphorotrithioate, 

esterase inhibition, 56 
Tricyclazole, use as fungicide, 335 
3-os-Trideca-, 11-frotts-trideca-, and 3-trans, 

1 l-*ra/tf-trideca-l,3,l l-trien-5,7,9-triynes, 
nematicidal activity and structure, 303,304/ 

Tridec-l-ene-3,5,7,9,11-pentayne, 
nematicidal activity and structure, 303,304/ 

Tridiphane 
glutathione transferase inhibition, 51,52* 
monooxygenase inhibition, 52-53,54* 

2,6,7-Trioxabicyclo[2.2.2]octanes, 
noncompetitive blockers of 
Y-aminobutyric acid receptor binding 
site, 131,132* 
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U 

Uracils, oxidant detoxification pathway 
suppression, 54 

Use rates, reduction by use of synergists, 
48-57 

Viruses for pest control—Continued 
Reoviridae applications, 241,244 
slow action, 251-252 
specificity, 250-251 

Vulgamycin, phytotoxicity and structure, 
115,116/ 

V 

Validation, targets for herbicide design, 
18-21 

Velvetbean caterpillar, control with 
baculoviruses, 249 

Venom toxins, use in construction of 
recombinant baculoviruses, 286-287,288/ 

Vespulakinins, structures, 234,236/ 
4-Vinyl reductase as herbicide target 

site, inhibition, 73 
Viruses, history of pest control use, 239-240 
Viruses for pest control 
advantages, 245 
baculovirus applications, 244,246-250 
baculovirus characterization, 244-245 
criteria, 240 
developmental restraints, 250-254 
families used, 240,241* 
host specificity, 245 
inclusions of infectious virions in 

protein crystal, 240,242-243/ 
lack of residue problems, 245 
patent protection, 254 
Poxviridae applications, 240-241 
production, 252-254 

W 

Water, photodegradation of pyriproxyfen, 160 
Water contamination concerns, pest control 

approaches, 8-9 
Weed biocontrol agents-chemical herbicide 

synergism 
bacteria-based bioherbicides, 92,94-99 
fungal-based bioherbicides, 88-93 

Weed control 
methods, 101 
systems, 40-43 

X 

X-tend bioherbicide system 
development, 92,94 
field trials, 96,97-99/ 
preparation, 94,95/96 

Xanthomonas campestris pv. poannua, use as 
bioherbicide, 82-83 

Z 

Zip code system, auxotrophy, 106-107,108* 
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