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Foreword 
The ACS S Y M P O S I U M SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 
IN C H E M I S T R Y SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
fw

00
1



Preface 

BIOTECHNOLOGY HAS BEEN DEFINED as the use of biological means to 
develop processes and products by studying organisms and their 
components. Biological means include bioreactors, bioreactions, 
immunolocalization, biologically active cells and enzymes, cell tissue and 
organ cultures, genetic engineering, gene transfer, recombinant DNA 
technology, and hybridoma techniques. Although attaining results has 
generally been a slow process, genetics and breeding are successful ways 
to solve the pest problems of crop plants, and the development of new 
biocontrol agents may now be expedited by the use of genetic 
engineering and other manipulative techniques. These new methods 
offer approaches and precision never before available to scientists. 

The emergence of biotechnology research and products has had a 
broad impact on science, the economy, and the public. As we begin to 
implement biotechnology projects, the public has become involved with 
the ethical implications of transferring DNA between different species. 
This has led to questions about regulation of new products and the need 
to examine these exciting opportunities and their potential 
consequences. 

The objectives of the Division of Agrochemicals are to consider all 
scientific aspects of chemistry relevant to the control of pests of 
agricultural significance and other methods for enhancing or modifying 
agricultural productivity. We therefore brought together scientists who 
work in biotechnology to encourage continued research and to 
disseminate information to other scientists about the status of and 
opportunities in this field. This book is a collection of chapters and 
abstracts based on presentations given at the conference. 

• Ganesh Kishore organized the section on the control of weeds. 
Chapters cover biorational synergists for oxidant-generating 
herbicides; the molecular biology of resistance to sulfonylurea 
herbicides; genetic engineering of atrazine resistance; and increasing 
EPSP-synthase activity in crop plants to increase tolerance to 
glyphosate. 

• Horace Cutler organized the section on controlling plant diseases. 
These chapters discuss trichothecenes and their role in the expression 
of plant disease; the role of phytoalexins in resistance of peanuts to 

xi 
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aflatoxin contamination; preinfection changes in germlings of rust 
fungus induced to differentiate by host contact; and studies of 
structure and biogenesis, toxic effects, and metabolites of fungal 
pathogens. 

Herbert Oberlander coordinated the section that features chapters on 
sex-specific selection using chimeric genes; potential applications of 
neuroendocrine research to insect control; insect cuticle structure 
and metabolism; molecular aspects of immune mechanisms in insects; 
molecular genetics of nerve insensitivity resistance to insecticides; 
and inhibition of juvenile hormone esterase by transition-state 
analogs. 

Jerome Miksche, who developed the section on plant gene 
expression, reports on biotechnology research in the Agricultural 
Research Service. Also presented are chapters on the regulation of 
gene expression in the sunflower embryo; biosynthesis; post-
translational acylation and degradation of the chloroplast 32kDa 
Photosystem II reaction center protein; and applications of 
restriction fragment length polymorphisms to crop plants. 

Bruce Carlton organized the section that summarizes recent progress 
in the development of genetically engineered microbial pesticides. 
Many Bacillus thuringiensis strains contain plasmid-encoded genes for 
insecticidal proteins that can be further enhanced by gene-splitting 
techniques. Chapters about the transfer of B. thuringiensis genes 
into E. coli and tobacco and their toxic effects on insects are 
included. Progress in the development of plant-colonizing microbes 
as pesticidal protein-delivery systems is also reported. 

Bruce Hammock developed the section on new immunochemical 
techniques. These chapters describe investigation of disease 
resistance in plants; neuronal development in insect embryos; 
pesticide residue analysis for plant diagnostics and quarantine; and 
the development of a biosensor for applying monoclonal antibodies 
and microelectronics for environmental analysis. 

Philip Kearney coordinated the section on monitoring the use of 
biotechnology and genetic engineering products released into the 
environment. It includes a chapter on monitoring B. thuringiensis in 
the environment with ELISA; DNA probe technology to track 
engineered microorganisms; using DNA detection cassettes based on 
unique DNA sequences to evaluate plasmid gene transfer to the 
environment; and using ribosomal RNA to establish a normal 
sequence base and then to determine whether changes may occur 
because of releases. 

xii 
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• Frederick Betz organized the section on regulatory considerations for 
biotechnology products which includes chapters from a member of a 
public interest group, the biotechnology industry, the U.S. 
Department of Agriculture, a state experiment station, and the U.S. 
Environmental Protection Agency. The consensus of these authors is 
that biotechnology will develop products for the market at an ever-
increasing rate, but caution must be exercised to prevent 
environmental damage and concomitant damage to the health of the 
science industry. 

We hope that this book will contribute to the understanding and 
subsequent adoption of additional concepts and research strategies for 
the control of pests. We believe that biotechnology, with all its 
ramifications, will contribute to the common good of public health, 
economic vigor, and the overall quality of life. We also hope that this 
book will serve as a tool to identify unifying themes by which 
biotechnology can be applied to control the pests of crop plants. 

We thank Willa Garner for her excellent administrative management 
of the symposium on which this book is based. We are also grateful to 
all of the participants for their contributions, which add materially to 
this book. Finally, we thank the Agricultural Research Service of the 
U.S. Department of Agriculture for a financial grant that aided in the 
organization of the symposium. 

PAUL A. HEDIN 
Agricultural Research Service 
U.S. Department of Agriculture 
Crop Science Research Laboratory 
P.O. Box 5367 
Mississippi State, MS 39762-5367 

JULIUS J. M E N N 
Agricultural Research Service 
U.S. Department of Agriculture 
Plant Sciences Institute 
BARC-West, Building 003 
Beltsville, MD 20705 

ROBERT M. HOLLINGWORTH 
Michigan State University 
Pesticide Research Center 
East Lansing, MI 48824 

May 27, 1988 
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Chapter 1 

Biorational Herbicide Synergists 

J. Gressel and Y. Shaaltiel 

Department of Plant Genetics, The Weizmann Institute of Science, 
Rehovot, IL-76100, Israel 

Compounds added to herbicides in order to 
rationally suppress the plants' tolerance mechanisms 
can synergize the herbicides. Tridiphane suppresses 
glutathione-S-transferase and thus prevents 
detoxification of chloro-s-triazine herbicides as well 
as some other pesticides, that are degraded by 
glutathione conjugation. Monoxygenase inhibitors 
can prevent many oxidative herbicide detoxifications. 
Our own work on biochemical, physiological and 
genetic studies of paraquat resistance led to a 
rationale for synergists. Paraquat rapidly, but 
transiently, inhibited photosynthesis of a resistant 
weed while permanently inhibiting the wild type. 
Chloroplasts of the resistant biotype dominantly and 
pleiotropically inherited constitutively elevated levels 
of superoxide dismutase, ascorbate peroxidase and 
glutathione reductase, enzymes engaged in 
detoxifying the active oxygen species generated with 
paraquat. Inhibition of these enzymes could lower 
the required threshold for phytotoxicity, synergizing 
the herbicides. The first two enzymes contain 
copper and the first also zinc. Copper and zinc 
chelators inhibited the enzymes, synergizing paraquat 
and other active oxygen generating herbicides, in all 
weed species tested. 

We are blessed, in the past number of years, with a better and 
better understanding of the modes of action and the modes of 
resistance to herbicides. This is especially true of the photosystem II 
inhibiting herbicides (1} but also of the dinitroanilines such as 
trifluralin (2) and particularly with the herbicides affecting amino acid 

0097-6156/88/0379-0004$06.25/0 
• 1988 American Chemical Society 
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1. GRESSEL AND SHAALTIEL Biorational Herbicide Synergists 5 

biosyntheses. The latter includes the EPSP-synthase 
(enolpyruvylshikimate phosphate synthase) inhibiting herbicides such as 
glyphosate (3), the sulfonylureas and imidazolinones inhibiting 
acetolactate synthase (4,5) and bialophos and glufosinate inhibiting 
glutamine synthase (6,7). The understandings of the biochemical 
underpinnings of modes of action and modes of resistance have allowed 
the rapid advances in biotechnology of engineering herbicide resistant 
crops (8, 9), the subject of the following three chapters. The greatest 
advance in this area, the engineering of a gene for an enzyme 
degrading bialophos and glufosinate occurred too late to be included in 
this meeting. This is unfortunate as it is a prime example of a simple 
enzyme, with a readily available herbicide conjugating substrate (acetyl 
co-enzyme A) that confers full resistance to agricultural rates of 
herbicide with a large margin of error at very low levels of gene 
expression (7). The advantages of such low expression levels of this 
type of herbicide degradases in having the least possible deleterious 
effects on crop yields has been discussed at length (8, 9). 

Much of our new understanding of modes of herbicide action and 
resistance emanate from industry and industry-academia collaboration. 
The gaining of this information is not always altruistic; most of the 
information on modes of crop resistance to herbicides comes from the 
metabolic studies required for registration. There is a huge variation 
in company policies on how much of this information is available to 
the scientific community. One area where our information is far too 
limited is in the mode of resistance to herbicides in weeds that are 
normally tolerant to the herbicide in question. These are the weeds 
that are normally not controlled by a given selective herbicide, at the 
time it was first tested; not weeds that evolved resistance. As there is 
no need to have metabolism and toxicology studies on such weeds, this 
information is to a large extent awaiting elucidation. As we shall see 
below, such information is of critical importance for the biorational 
choice or design of herbicide synergists. We know much more about 
the modes of evolved resistance to herbicides, and much of our first 
intuitions on synergies derived from these studies. 

Synergists are any combination which has a greater effect together 
than the sum of the components. Various methods of proving 
synergies between compounds have been proposed (10-13) and are 
needed when both compounds are active by themselves. From an 
industrial registration point of view synergists can be divided 
(sometimes arbitrarily, as we shall see) into two groups: combinations 
of active herbicides which are synergistic with each other; herbicide 
-adjuvant combinations where one of the components is not phytotoxic. 

One can obtain pesticide synergists by random screening of 
additives using sublethal rates of the pesticide. This is not the subject 
of this chapter. We term "biorational" as any choice of possible 
synergists that is based on our understanding of the mode of resistance 
of the pest. Adding a compound to the herbicide which we can 
presume on the basis of biochemical knowledge, will suppress 
resistance, is "biorational". The other side of the coin is the 
biorational protection of crops against herbicides (Table I): e.g. the 
use of an auxin conjugation inhibitor 2,6-dihydroxyacetophenone (14) 
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6 BIOTECHNOLOGY FOR CROP PROTECTION 

to protect against glyphosate based on the researchers' understanding 
of the multitude of glyphosate actions in plants (15), is a case of such 
biorational protection. 

Biochemical Limitations of Synergy. The duty of the biorationally 
chosen synergist is to prevent the degradation of a herbicide, or the 
phytotoxic products produced when herbicide is present. When a weed 
performs no such degradation there is nothing to synergize. The 
classic selective herbicide of the previous generation (e.g. atrazine) is 
not overly phytotoxic to corn at 5 kg/ha; it kills some weed species at 
30 g/ha, some at 100 g/ha, or 300 g/ha, but the full 1-2 kg/ha are 
used in the field because there are some pernicious weeds (mainly 
grasses in this case), that degrade atrazine (far more slowly than 
maize, but still degrade it) and the high rates are needed to control 
these species. A synergist blocking atrazine degradation probably 
would not lower the 30 g/ha required to kill the species usually 
controlled by that rate. The fully active synergists should be expected 
to bring all species down from the 1-2 kg/ha rate towards the much 
lower rates. 

This lowering of rates should work equally well with the newer 
generation of herbicides (e.g. sulfonylureas). There is far too much 
toxic carryover from a wheat field treated with 30 g/ha chlorsulfuron 
to allow cultivation of many crops, and many weeds remain 
suppressed. If all the weeds in wheat could be controlled by the 
carryover level remaining, then there would be no carryover the 
following year. This requires ascertaining why some weeds are more 
tolerant to the herbicide than others; information not fully available. 
It is known that wheat, a resistant species degrades chlorsulfuron (16, 
17) so it can be expected that some weeds do the same, but at a 
lower rate. 

The main biorational problems will be in finding selective 
synergists. If a weed and crop detoxify the herbicide or its toxic 
products by the same means, finding a synergist will indeed be 
daunting. For this reason it is envisaged that many synergists will be 
used when the crop is not present (no-till, certain pre-emergence or 
directed sprays) because of this biochemical limitation. 

Advantages of synergists. The main advantage of synergists is that 
they should allow the farmer to substantially lower the herbicide rates 
used. The foremost interest of the farmer is cost-effective weed-control. 
If the synergist is less or equally expensive in a combination using far 
less herbicide, giving the same quality of weed control, then that 
criterion is met. In many cases it is expected that the spectrum of 
weeds controlled will be increased by addition of a synergist. There 
are many other short and long range advantages. With lower 
herbicide rates there should be less carryover, allowing a larger choice 
of crops for the following year. The lower the herbicide rate, the less 
the chance of the herbicide reaching ground water before being 
metabolized by soil micro-organisms. If one were to use a fifth of the 
present herbicide rates, the chance of a herbicide appearing in ground 
waters is probably less than a fifth, as the capacity to degrade would 
not be oversaturated. 

The prospects of synergists hurting industry are not as gloomy as 
some have assumed. Synergist sales will replace some of the decreased 
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1. GRESSEL AND SHAALTIEL Biorational Herbicide Synergists 7 

herbicide sales; synergists will make less market-competitive herbicides 
more competitive because of lower total price; the lessened carryover 
will interest the farmers; industry will have less ecological combats 
with agencies over residue and toxicology problems. From this it is 
clear that there need not be a massive tonnage reduction in 
production.... and some reduction is better than being forced to 
remove a herbicide from the market-place. 

Synergists and the Evolution of Herbicide Resistance. Selection 
pressure is the most important factor controlling the rate at which 
herbicide resistant populations will evolve in a susceptible species (18). 
Selection pressure is a more or less direct function of herbicide rate. 
The first and most wide-spread weeds to evolve atrazine resistance 
were Senecio sp. Amaranthus spp. and Chenopodium spp.̂  These are 
controlled by exceedingly low atrazine doses, 30-100 g/ha, i.e. the 
selection pressure exerted by 1-2 kg/ha is very great. The last species 
to evolve resistance were the grasses (19), that are controlled by only 
the highest levels, i.e. the selection pressure for grasses was lower than 
that for broadleaf species. Had synergists such as tridiphane (see 
below) been used earlier to lower atrazine rates (and thus lower the 
selection pressure), it would be expected that the evolution of the 
resistant weeds would be considerably delayed. One could make the 
same predictions for synergized sulfonylurea herbicides. 

A computer survey of the patent literature made a year ago came 
up with 515 recent patents claiming herbicidal synergies. A perusal of 
the abstracts of 45 of them, chosen as a sample, showed that the 
patent community uses a broader definition of synergy than used here; 
they believe that there is a synergism when two herbicides control 
more weed species than each separately. This would better be termed 
"complementarity". The overlap of control range allows a lowering of 
herbicidal rates, which may or may not be due to a metabolic 

Some synergies appeared fortuitously (atrazine-tridiphane) and not 
by rational discovery. From what we now know, tridiphane is a 
metabolic class inhibitor and may have other rational future uses with 
herbicides that are detoxified by the same mechanism. 

Tridiphane-atrazine. Tridiphane was initially developed as a grass 
controlling herbicide, and it was later found that atrazine and 
tridiphane synergistically control grasses in combination (20). From 
indirect evidence showing the stoppage of atrazine catabolism it was 
initially thought that tridiphane acts by inhibiting the specific 
glutathione-S^transferase for atrazine (21). It was later found that a 
glutathione-S-transferase conjugates tridiphane with glutathione (22): 

Herbicide-Herbicide Synergistic Combinations. 

synergy. 

0 
reduced 

glutathione OH 

tridiphane S-(tridiphane)GSH 
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8 BIOTECHNOLOGY FOR CROP PROTECTION 

This is similar to the first step in atrazine degradation: 

reduced H O Ν Ha 
C C H ^ - C H - I ^ g l u f Q t h i o n e (CH3)2-CH-NH ^ C - C H 2 - C H 2 - Ç H 

\' ι}"0 * Ν V-S-CH2-CH COOH 
Glutathione- ν—Ν I 

CH3-CH2-NH S-transferase CH3-CH2-fÎH C-N-CH2-COOH 
0 H 

atrazine 
(NON-TOXIC) 

The tridiphane-glutathione conjugate is a far more potent inhibitor 
of the glutathione-S-transferase measured than tridiphane alone 

ÎFig.lA). Tridiphane synergizes atrazine, killing weeds in maize in the 
ield, yet the maize is unaffected. This is surprising as maize utilizes 

a glutathione-S-transferase to degrade the atrazine and this 
glutathione-S-transferase is inhibited by the tridiphane-glutathione 
conjugate. This inhibition of glutathione-S-transferase activity is less 
strong than with weeds (Fig.lA). A kinetic analysis showed that the 
tridiphane-glutathione conjugate is then a competitive inhibitor of 
glutathione binding to glutathione-S-transferase with a 4 times higher 
affinity for the enzyme from weeds vs. maize (22). These data are 
probably not enough to explain why tridiphane is inactive as a 
synergist in corn: i.e. why is corn not killed. Young corn leaves have 
6 times more glutathione than Set&ria, which could partially explain 
the difference.... but older maize and Setaria leaves have the same 
concentration (22). Tridiphane does not kill older maize plants. The 
answer probably lies in a rapid catabolism of the tridiphane-
glutathione complex in maize which does not occur in Setaria (Fig. IB) 
(22). Thus, we see in balance that maize is able, by virtue of having 
more glutathione, less tridiphane-glutathione conjugate, with less 
activity and faster degradation of the conjugate, maize can "save 
itself" from tridiphane synergism of atrazine. 

As stated before, the choice of tridiphane to synergize atrazine was 
not "biorational". If we use the information to synergize other 
pesticides, this will be "biorational" by our broad definition. Many 
pesticides have glutathione conjugation as the first step in their 
downfall from toxicity. From our understanding above, tridiphane 
must first be conjugated by the target organism. The glutathione-S-
transferase must then be inhibited, and the tridiphane-glutathione 
conjugate must be stable for tridiphane to synergize other pesticides in 
other pests. Indeed the tridiphane conjugate prevented degradation of 
a number of pesticides (Table II). Tridiphane was also able to 
synergize EPTC and alachlor in maize (20). The mode of synergy has 
not been checked, but both of these herbicides are degraded by 
glutathione conjugation. Tridiphane was also excellent at synergizing 
the insecticide diazinon against houseflies. Tridiphane had a twenty 
fold greater rate of conjugate formation with glutathione than diazinon 
has, and diazinon does not seem to compete with this step (23). The 
LD50 with normal houseflies was reduced threefold from near 0.09 /ig 
diazinon per fly to about 0.03 μ% diazinon per fly - but 20 μ% 
tridiphane per fly was required for this (23). Houseflies have other 
mechanisms of diazinon degradation and that may be the reason lor 
the small increment of synergy with much tridiphane. Tridiphane 
may be more useful with roaches, which only degrade diazinon by 
glutathione conjugation (24). Tridiphane would also be very useful 
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GRESSEL AND SHAALTIEL Biorational Herbicide Synergists 

Table I. Biorationally Protecting Against Glyphosate Action 
by 2, 6-Dihydroxyacetophenone (DHP) on Teucrium canadense 

Treatment Plant height Free IAA content 

Water (control) 
0.2mM glyphosate 
0.5mM 2,6-DHP 
glyphosate + DHP 

(% of control) 
100 10 
56 20 
92 101 
88 74 

Source: Calculated from data of Lee and Starratt (14). 

A. Inhibition of GSH conjugation B. Catabolism of conjugate 

jool 
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Figure 1(A). Tridiphane blockage of glutathione-S transferase 
activity, and (B) catabolism of the conjugate tô  an inactive form 
in various species. Source: Replotted from data in Lamoureux and 
Rusness (22). 
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10 BIOTECHNOLOGY FOR CROP PROTECTION 

with flies or any other insect that evolves diazinone resistance due to 
elevated levels of glutathione conjugation. 

Glyphosate-Imidazolinone mixtures. An excellent example of an 
intuitive rational mixture of herbicides for a synergism was the choice 
of two compounds which each inhibit different amino acid biosyntheses 
(25). Glyphosate alone at 100 g/ha caused no necrosis, and 250 g/ha 
of an imidazolinone herbicide caused an average of 25% necrosis on 8 
weed species. A mixture of the two at those rates caused 97% necrosis 
(25). This synergism was found with all imidazolinone herbicides 
tested (25). and all inhibited the enzyme acetolactate synthase (26). 
The synergism may be due to either a superior starvation of amino 
acids or a synergistic buildup of toxic intermediates due to the double 
blockage. 

Synergistic adj uvan ts 

The concept of using specific enzyme inhibitors which, at the 
concentrations used, do not cause visible signs of toxicity is most 
beckoning. The first such inhibitors used had high mammalian 
toxicity; their biorationale came from knowledge of mammalian 
systems. Later compounds come from our knowledge of plant systems, 
and the mammalian toxicity dropped by orders of magnitude. 

Monoxygenase inhibitors. Monoxygenase (=mixed function oxidases= 
cytochrome P450S, etc.], can have two diametric effects vis a vis 
pesticides. They can degrade some and they can activate, others. In 
the case of activation, the pesticide itself is not toxic; it must be 
oxidized to a toxic form. Fedtke and Trebst (27) have rationally 
taken these diametric effects to formulate a "unifying concept" of 
herbicide protection and synergy. There are many known herbicide 
protectants (=safeners=antidotes) and their mode(s) of protection are 
not at all clear (28). To validate the "unifying concept", Fedtke (29) 
demonstrated that compounds that are clearly and probably specifically 
monoxygenase inhibitors can protect plants against a group of 
herbicides (Table III). The commercial protectants safen the same 
herbicides. The "unifying concept" is clearly supported by the fact 
that a variety of workers have shown that these same two compounds; 
piperonyl butoxide (a widely use insecticide synergist) and 
aminobenzotriazole (a suicide inhibitor of mammalian monoxygenases) 
(30) also synergize many herbicides (31). Aminobenzotriazole has 
teen shown to inhibit plant monoxygenases as well (32). These 
synergies work for herbicides that lose activity because of 
monoxydation. An example of such a synergy is shown in Fig. 2, and 
many examples are summarized in Table IV. Like most "unifying 
concepts" in biology, this hypothesis is limited. It can only include 
those compounds that act as monoxygenase inhibitors and cannot 
encompass all the synergists discussed in earlier and later sections. 
Still, it may be valid (upon further experimentation) to say, as a 
"unifying concept" that monoxygenase inhibitors will synergize some^ 
herbicides and safen others. In some respects the "unifying concept" 
can be broadened to other pests. Certain herbicide protectants that 
act as monoxygenase inhibitors were able to synergize the insecticide 
propoxur in a resistant strain of houseflies (38). A herbicide 
metolachlor, which must be oxidized to be activated in plants, also 
synergized propoxur in flies, probably by competing for the 
monoxygenase against propoxur, and thus sparing the propoxur (39). 
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1. GRESSEL AND SHAALTIEL Biorational Herbicide Synergists 11 

Table II. Inhibition of Glutathione Conjugation of 
Pesticides by the Tridiphane Glutathione Conjugate 

glutathione-S-transferases from 
Pesticide pea horse house 

epicotyl liver fly ref. 
050 - μΜ tridiphane) 

PCNB 3 4 (22) 
Propachlor 1 11 (22) 
Fluorodifen 9 2 (22) 
Diazinon 16 24 

Table III. Protecting Against Herbicide Action with 
Monooxygenase Inhibitors 

Herbicide Control Piperonyl-butoxide aminobenzotriazole 

\%) 
factor factor 

alachlor 25 3980 159 631 25 
metolachlor 79 501 6 40 0.5 
propachlor 63 100 1.6 631 10 
diallate 631 5010 8 631 10 
mefenacet 0.1 1 10 4 40 

The effects of piperonyl-butoxide (148μΜ) and 
aminobenzotriazole (373μΜ) were measured in an oat rooting 
test in the dark. 
Source: Collated and calculated from Fedtke (29). 
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Ο t Ο c o 50 
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Figure 2. Synergy of chlortoluron (CTU) by aminobenzotriazole 
(ABT) in wheat.(A) Inhibition of chlortoluron degradation, (B) 
Synergism of inhibition of wheat growth. Source: Replotted from 
data in Cabanne et al. (33). 
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12 BIOTECHNOLOGY FOR CROP PROTECTION 

The similarities of the plant and insect monoxygenases was also 
verified by showing that plants could enzymatically oxidize aldrin to 
dieldrin (38) in the same way as insects. 

Aminobenzotriazole is a specific monoxygenase synergist. Unlike 
tridiphane it could not synergize metolachlor, which is degraded by a 
glutathione-S-transferase (36). For unclear reasons another 
monoxygenase inhibitor 2,4-DP was able to prevent metolachlor 
degradation in cotton but not in maize (36) even though the 
degradation products in cotton were glutathione derivatives. 

There is some evidence that a previously known synergy may be 
due to inhibiting an oxidase. Bromoxynil and ioxynil synergize 
amitrole; it was later found that their degradation products (their 
respective acids) had the same effect (39). It was proposed that this 
effect was due to the release of oxydase inhibiting bromine and iodine 
from the herbicides (39). 

Fungicide research has fortuitously come up with new herbicide 
synergists. Industry wide research has been centered on finding 
inhibitors of sterol biosynthesis which are fungicidal but not 
phytotoxic. These azole containing compounds mainly effect late 
monoxygenase steps leading to ergosterol which is necessary for the 
growth of many fungi (40), an oxidative C-14 demethylation of 
24-methylenedihydroanosterol. With an only partially understood 
structural-activity relationship some of these were found to be useful 
plant growth retardants, due to a blockage in gibberellic acid 
biosynthesis or other plant sterol biosyntheses (40). In the case of 
tetcyclasis this was traced to blockage of kaurene-oxidase, a plant 
monoxygenase converting kaurene to kaurenol and then to kaurenoic 
acid (41). Tetcyclasis also inhibits at least two plant monoxygenases, 
as well (42). On the possibility that it might inhibit herbicide 
degrading monoxygenases, tetcylacis was tested for its ability to 
prevent chlortoluron degradation in maize and cotton (Fig. 3). It was 
a hundred times more active than aminobenzotriazole in these systems 
(36). Clearly industry should be screening all the potential sterol 
biosynthesis inhibitor derivatives from their fungicide programs for 
herbicide synergies at the levels of monoxygenases. As fungicides and 
chlortoluron are both used in wheat, compatibilities of azole fungicides 
with chlortoluron must be checked. 

Almost all of the monoxygenase synergies have been shown in 
crops (Table IV). It is the weeds we wish to kill, not wheat. Too 
little is about herbicide metabolism in weeds to know if the 
monoxygenase inhibitors will be useful with herbicides in agricultural 
situations. Indirect suggestions, by analogies with insecticides, suggest 
a new and important use for monoxygenase inhibitors as synergists. 
Some of the multi-resistances to insecticides of totally different modes 
of action and chemistries have been due to the evolution of elevated 
levels of monoxygenases which non-specifically degrade many 
insecticides (43). As of a few years ago, no such multi-resistances 
were found in weeds. The herbicide resistances that did evolve were 
mainly target-protein modifications (1, 2, 19). Recently, there are 
reports of multiple cross resistances that are quite worriesome to the 
farmer. These include widespread co-evolution of Lolium rigidum 
throughout Australia with resistances to diclofop-methyl, and 
chlorsulfuron, among others (44). Chlortoluron resistant Alopecurus 
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GRESSEL AND SHAALTIEL Biorational Herbicide Synergists 

Table IV. Herbicide Synergisms by Monooxygenase Inhibitors 

Herbicide presumed 
monooxyeenase 
inhibitor0' 

test 
speciese 

ref. 

EPTC 
tebuthiuron 

chlortoluron 

metolachlor 

MCPA 

SKF 525Ab, P B O c 

EPTC/butylate 
with aichlormid 
PBO, metopyroine, 
aminobenzotriazole 

2,4-DPd 

tetcyclasis 
2,4-DP 
PBO 
aminobenzo
triazole 

corn 
corn 

wheat 
wheat, cot ton 
corn 
cotton, corn 
cotton,corn 
cotton 
sorghum 
potato 

(34) 
\35) 

(31,36) 
Ï31) 

l31\ (36) 
(36) 
(37) 
(38) 

inhibitor is defined loosely here as any compound that prevents 
loss of herbicidal effect. The compound may inhibit the 
monooxygenases or replace the herbicide as a substrate; SKF 
525A = diethyaminoethyl-2-2-diphenylvalurate HC1; c PBO 
piperonylbutoxide; d 2,4-DP (2,4 dichlorophenoxy)-l-propyne; 
è not all synergies are in whole plant systems. 

£ 80 

.2 60 

i? 40 

1 1 ' · 
cotton 

— ι — ι ι 

- / Chlortoluron 

— • Av 
mono-demethylated 

Other Metabolites 
"=11 >^ 
, υ ι \ 0 0.001 0.01 0.1 1 10 OO 

/iM Tetcyclacis 

Figure 3. Tetcyclasis inhibition of chlortoluron catabolism in 
cotton. Note the much greater level of activity than that of 
aminobenzotriazole (Figure 2). Source: Redrawn from data in 
Cole and Owen (36). 
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14 BIOTECHNOLOGY FOR CROP PROTECTION 

myosuroides evolved in England with cross resistances to isoproturon, 
methabenzthiazuron, pendimethalin, terbutryne, diclofop-methyl and 
chlorsulfuron (45). The researchers "rationally" decided to test 
monoxygenase inhibitors to suppress resistance, as chlortoluron (Fig. 
3,4) is among the herbicides. Indeed, aminobenzotriazole quite 
effectively reduced the resistance, i.e. synergized the herbicides (46). 

Aryl-acylamidase inhibitors. Rice is resistant to the herbicide propanil 
due to a rice specific aryl-acylamidase which degrades the herbicide. 
Various carbamate and organophosphorothioate insecticides were found 
to be incompatible with propanil because they prevented propanil 
degradation. This was found to be due to a direct inhibition of this 
enzyme (47, 48). Such insecticides or their derivatives can be 
"rational" synergists when this enzyme is found to be active in 
degrading herbicides in weeds, and must be suppressed. 

Inhibitors of the oxygen detoxiûcation pathway. A few major groups 
of herbicides kill plants by photogeneration of active oxygen species. 
The triazines, uracils, phenylureas, and some of the pyridazinones 
block electron transport at the reducing side of photosystem II of 
photosynthesis just before plastoquinone reduction il). Some phenolic 
herbicides act at a nearby site on photosystem II. The bipyridilliums 
drain electrons from photosystem I, probably from ferredoxin (49). A 
large group of nitro-diphenylethers require light to generate active 
oxygen species although it is clear from the diverse findings in the 
literature that either; no bulk pigment acts as the photoacceptor in all 
systems; or that different pigments act in different systems (50). It is 
also not clear which active oxygen species is generated first. As soon 
as there is more active oxygen generated than the endogenous 
detoxification system can cope with (Fig. 4), there is membrane 
lipoxidation. This results in water loss, a general breakdown in the 
electron transport systems, and the release of the chemically 
transformed solar energy as a variety of active oxygen species which 
can be confused with the first one generated. Singlet oxygen can be 
produced, and so can chlorophyll radical. This self-amplifying chain 
reaction of generation of active oxygen, membrane lipoxidation and 
water leakage leads to the rapid desiccation caused by these herbicides. 
The stronger the light, the faster this chain reaction. Certain 
environmental xenobiotics: SC>2, O 3 , Ν Ο χ and some fungal toxins such 
as cercosporin can have the same effects. ' 

Organisms have endogenous oxygen radical detoxification systems, 
that probably co-evolved with photosynthesis and aerobic respiration. 
They include superoxide dismutase and the ability to produce and 
recycle oxy-radical quenching agents such as glutathione and ascorbate. 
Plants also produce carotenes and α-tocopherol which quench these 
radicals. This detoxification system is especially necessary to cope 
with energy "leakages" from the photosynthetic electron chain. For a 
herbicide to be toxic, it must produce more radicals than can be 
quenched by this native system before the herbicide is dissipated. 
Chloro-s-triazine herbicides inhibit photosystem II in isolated thylakoids 
at the same concentration in all species. Despite, this, high rates are 
required in the field to kill grasses, due to the glutathione-S-transferase 
degradation described in an earlier section. This leads to a balance 
between the amount of herbicide remaining with the ability of the 
plant to detoxify radicals until the herbicide is degraded. As much of 
the "action" of producing oxygen radicals is in the chloroplast both 
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1. GRESSEL AND SHAALTIEL Biorational Herbicide Synergists 15 

with and without herbicide, and most active species such as singlet 
oxygen and superoxide have very short diffusion distances, it is natural 
to assume that the chloroplast has its own concerted anti-oxidant 
defence mechanisms. This includes the slowly recyclable carotenes, as 
well as a pathway for oxygen detoxification which recycles its 
components. This pathway has been elucidated by many, and put in 
context especially by Halliwell (51) and Asada (52). The first enzyme 
is superoxide dismutase (Fig.4 ) which dismutates the superoxide to 
peroxide. The peroxide is less energetic and can diffuse, but is still 
dangerous; it can react with ferrous iron and form hydroxyl radicals 
(the Fenton reaction) which are extremely energetic. If the peroxide is 
slowly formed from superoxide, the excess superoxide can react with 
the ferric ions formed by the Fenton reaction, re-reducing them and 
making them available to form more hydroxy! ions. The Fenton 
reaction coupled with the iron recycling reaction is termed the Haber-
Weiss reactions (51). It is thus imperative for the chloroplast to 
rapidly detoxify both the superoxide and the peroxide but alas, 
chloroplasts contain no catalase. They do contain ascorbate peroxidase 
and ascorbate, which can adequately compete with the Fenton reaction 
to remove the potentially dangerous peroxide. The dehydroascorbate 
formed is reduced back to ascorbate by glutathione, either 
spontaneously or by a dehydroascorbate reductase. The oxidized 
glutathione is recycled back to glutathione by glutathione reductase, 
utilizing NADPH (51, 52). Some electrons must pass through the 
photosynthetic electron chain to produce NADPH for this reaction, or 
the system will break down. This system will recycle both glutathione 
and ascorbate used quench singlet oxygen and other radical reactions. 

Our interest in the system began when it was intimated that 
superoxide dismutase levels might be responsible for different levels of 
paraquat tolerance (53-55). As it is, some weeds such as Amaranth us 
spp. are killed by 30 g/ha paraquat and others at a variety of rates 
up to the 1-2 kg/ha used in weed control. The paraquat resistant 
Conyza spp. that evolved were only controlled by >15 kg/ha paraquat 
(56, 57). In the meantime, a second theory was promulgated to 
explain this paraquat resistance; that paraquat was sequestered before 
it could reach green tissue. This was mainly based on 
radioautographic evidence, obtained 4 h after paraquat was treated 
through cut petioles (57, 58). By this time sensitive plants have 
usually whithered under strong light. We believe that the 
radioautographic evidence shows that resistant plants can actively 
sequester paraquat or its metabolites, but that paraquat does get to 
the chloroplast, and that elevated levels of the enzymes of the 
Halliwell-Asada pathway keep the plant alive until paraquat is actively 
sequestered. The evidence that we obtained to support this view 
allowed us to rationally choose compounds that synergize paraquat and 
other active oxygen generating herbicides. 

The lines of research that led us to believe that elevated levels of 
the Halliwell-Asada pathway have primary responsibility for increased 
tolerance to active oxygen are as follows: 
(a) Kinetic evidence showed that paraquat sprayed on leaves of the 
paraquat resistant biotype rapidly but transiently inhibited 
photosynthesis (Fig. 5A). This shows that paraquat did reach the 
chloroplasts, affected them, but the plant remained alive while the 
paraquat was dissipated. In contrast, photosynthesis was inhibited just 
as rapidly in the sensitive wild type, but irreversibly so (Fig. OA). 
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16 BIOTECHNOLOGY FOR CROP PROTECTION 
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Figure 4. Scheme of interactions between active oxygen generating 
xenobiotics and the oxygen detoxification system. Light intensity, 
the rate constants of photogeneration of active oxygen, dissipation 
of the xenobiotics and the levels and rate constants of the enzymes 
interact to determine whether a plant will be spared or killed. 

Figure 5 (A) Evidence that paraquat transiently affects chloroplasts 
of resistant Conyza and (B) that there are constitutively elevated 
levels of the Halliwell-Asada active oxygen detoxification pathway 
in the chloroplasts. A. Resistant and susceptible plants of Conyza 
bonariensis were sprayed to runoff with 0.1 mM paraquat and 
whole leaves were removed for measurement of photosynthesis at 
times thereafter as an estimation of paraquat arriving at, and 
affecting chloroplasts. Simultaneous measurements of stomatal 
aperture were made to ascertain that the stomates remained open. 
Source: Data redrawn from (60). B. Normal enzyme levels 

Îwithout paraquat treatment) in resistant and susceptible Conyza 
)onariensis. Source: Collated and drawn from (57, 61). 
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1. GRESSEL AND SHAALTIEL Biorational Herbicide Synergists 17 

(b) Isolated intact (Class A) chloroplasts of the paraquat sensitive 
Conyza bonariensis biotype evolved 3 times more ethane than the 
resistant type under high light (59). This is a sign of resistance to 
membrane damage due to oxidant "leakage" from photosynthesis. 
When paraquat was added, ethane evolution from the sensitive biotype 
tripled; it also increased in the resistant biotype, but to less than the 
normal level of the sensitive biotype. These data indicate that the 
primary mechanism for tolerating paraquat is in the chloroplast. 

(c) We measured the levels of the three major enzymes in the pathway 
in isolated intact chloroplasts and found tham to be constitutively 
elevated in the resistant Conyza biotype (Fig. 5B). Resistance was 
dominantly inherited under the control of a singe gene (60). The 
levels of the three enzymes were elevated in the F j generation. The 
critical correlation was in the Fo generation where we immunologically 
determined the levels of two of the enzymes in single plants that were 
tested for resistance / susceptibility to paraquat. All the resistant 
plants had elevated enzyme levels and all the sensitive plants had 
normal enzyme levels (Fig. 5B). This lack of F2 segreation is a very 
strong correlative phenomenon. These data are supported by others' 
findings that induced paraquat tolerance can be correlated with 
increased chloroplast superoxide dismutase and glutathione reductase 
(62). Interspecific comparisons have correlated acifluorfen tolerance to 
increased levels of ascorbate and α-tocopherol (63), and to increased 
superoxide dismutase (64). 

(d) e If high levels of the Halliwell-Asada pathway enzymes confer 
resistance to paraquat, they should confer increased tolerance to other 
herbicides and oxidant stresses. Indeed we and others have shown 
such correlations (Table V) in a variety of species. The level of 
resistance to paraquat is usually higher than to other herbicides, 
probably because the other herbicides remain active in the plant for 
longer durations. 

The above data supply considerable evidence for the involvement 
of the Halliwell-Asada pathway and its products in tolerance to 
oxidant generating herbicides. It only remains to be shown that 
suppression of the pathway suppresses tolerance. This would be 
further evidence for the involvement of the pathway. Any compound 
suppressing the pathway would have considerable possibilities as a 
synergist. The plastid superoxide dismutase and ascorbate peroxidase 
are both copper containing enzymes (52). The former contains zinc 
and the latter tightly bound iron, and thiol groups. The later 
enzymes of the pathway contain thiol groups as well (52). Thiol 
binding reagents and compounds which complex copper and/or zinc 
should inhibit the pathway. A suppression by thiol biding reagents at 
the plant level would hardly be good evidence as the plant has many 
thiol containing enzymes. Such compounds usually have high 
mammalian toxicity and would thus have little potential as synergists. 
There are few copper containing enzymes and fewer yet zinc 
containing enzymes in plants. Thus compounds which bind them 
should serve as somewhat specific synergists. We tested a variety of 
relatively specific copper and zinc chelators in in vitro, cellular, tissue 
and whole plant systems (Table VI). It is clear that they all severely 
affected the plants when used with active oxygen generating herbicides. 
None of them had any obvious effects on plants at the concentrations 
used (68). Their effects were probably due to the chelation of copper 
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18 BIOTECHNOLOGY FOR CROP PROTECTION 

Table V. Herbicide Cross Tolerances to Oxidative Stresses and Relations with 
.the Halliwell-Asada pathway 

species primary cross enzymatic ref. 
tolerance tolerances correlations3. 

Conyza, bonariensis paraquat atrazine high SOD,GR,AP (65) 

acifluorfen 
photoinhibitio η 0») 

Lolium perenne paraquat so 2 elevated SOD/GR m 
Lolium perenne SOn paraquat elevated SOD/GR (65) 
Nicotiana tabacum paraquat elevated SOD/GR (65) 
cv Florida (63) cotton drought paraquat elevated GR (63) 

^OD, superoxide dismutase; GR, glutathione reductase; AP, ascorbate peroxidase, 
k Jansen, Canaani, Shaaltiel, Gressel (unpub. results). 

Figure 6. Synergism of paraquat by diethydithiocarbamate, a 
copper chelator. Paraquat sensitive Conyza bonariensis plants of 
slightly different sizes were sprayed to run-off 24h before 
photographing. Source: From (66). 
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1. GRESSEL AND SHAALTIEL Biorational Herbicide Synergists 19 

£s J 
M CO Ό 

(0 

ο 
-4-3 

~ô> 
-d 
υ 

^ O O O M O M T f i O O O O f M M H C O 
00 Η Ο τ-Η Η Η Η Μ 

00 ΙΟ C l <Μ 
W C 1 Λ Λ 

Λ Λ Λ Λ 

J2 m 
S .23 
55 - «β σ5 

CO CO 

2 - 5 « a'S C « q 2 c
 C L 

!ifi-Mf a!! a!§i tnit 

co co co ο 
co u ço co co 
3 « 2 « 3 3 

to t7> 

ci 

«_ 
ci 

OU 

d 

ο 
S3 ci 

κ 

a 
C3 U, CS 
s> Ο S 
cr 3 σ 
ci en co 
4 υ d 

Oh 

CO CO 
S3 S3 

03 co 
ο 
S3 

s 
υ ci â 
< 0< Oh 

iO i C W iC 
6 6 ci H d 

S3 
Ο 

S3 
Ν 

d S3 S3 

ο υ 

CO 
te a 
ci 
t-> 
co 
co 
.2 

>̂  (Ν co 
ο s * .a 

3 

s.s a 7 l 
Ο ex '-a 

a co S.a 
α S 
co ci p. 
cô ν 
s 
CO CO 

| | 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

00
1



20 BIOTECHNOLOGY FOR CROP PROTECTION 

and zinc for the following reasons; related compounds such as Mn or 
zinc bisdiethyldithiocarbamates (maneb and zineb) were not synergistic 
as their chelation capacity was Dlocked. Iron chelating compounds 
protected cell cultures (68, 69). This is probably due to a blockage of 
the Haber-Weiss reactions, preventing hydroxyl radical formation. The 
iron of ascorbate peroxidase is tightly bound and, unlike the copper 
and zinc, inaccessible to chelators. A much lower concentration of the 
chelators was required to synergize these herbicides in the isolated 
cells, or leaf discs than was needed with whole plants (Table VI), 
while the herbicide rates remained essentially the same (69). This 
suggests that the chelators do not efficiently penetrate the leaf cuticle. 
Once formulations of these chelators which have better penetration are 
found, or better penetrating chelators are discovered, we may have a 
new means of effective weed control. It is envisaged that the first use 
of such synergists will be in no-till situations or wherever a general 
herbicide is needed. Chelating herbicide synergists will only be useful 
in foliage contact or postemergence modes; they will probably bind to 
soils, and chelate the metals there before entering plants. Such 
compounds may well broaden the spectrum of weeds controlled by 
some herbicides. 

Chelators have been shown to synergize the insecticide trans 
-permethrim by preventing its hydrolysis in the soybean looper (70). 
The enzyme is clearly not a typical esterase as it contains a metal 
group. The authors did not add excesses of various metal ions to 
show that they could suppress the synergism; this would show that the 
compounds actually acted as chelators in their system. 

Conclusions 

The examples shown above suggest that the more we know about 
herbicide biochemistry in weeds and crops, the more we can rationally 
choose compounds and find leads for herbicide synergists. There is 
still a long way from this step to arriving at compounds for field 
use... but this rationale can also save many of the initial steps from 
random screening. Synergists are one logical way to lower the 
xenobiotic load on the environment while still providing for adequate 
weed control. 
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Chapter 2 

Molecular Biology of Resistance 
to Sulfonylurea Herbicides 

Julie K. Smith1, C. Jeffry Mauvais, Susan Knowlton, and 
Barbara J. Mazur 

Agricultural Biotechnology Division, Experimental Station, Ε. I. du Pont 
de Nemours and Company, Wilmington, DE 19898 

The sulfonylureas, an extremely potent class of 
herbicides, act by inhibiting acetolactate synthase 
(ALS), which is the first common enzyme in the 
biosynthetic pathways leading to the branched chain 
amino acids. Two other unrelated classes of herbicides 
also act by interfering with this enzyme. We have 
cloned and characterized the genes encoding ALS from 
several higher plants. The ALS genes isolated from 
herbicide sensitive and herbicide resistant plants have 
been compared, and several mutations which confer the 
herbicide resistant phenotype have been identified. 
Cloned herbicide resistant ALS genes have been used to 
transform both homologous and heterologous plant 
species. ALS genes can be modified in vitro in order 
to achieve selective resistance toward broad or narrow 
classes of inhibitors. The modified genes can be 
introduced into a variety of commercial crops. 

The s u l f o n y l u r e a h e r b i c i d e s are a r e l a t i v e l y new c l a s s of crop 
p r o t e c t i o n chemicals which are notable f o r t h e i r low a p p l i c a t i o n 
r a t e s ( t y p i c a l l y grams/hectare) and low mammalian t o x i c i t y . In 
a d d i t i o n many are s e l e c t i v e , having the a b i l i t y to k i l l weeds 
without i n j u r i n g the t a r g e t crop. B a c t e r i a , f u n g i , and p l a n t s have 
a l l been shown to be n a t u r a l l y s e n s i t i v e to these compounds. The 
mode of a c t i o n of the s u l f o n y l u r e a s was i n i t i a l l y d iscovered i n a 
m i c r o b i a l system. C e r t a i n s t r a i n s of b a c t e r i a were able to t o l e r a t e 
the s u l f o n y l u r e a s when grown on r i c h media but not when grown on 
minimal media (1). By studying the response of v a r i o u s b a c t e r i a to 
su l f o n y l u r e a s i n media supplemented w i t h v a r i o u s n u t r i e n t s , i t was 
determined that these h e r b i c i d e s act by i n t e r f e r i n g w i t h the 
branched ch a i n amino a c i d b i o s y n t h e t i c pathways. The t a r g e t enzyme 
was found to be a c e t o l a c t a t e synthase (ALS, EC 4.1.3.18) which i s 
the f i r s t common enzyme i n the pathways l e a d i n g to l e u c i n e , 

Current address: Biology Department, Philadelphia College of Pharmacy and Science, 
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26 BIOTECHNOLOGY FOR CROP PROTECTION 

i s o l e u c i n e , and v a l i n e . ALS was subsequently shown to be the ta r g e t 
of the s u l f o n y l u r e a s i n yeast (2) and i n higher p l a n t s (3, 4 ) . 
Animals do not u t i l i z e t h i s pathway, and must i n g e s t the branched 
c h a i n amino a c i d s i n t h e i r d i e t s . This presumably c o n t r i b u t e s to 
the low mammalian t o x i c i t y of the s u l f o n y l u r e a s . 

ALS i s a l s o i n h i b i t e d by a number of compounds which are 
s t r u c t u r a l l y u n r e l a t e d to the s u l f o n y l u r e a s . These i n c l u d e two 
other c l a s s e s of h e r b i c i d e s : the imidazolinones (5) and the 
t r i a z o l o p y r i m i d i n e s (Hawkes, T.R.; Howard, J.L.; P o n t i n , S.E. In 
Her b i c i d e s and P l a n t Metabolism, i n p r e s s ) . LaRossa et a l . have 
speculated on why ALS i s such an e f f e c t i v e t a r g e t f o r so many 
i n h i b i t o r s (6). B l o c k i n g ALS leads to the buil d u p of the t o x i c 
s u b s t r a t e a-ketobutyrate. The e l e v a t e d l e v e l s of t h i s metabolite 
combined w i t h the reduced l e v e l s of the branched c h a i n amino acids 
appear to make the i n h i b i t i o n of ALS a p a r t i c u l a r l y l e t h a l event. 

Tolerance toward the s u l f o n y l u r e a s i s known to occur n a t u r a l l y 
due e i t h e r to the presence of a form of ALS tha t i s i n s e n s i t i v e to 
the i n h i b i t o r s (7) or to a mechanism f o r d e t o x i f i c a t i o n of the 
i n h i b i t o r s ( 8 ) . Another mechanism t h a t c o u l d i n p r i n c i p l e l e a d to 
to l e r a n c e i s the overproduction of the t a r g e t (ALS) enzyme. We are 
i n t e r e s t e d i n engineering h e r b i c i d e t o l e r a n c e i n crop p l a n t s i n 
order to increase the margin of s a f e t y f o r the a p p l i c a t i o n of 
e x i s t i n g s e l e c t i v e chemicals, to achieve s e l e c t i v i t y i n crops where 
s e l e c t i v e chemicals do not c u r r e n t l y e x i s t , and to reduce damage i n 
r o t a t e d crops which i s due to the presence of h e r b i c i d e r e s i d u e s . 
As a f i r s t step toward t h i s goal we have c h a r a c t e r i z e d the ALS genes 
from s e v e r a l h i g h e r p l a n t s , i n c l u d i n g A r a b i d o p s i s t h a i i a n a and 
N i c o t i a n a tabacum (tobacco). ALS genes have been cloned from both 
w i l d type p l a n t s and from l i n e s which were s e l e c t e d to be h e r b i c i d e 
r e s i s t a n t . The cloned ALS genes are now being engineered i n v i t r o 
and are being r e i n t r o d u c e d i n t o s e v e r a l crop sp e c i e s . 

C l o n i n g and C h a r a c t e r i z a t i o n of P l a n t ALS Genes 

The genes encoding each of the three known isozymes of ALS i n Ε. 
c o l i have been cloned and sequenced (9-15). The s i n g l e ALS gene i n 
the yeast Saccharomyces c e r e v i s i a e has a l s o been cloned ( 2 ) , and i t s 
sequence has been determined (T6). The deduced amino a c i d sequences 
of yeast and b a c t e r i a l ALS p r o t e i n s have been compared (16). There 
are three b l o c k s of h i g h sequence homology i n t e r s p e r s e d w i t h blocks 
of sequence t h a t are not w e l l conserved. The degree of sequence 
con s e r v a t i o n i n the ALS enzymes from these d i v e r s e organisms 
suggested t h a t the ALS genes from higher p l a n t s c o u l d be i s o l a t e d 
u s i n g the method of heterologous h y b r i d i z a t i o n . The yeast ALS gene 
was used to probe genomic l i b r a r i e s from the blue-green a l g a 
Anabaena and from the higher p l a n t s A r a b i d o p s i s and tobacco. 
H y b r i d i z a t i o n s were c a r r i e d out under c o n d i t i o n s of reduced 
s t r i n g e n c y , and phage c o n t a i n i n g p u t a t i v e ALS genes were i s o l a t e d i n 
each case (17). The genes from the Ar a b i d o p s i s and tobacco 
l i b r a r i e s were subcloned i n plasmid v e c t o r s , mapped and sequenced, 
and t h e i r deduced amino a c i d sequences were determined (Mazur, B.J.; 
Chui, C.-F.; Smith, J.K. P l a n t P h y s i o l . , i n p r e s s ) . 

N e i t h e r p l a n t gene has i n t r o n s . The genes encode p r o t e i n s of 
667 (tobacco) or 670 (Arabidopsis) amino a c i d s , w i t h p r e d i c t e d 
molecular weights of approximately 73,000 dalt o n s . Figure 1 shows a 
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MASSGTTSTRKRFTGAEFIVHFLEQQGIKIVTGIPGGSILPVYDALSQSTQIRHILARHEQGAGFIAQGN^ 
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I M i l l 1111111111111 I M i l l 11111111111111 11111111111111 M I M 1111111111 

ELGRFVEL...TGIPVASTLMGLGSYPCDDELSLHMLGMHGTVYANYAVEHSDLLLAFGVRFDDRVTGKLEAFASRAKIV 
M III II 1111 I II l l l l l l II II M I I l l l l l l l l II I 

GPRLLKEIâDRAQXPVTTTLQGLGSFDQEDPKSLDM^ 
I II II I I II II I II l l l l l l I I III I l l l l l l l I I I I 

APARVREIAEKAQU>TTMTI2fAI^MIJ>KAHPI£ 
410 430 450 470 

HI DI DS AEIGKNKQPHVSI CADI KLALQGLNSILESKEGKLKLDFS AWRQELTEQKVKHPLNFKTF GDAIP 
1111111111111 1111 I I l l l l l l I II M i l l II II II I II 1111 I III 
HIDIDSAEIGKNKTPHVSVCGDVKIALQGMNKVLENRAEELKL^^ GEAIP 

I I I I I I I 
AAEGRGGIIHFEVSPKNINKWQTQIAVEGDATTNLGKMMSKIFFVIŒRSEWF 

I I I I 
HVDIDRAQLGKIKQPHVAIQADVDDVLAQLIPLVEAQPRAEWHQLVADLQREFPCPIPKA CDPLS 

490 510 530 550 
PQYAIQVLDELTNGNAIISTGVGQHQMWAAQYYKYRKPRQWLTSGGI/^MGFGLPAAIGAAVGRPDEVVVDIDGDGSFIM 
M i l l l l l l l l I 111IIIIIIIII II II I I l l l l l l 11111111 M 1111111 I II l l l l l l l l l l l l PQYAIKVLDELTDGKAIISTGVGQHQMWAAQFYNYKKPRQWLSSGGI/JAMGFGLPAAIGASVANPDAIVVDIDGDGSFIM 

I I l l l l l l l l l l l l I M i l l II l l l l l l l l II I I M i l l II I 
VIKKLSKVANDTGRHVIVTTGVGQHQHWAAQHWIVRNPHTFITSGGI/STMGYGLPAAIGAQV DI DGDASFNM 

11 I II l l l l l l l II I IMMI I I I l l l l l l l l I I I II I I 
H YGLINAVAACVDDN AI ITTDVGQHQMWTAQAY PLNRPRQWLTSGGLGTMGFGLPAAIGAALANPDRKVLCFSGDGS LMM 

570 590 610 630 
KVQEIATIKVENU^IMIJJiNQHLGMWQWEDRFYKANRAHTYLGNPSNEAEIFPNMI^ 
l l l l l l l l l l l l l l l l l l l l l l l l l 11111111111111 II I I l l l l l l l II III l l l l l l M l 
NVQEIATIRVENLPVKVUJJINQHIXSHVMQWEDRFYKANR 

II III I III III II II II I I I I II I I 
TLTELSS AVQAGTPVKI LI LNNEEQGMVTQWQS LFYEHRYSHTHQL NPDFIKLAEAMGLKGLRVKKQEELDA 

I I III III I I I l l l l l l I I II I 
NIQEMATASENQLDVKIILMNNEALGLVHQQQSLFYEQGAFVATYP GKINFMQIAAGFGLETCDLNMEADPQA 

650 670 
AIQKMLDTPGPYLLDVIVPHQEHVLPMIPSGGAFKDVITEGDGRSSY TOBACCO ALS 
III 1111111111111 l l l l l l l l l l l l l l I IMMII I I I 
AIQTMLDTPGPYLLDVICPHQEHVLPMIPSGGTFMDVITEGDGRIKY ARABIDOPSIS ALS 

I II II I M i l I I 
KU<EFVSTKGPVU^EVDKKVPVIJ>MVAGGSGIJ)EFINFDPEVERG^EIJ«KRTGGKH YEAST ALS 
I I II I I I I III I I 

SLQE11NRPGPALIHVRIDAEEKVYPMVPPGAANTEMVGE E. COLI ALS 
Figure 1. ALS sequences. Deduced amino a c i d sequences of ALS 
enzymes from p l a n t s , yeast (16), and c o l i ( l a r g e subunit o f 
ALS I , 9, 15). V e r t i c a l l i n e s i n d i c a t e i d e n t i c a l r e s i d u e s . 
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28 BIOTECHNOLOGY FOR CROP PROTECTION 

comparison of the deduced amino a c i d sequences of ALS p r o t e i n s from 
tobacco, A r a b i d o p s i s , yeast, and b a c t e r i a . This diagram i l l u s t r a t e s 
the presence of b l o c k s of h i g h sequence c o n s e r v a t i o n which are 
separated by regions where the v a r i o u s p r o t e i n s have diverged. The 
presence of the s t r o n g l y conserved regions e x p l a i n s why the p l a n t 
genes c o u l d be cloned u s i n g the yeast gene as a h y b r i d i z a t i o n probe. 
The two p l a n t p r o t e i n s are h i g h l y conserved w i t h respect to each 
other, even i n regions where the yeast and c o l i p r o t e i n s have 
diverged. Approximately 75% of the n u c l e o t i d e s and 85% of the amino 
a c i d s are i d e n t i c a l between the ALS genes and p r o t e i n s from the the 
two p l a n t s . This l e v e l of c o n s e r v a t i o n suggested t h a t ALS genes 
i s o l a t e d from one p l a n t species would l i k e l y be f u n c t i o n a l when 
introduced i n t o a heterologous species. 

The only r e g i o n where the two p l a n t p r o t e i n s are not w e l l 
conserved i s i n the N-terminal r e g i o n , which encodes the c h l o r o p l a s t 
t r a n s i t peptides. In t h i s r e g i o n only about 23% of the amino a c i d 
residues and 40% of the n u c l e o t i d e s are i d e n t i c a l . I n p l a n t s ALS i s 
encoded i n the nucleus y e t l o c a l i z e d i n c h l o r o p l a s t s (18-20). The 
t r a n s i t peptide i s thought to d i r e c t the nascent p r o t e i n 
p o s t - t r a n s l a t i o n a l l y i n t o the c h l o r o p l a s t s . The t r a n s i t peptide i s 
then cleaved to y i e l d the mature ALS p r o t e i n . This process can be 
s t u d i e d i n a model system c o n t a i n i n g i s o l a t e d c h l o r o p l a s t s and ALS 
p r o t e i n which has been t r a n s c r i b e d and t r a n s l a t e d i n v i t r o (Bascomb, 
N.; G u t t e r i d g e , S.; Leto, K.; Smith, J.K., submitted f o r 
p u b l i c a t i o n ) . The p u t a t i v e ALS t r a n s i t peptides of tobacco and 
A r a b i d o p s i s show l i t t l e homology when compared w i t h each other or 
w i t h yeast, which has a t r a n s i t peptide t h a t d i r e c t s ALS i n t o the 
mitochondria (21, 22). The two p l a n t ALS t r a n s i t sequences a l s o 
show l i t t l e homology w i t h the t r a n s i t sequences which have been 
determined f o r other c h l o r o p l a s t - l o c a l i z e d p r o t e i n s (23). 
S t r u c t u r a l s i m i l a r i t i e s can be seen, however, when the hydropathy 
p r o f i l e s of the tobacco and A r a b i d o p s i s ALS t r a n s i t peptides are 
compared (not shown). This suggests t h a t a f u n c t i o n a l t r a n s i t 
sequence depends more on secondary or higher order s t r u c t u r a l 
c o n s t r a i n t s than on primary sequence i n f o r m a t i o n . The i n v i t r o 
uptake system described above can be used to f u r t h e r i n v e s t i g a t e the 
t r a n s i t peptide domain. 

The cloned p l a n t ALS genes have been used to study the 
o r g a n i z a t i o n and r e g u l a t i o n of ALS i n p l a n t s . By h y b r i d i z a t i o n 
a n a l y s i s , i t was shown t h a t A r a b i d o p s i s has only a s i n g l e ALS gene 
(Mazur, B.J.; Chui, C.-F.; Smith, J.K. P l a n t P h y s i o l . , i n p r e s s ) . 
Tobacco was shown to have two ALS genes, c o n s i s t e n t w i t h i t being an 
a l l o t e t r a p l o i d (24), and w i t h e a r l i e r genetic data suggesting two 
ALS l o c i (18). 

At the RNA l e v e l , each of the two tobacco genes i s t r a n s c r i b e d , 
although one i s c o n s i s t e n t l y expressed at higher l e v e l s than the 
other ( M a r t i n , S.; Mazur, B.J.; Smith, J.K., manuscript i n 
p r e p a r a t i o n ) . The h i g h e s t l e v e l s of ALS message are seen i n flowers 
and i n the youngest leaves, w h i l e expression i s b a r e l y d e t e c t a b l e i n 
r o o t s and i n the o l d e r t i s s u e s . 

These cloned A r a b i d o p s i s and tobacco ALS genes have been used 
as h y b r i d i z a t i o n probes to i s o l a t e ALS genes from other crop species 
and to i s o l a t e ALS genes from p l a n t s s e l e c t e d f o r r e s i s t a n c e to 
s u l f o n y l u r e a h e r b i c i d e s . 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

00
2



2. SMITH ET AL. Resistance to Sulfonylurea Herbicides 

C l o n i n g and C h a r a c t e r i z a t i o n of Mutant ALS Genes 

29 

Two s e l e c t i o n s t r a t e g i e s have been used to o b t a i n p l a n t s r e s i s t a n t 
to s u l f o n y l u r e a h e r b i c i d e s . 

Tobacco Mutants. C h a l e f f and Ray (18) p l a t e d c a l l u s c u l t u r e s from 
h a p l o i d N i c o t i a n a tabacum on media c o n t a i n i n g 2 ppb (approximately 6 
nM) c h l o r s u l f u r o n or sulfometuron methyl. R e s i s t a n t c e l l l i n e s were 
regenerated and d i p l o i d p l a n t s were c h a r a c t e r i z e d g e n e t i c a l l y . The 
h e r b i c i d e r e s i s t a n c e mutations f e l l i n t o two c l a s s e s , represented by 
mutant l i n e s C3 and S4, which d e f i n e d two semidominant nuclear l o c i , 
SuRA and SuRB. Homozygous mutant p l a n t s of the S4 type were able to 
t o l e r a t e at l e a s t 100-fold more h e r b i c i d e than were t h e i r w i l d type 
p r o g e n i t o r s . C a l l u s i n i t i a t e d from homozygous S4 p l a n t s was 
subsequently exposed to even higher l e v e l s of h e r b i c i d e (200 ppb), 
and r e s i s t a n t l i n e s were regenerated i n t o p l a n t s (25). One such 
l i n e , designated Hra, was able to t o l e r a t e concentrations of 
h e r b i c i d e 1000-fold greater than that r e q u i r e d to i n h i b i t w i l d type 
l i n e s . The Hra mutation was shown to be g e n e t i c a l l y l i n k e d to the 
S4 mutation. These three mutant tobacco l i n e s (C3, S4, and Hra) a l l 
had an a l t e r e d form of ALS which was l e s s s e n s i t i v e to i n h i b i t i o n by 
the s u l f o n y l u r e a h e r b i c i d e s than was enzyme e x t r a c t e d from w i l d type 
p l a n t s . This suggested tha t cloned mutant ALS genes c o u l d be used 
to transform other p l a n t s to h e r b i c i d e r e s i s t a n c e . Although the 
tobacco ALS gene described above was i s o l a t e d from an S4 genomic 
l i b r a r y , t r a n s f o r m a t i o n of t h i s gene i n t o tobacco c e l l s showed that 
i t encoded a h e r b i c i d e - s e n s i t i v e form of ALS. This gene was 
t h e r e f o r e used as a h y b r i d i z a t i o n probe to i s o l a t e the ALS genes 
from genomic l i b r a r i e s made from the C3 and the Hra mutant l i n e s 
(Lee, K.Y.; Townsend, J . ; Tepperman, J . ; Black, M.; Chui, C.-F.; 
Dunsmuir, P.; Mazur, B.J.; Bedbrook, J . , submitted f o r p u b l i c a t i o n ) . 
By independently i n t r o d u c i n g each cloned gene i n t o s e n s i t i v e tobacco 
c e l l s and then assaying transformants f o r r e s i s t a n c e , mutant and 
w i l d type genes were d i s t i n g u i s h e d . Each gene was sequenced and the 
mutations r e s p o n s i b l e f o r the h e r b i c i d e r e s i s t a n t phenotype were 
i d e n t i f i e d . The C3 gene has a s i n g l e mutation w h i l e the Hra gene 
has a l t e r a t i o n s l e a d i n g to two amino a c i d s u b s t i t u t i o n s . The Hra 
gene has been used to transform a v a r i e t y of crops to h e r b i c i d e 
r e s i s t a n c e as d e s c r i b e d below. 

Ar a b i d o p s i s Mutants. Haughn and S o m e r v i l l e (26) obtained h e r b i c i d e 
r e s i s t a n t A r a b i d o p s i s l i n e s by screening a mutagenized seed 
p o p u l a t i o n . A r a b i d o p s i s seeds were exposed to the mutagen EMS and 
then grown to m a t u r i t y . Seeds c o l l e c t e d from the r e s u l t i n g p l a n t s 
were p l a t e d on media c o n t a i n i n g 200 nM c h l o r s u l f u r o n (a commercial 
s u l f o n y l u r e a h e r b i c i d e ) . Of 300,000 seeds screened, four seedlings 
germinated. One l i n e (GH50) was f u r t h e r c h a r a c t e r i z e d . This l i n e 
was homozygous w i t h respect to the r e s i s t a n t phenotype, d e f i n i n g a 
s i n g l e dominant nuclear mutation designated C s r - l . I t was able to 
t o l e r a t e approximately 300-fold higher l e v e l s of h e r b i c i d e than 
c o u l d w i l d type A r a b i d o p s i s . ALS a c t i v i t y i n e x t r a c t s from mutant 
p l a n t s was l e s s s e n s i t i v e to i n h i b i t i o n by s u l f o n y l u r e a s than was 
enzyme from w i l d type p l a n t e x t r a c t s . The cloned w i l d type 
A r a b i d o p s i s gene described above was used to i s o l a t e the ALS gene 
from a l i b r a r y made from the h e r b i c i d e r e s i s t a n t l i n e (Haughn, G.; 
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30 BIOTECHNOLOGY FOR CROP PROTECTION 

Smith, J.K.; Mazur, B.J.; S o m e r v i l l e , C. Mol. Gen. Genet., i n 
p r e s s ) . The mutant gene was sequenced and compared to the w i l d type 
gene. A s i n g l e mutation, which changed p r o l i n e 197 to a s e r i n e , was 
i d e n t i f i e d . A mutation at t h i s p o s i t i o n (to s e r i n e ) has a l s o been 
desc r i b e d i n yeast s e l e c t e d f o r h e r b i c i d e r e s i s t a n c e (27). The 
cloned mutant Ar a b i d o p s i s ALS gene has been used i n t r a n s f o r m a t i o n 
experiments by Haughn et a l . (Haughn, G.; Smith, J.Κ.; Mazur, B.J.; 
S o m e r v i l l e , C. Mol. Gen. Genet., i n p r e s s ) , and as described below. 

I n t r o d u c t i o n of Mutant ALS Genes i n t o P l a n t s 

The A r a b i d o p s i s Gene. Genes encoding both s u l f o n y l u r e a s e n s i t i v e 
and s u l f o n y l u r e a r e s i s t a n t forms of ALS were cloned i n t o T i 
plasmid-derived p l a n t t r a n s f o r m a t i o n v e c t o r s which a l s o contained a 
gene c o n f e r r i n g r e s i s t a n c e to the a n t i b i o t i c kanamycin. A f t e r 
t r a n s f e r i n t o Agrobacterium, each c o n s t r u c t i o n was used to transform 
a s e n s i t i v e tobacco l i n e , u s i n g a modified l e a f - d i s k t r a n s f o r m a t i o n 
p r o t o c o l . F o l l o w i n g s e l e c t i o n on kanamycin, transformed shoots were 
e x c i s e d and p l a c e d on r o o t i n g media. Several s m a l l leaves from each 
shoot were a l s o p l a c e d on c a l l u s i n d u c t i o n media c o n t a i n i n g 
kanamycin, h e r b i c i d e , or n e i t h e r compound. Seventeen of 19 p l a n t s 
transformed w i t h the mutant Ar a b i d o p s i s ALS gene were able to form 
c a l l u s on media c o n t a i n i n g 10 ppb c h l o r s u l f u r o n , w h i l e none of the 
p l a n t s transformed w i t h the w i l d type gene were able to form c a l l u s 
on the same media. With few exceptions, c a l l u s c a r r y i n g the mutant 
ALS gene was able to grow i n the presence of both kanamycin and 
h e r b i c i d e . This was as expected, s i n c e the two genes were l i n k e d i n 
the t r a n s f o r m a t i o n v e c t o r . The kanamycin r e s i s t a n t c a l l u s c u l t u r e s 
from s e v e r a l transformants were subcultured i n order to generate 
l a r g e q u a n t i t i e s of h e a l t h y c a l l u s t i s s u e f o r f u r t h e r t e s t i n g . 
C a l l u s l i n e s d e r i v e d from transformants which had r e c e i v e d the 
mutant ALS gene grew much b e t t e r i n the presence of 10 ppb 
c h l o r s u l f u r o n than d i d l i n e s d e r i v e d from transformants which 
r e c e i v e d the w i l d type gene, as shown i n Figure 2. A l s o shown i n 
Figure 2 are the r e s u l t s of ALS assays performed on e x t r a c t s of 
transformed p l a n t s . At 100 ppb c h l o r s u l f u r o n the enzyme a c t i v i t y 
from p l a n t s c o n t a i n i n g the s e n s i t i v e ALS gene was almost completely 
i n h i b i t e d , w h i l e a c t i v i t y i n p l a n t s c o n t a i n i n g the r e s i s t a n t gene 
was i n h i b i t e d only 30-60%. Each of the r e s i s t a n t transformants was 
f o r c e d to s e l f - p o l l i n a t e , and progeny t e s t s were performed. These 
t e s t s i n d i c a t e d t h a t each transformant had r e c e i v e d a s i n g l e 
h e r b i c i d e r e s i s t a n t ALS gene which was subsequently i n h e r i t e d i n a 
simple Mendelian f a s h i o n . 

The Tobacco Gene. The Hra l i n e of tobacco i s the p l a n t mutant which 
has shown the h i g h e s t l e v e l of r e s i s t a n c e to the s u l f o n y l u r e a s . For 
t h i s reason the cloned Hra gene has been used i n t r a n s f o r m a t i o n 
experiments. I n one set of experiments the Hra gene was used to 
transform commercial tobacco c u l t i v a r s . Figure 3 shows enzyme 
assays run on e x t r a c t s from some of the transformants and on two 
w i l d type p l a n t s . ALS a c t i v i t y i n the transformants was c l e a r l y 
more r e s i s t a n t to h e r b i c i d e than was the a c t i v i t y from c o n t r o l 
p l a n t s . Tolerance to h e r b i c i d e was a l s o assayed by measuring the 
a b i l i t y to form c a l l u s i n the presence of h e r b i c i d e , by measuring 
the a b i l i t y of progeny seeds to germinate i n the presence of 
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2. SMITH ET AL. Resistance to Sulfonylurea Herbicides 31 

Figure 2. Assays of tobacco transformed w i t h A r a b i d o p s i s ALS 
genes. Tobacco c o n t a i n i n g e i t h e r the h e r b i c i d e s e n s i t i v e (S) or 
r e s i s t a n t (R) ALS gene was t e s t e d f o r the a b i l i t y o f 
transformed c a l l u s to grow i n the presence of h e r b i c i d e (slashed 
boxes) and the h e r b i c i d e r e s i s t a n c e of enzyme a c t i v i t y i n p l a n t 
e x t r a c t s ( s o l i d boxes). Each measurement i s expressed as a 
percentage of the value t h a t was obtained i n the absence of 
h e r b i c i d e . 
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Figure 3. Assays of tobacco transformed w i t h a mutant tobacco 
ALS gene. Enzyme a c t i v i t y i n the presence of h e r b i c i d e was 
measured i n leaves of commercial tobacco c u l t i v a r s transformed 
w i t h the HRA gene (p l a n t s #7-54), and i n untransformed p l a n t s 
(WT2, WT4). A c t i v i t y i s expressed as a percentage of the 
a c t i v i t y measured i n the absence of h e r b i c i d e . 
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32 BIOTECHNOLOGY FOR CROP PROTECTION 

i n c r e a s i n g concentrations of h e r b i c i d e , and by measuring 
p h y t o t o x i c i t y f o l l o w i n g f o l i a r a p p l i c a t i o n s of v a r i o u s h e r b i c i d e s . 
Transformants were found to be more r e s i s t a n t than w i l d type p l a n t s 
by a l l of these c r i t e r i a , although q u a n t i t a t i v e d i f f e r e n c e s p o i n t e d 
to the n e c e s s i t y of assaying transformants by more than one method. 
Segregation analyses of progeny p l a n t s and b l o t h y b r i d i z a t i o n s were 
used to determine the number of r e s i s t a n t ALS l o c i segregating i n 
each transformed l i n e . Most of the transformants had only one or 
two copies of the mutant gene. Line #7, which showed one of the 
h i g h e s t l e v e l s of r e s i s t a n c e of any of the transformants (see Figure 
3) had four copies of the mutant a l l e l e . For breeding programs i t 
i s d e s i r a b l e to use a l i n e which has a h i g h l e v e l of r e s i s t a n c e 
d e r i v e d from a s i n g l e mutant a l l e l e . Gene copy number as w e l l as 
the p o s i t i o n a t which the mutant genes are i n t e g r a t e d i n t o the p l a n t 
genome are expected to i n f l u e n c e the degree of h e r b i c i d e r e s i s t a n c e 
of a given l i n e . 

S e v e r a l of the p l a n t s described i n Figure 3 are c u r r e n t l y being 
evaluated i n the f i e l d . Figure 4 shows an e a r l y r e s u l t from t h i s 
work. W i l d type and transformed tobacco p l a n t s were t e s t e d f o r 
t h e i r a b i l i t y to t o l e r a t e a 32 grams/hectare f o l i a r a p p l i c a t i o n of a 
s u l f o n y l u r e a h e r b i c i d e . This dose was approximately four times the 
t y p i c a l f i e l d a p p l i c a t i o n r a t e . Untransformed tobacco i s extremely 
s e n s i t i v e to t h i s h e r b i c i d e , as can be seen by the p h y t o t o x i c 
e f f e c t s d i s p l a y e d by the the w i l d type p l a n t s i n the f i g u r e . The 
transformants were u n a f f e c t e d by t h i s l e v e l of h e r b i c i d e 
a p p l i c a t i o n , demonstrating t h a t the cloned Hra gene i s able to 
confer u s e f u l l e v e l s of h e r b i c i d e r e s i s t a n c e i n t r a n s g e n i c p l a n t s 
grown under f i e l d c o n d i t i o n s . 

The Hra gene has a l s o been used to transform a number of 
heterologous s p e c i e s , and s e l e c t a b l e l e v e l s of r e s i s t a n c e have been 
obtained i n each case. The Hra gene can probably be used to confer 
u s e f u l l e v e l s of h e r b i c i d e r e s i s t a n c e i n most p l a n t s p e c i e s . 

I n a d d i t i o n to being u s e f u l i n the f i e l d , the h e r b i c i d e 
r e s i s t a n c e phenotype c o n f e r r e d by mutated ALS genes i s a u s e f u l 
s e l e c t a b l e marker i n the l a b o r a t o r y . 

Engineering of New Mutant ALS Genes 

A l t e r i n g Cloned P l a n t ALS Genes. The mutant A r a b i d o p s i s and tobacco 
genes des c r i b e d above have been shown to confer the h e r b i c i d e 
r e s i s t a n t phenotype when introduced i n t o both homologous and 
heterologous s p e c i e s . The cloned ALS genes can a l s o be m o d i f i e d i n 
v i t r o i n order to modulate the l e v e l and/or s p e c i f i c i t y of h e r b i c i d e 
r e s i s t a n c e i n t r a n s g e n i c p l a n t s . Several s t r a t e g i e s can be used to 
achieve t h i s g o a l . The a l t e r a t i o n of r e g u l a t o r y elements such as 
promoters and enhancers can be used to increase/decrease mRNA 
l e v e l s , or to cause the message to be expressed i n a 
t i s s u e - s p e c i f i c , d e v e l o p m e n t a l l y - s p e c i f i c , or i n d u c i b l e manner. 

Mutations can a l s o be i n c o r p o r a t e d i n t o the ALS gene i n order 
to a l t e r the s p e c i f i c i n t e r a c t i o n s between the enzyme and i t s 
i n h i b i t o r s . S i t e d i r e c t e d mutagenesis has been used to i n c o r p o r a t e 
mutations i n t o cloned p l a n t ALS genes based both on p r e v i o u s l y 
c h a r a c t e r i z e d mutants and on computer modeling i n f o r m a t i o n . These 
a l t e r e d genes have been transformed i n t o p l a n t s , and the transgenic 
p l a n t s have been t e s t e d f o r t h e i r s e n s i t i v i t y to a v a r i e t y of 
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h e r b i c i d e s . Transgenic p l a n t s can c o n t a i n mutated copies of t h e i r 
n a t i v e ALS genes, or mutant ALS genes from heterologous sources. 
The former may be p r e f e r a b l e i n order to expedite r e g u l a t o r y 
approval f o r commercial r e l e a s e s . I n a d d i t i o n , n a t i v e ALS genes may 
f u n c t i o n b e t t e r i n some hosts then heterologous ones. 

Expression of P l a n t ALS Genes i n Microorganisms. S i t e d i r e c t e d 
mutagenesis has been used to i n c o r p o r a t e a v a r i e t y of mutations i n t o 
s e v e r a l cloned ALS genes, as d e s c r i b e d above. However, the 
t r a n s f o r m a t i o n , regeneration, and progeny t e s t i n g are l a b o r i o u s 
processes. I n order to take advantage of the power of m i c r o b i a l 
genetics to study p l a n t ALS genes, a b a c t e r i a l expression system was 
developed (Smith, J.K.; Schloss, J.V.; Mazur, B.J., submitted f o r 
p u b l i c a t i o n ) . ALS genes ( i n c l u d i n g the c h l o r o p l a s t t r a n s i t peptide 
coding region) were cloned i n t o expression v e c t o r s under the c o n t r o l 
of b a c t e r i a l r e g u l a t o r y s i g n a l s . The p l a n t ALS genes were 
f u n c t i o n a l l y expressed i n E^ c o l i , and the p l a n t p r o t e i n was able to 
complement a branched c h a i n amino a c i d auxotrophy of the b a c t e r i a . 
This system has been used to determine the h e r b i c i d e s e n s i t i v i t y of 
new mutant ALS p r o t e i n s , as demonstrated i n Figure 5. B a c t e r i a 
expressing a w i l d type or mutant p l a n t ALS gene were p l a t e d on 
minimal media, and f i l t e r paper d i s k s impregnated w i t h the a c t i v e 
i n g r e d i e n t s from two commercial h e r b i c i d e s were p l a c e d on the p l a t e 
s u r f a c e . A r a d i a l h e r b i c i d e c o n c e n t r a t i o n g r a d i e n t formed and, 
a f t e r a l l o w i n g f o r b a c t e r i a l growth, the zones o f i n h i b i t i o n were 
compared. The mutant shown i n Figure 5 was more r e s i s t a n t to the 
s u l f o n y l u r e a C l a s s i c than was the w i l d type but i t r e t a i n e d i t s 
s e n s i t i v i t y to the imidazolinone Scepter. This mutant thus e x h i b i t s 
s e l e c t i v e h e r b i c i d e r e s i s t a n c e . U l t i m a t e l y , i n t e r e s t i n g mutations 
i d e n t i f i e d i n t h i s system must be i n c o r p o r a t e d i n t o p l a n t s f o r 
f u r t h e r t e s t i n g . P r e l i m i n a r y work has shown t h a t there i s a good 
c o r r e l a t i o n between the phenotypes r e s u l t i n g from the mutant genes 
expressed i n b a c t e r i a and the same mutant genes expressed i n p l a n t s . 

The E^ c o l i e xpression system d e s c r i b e d here has a l s o proven 
u s e f u l f o r p u r i f y i n g p l a n t ALS enzymes. Because i t i s present i n 
such s m a l l amounts, ALS has been d i f f i c u l t to p u r i f y from p l a n t 
sources. P u r i f y i n g the p l a n t enzymes expressed i n b a c t e r i a has 
provided m a t e r i a l f o r use i n enzymatic and s t r u c t u r a l s t u d i e s as 
w e l l as f o r the generation of immunological reagents. 

Future Prospects 

We have described the c l o n i n g , molecular c h a r a c t e r i z a t i o n , 
expression, and re i n t r o d u c t i o n i n t o p l a n t s of w i l d type and mutant 
ALS genes. E f f o r t s to use i n f o r m a t i o n about the ALS t a r g e t p r o t e i n 
i n order to manipulate h e r b i c i d e s e n s i t i v i t y i n crop species can 
proceed i n two d i r e c t i o n s . I n p h y s i c a l s t u d i e s , the ALS p r o t e i n 
i t s e l f can be c h a r a c t e r i z e d . Information about how the enzyme 
f u n c t i o n s and how i t s p e c i f i c a l l y i n t e r a c t s w i t h i n h i b i t o r s can 
c o n t r i b u t e to mutagenesis programs and to a more r a t i o n a l design of 
new h e r b i c i d e candidates. Most c u r r e n t l y used commercial h e r b i c i d e s 
were discovered i n l a r g e s y n t h e s i s / s c r e e n i n g programs, but t h a t 
"shotgun" approach i s becoming i n c r e a s i n g l y unwieldy due to the 
enormous number of compounds th a t need to be t e s t e d before a s i n g l e 
s e l e c t i v e h e r b i c i d e i s found. I n b i o l o g i c a l s t u d i e s , new mutants 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

00
2



34 BIOTECHNOLOGY FOR CROP PROTECTION 

Figure 4. F i e l d t e s t s of transformed tobacco. W i l d type tobacco 
(WT) and tobacco transformed w i t h the HRA gene (SUR) were sprayed 
a t 4X the t y p i c a l f i e l d a p p l i c a t i o n r a t e w i t h a commercial 
s u l f o n y l u r e a h e r b i c i d e p r e p a r a t i o n . 

Figure 5. Disk assays of p l a n t ALS genes expressed i n b a c t e r i a . 
E. c o l i e x p ressing a w i l d type or a h e r b i c i d e r e s i s t a n t ALS gene 
were t e s t e d f o r t h e i r a b i l i t y to grow i n the presence of the 
a c t i v e i n g r e d i e n t s from two commercial h e r b i c i d e s . 
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can be c h a r a c t e r i z e d , mutations can be inc o r p o r a t e d i n t o ALS genes 
from a v a r i e t y of sp e c i e s , and mutants can be t e s t e d f o r the a b i l i t y 
to t o l e r a t e new or e x i s t i n g compounds. The b i o l o g i c a l and p h y s i c a l 
approaches are complementary, and together w i l l f u r t h e r the 
development of new e f f i c a c i o u s crop p r o t e c t i o n s t r a t e g i e s . 
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Chapter 3 

5—Enolpyruvylshikimate 3—Phosphate Synthase 
From Biochemistry to Genetic Engineering 

of Glyphosate Tolerance 

G. Kishore, D. Shah, S. Padgette, G. della-Cioppa, C. Gasser, D. Re, 
C. Hironaka, M. Taylor, J. Wibbenmeyer, D. Eichholtz, M. Hayford, N. 
Hoffmann, X. Delannay, R. Horsch, H. Klee, S. Rogers, D. Rochester, 

L. Brundage, P. Sanders, and R. T. Fraley 

Plant Molecular Biology Group, Monsanto Company, 700 Chesterfield 
Village Parkway, St. Louis, MO 63198 

Glyphosate, the active ingredient of the nonselective, 
post-emergent, systemic herbicide Roundup®, has broad 
spectrum act iv i ty against a wide range of annual and 
perennial plants. Roundup® is currently used in a 
variety of agronomic and nonagronomic situations for 
vegetation control. However, lack of se lect iv i ty of 
this herbicide has prevented i t s use as an over-the-crop 
herbicide for eff icient weed control. In this a r t i c l e , 
we describe two methods for engineering glyphosate 
tolerance into crop plants. In the f i r s t method, 
tolerance is achieved by overproduction of 5-enol-
pyruvylshikimate 3-phosphate synthase (EPSPS), the 
enzyme target for glyphosate, involved in the bio
synthesis of aromatic amino acids in both plants and 
microbes. The second method for engineering tolerance 
is based on expression of glyphosate tolerant mutant 
EPSPS gene. Transgenic plants producing the mutant 
enzyme are tolerant to Roundup®. With both methods, the 
tolerance of transgenic calli to glyphosate is s i g n i f i 
cantly lower when the enzyme is localized in the cytosol 
instead of chloroplasts. 

Glyphosate i s the a c t i v e i n g r e d i e n t of the n o n s e l e c t i v e , post-
emergent, systemic, f o l i a r a p p l i e d h e r b i c i d e , Roundup® (1 ). 
Roundup® k i l l s a wide range of both annual and p e r e n n i a l p l a n t s . 
In a d d i t i o n to being nontoxic to mammals and f i s h , glyphosate i s 
r a p i d l y i n a c t i v a t e d by i n t e r a c t i o n s w i t h s o i l and i s a l s o r e a d i l y 
metabolized by s o i l microorganisms ( 2 ) . Despite these outstanding 
environmental and weed c o n t r o l c h a r a c t e r i s t i c s , glyphosate has only 
l i m i t e d u t i l i t y during the a c t i v e growth season of crops and 
vegetables, because i t k i l l s the crops as w e l l as the weeds. The 
he r b i c i d e i s p r i m a r i l y used i n vege t a t i o n c o n t r o l , low or n o - t i l l 
farming and i n weed c o n t r o l during crop growth using s p e c i a l 
a p p l i c a t o r s f o r h e r b i c i d e d e l i v e r y . Recent developments i n p l a n t 

0097-6156/88A)379-0037$06.00/0 
« 1988 American Chemical Society 
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38 BIOTECHNOLOGY FOR CROP PROTECTION 

genetic engineering have provided new techniques f o r i n t r o d u c t i o n 
of h e r b i c i d e t o l e r a n c e genes i n t o crop p l a n t s ( 3 ) . In t h i s a r t i c l e , 
we d i s c u s s the s t a t u s of genetic engineering of Roundup® to l e r a n c e 
to p l a n t s . Our e f f o r t s towards engineering Roundup® tol e r a n c e have 
been f a c i l i t a t e d by an understanding of the mechanism of h e r b i c i d a l 
a c t i o n of glyphosate. 

Jaworski (4) reported t h a t growth i n h i b i t i o n of both p l a n t and 
microbes by glyphosate could be reversed by aromatic amino a c i d s . 
Further work of Amrhein and h i s coworkers revealed t h a t glyphosate 
i n h i b i t s the shikimate pathway enzyme, 5-enolpyruvylshikimate 3-
phosphate (EPSP) synthase ( 5 ) . This enzyme c a t a l y z e s the r e a c t i o n 
shown i n Figure 1. Glyphosate-treated p l a n t and b a c t e r i a l c u l t u r e s 
accumulate shikimate and/or shikimate 3-phosphate (S3P), confirming 
t h a t i n h i b i t i o n of EPSPS i s at l e a s t a p a r t of the i n v i v o 
mechanism of a c t i o n of t h i s h e r b i c i d e (6, 7). 

EPSPS has been i s o l a t e d from both microorganisms and p l a n t s , 
and s e v e r a l of i t s p r o p e r t i e s have been st u d i e d . The b a c t e r i a l and 
p l a n t enzymes are mono f u n c t i o n a l w i t h molecular mass of 44-48 kD 
(8-15). The fungal enzyme i s a p a r t of the m u l t i f u n c t i o n a l arom 
complex which c a t a l y z e s four other r e a c t i o n s of the shikimate 
pathway (16). While the b a c t e r i a l enzymes show d i f f e r e n c e s w i t h 
respect to glyphosate s e n s i t i v i t y , the p l a n t enzymes e x h i b i t a much 
more narrow range of s e n s i t i v i t y (11). This accounts f o r the 
s u s c e p t i b i l i t y of most p l a n t species to glyphosate. 

Based on steady s t a t e k i n e t i c s t u d i e s , EPSPS i n i t i a l l y forms a 
complex w i t h S3P which i n t e r a c t s w i t h the second s u b s t r a t e , phos-
phoenol pyruvate (PEP) to form the t e r n a r y enzyme*S3P*PEP complex 
(18), Anderson, K. ; S i k o r s k i , J . ; Johnson, K. Biochemistry, i n 
p r e s s ) . During turnover, i n o r g a n i c phosphate ( P i ) i s released 
f o l l o w e d by EPSP. Glyphosate i n h i b i t s EPSPS c o m p e t i t i v e l y w i t h 
respect to PEP and u n c o m p e t i t i v e l y w i t h respect to S3P (19). 
Although b i n d i n g of PEP to EPSPS can be detected i n the absence of 
S3P, b i n d i n g of glyphosate occurs only i n the presence of S3P. In 
the t e r n a r y complex of enzyme*S3P*glyphosate, the Kd f o r S3P i s 
lower than i n the b i n a r y enzyme*S3P complex. Thus the b i n d i n g of 
S3P to the enzyme i s enhanced i n the presence of glyphosate. 

While glyphosate i n h i b i t s EPSPS c o m p e t i t i v e l y w i t h respect to 
PEP and thus may occupy the PEP b i n d i n g s i t e on the enzyme, i t i s 
i n t e r e s t i n g to note t h a t glyphosate does not i n h i b i t any other 
PEP-dependent enzymatic r e a c t i o n (19, 20). Mechanistic s t u d i e s 
i n d i c a t e t h a t during the EPSPS r e a c t i o n , the C-2 carbon of PEP 
i n t e r a c t s w i t h a n u c l e o p h i l e generating a t e t r a h e d r a l carbon at C-3 
of PEP (21-24). I t has a l s o been suggested t h a t the C-2 of PEP may 
be p o l a r i z e d , generating a carbonium i o n and t h a t the c a t i o n i c 
protonated n i t r o g e n of glyphosate may mimic t h i s carbonium i o n . 
This aspect of the mechanism of i n t e r a c t i o n between glyphosate and 
EPSPS remains unknown. In a d d i t i o n to the formation of a 
t e t r a h e d r a l carbon at C-3 of PEP during the EPSPS r e a c t i o n , i t i s 
the C-0 bond of PEP t h a t i s cleaved, and not the 0-P bond. This i s 
i n c o n t r a s t to most other PEP u t i l i z i n g enzymes. These features 
may account f o r the s p e c i f i c i t y of glyphosate f o r i n h i b i t i o n of the 
EPSPS enzymatic r e a c t i o n (25). 

Based on the knowledge t h a t glyphosate i n h i b i t s EPSPS, two 
mechanisms were evaluated f o r genetic engineering of glyphosate 
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3. KISHORE ET AL. EPSP Synthase 39 

Shlkimate-3-phosphate Phosphoenol pyruvate 5-Enolpyruvyl-sh!kimate«3-phosphate 
(S3P) (PEP) (EPSP) 

Figure 1 EPSP Synthase Catalyzed Reaction. 
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40 BIOTECHNOLOGY FOR CROP PROTECTION 

t o l e r a n c e . The f i r s t mechanism was based on overproduction of w i l d 
type EPSPS; glyphosate t o l e r a n c e may th e r e f o r e be derived from the 
r e s i d u a l EPSPS a c t i v i t y of the u n i n h i b i t e d enzyme (26). In 
a d d i t i o n , the reduced c e l l u l a r c o n c e n t r a t i o n of f r e e glyphosate due 
to complex formation w i t h EPSPS may a l s o c o n t r i b u t e towards 
t o l e r a n c e t o the h e r b i c i d e . The second mechanism was based on 
i s o l a t i o n of glyphosate t o l e r a n t mutant EPSPS enzymes and 
expression of these mutant genes i n p l a n t s (27, 28). Contrary t o 
the f i r s t mechanism, the c o n t r i b u t i o n of glyphosate b i n d i n g to 
mutant EPSPS i s minimal and tol e r a n c e i s derive d only i f EPSPS i s 
the s o l e t a r g e t f o r glyphosate. As discussed i n t h i s a r t i c l e , 
c h l o r o p l a s t - t a r g e t e d mutant EPSP synthases confer higher l e v e l of 
glyphosate t o l e r a n c e than the w i l d type enzyme to transgenic 
tobacco p l a n t s . 

Overproduction of EPSPS has been observed i n s e v e r a l p l a n t 
c e l l c u l t u r e s t o l e r a n t t o glyphosate (12, 13, 29). In the case of 
gly p h o s a t e - t o l e r a n t C o r y d a l i s c u l t u r e s , Smart e t a l . demonstrated 
by 2 D-gel e l e c t r o p h o r e s i s , the overproduction of other p r o t e i n s 
besides EPSPS. Since the l e v e l s of a c t i v i t y of s e v e r a l shikimate 
pathway enzymes were u n a l t e r e d i n the t o l e r a n t c e l l l i n e compared 
to the parent c e l l l i n e , i t was concluded t h a t these a m p l i f i e d 
p r o t e i n s may not be in v o l v e d i n aromatic amino a c i d b i o s y n t h e s i s . 
I t i s p o s s i b l e t h a t the other p r o t e i n s may not have a r o l e i n the 
tol e r a n c e mechanism. A l t e r a t i o n s i n p r o t e i n p r o f i l e s between 
g l y p h o s a t e - s e n s i t i v e and t o l e r a n t petunia c e l l l i n e s have a l s o been 
observed. With the glyphosate t o l e r a n t c a r r o t c e l l l i n e , i n 
a d d i t i o n to overproduction of EPSPS, the l e v e l s of aromatic amino 
acids were found to be enhanced (29). Based on the r e s u l t s w i t h 
p l a n t c e l l c u l t u r e s , i t was th e r e f o r e not c l e a r i f overproduction 
of EPSPS was s u f f i c i e n t to o b t a i n glyphosate t o l e r a n c e i n p l a n t s . 

A v a i l a b i l i t y of the petunia c e l l l i n e overproducing EPSPS 
s i g n i f i c a n t l y aided i n the p u r i f i c a t i o n of the enzyme to 
homogeneity and e l u c i d a t i o n of i t s amino t e r m i n a l amino a c i d 
sequence (12, 26). The sequence corresponding t o amino a c i d s 8 t o 
13 was u t i l i z e d f o r s y n t h e s i s of three f a m i l i e s of heptadecameric 
o l i g o n u c l e o t i d e probes (each 32 f o l d degenerate) and were 
designated EPSP1, EPSP2 and EPSP3 r e s p e c t i v e l y . By Northern b l o t 
a n a l y s i s , EPSP1 was found to have the c o r r e c t sequence of 
o l i g o n u c l e o t i d e s to encode the EPSP synthase mRNA. Using EPSP1, a 
AgtlO cDNA l i b r a r y of the gl y p h o s a t e - t o l e r a n t petunia c e l l l i n e was 
screened and a f u l l l e n g t h cDNA clone of petunia EPSPS was i s o l a t e d 
(26). A d d i t i o n a l s t u d i e s i n d i c a t e d t h a t the increased a c t i v i t y of 
EPSPS i n the glyphosate t o l e r a n t petunia c e l l l i n e was due to 
a m p l i f i c a t i o n of the EPSPS gene r e s u l t i n g i n an increased synthesis 
of EPSP synthase mRNA and hence p r o t e i n . A s i m i l a r increase i n the 
gene copy number has been demonstrated f o r glyphosate t o l e r a n t 
c a r r o t somatic h y b r i d c e l l s (30) whereas i n C o r y d a l i s , no gene 
a m p l i f i c a t i o n has been detected (Amrhein, N. Personal 
Communication). 

Nucleotide sequence determination of the petunia EPSPS cDNA 
clone revealed t h a t i t encoded a precursor p r o t e i n (preEPSPS) w i t h 
an a d d i t i o n a l 72 amino acid s a t the amino t e r m i n a l end of the EPSPS 
amino a c i d sequence determined f o r the p u r i f i e d p r o t e i n . Since i t 
had been suggested t h a t enzymes of the shikimate pathway may be 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

00
3



3. KISHORE ET AL. EPSP Synthase 41 

l o c a l i z e d i n the c h l o r o p l a s t s (11., 31-35), i t was of i n t e r e s t to 
determine i f the overproduced EPSPS i n the glyphosate t o l e r a n t 
petunia c e l l l i n e was l o c a l i z e d i n the c y t o s o l or p l a s t i d s . 
A n a l y s i s of the p l a s t i d i c and c y t o s o l i c f r a c t i o n s of the glyphosate 
t o l e r a n t petunia c e l l l i n e revealed t h a t the overproduced EPSPS was 
p l a s t i d - l o c a l i z e d (36). These st u d i e s suggested t h a t the amino 
t e r m i n a l extension of preEPSPS may be i n v o l v e d i n the t r a n s l o c a t i o n 
of the c y t o s o l i c a l l y synthesized p r o t e i n to the p l a s t i d s , analogous 
to the import of other p r o t e i n s by c h l o r o p l a s t s (37-39). 

In order to v e r i f y the r o l e of the amino t e r m i n a l extension of 
preEPSPS i n i t s import by i s o l a t e d c h l o r o p l a s t s , the cDNA of 
petunia EPSPS was cloned i n t o a T7/SP6 t r a n s c r i p t i o n system f o r the 
in vitro synthesis of EPSPS mRNA (40). T r a n s l a t i o n of the mRNA i n 
the presence of 35S-labeled methionine r e s u l t e d i n the synthesis of 
r a d i o l a b e l e d preEPSPS. The molecular weight of t h i s p r o t e i n was 
~8kD higher than the molecular weight of EPSPS p u r i f i e d from 
petunia c e l l l i n e s (55 vs 48 kD). Incubation of the preEPSPS w i t h 
c h l o r o p l a s t s i s o l a t e d from l e t t u c e leaves, i n the presence of ATP 
and l i g h t , r e s u l t e d i n a r a p i d uptake of the p r o t e i n from the 
medium to the c h l o r o p l a s t s (40). The imported p r o t e i n had a lower 
molecular mass (48 kD) i n d i c a t i n g i t s r a p i d processing to the 
mature form of EPSPS, s i m i l a r to that i s o l a t e d from the glyphosate 
t o l e r a n t petunia c e l l l i n e . S i m i l a r import and processing could 
a l s o be demonstrated w i t h c h l o r o p l a s t s prepared from the leaves of 
other p l a n t s . This i n d i c a t e s the conservation of both import and 
processing mechanisms i n c h l o r o p l a s t s of d i f f e r e n t p l a n t s . 

Examination of the EPSPS a c t i v i t y of the preEPSP synthase 
revealed t h a t the preenzyme was c a t a l y t i c a l l y a c t i v e (40). No 
s i g n i f i c a n t d i f f e r e n c e s between the preenzyme and the mature 
enzyme could be detected e i t h e r w i t h respect to a c t i v i t y or 
glyphosate s e n s i t i v i t y . These studies suggest that the c a t a l y t i c 
and c h l o r o p l a s t t r a n s i t peptide domains of preEPSP synthase are 
d i s t i n c t and independently f o l d e d . More recent s t u d i e s i n d i c a t e 
t h a t the import of preEPSP synthase by i s o l a t e d c h l o r o p l a s t s i s 
i n h i b i t e d by S3P plus glyphosate (41). The extent of maximal 
i n h i b i t i o n i s only about 70-80%. The r e s i d u a l import rate could be 
r e f l e c t i v e of the rate of import of the preenzyme*S3P*glyphosate 
complex. Since complex formation between these l i g a n d s and the 
preenzyme i s c o n f o r m a t i o n a l l y r e s t r i c t i v e , i t i s evident that 
conformational changes i n the p r e p r o t e i n occur during i t s passage 
through the c h l o r o p l a s t membranes. Whether i n h i b i t i o n of import of 
the preenzyme i s a p h y s i o l o g i c a l mode-of-action of glyphosate under 
in vivo c o n d i t i o n s has not been determined. 

More r e c e n t l y , the n u c l e o t i d e sequences of tomato and A r a b i d 
opsis EPSPS genes have been determined (42, 43). I t i s i n t e r e s t i n g 
to note t h a t the mature p l a n t EPSPS shows a high degree of 
conservation at the amino a c i d l e v e l (>85%). Comparison of the 
p l a n t EPSPS sequences w i t h b a c t e r i a l and fungal EPSPS sequences 
reveals t h a t there i s a 38% i d e n t i t y between p l a n t and fungal 
enzymes while between the b a c t e r i a l and p l a n t enzymes, there i s a 
54% i d e n t i t y . The t r a n s i t peptides of the p l a n t enzymes are not 
conserved to a s i m i l a r extent; between the Arabidopsis and petunia 
t r a n s i t p e p t i d e s , ~23% i d e n t i t y i s observed. The same p a t t e r n of 
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42 BIOTECHNOLOGY FOR CROP PROTECTION 

conservation has been observed w i t h other c h l o r o p l a s t targeted 
p l a n t p r o t e i n s (44). 

F o l l o w i n g i t s i s o l a t i o n , the petunia EPSP synthase cDNA clone 
was engineered i n t o the T i plasmid v e c t o r system s u i t a b l e f o r p l a n t 
tran s f o r m a t i o n . In t h i s c o n s t r u c t , the CaMV 35S promoter con
s t i t u t e d the 5' end of the gene while the 3' f l a n k i n g sequence 
i n c l u d i n g the p o l y a d e n y l a t i o n s i g n a l was derived from the nopaline 
synthase gene (26). Transformation of petunia l e a f d i s c s using 
t h i s c o n s t r u c t r e s u l t e d i n the production of c a l l i which t o l e r a t e d 
glyphosate treatment at 0.5mM and l.OmM. Under i d e n t i c a l 
c o n d i t i o n s , c a l l i transformed w i t h a c o n t r o l v e c t o r l a c k i n g the 
petunia EPSPS cDNA d i d not su r v i v e glyphosate treatment. The 
extent of overproduction of EPSPS i n c a l l i r e c e i v i n g the EPSP 
synthase gene was 40-80 f o l d . These experiments demonstrated t h a t 
overproduction of EPSPS c o n s t i t u t e d a v i a b l e mechanism f o r the 
engineering of glyphosate t o l e r a n c e to p l a n t c e l l s . 

I n order t o determine i f t h i s mechanism could a l s o confer 
t o l e r a n c e to Roundup® at the whole p l a n t l e v e l , petunia p l a n t s were 
regenerated from these transformed c a l l i . The transformed p l a n t s 
were sprayed w i t h 0.81bs/acre of Roundup®. Within two weeks 
f o l l o w i n g the spray, the c o n t r o l p l a n t s were k i l l e d w h i l e the 
transgenic p l a n t s overproducing EPSPS were only s l i g h t l y a f f e c t e d . 
These p l a n t s however d i s p l a y e d s l i g h t c h l o r o s i s i n the growing t i p s 
and the newly emerged leaves. This i s not s u r p r i s i n g s i n c e 
glyphosate accumulates p r i m a r i l y i n the metabolic s i n k regions of 
both shoots and roots (45). The extent of overproduction of EPSP 
synthase may not be t h e r e f o r e s u f f i c i e n t to confer complete 
t o l e r a n c e i n these t i s s u e s of the sprayed p l a n t . 

I f i n h i b i t i o n of EPSPS i s the primary e f f e c t of glyphosate, i t 
should be p o s s i b l e to engineer glyphosate t o l e r a n c e by the use of 
mutant enzymes. The e f f e c t i v e n e s s of t h i s approach i s not only 
dependent upon the l e v e l of to l e r a n c e of the mutant enzyme but a l s o 
the V/K r a t i o of the mutant enzyme compared to the w i l d type. 
Glyphosate t o l e r a n t mutants which d i s p l a y very high l e v e l t o l e r a n c e 
a l s o show s i g n i f i c a n t increases i n the Km f o r PEP (25, 46-48). Two 
of the most s t u d i e d glyphosate t o l e r a n t mutant enzymes are those 
from K l e b s i e l l a pneumoniae and Escherichia coli. A t h i r d 
glyphosate t o l e r a n t mutant from Salmonella typhimurium has a l s o 
been described; t h i s enzyme does not appear to be as t o l e r a n t to 
glyphosate as the other two mutants (49). The K. pneumoniae enzyme 
e x h i b i t s an 1-50 of ~50 mM f o r glyphosate. I t s appKm f o r S3P i s 
193 mM and appKm f o r PEP i s 140 mM. This i s i n co n t r a s t to the 
values of 45 mM and 9 mM f o r the Km's of S3P and PEP r e s p e c t i v e l y 
f o r the w i l d type enzyme. The mutant enzyme was more a c i d i c than 
the w i l d type w i t h p i value of 4.1 compared t o 4.6. Based on 
s p e c i f i c a c t i v i t y determinations, i t appears t h a t the mutant enzyme 
has about one t h i r d of the a c t i v i t y of w i l d type. I n t e r e s t i n g l y , by 
SDS g e l e l e c t r o p h o r e s i s , a s l i g h t increase i n the molecular mass of 
the mutant enzyme was a l s o detected. The amino a c i d change 
res p o n s i b l e f o r the glyphosate t o l e r a n c e w i t h t h i s mutant i s not 
known. 

The mutant enzyme from £. coli e x h i b i t s s i m i l a r changes i n 
k i n e t i c constants as the K. pneumoniae enzyme. I t s Km f o r S3P i s 
a l t e r e d -4 f o l d (80 mM vs. 19 mM) w h i l e t h a t f o r PEP i s a l t e r e d -20 
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3. KISHORE ET AL. EPSP Synthase 43 

f o l d (220 mM vs. 10 mM). The K i f o r glyphosate of the mutant 
enzyme was 4 mM compared to 0.5 mM f o r the w i l d type. The Vmax of 
the mutant enzyme was -60% of w i l d type EPSPS. U n l i k e the 
K. pneumoniae mutant, the Ε. coli mutant d i d not e x h i b i t any 
changes i n e i t h e r the molecular weight or i s o e l e c t r i c p o i n t . Based 
on the E. coli mutant EPSPS, a number of p l a n t glyphosate t o l e r a n t 
EPSPS enzymes have been constructed by s i t e d i r e c t e d mutagenesis of 
p l a n t EPSPS genes. One of the k i n e t i c a l l y - c h a r a c t e r i z e d petunia 
mutant EPSPS showed no change i n Km f o r S3P, an 80 f o l d increase i n 
i t s Km f o r PEP and -65% of the Vmax of the w i l d type. In the 
reverse r e a c t i o n , t h i s mutant d i s p l a y e d no change i n Km f o r EPSP 
but a 10-fold increase i n i t s Km f o r P i . The mutant had a K i 
(glyphosate) of 3 mM (25). Based on these r e s u l t s , i t can be 
concluded t h a t i n t h i s mutant the b i n d i n g of the phosphate moiety 
of PEP i s a l t e r e d . This region of the enzyme must a l s o be c r i t i c a l 
f o r i n t e r a c t i o n of glyphosate w i t h EPSPS since the b i n d i n g of 
glyphosate i s a f f e c t e d to a greater extent than th a t of PEP. I t i s 
not c l e a r as to which moiety of glyphosate i s i n v o l v e d i n i n t e r a c 
t i o n w i t h t h i s region of the a c t i v e s i t e although i t i s tempting to 
speculate that i t i s the phosphonate moiety. In a d d i t i o n , i t i s 
not understood i f the d i f f e r e n c e s i n b i n d i n g of PEP versus 
glyphosate are due to s e l e c t i v e s t e r i c problems ass o c i a t e d w i t h 
b i n d i n g of glyphosate or l o s s of a few r e c o g n i t i o n s i t e s due to 
conformational changes. Since the k i n e t i c constants f o r the mutant 
enzymes w i t h respect to PEP are a f f e c t e d , i t i s to be expected that 
these enzymes w i l l have to be overproduced depending on the 
i n t r a c e l l u l a r c o n c e n t r a t i o n of PEP and the Km(PEP) f o r the mutant 
enzyme. 

The E. coli mutant EPSPS gene was engineered i n t o a p l a n t 
expression v e c t o r (pMON8078) and used f o r transformation of tobacco 
l e a f d i s c s . In t h i s c o n s t r u c t , the mutant EPSPS gene was d r i v e n by 
the CaMV 35S promoter and the 3 ! - p o l y a d e n y l a t i o n s i g n a l was derived 
from the nopaline synthase gene. 

C a l l i producing the mutant E. coli EPSPS d i d not show any 
s i g n i f i c a n t glyphosate t o l e r a n c e compared to untransformed c o n t r o l s 
(G. Kishore e t a l . Unpublished data). A n a l y s i s of the c a l l i however 
revealed the presence of the mutant enzyme (Table I ) i n d i c a t i n g t h a t 
the l a c k of tolera n c e was not due to inadequate expression of the 
b a c t e r i a l mutant gene. Tobacco p l a n t s expressing the b a c t e r i a l 
mutant EPSP synthase were regenerated from transformed c a l l i and 
sprayed wi t h 0.4 lbs/ac of Roundup®. While these p l a n t s d i s p l a y e d 
t o l e r a n c e to the h e r b i c i d e , the l e v e l of tolera n c e was not s i g n i f i 
cant. The h e r b i c i d e caused s i g n i f i c a n t a p i c a l damage, growth of 
l a t e r a l shoots and i n h i b i t i o n of growth r a t e . These experiments 
e s t a b l i s h e d t h a t the c y t o s o l i c production of the E. coli mutant 
EPSPS d i d not confer adequate glyphosate t o l e r a n c e to tobacco c a l l i . 

Since aromatic amino a c i d b i o s y n t h e s i s occurs i n the 
c h l o r o p l a s t of p l a n t s , and the petunia EPSPS was demonstrated to 
co n t a i n the inform a t i o n f o r i t s t r a n s l o c a t i o n to the c h l o r o p l a s t , 
i t was of i n t e r e s t to determine i f d e l i v e r y of the b a c t e r i a l mutant 
enzyme to c h l o r o p l a s t of transgenic p l a n t s a f f e c t e d the l e v e l of 
to l e r a n c e to Roundup®. A h y b r i d gene was synthesized c o n t a i n i n g 
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44 BIOTECHNOLOGY FOR CROP PROTECTION 

Table I 
EPSPS s p e c i f i c activités of c a l l i transformed w i t h EPSPS genes wit h 
and without c h l o r o p l a s t t r a n s i t sequences 

ESPS S p e c i f i c a c t i v i t y , nmol/min*mg 

Construct 0 mM glyphosate 
i n assay mixture 

0.5 mM glyphosate 
i n assay mixture 

pM0N542 
pM0N8078 
pM0N546 
pMON8083 
pM0N505 

ι r. + 
g i p r t p _ 
g l P s t p + 

g l p g t p _ 
glp tp 
Co n t r o l 

60 
71 
198 
44 
8 

33 
68 
0 
0 
0 

the t r a n s i t peptide of petunia EPSP synthase p l u s the f i r s t 27 
amino acids of the mature petunia enzyme fused to the remainder of 
E. coli mutant EPSP synthase. This gene was expressed i n vitro 
under the c o n t r o l of T7 promoter. The i n vitro synthesized 
polypeptide had EPSP synthase a c t i v i t y which was glyphosate 
t o l e r a n t and was r a p i d l y imported by i s o l a t e d c h l o r o p l a s t s (50). 
The imported chimeric p r o t e i n was processed by p r o t e o l y s i s to a 
mature, c a t a l y t i c a l l y a c t i v e enzyme. 

Tobacco l e a f d i s c s transformed w i t h the h y b r i d petunia/E. c o l i 
mutant EPSP synthase gene produced c a l l i which were t o l e r a n t to 
glyphosate. In t h i s c o n s t r u c t (pM0N542) the h y b r i d gene was d r i v e n 
by the CaMV 35S promoter. The l e v e l of expression of the mutant 
EPSPS was comparable to tha t obtained w i t h c a l l i transformed w i t h 
the pMON8078 v e c t o r (Table I ) . However u n l i k e pMON8078 c a l l i which 
d i d not s u r v i v e 0.5 mM glyphosate, the pM0N542 c a l l i could s u r v i v e 
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3. KISHOREETAL. EPSP Synthase 45 

glyphosate concentrations up to 10 mM. Pl a n t s expressing the 
hy b r i d gene were generated from transformed c a l l i and sprayed w i t h 
0.4 l b s / a c of Roundup®. These p l a n t s d i d not show the a p i c a l damage 
observed w i t h p l a n t s expressing the b a c t e r i a l gene by i t s e l f and 
were not s i g n i f i c a n t l y a f f e c t e d by the h e r b i c i d e . S u b c e l l u l a r 
f r a c t i o n a t i o n s t u d i e s revealed t h a t the hy b r i d p r o t e i n was 
l o c a l i z e d i n the c h l o r o p l a s t s of transgenic p l a n t s w h i l e the 
b a c t e r i a l mutant p r o t e i n was c y t o s o l - l o c a l i z e d (50). 
I n t e r e s t i n g l y , the l e v e l of expression of mutant EPSP synthase was 
s i m i l a r i n both c y t o s o l - t a r g e t t e d and c h l o r o p l a s t - t a r g e t t e d 
t r a n s g e n i c p l a n t s . Thus, the c h l o r o p l a s t l o c a l i z e d mutant EPSPS 
provides s i g n i f i c a n t l y improved glyphosate t o l e r a n c e over t h a t of 
the c y t o s o l - l o c a l i z e d mutanty. 

iz i s c l e a r trom tne above d i s c u s s i o n ensure t h a t glyphosate 
t o l e r a n c e may be conferred to pl a n t s both by overproduction of 
w i l d type EPSPS as w e l l as mutant EPSP synthases. I t has been 
suggested tha t glyphosate may have m u l t i p l e s i t e s of a c t i o n i n 
p l a n t c e l l s (51-56). I f t h i s i s t r u e , mutant EPSPS enzymes would 
not confer glyphosate t o l e r a n c e to p l a n t s , which i s e v i d e n t l y not 
the case. I t appears, t h e r e f o r e , t h a t reports concerning the 
e f f e c t of glyphosate on other aspects of p l a n t metabolism are due 
to secondary e f f e c t s of the h e r b i c i d e a r i s i n g as a consequence of 
the i n h i b i t i o n of aromatic amino a c i d b i o s y n t h e s i s . 

More r e c e n t l y , the petunia EPSPS gene has been demonstrated to 
confer Roundup® to l e r a n c e i n transgenic tomato p l a n t s . The t r a n s 
genic tomato p l a n t s were t e s t e d under f i e l d c o n d i t i o n s f o r t h e i r 
p r o d u c t i v i t y and v i g o r . No s i g n i f i c a n t d i f f e r e n c e s were observed 
i n crop p r o d u c t i v i t y between transgenic and c o n t r o l tomato p l a n t s . 
This demonstrates t h a t i n t r o d u c t i o n and expression of genes i n t o 
p l a n t s does not a f f e c t crop y i e l d . 

Tfte commercial i m p l i c a t i o n s of engineering h e r b i c i d e 
r e s i s t a n c e t o crop p l a n t s are s i g n i f i c a n t . While extending crop 
t o l e r a n c e to the h e r b i c i d e i s one aspect of t h i s development, other 
s i g n i f i c a n t f a c t o r s to note are: i . reduced dependency on 
h e r b i c i d e s , s i n c e the farmer can use the h e r b i c i d e only when 
needed, i i . use of environmentally safe h e r b i c i d e s , and i i i . 
development of new, safe h e r b i c i d e s (57). The t o o l s of 
biochemistry and molecular b i o l o g y have progressed s i g n i f i c a n t l y 
w i t h i n the l a s t decade to permit a more rigorous s t r u c t u r e - f u n c t i o n 
study of the h e r b i c i d e - t a r g e t p r o t e i n i n t e r a c t i o n . This i s 
expected to have a s i g n i f i c a n t impact on development of new 
he r b i c i d e s . 
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Chapter 4 

Trichothecenes and Their Role 
in the Expression of Plant Disease 

Horace G. Cutler 

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

In 25 years, the concept of mechanisms whereby 
fungal plant pathogens induce changes in host 
plants has changed. Originally, i t was accept
ed that fungal spores landed on a suitable 
plant surface, germinated, produced an infec
tion peg which physically penetrated the t i s 
sue, perhaps producing the enzymes cutinase, 
cellulase, and pectinase to disrupt ce l ls . 
Subsequent ramification of inter and intra 
cellular mycelium induced morphological change 
and death. Recent evidence supports the 
hypothesis that fungi may be directly, or 
indirectly pathogenic to plants by the 
production of phytotoxic metabolites. 
Significant among these are the simple and 
macrocyclic trichothecenes which induce a 
number of responses in plants that range from 
blotching, chlorosis, distortion, necrosis, 
and apparent chimera production to "viral" 
effects. Trichothecenes bind to 60s ribosomes 
and may be either ini t iator or transpepidation 
inhibitors in eukaryotes. The high specific 
activity of the trichothecenes and their 
activity in plants may account for their role 
in the etiology of plant diseases and other 
disorders. The odd case of Baccharis 
megapotamica, which is resistant to certain 
trichothecenes, versus B. halimifolia which is 
not resistant, w i l l be discussed at the gross 
and macromolecular level . 

U n t i l r e c e n t l y , developments i n p l a n t p a t h o l o g y and c h e m i s t r y 
have been out o f synchrony. F i e l d o b s e r v a t i o n s o f p l a n t 
pathogens and t h e i r e t i o l o g y have been m e t i c u l o u s l y r e c o r d e d 
as a d i s t i n c t , t h orough d i s c i p l i n e . I n c o n t r a s t , the 
i s o l a t i o n and i d e n t i f i c a t i o n o f n a t u r a l p r o d u c t s from 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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4. CUTLER Trichothecenes in Plant Disease 51 

microorganisms that possess b i o l o g i c a l a c t i v i t y has been a 
separate domain fo r certain chemists with respect to plant 
pathogens and non-pathogens. Within the past decade 
es p e c i a l l y , the concept that pathogens and other s o i l 
organisms (saprophytes) produce s p e c i f i c toxins that are 
discreet molecules capable of inducing pathogenic responses i n 
target plants has become evident. An amalgamation of the 
physico-chemical aspects of pathogenesis better explains the 
t o t a l events that take place when organisms attack and 
e s t a b l i s h a foothold i n host plants. In t h i s discussion I 
intend to s t a r t with the physical aspects of pathogenesis and 
f i n i s h at the molecular and macromolecular l e v e l . 

Direct Physical Invasion. A general scheme f o r i n f e c t i o n by a 
pathogen may consist of a spore landing on a plant surface and 
becoming lodged because of anatomical features. Thereupon, 
the spore germinates, sends out a germ tube, or i n c e r t a i n 
cases an appressorium, followed by a penetration peg that 
enters the c u t i c l e on the tissue surface and gains entry to 
the underlying c e l l s . Haustoria may branch from the main 
hyphae into the c e l l . The mycelium then ramifies throughout 
the tissues and, eventually, physical disruption of the c e l l 
contents brings about cessation of c e l l u l a r functions, 
inducing death ( 1 ) . In conjunction with these physical 
a c t i v i t i e s i t has been shown that c e l l u l a s e s , lignases, and 
pectinases aid the invading organism i n i t s establishment. 
Further developments i n the physico-enzyme theory have been 
discussed i n some d e t a i l by Kolattukudy et a l . (2) who grew 
Fusarium solani f . sp. p i s i , a pathogen of pea (Pisum sativum 
L«), using apple cutin as the only carbon source to culture 
the fungus, i n elegant experiments. The fungus thrived on the 
substrate, i n d i c a t i n g the extra c e l l u l a r presence of cutinase, 
and the enzyme was successfully i s o l a t e d . The procedure has 
since been used f o r a number of pathogens and the chemical 
c h a r a c t e r i s t i c s of the cutinases from the assorted organisms 
appears s i m i l a r ( 2 ) . The properties of the enzymes, the 
substrates upon which they exert t h e i r influence, and the 
roles of cutinase(s) i n pathogenesis have been det a i l e d ( 2 ) . 
In the l a t t e r case, some i n c i s i v e experiments were executed 
with pea stems upon which were placed F. solani p i s i spores 
and t h e i r germination and penetration, or lack thereof, 
observed by scanning electron microscopy. At the exact locus 
at which penetration occurred, the target area was treated 
with ferritin-conjugated antibodies to the enzyme and i t was 
unequivocally demonstrated that cutinase was produced by the 
spore p r e c i s e l y at the spore target area. Also, Fusarium 
spores on pea stems i n the presence of s p e c i f i c antibodies or 
organic phosphates were incapable of inducing stem l e s i o n s . 
Further evidence shows that when spores land on a cutin 
surface and germinate, a small amount of cutinase i s exuded 
that breaks the cutin polymers into monomers. This, i n turn, 
e l i c i t s spores to produce more cutinase with the end r e s u l t 
that penetration i s enhanced. 

A p a r a l l e l s i t u a t i o n may e x i s t with pectinase a c t i v i t y on 
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52 BIOTECHNOLOGY FOR CROP PROTECTION 

carbohydrates (2). That i s , having penetrated the cutin 
b a r r i e r the fungus comes into contact with carbohydrate 
polymers which are then digested into oligomers and monomers. 
Pectinase production may be stimulated and the type of cycle 
noted with cutinase may take place. In v i t r o studies show 
that i f Fusarium solani spores are placed i n a 
pectin-containing medium, pectinase production i s stimulated 
and peaks i n an 8 hour period (2). And again, support f o r the 
production of pectinase and t h i s see-saw mechanism i s 
substantiated by work with F. solani spores, pea stems and the 
use of antibodies. While the evidence i s not as complete fo r 
pectinase cycling as i t i s for cutinase, the case i s leading 
to the conclusion that both events have a s i m i l a r pattern. In 
conjunction with cutinase and pectinase, the production of 
c e l l u l a s e by certain pathogenic fungi i s well established and 
a l i s t i n g of those organisms that are p a r t i c u l a r l y adept at 
synthesizing c e l l u l a s e may be found i n the American Type 
Culture C o l l e c t i o n Catalog (3). 

An highly imaginative study has recently examined l e a f 
surface structures and the r e l a t i o n s h i p to the development of 
pathogen establishment ( 4 ) · In t h i s case, the organism 
examined was the bean rust fungus, Uromyces appendiculatus» 
whose spores normally germinate on the l e a f surface sending 
out hyphae which are d i r e c t i o n a l l y oriented to stomates 
gaining entrance, by means of specialized structures, and 
thereby establishing i t s e l f . The physical messenger f o r the 
fungus i s a simple ridge on the l e a f surface that has an i d e a l 
height of 0.5umeters and i n the bean plant host, Phaseolus 
vulgaris L., the stomatal l i p which i s adjacent to t h i s guard 
c e l l has t h i s approximate measurement. The researchers, using 
electron beam lithography, were able to manufacture s i l i c o n 
wafers that had ridges ranging from 0.25 to 1.0 μπ^βΓβ i n 
height and upon these, spores of U. append!culatus were 
germinated and t h e i r orientation observed. Results showed 
that orientation of the germ tubes was effected i n a manner 
similar to that seen i n the natural state with ridges that 
were 0.5 Mmeters high and spaced no further than 0.6-6.7 
microns apart and, furthermore, the angle between the ridge 
and the base substrate was shown to be necessarily acute. 
Thus, there i s a perception by the invading organism of i t s 
physical surroundings but whether t h i s i s g e n e t i c a l l y 
controlled within the invading organism remains to be 
elucidated. Be that as i t may, there i s no doubt that 
physical events play a d i s t i n c t role i n the establishment of a 
pathogen and that key enzymes are an i n t e g r a l part of the 
disease cycle. But those events do not explain diverse 
ef f e c t s that are noted as a r e s u l t of the successful invasion 
of an organism, and these effects which include necrosis, 
chlorosis, malformations, stunting and other abnormalities of 
growth and development are better explained by the production 
of toxins with high s p e c i f i c a c t i v i t y , by the pathogen, and 
t h e i r introduction into the host. While there are many 
diverse secondary fungal metabolites that could be discussed, 
the trichothecenes are among the most i n t e r e s t i n g and varied 
in activity. 
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4. CUTLER Trichothecenes in Plant Disease 53 

Indirect Pathogenesis (Allelochemical). The p o s s i b i l i t y that 
saprophytes produce toxic metabolites into the rhizosphere 
f i r s t came to my attention over f i f t e e n years ago. I had been 
i n v i t e d to look at a f i e l d of tobacco i n northeast Georgia by 
a group of Extension Service s c i e n t i s t s . Other problems i n 
the f i e l d were quickly solved but one remaining problem vexed 
me and, at the time, defied solution. Certain i r r e g u l a r areas 
of the f i e l d had tobacco plants that were consistently stunted 
while appearing, i n a l l other aspects, to be normal. There 
were neither abnormalities, nor c h l o r o s i s , nor necrosis, and 
the areas might have been described as those that had not 
received s u f f i c i e n t f e r t i l i z e r e s p e c i a l l y i f i t had been hand 
broadcast i n a c i r c u l a r but e r r a t i c motion. However, the 
f e r t i l i z e r had been applied mechanically. The only clue was 
that i n a l l the stunted areas there were pieces of chopped 
corn (Zea mays L.) that had been l e f t from the previous crop 
and incorporated into the s o i l . S i g n i f i c a n t l y , those stems 
sections supported a monoculture of Trichoderma, and i t was 
t h r i v i n g i n areas i n which stunting was taking place. 
However, my c l a s s i c a l t r a i n i n g i n pathology eschewed the 
p o s s i b i l i t y of a connection between the organism on the 
cornstalks and the reduction i n growth, (which would 
subsequently lead to decreased tobacco y i e l d s ) , u n t i l some 
years l a t e r . 

Our research on b i o l o g i c a l l y active natural products from 
fungi had led to the observations that many plant pathogens 
and non-pathogens produce metabolites that are highly toxic to 
plant growth and some of these were fungi that grew on 
assorted substrates (saprophytes). In common with a l l fungal 
natural products chemists, i t was not long before the t r i c h o 
thecenes came to our attention and were i s o l a t e d from some of 
our fungal accessions. A d d i t i o n a l l y , several colleagues had 
i s o l a t e d Trichoderma species, among these being T. v i r i d e the 
producer of trichodermin (5,6) and studies showed that 
trichodermin was a potent i n h i b i t o r of plant growth. 
Et i o l a t e d wheat coleoptiles were i n h i b i t e d 911 80 and 15% (P 
<0.01) at 10"-*, 10" 4, and 10"°M, respectively, (Table 1) 
r e l a t i v e to controls and i n t a c t greenhouse grown beans, corn, 
and tobacco plants were greatly affected by sprays containing 
trichodermin at various concentrations (7). Ten-day-old bean 
plants responded quickly to treatment with the metabolite and 
within 2Λ hours at 10" M exhibited w i l t i n g of the^primary 
leaves while there were no v i s i b l e e f f e c t s at 10 and 
10""4M. But within 3 days, the 10" M treated leaves were 
desiccated: those of the 10 M treatments exhibited d i f f u s e 
necrotic areas that remained v i s i b l e f o r one week and strongly 
resembled a v i r a l symptom. Tobacco responded somewhat 
d i f f e r e n t l y to bean and when six-week-old plants were treated 
there were no v i s i b l e e f f e c t s with 10" to 10"4M solutions 
u n t i l 5 days following treatment: then the responses were 
dramatic. The 10" M treated plants suddenly became f l a c c i d 
and symptoms of water stress were evident compared to control 
plants. A week af t e r treatment those plants were dying and 
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54 BIOTECHNOLOGY FOR CROP PROTECTION 

the 10"^M treatments had patches of water stressed leaves, 
some s l i g h t l y necrotic areas and young l e a f growth was 
i n h i b i t e d . 
The 10"4M treated plants appeared normal, though at two 

weeks following treatment the 10" M treated plants were 
dead, and the 10 and10"4M treatments were stunted. By 28 
days the 10 M treated plants were i n h i b i t e d 83% and the 
10"4M were i n h i b i t e d 72% r e l a t i v e to controls, but i n a l l 
other respects the plants looked normal. That i s , the plants 
i n these experiments looked remarkably l i k e those seen i n the 
tobacco f i e l d i n northeast Georgia. 

Further experiments included feeding six-week-old tobacco 
plants with trichodermin through the roots i n aqueous solution 
(7). Responses were even more dramatic than those obtained 
with sprays and at 4-8 hours following treatment the 10" M 
treated plants had necrotic spots on the leaves and margins 
were wilted. At 10 and 10"4M these expressions were 
more pronounced. A l l treatments died by 86 hours and by 15 
days the controls were s t i l l healthy. Thus, i t was 
demonstrated that ground water containing trichodermin was f a r 
more l e t h a l to plants than spray solution and d i l u t e solutions 
of trichodermin i n the rhizosphere would be l i k e l y to i n h i b i t 
plant growth at d i l u t i o n s of less than 10 M even though the 
end point i n these experiments was not calculated. Of course, 
the v i t a l l i n k s i n the events are missing. The pieces of 
contaminated corn stalk were never brought to the laboratory 
from the tobacco f i e l d , the organism cultured, i d e n t i f i e d , 
extracted f o r phytotoxic metabolites and those metabolites 
reapplied to tobacco to induce the responses observed. I t i s 
doubtful i n the present climate that the farm i s operational. 
What i s important i s that as a r e s u l t of the i n i t i a l on s i t e 
observation trichodermin, a metabolite of T. v i r i d e , which i s 
not a plant pathogen but which i s a common s o i l saprophyte, 
was shown to produce pathogenic symptoms i n plants when 
applied exogenously. A further piece of evidence that l e d to 
the study of other trichothecenes was the r e l a t i v e i n a c t i v t y 
of trichodermin on corn when i t was placed i n the l e a f sheaths 
i n ^ntimate contact. Chlorosis was induced i n 2U hours at 
10" and 10 M and, at the higher concentration, there was 
some necrosis. Within a week a l l plants appeared normal and 
there no stunting so i t appeared that responses to the 
metabolite were genus dependent. That i s , as we s h a l l see 
l a t e r , some plant species were apparently able to r e l a t i v e l y 
detoxify the molecule. 

Direct Chemical Action of Trichothecenes. Over a quarter of a 
century ago, Brian et a l . (8) described the action of 
diacetoxyscirpenol on plants when 2.73 X 10 M solutions of 
the metabolite i n h i b i t e d stem growth and scorched leaves i n 
two pea v a r i t i e s , l e t t u c e , winter tares and other economic 
crops when applied exogenously. But carrot, beet root, 
mustard and wheat were not affected at the same app l i c a t i o n 
rate s i g n a l l i n g genus and species s p e c i f i c i t y f o r the _^ 
metabolite. However, at rates that ranged from 1.37 x 10" 
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4. CUTLER Trichothecenes in Plant Disease 55 

to 2.73 x 10~°M elongation of cress roots was stimulated 
and, i n that case, some promotorial mechanism was turned on. 
In contrast, s c i r p e n t r i o l , which d i f f e r s i n the R2, R~ 
positions from diacetoxyscirpenol by the placement of hydroxyl 
groups instead of a c e t y l functions but which i s i n a l l other 
aspects i d e n t i c a l (Fig. 1), was toxic to cress roots and did 
not promote cress root elongation at low concentration. In 
e a r l i e r studies, Bawden and Freeman (9) demonstrated the 
s e l e c t i v e action of t r i c h o t h e c i n i n experiments with bean 
(Phaseolus vulgaris L.) and tobacco (Nicotiana glutinosa L.) 
when 1.33x10 M of the metabolite damaged bean leaves but 
four times that concentration induced no apparent e f f e c t s i n 
tobacco. Trichothecin has d i f f e r e n t f u nctional groups to both 
s c r i p e n t r i o l or diacetoxyscirpenol and more c l o s e l y resembles 
trichodermin with the major functional group difference being 
a carbonyl i n p o s i t i o n R. i n trichothecin compared with a 
proton i n trichodermin. 4T-2 toxin, which has received, 
undeservedly, considerable attention recently because of i t s 
implication as a b i o l o g i c a l warfare agent, has also been 
reported to stunt and reduce fresh weight of pea seedlings 
when roots were placed i n solutionsz-of the metabolite that 
ranged from 2.15x1ο" 5 to 2.15 x 10" M f o r 20 minutes, then 
washed and planted (10). Again, T-2 toxin d i f f e r s 
s t r u c t u r a l l y from diacetoxyscirpenol at the R4 p o s i t i o n where, 
i n T-2 toxin, a - i s o v a l , BH replaces the proton ( F i g . 1). 
In a l l these cases the responses observed i n plants are, upon 
treatment with the trichothecenes, very s i m i l a r to those seen 
i n plants. Among those genera that have been claimed to 
produce trichothecenes are Acremonium (11), Cylindrocarpon 
(11), Dendrostilbella (12), Fusarium (11), Myrothecium (11), 
Trichoderma (11), Trichothecium (11), and of these Cylindro
carpon, Fusarium, Myrothecium, and Trichothecium are plant 
pathogens· 

The s t r u c u r e - a c t i v i t y response i s even more subtly ex
pressed i n the e t i o l a t e d wheat c o l e o p t i l e (Triticum aestivum 
L. Wakeland) that has been described i n d e t a i l elsewhere 
(13). Subtle modifications i n structure cause marked changes 
i n the i n h i b i t o r y responses induced (Table I ) . With the 
exception of 15-acetoxy-T- 2-tetraol, nepsolaniol and 
isoneosolaniol which are inactive at 10 M ( F i g . 2 i , a l l of 
the trichothecenes so f a r tested are active at 10" M. A 
further one-third are active at 10" M and the most potent, 
which are active at 10" M, are verrucarins A and J , and « 
t r i c h o v e r r i n B, Neosolaniol, which i n h i b i t s 100% at 10"^ 
and 61% at 10"4M has an acetate at C15 while i s o n e s o l a n i o l , 
which has an hydroxyl group at C15 i n h i b i t s c o l e o p t i l e s 80 and 
51% at 10"·* and 10~ 4, respectively. 

A d e t a i l e d study of the effects of exogenously applied 
macrocylic trichothecenes on i n t a c t bean, corn, and tobacco 
plants r e c a l l s that they may induce a v a r i e t y of responses 
that are tissue dependent and range from no e f f e c t to complete 
phytotoxicity ( H ) . I n i t i a l experiments have conclusively 
shown that i n the e t i o l a t e d wheat c o l e o p t i l e bioassay 
verrucarin A, verrucarin J , and t r i c h o v e r r i n Β are exception-
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BIOTECHNOLOGY FOR CROP PROTECTION 

f i R2 R3 R4 

Trichodermin H BOAc H H2 
Diacetoxyscirpenol ûCOH BOAc OAc H 2 

Scirpentriol * Ο Η BOH OH H 2 

Trichothecin H BObutyl H =0 

T-2 Toxin <*OH BOAc OAc 
BH 

F i g u r e 1. Some s i m p l e t r i c h o t h e c e n e s . 

TABLE I. INHIBITION OF WHEAT COLEOPTILES (Tritlcum aestivm L.cv. 
Wakeland), BY TRICHOTHECENES 

INHIBITION (%) BASED ON MOLAR 
CONCENTRATION 

COMPOUND 1 0 - 3 TO"* 10" 6 10"7 

TRICHOTHECENES 
TRICHODERMIN 91 80 15 0 0 
NEOSOLANIOL MONOACETATE 87 69 45 16 -
3-HYDROXY-HT-2 TOXIN 100 81 19 0 -
15-ACETOXY-T-2 TETRAOL 60 0 0 0 -
3'-HYDROXY-T-2 TRIOL 96 54 37 0 -
HT-2 TOXIN 100 62 14 0 -
T-2 TOXIN 100 100 50 39 -
RORIDIN A 100 81 40 0 -
ISORORIDIN Ε 100 100 60 0 -
BACCHARINOL B4 91 82 60 19 0 
VERRUCARIN A 100 97 80 41 37 
VERRUCARIN J 100 100 82 61 43 
TRICHOVERRIN Β 100 81 62 40 16 
NEOSOLANIOL 100 61 0 0 -
ISONEOSOLANIOL 80 51 0 0 -
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CUTLER Trichothecenes in Plant Disease 

OH 

NEOSOLANIOL 

- - O H 

% Inhibition in etiolated 
wheat coleoptiles 

1<T3M 10" 4M 

CH OH 
15 2 

ISONEOSOLANIOL 

100 61 

80 51 

Figure 2 . Structure a c t i v i t y r e l a t i o n s h i p of 
neosolaniol and isoneosolaniol. 
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58 BIOTECHNOLOGY FOR CROP PROTECTION 

a l l y potent i n h i b i t o r s of c e l l growth and, primarily, elonga
t i o n . A plant growth i n h i b i t o r that controls many plant c e l l 
functions, a b s c i s i c acid (15), has been used as an i n t e r n a l 
standard and i s 100 times less active than verrucarin A (16). 
The most prolonged response i n higher plants was noted i n corn 
(Zea mays L.). Single applications of t r i c h o v e r r i n B, an open 
chain congener, into the l e a f sheath at 10" M induced an 85% 
i n h i b i t i o n 5 weeks a f t e r a p p l i c a t i o n and, as with trichodermin 
i n tobacco, a d i s t i n c t lag phase (72 hours) was observed. A 
synopsis of the study ( H ) indicates that of the macrocyclic 
trichothecenes studied, r o r i d i n A was the most toxic to i n t a c t 
greenhouse-grown plants and again e f f e c t s were not seen u n t i l 
3-5 days a f t e r treatments. 

One noted e f f e c t that may be of p r a c t i c a l value for genetic 
engineers, was the morphological changes induced i n leaves and 
lea f t i s s u e . These were strongly expressed i n tobacco plants 
treated with i s o r o r i d i n Ε and baccharinol B, at 10" M, 48 
hours following treatment with blotching ana d i s t o r t i o n of the 
second leaves. These appeared to be chimeras and the tissues 
curiously resembled those obtained by treatment with the 
mutagenic agent methanesulfonic acid ethylester (EMS), a 
compound that acts by adding methyl functions to guanine i n 
DNA bringing about functional changes i n treated c e l l s and 
producing chimeras. I t should be pointed out that treatment 
with t h i s mutagen does not consist of spraying the plants but 
rather by tr e a t i n g seeds with a 0.3% aqueous solution of EMS 
and allowing the seeds to imbibe fo r 16-2Λ hours. This i s 
followed by a rinse (3 hours) with frequent changes of water 
and culminates with the planting of the seed i n a suitable 
medium (17). The mortality rate i n morning glory (Ipomea n i l ) 
i s high (c.70%), but the mutation rate, as evidenced by 
chimeras, i s large i n the M1 generation. I t i s obvious that 
equivalent sets of experiments need to be conducted with the 
trichothecenes substituting them for EMS and allowing, as one 
does f o r EMS, the M1 generation to s e l f and produce the M2 
progeny, or to take samples of the chimeras, obtain 
protoplasts f o r fusion and/or propagation i n tissue culture. 
Synthetic modifications of various trichothecene molecules f o r 
th i s purpose are manifold, the simplest being s p e c i f i c 
reduction of carbonyl groups, a l t e r a t i o n of hydroxyl groups 
and the addition of other molecules that i n t r i n s i c a l l y have 
mutagenic properties. But i t should be re i t e r a t e d that 
d i f f e r e n t genera, species, and plant parts behave i n 
d i f f e r e n t , though reproducible ways. These compounds are 
extremely active and i t may be presumed that i f the materials 
could be d i r e c t l y introduced to the active s i t e s then the 
s p e c i f i c a c t i v i t y of the molecules would increase by several 
orders of magnitude. However, resistance or s u s c e p t i b i l i t y 
does occur i n plant species and t h i s leads to the next t o p i c . 

Plant Pathogenesis, Resistance. P a r t i a l pathogenesis, or 
p a r t i a l resistance of plants may be perceived as an odd turn 
of phrase by most pathologists but these are suitable working 
terms fo r observations made with both plant pathogens and 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

00
4



4. CUTLER Trichothecenes in Plant Disease 59 

t h o s e m e t a b o l i t e s t h a t produce " p a t h o g e n i c " r e s p o n s e s i n 
p l a n t s . A s e r i e s o f s t u d i e s have been c a r r i e d o u t by M i l l e r 
e t a l . (18,19,20,21) w i t h F u s a r i u m graminearum Schwabe, a 
pathogen t h a t causes head b l i g h t o f wheat. P h y s i c a l l y , t h e 
organism produces s h r i v e l l e d g r a i n s , t h e r e b y r e d u c i n g y i e l d s , 
and a d d i t i o n a l l y q u a n t i t i e s o f the p o t e n t m y c o t o x i n deoxy-
n i v a l e n o l (3α,7α,15-trihydroxy-12,13-epoxytrichothec-
9-en-8-one) a l s o known t r i v i a l l y as v o m i t o x i n . I n f e c t i o n may 
oc c u r a t anytime d u r i n g the l i f e c y c l e o f the p l a n t but a v e r y 
v u l n e r a b l e p e r i o d i s a t the time o f a n t h e s i s and, i t a p p e a r s , 
p o l l e n may be a s t i m u l a t i n g f a c t o r f o r F u s a r i u m (22). 
D e o x y n i v a l e n o l i s a p o t e n t i n h i b i t o r o f p l a n t growth, as i s 
3 - a c t e y l d e o x y n i v a l e n o l , and t h i s has been e l e g a n t l y 
d emonstrated i n e x p e r i m e n t s u s i n g e t i o l a t e d wheat c o l e o p t i l e s 
where c o n c e n t r a t i o n o f 10" M were p h y t o t o x i c . Other 
m e t a b o l i t e s o f F. graminearum, s p e c i f i c a l l y b u t e n o l i d e , 
c u l m o r i n , d i h y d r o x y c a l o n e c t r i n and s a m b u c i n o l , w h i c h a r e major 
m e t a b o l i t e s (23, 24.) were a l s o p h y t o t o x i c t o wheat c o l e o p t i l e s 
(25) but were n o t o f the same o r d e r o f magnitude o f a c t i v i t y . 
Thus i t was shown t h a t t he m e t a b o l i t e s o f F. graminearum were 
p h y t o t o x i c w i t h o u t t h e pr e s e n c e o f t h e f u n g a l mycelium o r 
s p o r e s . Futhermore, when wheat c u l t i v a r s t h a t were known t o 
be r e s i s t a n t i n f i e l d t r i a l s t o F. graminearum were used as 
b i o a s s a y m a t e r i a l s i n t h e wheat c o l e o p t i l e b i o a s s a y t h e 
e f f e c t s o f d e o x y n i v a l e n o l and 3 - a c e t y l d e o x y n i v a l e n o l were 
c o n s i d e r a b l y l e s s pronounced. The r e s i s t a n t c u l t i v a r Sumai #3 
was a b l e t o w i t h s t a n d t e n t i m e s t he amount o f d e o x y n i v a l e n o l 
and one hundred t i m e s t h e amount o f 3 - a c e t y l d e o x y n i v a l e n o l ; 
the c u l t i v a r F r o n t a n a was a b l e t o t o l e r a t e one thousand t i m e s 
the c o n c e n t r a t i o n o f 3 - a c e t y l d e o x y n i v a l e n o l compared t o 
s u s c e p t i b l e c u l t i v a r s . Hence, i n v i t r o e x p e r i m e n t s w i t h 
a s s o r t e d r e s i s t a n t and s u s c e p t i b l e c u l t i v a r s o f wheat 
demonstrate t h a t t he u l t i m a t e r e s p o n s e s o b t a i n e d i n the f i e l d 
u s i n g t h e s e c u l t i v a r s , a r e i d e n t i c a l . That i s , 
p h y t o t o x i c i t y . A t l e a s t , t h i s makes t h e t r i c h o t h e c e n e s h i g h l y 
s u s p e c t , as agents r e l e a s e d by i n v a d i n g pathogens, i n the 
e t i o l o g y o f p a t h o g e n s i s . 

R e s i s t a n c e , or a p p a r e n t r e s i s t a n c e , may be c l a s s i f i e d under 
t h r e e major h e a d i n g s . F i r s t r e s i s t a n c e based on the 
morphology o f the h o s t w h ich i s p u r e l y p h y s i c a l . F o r example, 
s p i k e morphology (19), t h i c k n e s s o f c u t i c l e and r e l a t i v e 
abundance o f stomata. Second, r e s i s t a n c e t o h y p h a l i n v a s i o n 
w h i c h may depend n o t o n l y on t h e p h y s i c a l c h a r a c t e r i s t i c s o f 
p l a n t s but a l s o on the p r o d u c t i o n o f m e t a b o l i t e s by the h o s t 
i n r e s p o n se t o the presen c e o f hyphae i n the c e l l s . These 
compounds, t h e p h y t o a l e x i n s , a r e f u n g i s t a t i c and a r e unique i n 
t h e i r a b i l i t y t o c o n t r o l t h e growth and development o f 
i n v a d i n g s p e c i e s . T h i r d , i s t h e a b i l i t y o f s e l e c t s p e c i e s 
w i t h i n a genus t o degrade o r t o l e r a t e t r i c h o t h e c e n e s . 

I n a d d i t i o n t o p o s s i b l e p h y t o a l e x i n p r o d u c t i o n i t appears 
t h a t c e r t a i n f l a v o n o i d s and f u r a n o c o u m a r i n s i n h i b i t the 
p r o d u c t i o n o f t r i c h o t h e c e n e s . S t r o n g p r e l i m i n a r y e v i d e n c e 
i n d i c a t e s t h a t when F u s a r i u m s p o r o t r i c h i o i d e s i s i n c u b a t e d i n 
the p r e s e n c e o f f l a v o n e s o r f u r a n o c o u m a r i n s t h e p r o d u c t i o n o f 
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60 BIOTECHNOLOGY FOR CROP PROTECTION 

T-2 toxin i s greatly i n h i b i t e d . Again, there i s molecular 
s p e c i f i c i t y because only one of f i f t e e n flavonoids tested and 
eleven of twelve furanocoumarins i n h i b i t e d toxin production 
(26). But when i n h i b i t i o n was induced, trichodiene (a 
trichothecene precursor) increased proportionately and the 
sequential biosynthetic steps i n which oxygenation of the 
molecule normally occurs did not take place. 

Gross degradation studies i n wheat show that af t e r i n i t i a l 
i n f e c t i o n with F. graminearum, l e v e l s of deoxynivalenol 
increased u n t i l 6 weeks (9«5ppm) and then dropped by 73% (27). 
This degradation may be attributed to plant enzymes i n the 
host (27) which s t r u c t u r a l l y modify the trichothecene 
molecule. Using suspension cultures of the r e s i s t a n t c u l t i v a r 
Frontana, M i l l e r showed that 4C deoxynivalenol was 
converted into three products (21). One was C0 2 and 
another was probably deoxynivalenol glycoside (Fig. 3)· In the 
converse experiment, using suspension cultures of the 
susceptible c u l t i v a r Casavant, less than 5% of the exogenously 
applied deoxynivalenol was converted to one compound. 
Resistance, therefore, appears to be highly correlated to the 
a b i l i t y of the host to degrade the toxin. Further degradation 
studies of the trichothecenes show that several p o s s i b i l i t i e s 
may occur. The easiest way to detoxify trichothecenes i s to 
open the 12,13 epoxide r i n g (11a). Another, but more 
complicated way chemically, i s to make, i n vivo, addition 
products. This i s accomplished i n Fusarium sulphureum which 
converts, presumably enzymatically, monacetoxyscirpenol to the 
α-glucopyanoside derivative (28). The glucose moiety i s 
attached at the C. p o s i t i o n and the r e l a t i v e size and 
conformation of tne sugar portion i s such that i t may f o l d 
over the epoxide structure. Compared to other tricothecenes 
the glycoside was not toxic to brine shrimp at l e v e l s up to 
200 times greater than normal and i t did not induce 
dermatotoxic e f f e c t s . I t was toxic to rats at less than 
90mg/kg and t h i s t o x i c i t y may be attributed to hydrolysis of 
the glycoside to y i e l d monoacetoxyscirpenol i n the stomach 
(28). In F. graminearum, which produces deoxynivalenol, the 
glucose molecule i s most probably attached to the C3 postion 
and again the glycoside may be r e l a t i v e l y i n a c t i v e i n plant 
systems (29)· Whether any other metabolites are formed from 
the trichothecenes can only be speculated upon at this time. 
For example, i n v i t r o studies with anguidine incubated i n the 
presence of uridine 5 1-diphosphoglucuronic acid, /f-naph-
thoflavone-induced hepatic microsomes obtained from Long Evans 
ra t s , magnesium chloride and dipotassium phosphate gave r i s e 
to 15-acetyl-3a- 1 !£-D-glucopyranosiduronly)-scirpen-3, 
4.B,15-triol (30). To date, that metabolite has not been 
found i n either microbial or plant systems. 

The strongest evidence to support the association between 
the production of a trichothecene by a plant pathogen and the 
r e s u l t i n g death of the host i s work carried out with 
Myrothecium roridum (31, 32, 33). This pathogen attacks musk-
melon (Cucumis melo L.) and while i t attacks mainly the f r u i t , 
with concomitant losses of up to 30%, a l l parts of the plant 
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H H H 
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DEOXYNIVALENOL (DON) 

H H H 

Figure 3. Deoxynivalenol and the glucose derivative. 
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62 BIOTECHNOLOGY FOR CROP PROTECTION 

may become infected and necrosis ensues. In these studies, M. 
roridum was c o l l e c t e d from an infected muskmelon f i e l d , 
cultured i n l i q u i d medium and, a f t e r fermentation, was 
suitably extracted. Only small amounts of the macrocyclic 
trichothecenes were produced, though i t must be remembered 
that quantity bears no r e l a t i o n s h i p to the s p e c i f i c a c t i v i t y 
of a molecule, and i n addition to the t r i c h o v e r r o i d s , 
trichodermadienediols A (Fig. 4) and Β (Fig. 5), r o r i d i n L-2 
(Fig 6) and 16-hydroxyroridin L-2 (Fig. 7) were i s o l a t e d . The 
r e l a t i v e amounts were low, i n the order of 5-1Omg/liter, and 
i t must be assumed that under normal f i e l d conditions the 
amounts of trichothecenes produced by the pathogen would be of 
a low order of magnitude. When muskmelon seedling roots were 
fed with r o r i d i n A the metabolite was absorbed and 
translocated throughout the plant. Furthermore, r o r i d i n A was 
converted to 8B-hydroxyroridin A. In a l a t e r development, 
leaves of healthy muskmelon were inoculated with r o r i d i n A and 
necrotic lesions appeared a f t e r 4-8 hours, increasing with 
time. Also, leaves were inoculated with M. roridum and 
necrosis appeared 72 hours l a t e r with sporulation occurring 
120 hours a f t e r inoculation. A t h i r d part of the experiment 
included both the M. roridum and r o r i d i n A, a clever idea, and 
i n that case necrosis and sporulation was observed at 4-8 hours 
implying a strong r e l a t i o n s h i p between the pathogen and i t s 
metabolites. At t h i s point the element of resistance was 
placed i n the experiments and a r e s i s t a n t c u l t i v a r (that i s , 
less susceptible), Hales Best, was compared to a susceptible 
c u l t i v a r , I r i q u o i s . Exactly the same types of inoculations 
were carried out as previously described and both r o r i d i n A 
and Ε and the trichoverroids were included. While the 
trichoverroids were r e l a t i v e l y less active than the r o r i d i n s 
both sets of metabolites caused considerably more necrosis i n 
the susceptible c u l t i v a r Iriquois than the r e s i s t a n t Hales 
Best. Again, the trichothecene plus spore inoculation was 
most potent. The authors point out that while i t i s too early 
to invoke absolute involvement of the trichothecenes i n 
pathogenicity they may play at l e a s t a secondary role by 
acting as a virulence factor during the invasion sequence 
(32). 

Species Dependent Pathogenesis. So f a r , we have seen some 
cases of species dependent pathogenesis or r e l a t i v e suscepti
b i l i t y , and i t may be wondered why the topic has suddenly been 
given a separate category. Suffice i t to say that we now come 
to the curious case of the genus Baccharis, a B r a z i l i a n shrub 
that has some 4-00 members i n South and Central America but 
only a few species i n North America. Baccharis i s a member of 
the Asteraceae of which the species megapotamica and 
c o r i d i f o l i a occur i n Northern and Southern B r a z i l , 
r espectively. A t h i r d species, h a l i m i f o l i a , i s native to open 
woods, thickets, and marsh borders (note w e l l ) , from the coast 
of Massachusetts to F l o r i d a , Texas and Mexico. A l l three 
species, with the exception of the flowers, appear 
morphologically d i s s i m i l a r . Extracts of both B. megapotamica 
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4. CUTLER Trichothecenes in Plant Disease 63 

(Myrothecium roridum) 

F i g u r e 4. T r i c h o d e r m a d i e n e d i o l A. 

(Myrothecium roridum) 

F i g u r e 5· T r i c h o d e r m a d i e n e d i o l B. 
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(Myrothecium roridum) 

Figure 7. 16-Hydroxyroridin L-2. 
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4. CUTLER Trichothecenes in Plant Disease 65 

(34) and B. c o r i d i f o l i a (35) were shown t o c o n t a i n a p p r e c i a b l e 
q u a n t i t i e s o f m a c r o c y c l i c t r i c h o t h e c e n e s . Because 
t r i c h o t h e c e n e s had always been found t o be produced o n l y by 
f u n g i , t h e r e was a p r e s u m p t i o n , i n b o t h c a s e s , t h a t the o r i g i n 
o f t h e t o x i n s i n b o t h s p e c i e s was a s o i l f u n g u s , a l t h o u g h 
v i s u a l i n s p e c t i o n o f t h e p l a n t m a t e r i a l gave no s i g n 
whatsoever o f any f u n g a l p r e s e n c e . T h i s n o t i o n o f f u n g a l 
i n v o l v e m e n t was r e i n f o r c e d by the o b s e r v a t i o n t h a t B. 
megapotamica grown from seed produced no t r i c h o t h e c e n e s b u t , 
when f e d r o r i d i n A, was c a p a b l e o f c o n v e r t i n g t h i s n o r m a l l y 
h i g h l y p h y t o t o x i c compound (14) t o b a c c h a r i n o i d B7, a t o x i n 
w h i c h o c c u r s n o r m a l l y i n the n a t i v e p l a n t (35)· One s t r i k i n g 
a s p e c t of t h i s r e p o r t i s the a p p a r e n t complete l a c k of 
s e n s i t i v i t y o f B. megapotamica t o r o r i d i n s and b a c c h a r i n o i d s ; 
whereas, l i k e a l l o t h e r p l a n t s t e s t e d ( t o b a c c o , beans, c o r n , 
a r t i c h o k e s , peppers and t o m a t o e s ) , h a l i m i f o l i a i s r a p i d l y 
k i l l e d by t h e s e p o t e n t p h y t o t o x i n s . A s e a r c h f o r the p o s s i b l e 
t r i c h o t h e c e n e - p r o d u c i n g f u n g i a s s o c i a t e d w i t h the B r a z i l i a n 
s p e c i e s t u r n e d up a few m a c r o c y c l i c t r i c h o t h e c e n e - p r o d u c i n g 
i s o l a t e s of Myrothecium f u n g i , b o t h on t h e p l a n t s u r f a c e s and 
i n t h e r h i z o s p h e r e o f t h e B r a z i l i a n p l a n t s . However, the 
number of c o l o n i e s of Myrothecium were s m a l l and i n f r e q u e n t , 
(36) and d i d n o t appear t o be s u f f i c i e n t t o a c c o u n t f o r the 
l e v e l s o f t r i c h o t h e c e n e s i n t h e p l a n t s . 

A more c a r e f u l s t u d y o f B. c o r i d i f o l i a has now r e v e a l e d a 
r e m a r k a b l e s e r i e s o f e v e n t s . The t r i c h o t h e c e n e s ( r o r i d i n A, 
D, and Ε and v e r u c a r i n s A and J a r e the major congeners i n 
t h i s p l a n t ) a r e t o be found o n l y i n the female p l a n t s 
f o l l o w i n g p o l l i n a t i o n (37). T h i s o c c u r s not o n l y i n B r a z i l 
but has been d u p l i c a t e d i n a M a r y l a n d greenhouse. C a r e f u l 
i n s p e c t i o n o f the p l a n t t i s s u e f o r endophytes was n e g a t i v e , 
w h i c h l e a d s one t o c o n c l u d e the B. c o r i d i f o l i a and by a n a l o g y 
B. megapotamica as w e l l , i s s y n t h e s i z i n g de novo m a c r o c y c l i c 
t r i c h o t h e c e n e s . Not o n l y a r e the t o x i n s a b s e n t i n b o t h male 
and u n f e r t i l i z e d female p l a n t s , but the t o x i n s a r e t o be f o u n d 
o n l y i n the i n f l o r e s c e n c e s and s p e c i f i c a l l y i n t h e seed c o a t s 
were t h e y are c o n c e n t r a t e d t o a l e v e l as h i g h as 5% by d r y 
w e i g h t . F u r t h e r m o r e , e x t r a c t s of t h e seed o f B. c o r i d i f o l i a 
c o n t a i n the e x a c t same s e t o f m a c r o c y c l i c t r i c h o t h e c e n e s most 
commonly produced by c u l t u r e s of M. v e r r u c a r i a and M. r o r i d u m 
(38). T h i s s u g g e s t s an i n t e r e s t i n g p o s s i b i l i t y t h a t gene 
t r a n s f e r has t a k e n p l a c e between Myrothecium and B a c c h a r i s , a 
p r o c e s s u n d e s c r i b e d i n t h e l i t e r a t u r e b u t whose b a s i s i n 
t h e o r y has been suggested (39)· 

Here we see an i n d i v i d u a l case o f s p e c i e s dependent chemi
c a l p a t h o g e n e s i s and t h i s l e a d s t o some e x c i t i n g r e s e a r c h . 
F o r example, J a r v i s has n o t i c e d t h a t t h e m a t e r i a l s c o n c e n t r a t e 
i n t h e gynoecium o f the p l a n t s and, i t a p p e a r s , t h e r e may be a 
c o n c e n t r a t i o n o f the t r i c h o t h e c e n e s i n t h e seeds a g a i n s t a 
g r a d i e n t . I f t h i s i s so t h e n i t i s p o s s i b l e t o u n d e r s t a n d why 
the o f f s p r i n g may meet w i t h l i t t l e c o m p e t i t i o n from o t h e r 
p l a n t s p e c i e s i n t h e i r n a t u r a l h a b i t a t . B u t , more 
i m p o r t a n t l y , i f o t h e r economic p l a n t s a r e r e s i s t a n t t o the 
t r i c h o t h e c e n e s o r may be so e n g i n e e r e d , and i f t h e same 
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66 BIOTECHNOLOGY FOR CROP PROTECTION 

c o n c e n t r a t i o n e f f e c t o c c u r s i n the seeds t h e n i t i s p o s s i b l e 
t h a t t h e t r i c h o t h e c e n e s may be used t o produce germplasm t h a t 
c o n t a i n a b i o d e g r a d a b l e h e r b i c i d e . 

O b v i o u s l y t h e n e x t q u e s t i o n i n v o l v e s t h e t r a n s f e r o f 
r e s i s t a n c e . I f c r o s s e s a r e made between the B a c c h a r i s s p e c i e s 
w i l l r e s i s t a n c e be i m p a r t e d t o the o f f s p r i n g ? What s o r t o f 
M e n d e l i a n r a t i o s might be found? Would t h i s b e t t e r be 
a c c o m p l i s h e d by p r o t o p l a s t f u s i o n and t i s s u e c u l t u r e ? Can t h i s 
r e s i s t a n c e be t r a n s f e r r e d t o o t h e r genera? I s t h e r e a 
p r a c t i c a l a p p l i c a t i o n ( h e r b i c i d e i n c o r p o r a t i o n i n t o seed) f o r 
t h i s d i s c o v e r y ? Do t h e genes t h a t e n a b l e B. megapotamica t o 
han d l e t h e t r i c h o t h e c e n e s e x i s t i n B. h a l i m i f o l i a and, i f t h e y 
do, what t u r n s them on o r o f f ? There i s some e x c i t i n g work y e t 
t o be done i n t h i s a r e a o f r e s e a r c h . And we have now e n t e r e d 
the n e x t t o p i c . 

M a c r o m o l e c u l a r S i t e s o f A c t i v i t y f o r t h e T r i c h o t h e c e n e s . A l l 
the t r i c h o t h e c e n e s t e s t e d a c t , i n e u k a r y o t i c systems, a t the 
s i t e o f t h e 60s ribosome s u b u n i t and s p e c i f i c a l l y i n h i b i t 
p e p t i d y l t r a n s f e r a s e . However, the t r i c h o t h e c e n e s a r e d i v i d e d 
i n t o two s p e c i f i c c l a s s e s r e l a t i v e t o t h i s a c t i v i t y and a r e 
e i t h e r i n i t a t i o n i n h i b i t o r s o r e l o n g a t i o n and/or t e r m i n a t i o n 
i n h i b i t o r s . The i n i t i a t i o n i n h i b i t o r s a r e : 1 5 - a c e t o x y s c i r p e n -
d i o l ; 4 - a c e t y l n i v a l e n o l ; d i a c e t o x y s c i r p e n o l ; HT-2 t o x i n ; 
n i v a l e n o l ; T -2 t o x i n ; s c i r p e n t r i o l ; v e r r u c a r i n A ( 4 0 , 1 1 b ) . 
The e l o n g a t i o n and/or t e r m i n a t i o n i n h i b i t o r s a r e : c r o t o c i n ; 
c r o t o c a l ; t r i c h o d e r m i n ; t r i c h o d e r m o l ; t r i c h o t h e c i n ; 
t r i c h o t h e c o l o n e ; v e r r u c a r o l ( 4 0 , 1 1 b ) . 

F o r c o n v e n i e n c e , t h e s t e p s i n p r o t e i n s y n t h e s i s a r e d i v i d e d 
i n t o f o u r d i s t i n c t phases. S e q u e n t i a l l y t h e y a r e i n i t i a t i o n 
( F i g . 8 ) , codon r e c o g n i t i o n ( F i g . 9), p e p t i d e bond f o r m a t i o n 
( e l o n g a t i o n ) ( F i g . 10) and t e r m i n a t i o n ( F i g . 11) w i t h p r o t e i n 
r e l e a s e . I n the i n i t i a t i o n s t a g e , a s i n g l e s t r a n d o f mRNA 
upon which i s c o n t a i n e d t r i p l e t s o f g e n e t i c code b i n d s ^ J o t h e 
40s ribosome i n the pr e s e n c e o f c e r t a i n c o - f a c t o r s (Mg , 
e I F - 3 ; Mg^ , GTP, e I F - 1 , e I F - 2 ) . Then a h e l i c a l s i n g l e 
s t r a n d o f t-RNA, t o which i s a t t a c h e d an (NH^)-methionine 
m o l e c u l e a t t h e 3 f e n d , and wh i c h be a r s a complementary t r i p l e t 
g e n e t i c code t o i t s c o u n t e r p a r t m-RNA r e s t i n g on the 40s 
ribosome moves i n t o p o s i t i o n and the c o r r e s p o n d i n g (but 
o p p o s i t e ) g e n e t i c sequences, o r basg|, c h e m i c a l l y bond. The 
60s r i b o s o m e , i n t h e pr e s e n c e o f Mg t a k e s a p r o x i m a l 
p o s i t i o n t o t h e 40s ribosome and the p e p t i d y l (P) s i t e i s 
o c c u p i e d on the 60s ribosome by the methionyl-tRNA m o l e c u l e . 
D u r i n g t h e codon r e c o g n i t i o n s t a g e a f u r t h e r amino a c i d , f o r 
example a l a n y l - t R N A , b e a r i n g t he c o r r e c t t r i p l e t code moves 
i n t o t he a m i n o a c y l (A) p o s i t i o n on the 60s ribosome agçl bonds 
w i t h m-RNA and the 40s ribosome i n the pr e s e n c e o f Mg , 
EF1 , E F 2 , GTP. At e l o n g a t i o n , m e t h i o n i n e i s t r a n s f e r r e d , 
i n t h i s example, t o a l a n i n e i n the p r e s e n c e o f Mg , Κ 
and p e p t i d y l t r a n s f e r a s e and t h i s i | f o l l o w e d by r e l e a s e o f 
the spent t-RNA (which r e q u i r e s Mg ) from the Ρ p o s i t i o n . 
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5' 
U-A-A 

4-+H H+-4 3' 

M g 2 + 

eIF-3 

U-A-A 
+—H 1—I—I- 3' 

U-A-A 
W - h 3' 

U-A-A , 
4-+H H-4-+- 3 

F i g u r e 8. P r o t e i n s y n t h e s i s : i n i t i a t i o n . 
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Figure 9· Protein synthesis: codon recognition. 
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70 BIOTECHNOLOGY FOR CROP PROTECTION 

Then t r a n s l o c a t i o n o f t h e dipepti<j[e from the A s i t e t o t h e Ρ 
s i t e f o l l o w s and t h i s s t e p i s Mg and GTP dependent. 

D u r i n g t e r m i n a t i o n , a f t e r t h e a d d i t o n + o f t h e f i n a l amino 
a c i d t o t h e sequence, w h i c h r e q u i r e s Mg and GTP, p e p t i d y l 
t r a n s f e r a s e a g a i n p l a y s a r o l e i n t h e p r e s e n c e o f RF ( r e 
l e a s e f a c t o r s ) t o r e l e a s e t h e p e p t i d e from the 60s rfbosome. 
The n a s c e n t p e p t i d e has an amine f u n c t i o n a t one end and a 
c a r b o x y l a t t h e o t h e r making i t c o n v i e n t f o r o t h e r c h e m i c a l 
r e a c t i o n s t o o c c u r . At t h i s p o i n t , t h e mRNA becomes d i s t a l t o 
t h e 4-Os r i b o s o m e , the 60s ribosome moves away, as does t h e now 
f r e e d l a s t t-RNA s t r u c t u r e t o e n t e r t h e p r o t e i n s y n t h e s i s 
system. 

A moot q u e s t i o n a t t h i s p o i n t c o n cerns p e p t i d y l t r a n s f e r 
a s e . How d i f f e r e n t , o r s i m i l a r a r e t h e p e p t i d y l t r a n s f e r a s e s 
w i t h i n a g i v e n p l a n t s p e c i e s ? How d i f f e r e n t a r e t h e y from 
s p e c i e s t o s p e c i e s , f o r example B a c c h a r i s megapotamica v e r s u s 
B. h a l i m i f o l i a ? Or a r e t h e r e s l i g h t changes i n the n a t u r e o f 
t h e 60s ribosomes from s p e c i e s t o s p e c i e s ? 

Other E v e n t s * Other e f f e c t s t h a t some, but n o t a l l , 
t r i c h o t h e c e n e s produce i n p l a n t s c e l l s i s e l e c t r o l y t i c 
l e a k a g e . I n one s e t o f e x p e r i m e n t s tomato ( L y c o p e r s i c o n 
e s c u l e n t u m L. c v . Supermarmande) l e a v e s were t r e a t e d w i t h s i x 
t r i c h o t h e c e n e s . These were, T-2 t o x i n , d i a c e t o x y s c i r p e n o l , 
d e o x y n i v a l e n o l , 3 - a c e t y l d e o x y n i v a l e n o l , n i v a l e n o l and 
f u s a r e n o n e . The T-2 t o x i n i n d u c e d e l e c t r o l y t e l e a k a g e w h i c h 
i n c r e a s e d w i t h b o t h c o n c e n t r a t i o n and e x p o s u r e . 
D i a c e t o x y s c i r p e n o l a l s o i n d u c e d e l e c t r o l y t e l e a k a g e but t h e 
v a l u e s were l o w e r t h a n t h o s e o b t a i n e d w i t h T-2 t o x i n . The 
o t h e r t r i c h o t h e c e n e s had no e f f e c t s (4.1)· R o r i d i n Ε has a l s o 
been i m p l i c a t e d i n e l e c t r o l y t e l e a k a g e and t h e r e s p onse i s 
c o n c e n t r a t i o n and d u r a t i o n dependent i n muskmelon (33)· 
T h e r e f o r e , i t appears t h a t c e l l membrane p e r m e a b i l t y i s 
changed i n t h e p r e s e n c e o f c e r t a i n t r i c h o t h e c e n e s . 

C o n c l u s i o n : I t i s c l e a r t h a t much work remains t o be done w i t h 
p a t h o g e n i c organisms (and non-pathogens) t h a t produce 
t r i c h o t h e c e n e s a t b o t h t h e g r o s s and m a c r o m o l e c u l a r l e v e l s . 
Some of the f i n d i n g s may l e a d t o r e v o l u t i o n a r y r e s u l t s , such 
as t h e p r o d u c t i o n o f n a t u r a l h e r b i c i d e s and i n c o r p o r a t i o n i n t o 
seeds o f e c o n o m i c a l l y i m p o r t a n t c r o p s , and t h e complete 
u n d e r s t a n d i n g o f changes a t the DNA l e v e l so t h a t r e s i s t a n t 
c r o p s p e c i e s may be e a s i l y produced by g e n e t i c m a n i p u l a t i o n . 
However, a word of c a u t i o n i s i n o r d e r . The d e v a s t a t i n g 
e f f e c t s o f t h e t r i c h o t h e c e n e s i n c r o p s i s r e a d i l y a p p a r e n t , 
y e t t h e p r o g r e s s i o n o f our u n d e r s t a n d i n g o f t h e i n t e r a c t i o n s 
between the m i c r o o r g a n i s m s , t h e i r m e t a b o l i t e s , and the 
combined e f f e c t on gene e x p r e s s i o n has been p a i n f u l l y s l o w . 
How much s l o w e r w i l l i t be f o r t h o s e cases i n w h i c h the 
e f f e c t s a r e f a r more s u b t l e ? 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

00
4



4. CUTLER Trichothecenes in Plant Disease 71 

Literature Cited 

1. Wheeler, H. In "Plant Pathogenesis". Thomas, G.W.; 
Sabey, B.R.; Vaadia, Y.; Eds. Springer-Verlag, New 
York, 1975; pp. 5-16. 

2. Kolattukudy, P.E.; Crawford, M.S.; Woloshuk, C.P.; 
Ettinger, W.F.; Soliday, C.L. In "Ecology and 
Metabolism of Plant Lipids." Fuller. G.; Nes, W.D.; 
Eds.; ACS Symposium Series 325, Washington, DC, 1987; 
Chapter 10. 

3. In "American Type Culture Collection Catalogue of 
Fungi/Yeasts Seventeenth Edition, 1987"; Jong, S.C.; 
Gantt, M.J.; Eds.; American Type Culture Collection, 
Maryland. 1987; pp. 429. 

4. Hoch, H.C.; Staples, R.C.; Whitehead, B.; Comeau, J.; 
Wolfe, E.D. Science 1987, 235, 1659. 

5. Abrahamsson, S.; Nilsson, B. Acta Chem. Scand. 1966, 
20, 1044. 

6. Godtfredsen, W.O.; Vangedal, S. Acta Chem. Scand. 1965, 
19, 1088. 

7. Cutler, H.G.; LeFiles, J.H. Plant and Cell Physiol. 
1978, 19, 177. 

8. Brian, P.W.; Dawkins, A.W.; Grove, J.F.; Hemming, H.G.; 
Lowe, D.; Norris, G.L.F. J. Exp Bot. 1961, 12, 1. 

9. Bawden, F.C.; Freeman, G.G. J. Gen. Microbiol. 1952, 
7, 154. 

10. Marasas, W.F.O. Moldy corn: Nutritive value, toxicity 
and mycoflora with special reference to Fusarium 
tricinctum (Corda) Snyder et Hansen. Ph.D. Thesis, 
Univ. of Wisconsin, 1969. 

11. In "Protection Against Trichothecene Mycotoxins"; 
National Academy Press, Washington, DC. 1983. ρ.1.; 
11a. p.73-75.; 11b. p.133 (Table 6-5). 

12. Cutler, H.G.; Cole, P.D.; Arrendale, R.F.; Cox, R.H.; 
Roberts, R.G.; Hanlin, R.T. Agric. Biol. Chem. 1986, 
50, 2667. 

13. Cutler, H.G. In "The Science of Allelopathy."; Putnam, 
Α.; Tang, C-S.; Eds.; J. Wiley and Sons, Inc., New 
York, 1986. Chapter 9. 

14. Cutler, H.G.; Jarvis, B.B. Environmental and 
Experimental Botany. 1985, 25, 115. 

15. Addicott, F.T.; In "Abscisic Acid". Praeger Pubs. 
(Holt, Reinhart and Winston), New York, 1983. 

16. Cutler, H.G.; LeFiles, J.H.; Crumley, F.G.; Cox, R.H. 
J. Agric. Food Chem. 1978, 26, 632. 

17. EMS Mutagensis of Seeds. Notes from C. Somerville. 
c.1986. 

18. Miller, D.J.; Greenhalgh, R. Mycologia 1985, 77, 130. 
19· Miller, J.D.; Young, J.C.; Sampson, D.R. Phytopath. Z. 

1985, 113, 359-
20. Miller, J.D.; Young, J.C. Can. J. Plant Pathology. 

1985, 7, 132. 
21. Miller, J.D.; Arnison, P.G. Can. J. Plant Pathology 

1986, 8, 147. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

00
4



72 BIOTECHNOLOGY FOR CROP PROTECTION 

22. Cook, J.R. In "Fusarium: Diseases, Biology and 
Taxonomy"; Nelson, P.E.; Toussoun, T.A.; Cook, J.R.; 
Eds.; Pennsylvania State University Press, University 
Park, Pennsylvania, 1981; p.39-52. 

23. Greenhalgh, R.; Meier, R.M.; Blackwell, B.A.; Miller, 
J.D.; Taylor, Α.; Apsimon, J.W. J. Agric. Food Chem. 
1984, 32, 1261. 

24. Greenhalgh, K.; Meier, R.M.; Blackwell, B.A.; Miller, 
J.D.; Taylor, Α.; ApSimon, J.W. J. Agric. Food Chem. 
1986, 34, 115. 

25. Wang, Y.Z.; Miller, J.D. J. Phytopath. In Press. 
26. Desjardins, A.E.; Plattner, R.D.; Spencer, G.F. In 

Press. 
27. Miller, J.D.; Young, J.C. Can. J. Plant Pathology. 

1985, 7, 132. 
28. Gorst-Allman, C.P.; Steyn, P.S.; Vleggar, R. J. Chem. 

Soc. Perkin Trans. 1985, 1, 1553. 
29. Correspondence with J.D. Miller, 1987. 
30. Roush, W.R.; Marietta, M.A.; Russo-Rodriquez, S.; 

Recchia, J. J. Am. Chem. Soc. 1985, 107, 3354. 
31. Bean, G.A.; Fernando, T.; Jarvis, B.B.; Bruton, B. J. 

Natural Products. 1984, 47, 727. 
32. Kuti, J.O.; Ng, T.J.; Bean, G.A. Phytopath. 1985, 75, 

1378. 
33. Kuti, J.O.; Ng, T.J.; Bean, G.A. Proc. 7th 

International Meeting Biodeterioration Soc. London; 
International Mycological Institute, London. In Press 

34. Jarvis, B.B.; Çömezoglu, N.S., Rao, M.M.; Pena, 
N.B. J. Org. Chem. 1987, 52, 45. 

35. Habermehl, G.G.; Busam, L.; Heydel, P. Mebs, D.; 
Tokarnia, C.H.; Dobereiner, J.; Spraul, M. Toxicon. 
1985 22, 731. 

36. Jarvis, B.B.; Wells, K.M.; Lee, Y.-W.; Bean, G.A.; 
Kommedah, F.; Barros, C.S.; Barros, S.S. Phytopath. 
1987, 77, 980 

37. Jarvis, B.B.; Midiwo, J.O., Bean, G.A.; Aboul-Nasr, 
M.B.; Barros, C.S. Submitted for publication. 

38. Tamm, C. Fortschr. Chem. Org. Naturst. 1974, 32, 63. 
39. Lamboy, W.F. Evol. Theor. 1984, 7, 45. 
40. Busby, Jr., W.F.; Wogan, G.N. In "Mycotoxins and 

N-Nitroso compounds: Environmental Risks."; R.C. 
Shank, Ed.; CRC Press Inc., Florida, 1981. Volume II, 
Table 2, p. 40. 

41. Iacobellis, N.S.; Bottalico, A. Phytopath. medit. 1981, 
20, 129. 

RECEIVED February 18, 1988 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

00
4



Chapter 5 

Potential Role of Phytoalexins in Aflatoxin 
Contamination of Peanuts 

R. J. Cole, J. W. Dorner, P. D. Blankenship, and T. H. Sanders 

National Peanut Research Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, Dawson, GA 31742 

Peanut phytoalexins appear to be involved in resistance 
to drought-induced preharvest aflatoxin contamination of 
immature peanuts. Mature peanuts are considerably more 
resistant to environmentally-induced preharvest aflatoxin 
contamination of peanuts than are immature peanuts. The 
mechanism of this latter resistance is unknown. The 
identification of this resistance mechanism and other 
resistance may provide one approach to subsequent use 
of biotechnology to incorporate field resistance traits 
into commercially acceptable varieties. Biotechnology 
may also be a valuable approach to exploiting genetic 
resistance to preharvest aflatoxin found in wild species 
that have evolved in an arid environment. 

The concept of p l a n t s being able t o produce defensive substances, 
c a l l e d p h y t o a l e x i n s , i n response t o i n f e c t i o n was f i r s t proposed by 
Mu l l e r and Borger (1). P h y t o a l e x i n s are p r e s e n t l y defined as low 
molecular weight a n t i m i c r o b i a l compounds that are synthesized by and 
accumulate i n p l a n t s a f t e r t h e i r exposure t o microorganisms. 

The f i r s t r e p o r t of ph y t o a l e x i n production i n peanuts appeared i n 
1972 when Vidhyasekaran ejt j t l . (2) reported that they detected 
p h y t o a l e x i n production i n response to i n v a s i o n by storage f u n g i . I t 
was observed that p h y t o a l e x i n was produced to a greater extent i n 
immature pods and to a l e s s e r extent i n mature pods. The chemical 
nature of these phytoalexins was not determined i n t h i s study. 
Keen (3) reported the production of two i n d u c i b l y formed a n t i f u n g a l 
chemicals i n peanuts (Arachis hypogaea) and i n f e r r e d a ph y t o a l e x i n 
r o l e f o r these chemicals. In a follow-up study, Keen and Ingham (4) 
reported that these two phytoalexins from A. hypogaea were c i s - and 
trans-isomers of 3,5 , 4 ' - t r i h y d r o x y - 4 - i s o p e n t e n y l s t i l b e n e (Figure 1A) 
or A r a c h i d i n I I . Simultaneously, Ingham (5) i s o l a t e d two r e l a t e d 
compounds from the f u n g a l - i n f e c t e d hypocotyls of an African-grown 
c u l t i v a r of A. hypogaea. These were i d e n t i f i e d as c i s - and t r a n s - 3 , 
5 , 4 ' - t r i h y d r o x y s t i l b e n e or r e s v e r a t r o l (Figure I B ) . P r e v i o u s l y , 
s t i l b e n e phytoalexins had been ass o c i a t e d only w i t h Gymnospermae. 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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BIOTECHNOLOGY FOR CROP PROTECTION 

4 - l s o p e n t e n y l r e s v e r a t r o l 

Figure 1A. Chemical s t r u c t u r e of A r a c h i d i n I I . 

O H 

Figure IB. Chemical s t r u c t u r e of R e s v e r a t r o l . 
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COLE ET AL. Phytoalexins in Aflatoxin Contamination 

HO 

Figure 1C. Chemical s t r u c t u r e of A r a c h i d i n I . 

Figure 1D. Chemical s t r u c t u r e of A r a c h i d i n I I I . 
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76 BIOTECHNOLOGY FOR CROP PROTECTION 

Aguamah et a l . (6) i s o l a t e d 3 a n t i f u n g a l compounds from A. hypogaea 
that were i d e n t i f i e d as 4 - ( 3 - m e t h y l - b u t - l - e n y l ) - 3 , 5 , 3 l , 4 f - t e t r a h y -
d r o x y s t i l b e n e ( A r a c h i d i n I , Figure 1C), S ^ ^ ' - t r i h y d r o x y ^ - i s o p e n -
t e n y l s t i l b e n e ( A r a c h i d i n I I , F i gure ΙΑ), and 4-(3-methyl-but-l-enyl)-
3 , 5 , 4 ' t r i h y d r o x y s t i l e n e ( A r a c h i d i n I I I , Figure ID). 

Narayanaswamy and Mahadevan (7) r e p o r t e d l y i s o l a t e d c i s and 
trans 3 , 5 , 4 , - t r i h y d r o x y - 4 - i s o p e n t e n y l s t i l b e n e and two other unknown 
phytoalexins from the seeds of A. hypogaea ( c u l t i v a r TMU7). These 
i n v e s t i g a t o r s l a t e r reported the i s o l a t i o n of p h y t o a l e x i n from the 
leaves of A. hypogaea, although the chemical nature of the phyto
a l e x i n s was not s t u d i e d . 

Recent s t u d i e s by Wotton and Strange (8) provided c i r c u m s t a n t i a l 
evidence f o r p h y t o a l e x i n involvement i n the r e s i s t a n c e of peanuts t o 
A s p e r g i l l u s f l a v u s . Their r e s u l t s i n d i c a t e d that r e s i s t a n c e of 
peanut k e r n e l s to i n v a s i o n by A. f l a v u s was c o r r e l a t e d w i t h t h e i r 
c a p a c i t y t o synthesize p h y t o a l e x i n s as an e a r l y response to wounding. 
A l s o , c o n d i t i o n s that promoted i n v a s i o n of peanuts by A. f l a v u s 
i n h i b i t e d p h y t o a l e x i n production. Thus, k e r n e l s of drought s t r e s s e d 
p l a n t s , which are more s u s c e p t i b l e to A. f l a v u s than k e r n e l s of non-
drought str e s s e d p l a n t s , produced l e s s p h y t o a l e x i n i n response to 
wounding by s l i c i n g than k e r n e l s from non-stressed p l a n t s . 

This review summarizes a recent study that evaluated the r o l e of 
stilbene-based p h y t o a l e x i n r e s i s t a n c e i n peanuts using s i x e n v i r o n 
mental c o n t r o l p l o t s (Dorner, J . W.; Cole, R. J . ; Sanders, T. H.; 
Blankenship, P. D. Phytopathology, i n p r e s s ) . 

The use of biotechnology to i n c o r p o r a t e phytoalexin-based 
genetic r e s i s t a n c e from w i l d species that have evolved i n an a r i d en
vironment i n t o commercially a v a i l a b l e v a r i e t i e s i s a p o t e n t i a l l y 
v i a b l e approach to developing f i e l d r e s i s t a n c e against A. f l a v u s 
i n v a s i o n and subsequent a f l a t o x i n production i n peanuts. 

M a t e r i a l s and Methods 

Cu l t u r e and Treatment of Peanuts. Florunner v a r i e t y peanuts were 
grown i n the environmental c o n t r o l p l o t f a c i l i t y a t the N a t i o n a l 
Peanut Research Laboratory, Dawson, GA (9)(Dorner, J . W.; Cole, R. J . ; 
Sanders, T. H.; Blankenship, P. D. Phytopathology, i n p r e s s ) . Con
v e n t i o n a l c u l t u r a l p r a c t i c e s were used f o r a l l peanuts up to 96 days 
a f t e r p l a n t i n g (DAP) at which time drought treatments were imposed. 
One p l o t , which served as the c o n t r o l , r e c e i v e d optimal moisture 
throughout the study. Two p l o t s were equipped w i t h t h e r m o s t a t i c a l l y -
c o n t r o l l e d , l e a d - s h i e l d e d heating cables to e l e v a t e the s o i l tempera
ture to a mean of ca. 29 C (optimal f o r a f l a t o x i n contamination)(9). 
The other three p l o t s were equipped w i t h heating cables (to e l e v a t e 
s o i l temperature) as w e l l as epoxy-coated copper tubing through which 
c o o l water was c i r c u l a t e d ( t o reduce s o i l temperature) as necessary 
to achieve a mean s o i l temperature of ca. 25 C (not as conducive f o r 
a f l a t o x i n contamination)(10). Treatments began w i t h c o n t r o l of s o i l 
temperature at 103 DAP f o r the 29°C treatment and 105 DAP f o r the 
25 C treatment (Dorner, J . W.; Cole, R. J . ; Sanders, T. H.; 
Blankenship, P. D. Phytopathology, i n p r e s s ) . 

Sampling of Peanuts. Samples from the d i f f e r e n t treatments were 
c o l l e c t e d by hand-digging ca. 60 f e e t of row beginning a t 120 DAP or 
17 treatment days (TD), i n the 29°C treatment and 121 DAP (18 TD) i n 
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5. COLE ET AL. Phytoalexins in Aflatoxin Contamination 77 

the 25°C treatment. An i n i t i a l sample from the i r r i g a t e d treatment 
was taken 114 DAP and f i v e other samples were c o l l e c t e d throughout 
the treatment p e r i o d w i t h the f i n a l sample taken 184 DAP. Samples 
from the two drought treatments were taken at weekly i n t e r v a l s w i t h 
the f i n a l sample from the 29°C treatment taken at 162 DAP (59 TD) and 
the f i n a l 25°C sample at 183 DAP (80 TD). 

A l l undamaged pods were sand-blasted and each pod was placed 
i n t o one of f i v e m a t u r i t y stages based on the method of W i l l i a m s and 
D r e x l e r (11) and described by Henning (12). The stages, i n order of 
i n c r e a s i n g m a t u r i t y , were ye l l o w 1, y e l l o w 2, orange, brown, and 
black. 

Immediately a f t e r m a t u r i t y c l a s s i f i c a t i o n , water a c t i v i t y ( a w ) 
and moisture were determined f o r samples at each m a t u r i t y stage. 
Water a c t i v i t y ( a w ) i s defined as the fundamental property of aqueous 
s o l u t i o n s , and by d e f i n i t i o n a w i s a l s o n u m e r i c a l l y equal to the 
corresponding r e l a t i v e humidity (R.H.) expressed as a f r a c t i o n , i . e . , 
R.H./100. Ten pods per m a t u r i t y stage were handshelled, s p l i t , and 
placed i n sealed sample dishes at 25°C f o r measurements w i t h a 
Beckman Model E2BFA h y g r o l i n e sensor attached to a Beckman Model 
VFB 2 h y g r o l i n e f l a t - b e d recorder (Beckman I n d u s t r i a l Corp., Cedar 
Grove, NJ). For moisture determinations, three 50-pod samples from 
each m a t u r i t y stage were handshelled, weighed, oven-dried f o r s i x 
hours at 130°C, and reweighed to determine moisture l o s s . Percent 
moisture was c a l c u l a t e d as i n i t i a l w e i g h t / f i n a l w e i g h t / i n i t i a l weight. 

E v a l u a t i o n of Phytoalexin-Producing P o t e n t i a l . S i x g of k e r n e l s (x3) 
from each m a t u r i t y stage were s l i c e d 1-2 mm t h i c k , d i s t r i b u t e d i n 
open 60 mm t i s s u e c u l t u r e d i s h e s , and dusted w i t h spores of a non-
a f l a t o x i n producing s t r a i n of A. p a r a s i t i c u s (CP 461; SRRC 2043) to 
e l i c i t p h y t o a l e x i n production. The open dishes were incubated i n 
the dark at 25±1.0°C f o r four days i n sealed d e s s i c a t o r s over unsat
urated NaCl s o l u t i o n s of a w corresponding to that determined f o r each 
m a t u r i t y stage. This was to maintain a l l peanuts at t h e i r preharvest 
a w during the i n c u b a t i o n . 

P h y t o a l e x i n s were e x t r a c t e d and analyzed v i a h i g h performance 
l i q u i d chromatography according to Dorner et a l . (Dorner, J . W.; 
Cole, R. J . ; Sanders, T. H.; Blankenship, P. D. Phytopathology, i n 
p r e s s ) . Area counts of peaks corresponding to p h y t o a l e x i n standards 
were summed to give t o t a l p h y t o a l e x i n content f o r comparison of 
samples. 
A f l a t o x i n Analyses. The remainder of the peanuts i n each m a t u r i t y 
stage were d r i e d , s h e l l e d , and analyzed f o r a f l a t o x i n by the method 
of Dorner and Cole (Dorner, J . W.; Cole, R. J . J . Assoc. O f f . A n a l . 
Chem., i n p r e s s ) . 

R e s u l t s 

R e l a t i o n s h i p Between Treatment and K e r n e l M o i s t u r e . Peanut k e r n e l s 
of a l l m a t u r i t y stages from the i r r i g a t e d c o n t r o l p l o t maintained an 
a w of 1.0 throughout the experiment p e r i o d . These peanuts c o n s i s 
t e n t l y produced r e l a t i v e l y high q u a n t i t i e s of p h y t o a l e x i n s and no 
samples had s i g n i f i c a n t a f l a t o x i n contamination (>5 ppb) during the 
p e r i o d of the experiment (Dorner, J . W.; Cole, R. J . ; Sanders, T. H.; 
Blankenship, P. D. Phytopathology, i n p r e s s ) . 
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78 BIOTECHNOLOGY FOR CROP PROTECTION 

As the study progressed, the a w and moisture of drought-stressed 
peanuts decreased. The r a t e of moisture l o s s was f a s t e r i n the 29 °C 
treatment than i n the 25°C treatment, p a r t i c u l a r l y i n the more 
immature stages (Dorner, J . W.; Cole, R. J . ; Sanders, T. H.; 
Blankenship, P. D. Phytopathology, i n p r e s s ) . However, the moisture 
l o s s was not uniform w i t h i n a given m a t u r i t y stage i n a given t r e a t 
ment. For example, i n the 141 DAP (38 TD) samples from the 29°C 
treatment, the moisture content of k e r n e l s i n the y e l l o w 2 m a t u r i t y 
stage (next to most immature stage) ranged from 40.3% to 17.0% ( a w 

range of 1.00 to 0.92).· The yellow 1 (most immature stage) and 
orange stage had s i m i l a r ranges, but the moisture range i n the 
mature stages (brown, black) was much more uniform. This phenomenon 
was observed i n both the 29° and 25°C treatments, but as expected, 
the number of d r i e r k e r n e l s w i t h i n a m a t u r i t y stage was greater i n 
the 29 C treatment. In a d d i t i o n , i n the yellow 2 and orange c a t e 
g o r i e s , pods c o n t a i n i n g very low moisture k e r n e l s had a c h a r a c t e r 
i s t i c "mustard-colored" appearance a f t e r s a n d - b l a s t i n g , which proved 
to be a c o n s i s t e n t l y sound i n d i c a t o r of low k e r n e l moisture. Kernels 
i n the y e l l o w 1, y e l l o w 2, and orange m a t u r i t y stages were f u r t h e r 
segregated based on v i s u a l assessment of k e r n e l moisture. A l l 
k e r n e l s from "mustard-colored" pods were separated i n t o groups of 
high, medium, and low moisture before determinations of moisture, a w , 
phytoalexin-producing p o t e n t i a l , and a f l a t o x i n contamination were 
made. These segregations were e s s e n t i a l to t e s t i n g the hypothesis 
that k e r n e l a w was the primary f a c t o r that d i r e c t l y or i n d i r e c t l y l e d 
to a f l a t o x i n contamination. Since a w and moisture of peanuts i n the 
brown and black m a t u r i t y stages were g e n e r a l l y q u i t e uniform, i t was 
not necessary to f u r t h e r segregate k e r n e l s from those c a t e g o r i e s . 

Comparisons of moisture content of p a r t i c u l a r m a t u r i t y stages 
from the 29° and 25°C treatments were d i f f i c u l t , s i n c e there were up 
to four moisture contents f o r each m a t u r i t y stage. For example, i n 
the y e l l o w 2 group from the 29°C treatment samples at 148 DAP (45 
treatment days), the moisture content of the d i f f e r e n t segregations 
w i t h i n the group were: "mustard-colored," 11.7%; "normal-colored" 
low moisture, 15.0%; medium moisture, 29.3%; high moisture, 37.3%. 
Each sampling from both the 29° and 25°C treatments y i e l d e d k e r n e l s 
of s i m i l a r moistures w i t h i n a m a t u r i t y stage. However, the 29 C 
treatment c o n s i s t e n t l y had more k e r n e l s at lower moistures than the 
25 C treatment. Therefore, to a r r i v e at a s i n g l e moisture content 
f o r a segregated m a t u r i t y stage, the amount of k e r n e l s at a given 
moisture was taken i n t o account and a "weighted moisture" was used 
f o r each m a t u r i t y stage (Dorner, J . W.; Cole, R. J . ; Sanders, T. H.; 
Blankenship, P. D. Phytopathology, i n p r e s s ) . 

As expected, the more immature peanuts l o s t moisture sooner i n 
the 29°C s o i l than i n the 25°C s o i l . G e n e r a l l y , i t took about a 
week longer f o r k e r n e l s i n the c o o l e r treatment to reach moistures 
a t t a i n e d i n the warmer treatment. The data c l e a r l y showed a d i r e c t 
r e l a t i o n s h i p between s o i l temperature and the r a t e of water l o s s from 
peanut k e r n e l s under late-season drought s t r e s s . 

R e l a t i o n s h i p Between K e r n e l a w and P h y t o a l e x i n Production. As k e r n e l 
a w decreased as a r e s u l t of drought s t r e s s , the c a p a c i t y of k e r n e l s 
to produce phytoalexins a l s o decreased and e v e n t u a l l y was l o s t . 
This trend was independent of m a t u r i t y and s o i l temperature. When a w 
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5. COLE ET AL. Phytoalexins in Aflatoxin Contamination 79 

was high (0.97-1.00), k e r n e l s of a l l m a t u r i t i e s and from both t r e a t 
ments produced abundant p h y t o a l e x i n s . No s i g n i f i c a n t p h y t o a l e x i n 
production was observed when a^, was below 0.95. This was c o n s i s t e n t 
throughout a l l m a t u r i t i e s and i n both treatments. T h i s i l l u s t r a t e d 
the c o r r e l a t i o n between lower a w and reduced p h y t o a l e x i n production 
i r r e s p e c t i v e of m a t u r i t y and s o i l temperature. 

R e l a t i o n s h i p Between P h y t o a l e x i n Production and A f l a t o x i n Contami
n a t i o n . Many samples that had l o s t the c a p a c i t y f o r p h y t o a l e x i n p r o 
d u c t i o n had no detectable a f l a t o x i n , w h i l e i n other s i m i l a r samples 
a f l a t o x i n l e v e l s ranged as high as 2400 ppb (Table I ) . S i g n i f i c a n t l y 
however, no sample of peanuts that had moderate t o h i g h p h y t o a l e x i n -
producing c a p a c i t y contained >5 ppb a f l a t o x i n . Therefore, i t can be 
sta t e d that as long as peanut k e r n e l s had the c a p a c i t y f o r phyto
a l e x i n p roduction, a f l a t o x i n was not formed (Table I ) . However, the 
l o s s of phytoalexin-producing c a p a c i t y r e s u l t e d i n a f l a t o x i n f o r 
mation but i n only a p o r t i o n of these s u s c e p t i b l e k e r n e l s (Dorner, 
J . W.; Cole, R. J . ; Sanders, T. H.; Blankenship, P. D. Phytopath
ology, i n p r e s s ) . 

R e l a t i o n s h i p Between K e r n e l a w and A f l a t o x i n Contamination. I n order 
to evaluate the r e l a t i o n s h i p between a w and a f l a t o x i n contamination, 
i t was u s e f u l t o determine the percentage of samples contaminated 
w i t h a f l a t o x i n both above and below a w of 0.95 (the a w below which 
the c a p a c i t y t o produce p h y t o a l e x i n s was l o s t ) . In the 29°C t r e a t 
ment, when a w was >0.95, only 5% of a l l samples contained greater 
than 5 ppb a f l a t o x i n . However, 50% of a l l samples w i t h a w <0.95 had 
gr e a t e r than 5 ppb a f l a t o x i n . In the 25°C treatment 7% of samples 
greater than 0.95 a w had more than 5 ppb a f l a t o x i n compared to 26% of 
samples when was <0.95. These data are f o r a l l m a t u r i t i e s com
bined . 

When samples from a l l m a t u r i t i e s and both treatments are com
bined, 94% had <5 ppb t o x i n when a w was >0.95. Thi s i s compared t o 
65% having <5 ppb when a w was >0.95. When 20 ppb i s used as the c u t 
o f f , the percentages were 98% f o r a w >0.95 and 73% f o r a w <0.95. The 
d i f f e r e n c e i n contamination between samples above and below a w of 
0.95 was greater i n the more immature peanuts. For example, when 
treatments are combined, only 13% of the ye l l o w 1 samples had >5 ppb 
a f l a t o x i n when a w was >0.95, but 67% of y e l l o w l ' s were >5 ppb when 
a w was >0.95, but when a w was <0.95, only 17% of the samples from 
each m a t u r i t y were >5 ppb. Proceeding from y e l l o w 1 (most immature) 
to b lack (most mature) when a w was <0.95 the percentage of samples 
>5 ppb decreased a c c o r d i n g l y - 67%, 50%, 24%, 19%, 17%. 

A higher percentage of samples from the 29°C treatment had con
tamination than from the 25°C treatment. The percentages of samples 
from each m a t u r i t y (yellow 1-black) c o n t a i n i n g >5 ppb a f l a t o x i n when 
a w was <0.95 were 80%, 50%, 50%, 50%, and 20%, r e s p e c t i v e l y , i n the 
29°C treatment. Corresponding values from the 25°C were 57%, 50%, 8%, 
0%, and 14%, r e s p e c t i v e l y . 

Therefore, i t can be seen that when a w f a l l s below 0.95 where 
phytoalexin-producing c a p a c i t y i s l o s t , immature peanuts are more 
l i k e l y t o become contaminated than mature peanuts, p a r t i c u l a r l y i n 
high temperature s o i l (Table I ) . However, i n mature peanuts, low a w 

and the l o s s of the c a p a c i t y to produce p h y t o a l e x i n s does not r e s u l t 
i n the same degree of contamination (both i n numbers and l e v e l s ) as 
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5. COLE ET AL. Phytoalexins in Aflatoxin Contamination 81 

i t does i n the immature peanuts (Table I ) . This i n d i c a t e s that a f t e r 
p r o t e c t i o n by p h y t o a l e x i n production i s l o s t (<0.95 a w) , other as yet 
unknown f a c t o r s are p r o v i d i n g a high degree of p r o t e c t i o n from p r e 
harvest a f l a t o x i n contamination to mature peanuts. 

Conclusions 

P h y t o a l e x i n s appear to be at l e a s t p a r t l y i n v o l v e d i n r e s i s t a n c e to 
drought-induced preharvest a f l a t o x i n contamination of peanuts. Phy-
toalexin-based r e s i s t a n c e appears to be more important i n immature 
peanuts than i n mature peanuts. Therefore, mature peanuts are 
more r e s i s t a n t to preharvest a f l a t o x i n contamination than are imma
ture peanuts. The exact mechanism of t h i s r e s i s t a n c e i s not known. 

A v i a b l e approach to o b t a i n i n g f i e l d r e s i s t a n c e to a f l a t o x i n 
contamination i n peanuts under l a t e season drought s t r e s s may be 
found i n w i l d peanut species that have evolved i n an ecosystem that 
included seasonal periods of drought s t r e s s . They may have evolved 
a phytoalexin-producing enzyme system that remains operative at an 
a w lower than commercial v a r i e t i e s ( i . e . , <0.95 a w) i n order to cope 
w i t h seasonal drought p e r i o d s . The a p p l i c a t i o n of b i o t e c h n o l o g i c a l 
techniques could provide a mechanism to i n c o r p o r a t e t h i s genetic 
p o t e n t i a l i n t o commercially acceptable v a r i e t i e s . Other g e n e t i c a l l y 
c o n t r o l l e d r e s i s t a n c e mechanisms could a l s o be e x p l o i t e d using b i o 
technology. 
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Chapter 6 

Preinfection Changes in Germlings of a Rust 
Fungus Induced by Host Contact 

Richard C. Staples1 and Harvey C. Hoch2 

1Boyce Thompson Institute, Cornell University, Ithaca, NY 14853 
2New York State Agricultural Experiment Station, Cornell University, 

Geneva, NY 14456 
Germlings of the bean rust fungus, Uromyces 
appendiculatus, invade their host plant through 
stomates using a set of specialized cells, the 
infection structures, that are stimulated to develop 
in response to a thigmotropic stimulus provided by 
the lip of the stomatal guard cel l . The essential 
thigmotropic signal is a ridge or groove in the 
substrate having an abrupt change in elevation of 
0.5 μm. Development of the infection structures is 
accomplished in three important phases, i.e. a very 
rapid cessation of germ tube elongation, the start 
of DNA replication, and development of the infection 
structures. Development of the infection structures 
includes two rounds of nuclear division, the 
synthesis of about 15 differentiation-related 
proteins, and the expression of at least five 
differentiation-specific genes. 

Rust f u n g i are basidiomycetes which i n nature are o b l i g a t e 
p a r a s i t e s o f higher p l a n t s , i . e . r e q u i r e l i v i n g hosts to complete 
t h e i r l i f e c y c l e . They are s e r i o u s pests o f crop p l a n t s . While 
s e v e r a l of the r u s t s have been c u l t u r e d ( 1 ) , s u r v i v a l of axenic 
r u s t s i s poor outside the l a b o r a t o r y . T h e i r very complex l i f e 
c y c l e s , l o n g - c y c l e r u s t s have f i v e types of spores w i t h the 
sexual and asexual stages on d i f f e r e n t hosts (2) -- pose 
f a s c i n a t i n g questions of host s e l e c t i v i t y , spore i n i t i a t i o n , 
environmental r e g u l a t i o n of the l i f e c y c l e , and host cues f o r 
fu n g a l p e n e t r a t i o n . Any of these, were more known about them, 
c o u l d serve as a focus of c o n t r o l s t r a t e g i e s . 

Uredospores are asexual, d i k a r y o t i c spores, many species of 
which c o l o n i z e t h e i r hosts by seeking and p e n e t r a t i n g only v i a the 
stomates. This review describes the developmental responses 
induced i n uredospore germlings by host contact which guides 
appressorium placement over the stomatal opening. Many 
researchers have c o n t r i b u t e d to these ideas beginning w i t h the 
i n v e n t i v e work of Sidney Dickinson ( 3 ) . Examples of other 

0097-6156/88/0379-0082$06.00A) 
• 1988 American Chemical Society 
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6. STAPLES AND HOCH Preinfection Changes in Germlings 83 

important c o n t r i b u t i o n s to an understanding of d i f f e r e n t i a t i o n 
i n c l u d e research by Heath and Heath (4,5), Maheshwari e t a l . ( 6 ) , 
Rowell and O l i e n ( 7 ) , and Wynn (8). The most recent t r e a t i s e on 
the r u s t f u n g i i s one on c e r e a l r u s t s by Bushnell and R o e l f s 
(2.1Û)· Extensive reviews on the d i f f e r e n t i a t i o n process i n c l u d e 
those by Emmett and Parbery, (11), L i t t l e f i e l d and Heath (2) , Wynn 
and Staples (12), and Hoch and Staples (13). 

Cytology of I n f e c t i o n S t r u c t u r e Development 

Morphology. Uredospores of many of the r u s t s c o l o n i z e t h e i r hosts 
by seeking and p e n e t r a t i n g the stomates. The r i d g e s and 
i n d e n t a t i o n s of the l e a f are s i g n a l s which c o n t r o l both the 
d i r e c t i o n of growth of the germ tube ( o r i e n t a t i o n ) , and the s i t e 
of appressorium development f o r p e n e t r a t i o n ( d i f f e r e n t i a t i o n ) . 
These fungal responses to contact s t i m u l i are growth changes. 

O r i e n t a t i o n . The o r i e n t a t i o n response by Uromvces appendiculatus 
germlings on bean leaves i n an area where the surface i s r e g u l a r l y 
s t r i a t e d i s shown i n F i g . 1A. Uniformly spaced scratches on 
p l a s t i c surfaces a l s o induce germ tube o r i e n t a t i o n ( F i g . I B ) . 
O r i e n t a t i o n i s the f i r s t v i s u a l e f f e c t of sensing by the 
uredospore germling, and o r i e n t a t i o n has been p o s t u l a t e d to 
improve the chance that a germ tube w i l l contact a stomate on the 
host l e a f by reducing wandering (14). 

D i f f e r e n t i a t i o n . When the germ tube contacts a stomate, the 
germling undergoes a process of d i f f e r e n t i a t i o n i n which a s e r i e s 
of i n f e c t i o n s t r u c t u r e s are formed beginning w i t h the appressorium 
which s i t s over the stomatal opening ( F i g . 2). Development of the 
appressorium i s f o l l o w e d by the peg, which penetrates between the 
guard c e l l s , the v e s i c l e . which f i l l s the substomatal c a v i t y , and 
the i n f e c t i o n hvphae. which ramify throughout the l e a f t i s s u e . 
H a u s t o r i a l mother c e l l s develop when the i n f e c t i o n hyphae 
encounter the mesophyll of the host. I t i s the h a u s t o r i a t h a t 
develop w i t h i n the mesophyll c e l l s , and which o b t a i n nourishment 
f o r the fungus. 

H a u s t o r i a l mother c e l l s are thought to a r i s e o n l y when the 
i n f e c t i o n hyphae make contact w i t h host c e l l s ; however, h a u s t o r i a l 
mother c e l l s do develop o c c a s i o n a l l y i n the absence o f the host 
(15). A l l of the i n f e c t i o n s t r u c t u r e s p r i o r to the h a u s t o r i a l 
mother c e l l s develop as a r e s u l t of the o r i g i n a l contact by the 
germling w i t h the stomate. 

Chemicals can a l s o induce i n f e c t i o n s t r u c t u r e s , and each 
fungus seems to have i t s own requirement. For example, P u c c i n i a 
graminis t r i t i c i responds to a c r o l e i n (16), w h i l e U. 
appendiculatus responds to K + (17). The thigmotropic response by 
U. appendiculatus to the stomate, however, i s e n t i r e l y p h y s i c a l as 
demonstrated by Wynn (8). 

Dimensions of the S i g n a l 

D i f f e r e n t i a t i o n can be r e a d i l y induced by a s i n g l e s c r a t c h (18). 
This o b s e r v a t i o n l e d to the p r e p a r a t i o n of templates 
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BIOTECHNOLOGY FOR CROP PROTECTION 

Figure 1. Photomicrographs showing the development of U. 
appendiculatus uredospore germlings and the stomatal pore o f 
the bean l e a f . (A) Growth of U. appendiculatus germlings on 
the surface of the host p l a n t (Phaseolus v u l g a r i s ) showing the 
o r i e n t a t i o n response by the germ tubes to the topography of the 
l e a f . Bar s c a l e , 10 μπι. A f t e r Hoch et a l . (19). (Β) Growth 
of U. appendiculatus germlings on the i n d u c t i v e surface of 
h i g h - d e n s i t y polyethylene. The germ tubes are o r i e n t e d 
p e r p e n d i c u l a r to the inherent features formed on the surface. 
A p p r e s s o r i a have begun to form on some of the germ tubes (4 h 
a f t e r s t a r t of germination). X190. A f t e r Staples et a l . (34)· 
(C) Polystyrene r e p l i c a o f p r e c i s i o n ion-etched s i l i c o n wafer 
templates, c o n t a i n i n g r i d g e s 0.5 μπι hi g h by 4.0 μπι wide, was 
h i g h l y i n d u c t i v e f o r i n f e c t i o n s t r u c t u r e formation i n U. 
appendiculatus germlings. Bar s c a l e , 10 μπι. A f t e r Hoch e t a l . 
(19). (D) Germling of U. appendiculatus s t a i n e d f o r 
microtubules ( l e f t ) , and F - a c t i n ( r i g h t ) . Some of the 
microtubule and F - a c t i n microfilament p r o f i l e s (Mf) occupy 
adjacent s i t e s . An arrow p o i n t s to one of the two F - a c t i n -
c o n t a i n i n g nuclear i n c l u s i o n s (Ni) i n the n u c l e i (one i n each 
nuc l e u s ) . A c t i n - c o n t a i n i n g p e r i p h e r a l plaques (Pp) are a l s o 
shown. X1250. A f t e r Staples et a l . (34). (Ε) Scanning 
e l e c t r o n micrograph of bean l e a f stomatal guard c e l l s (Gc) 
having prominent e r e c t l i p s (Lp) t h a t serve as the s i g n a l f o r 
appressorium formation i n U. appendiculatus. The fungus 
e v e n t u a l l y enters the l e a f through the stomatal pore (Po) where 
i n f e c t i o n of the host c e l l occurs. Bar s c a l e , 10 μπι. Ap, 
appressorium; Gt, germ tube, Sp, uredospore. A f t e r Hoch e t a l . 
(1£). 
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6. STAPLES AND HOCH Preinfection Changes in Germlings 85 

Figure 2. I n f e c t i o n s t r u c t u r e s developed by uredospore 
germlings of U. appendiculatus. (A) Diagram of the i n f e c t i o n 
s t r u c t u r e s developed a f t e r germ tube contact w i t h a stomatal 
guard c e l l . (B) SEM micrograph showing appressorium developed 
over a bean l e a f stomate. (C) T y p i c a l i n f e c t i o n s t r u c t u r e s of 
U. appendiculatus. X400. Ap, appressorium; Gt, germ tube; I h , 
i n f e c t i o n hyphae; Ip, peg; Se, septum; Sp, spore; Ve, v e s i c l e . 
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86 BIOTECHNOLOGY FOR CROP PROTECTION 

m i c r o f a b r i c a t e d onto s i l i c o n wafers u s i n g electron-beam 
l i t h o g r a p h y (19). The d i f f e r e n t i a t i o n s i g n a l was found to be a 
simple r i d g e having an optimum height of 0.5 + 0.1 μπι ( F i g . 1C). 
Negative r i d g e s (grooves) are e q u a l l y e f f e c t i v e . 

O r i e n t a t i o n and d i f f e r e n t i a t i o n are separate responses. 
While d i f f e r e n t i a t i o n occurs i f the rid g e i s s o l i t a r y and w e l l 
separated from other r i d g e s , i t was found that germ tubes of the 
fungus are h i g h l y o r i e n t e d when m u l t i p l e r i d g e s are present which 
are spaced more c l o s e l y than 15 μπι. D i f f e r e n t i a t i o n i s i n h i b i t e d 
and o r i e n t a t i o n i s enhanced as the spacing i s diminished. 

The height of the d i f f e r e n t i a t i o n s i g n a l i s small compared 
w i t h the diameter of the germ tube which averages 5 to 8 μπι ( F i g . 
3). I t i s obvious th a t the fungus i s able to d i s t i n g u i s h minute 
d i f f e r e n c e s i n l e a f surface topography (perhaps as sma l l as 
+ 0.1 μπι) i n order to t a r g e t the stomate. 

Wynn (8) has suggested t h a t on the bean p l a n t , the l i p of the 
stomatal guard c e l l was the e s s e n t i a l d i f f e r e n t i a t i o n s i g n a l to 
which the U. appendiculatus germling responded. Photographs by 
SEM of specimens of the bean stomate which were quick f r o z e n then 
f r e e z e - d r i e d , revealed prominent guard c e l l l i p s o r i e n t e d n e a r l y 
p e r p e n d i c u l a r l y to the c e l l surface ( F i g . I E ) . The l i p f r e q u e n t l y 
appeared to be somewhat ragged along the outer edge, and non
uniform i n h e i g h t . Mean height of the l i p was 0.487 + 0.07 μπι, 
and we assume w i t h Wynn (8) that the e s s e n t i a l d i f f e r e n t i a t i o n 
s i g n a l on the bean l e a f i s the l i p of the stomatal guard c e l l . 

Ridges 0.5 μπι i n h e i g h t , so s u i t a b l e f o r i n d u c t i o n of 
d i f f e r e n t i a t i o n by the U. appendiculatus germling, are not 
i n d u c t i v e f o r germlings of P. graminis t r i t i c i . the wheat stem 
r u s t fungus (Hoch, unpublished i n f o r m a t i o n ) , and n e i t h e r were 
Wynn's p l a s t i c r e p l i c a s o f the bean l e a f stomate (12). While 
a p p r e s s o r i a are induced on germlings of P. graminis t r i t i c i by 
contact w i t h the stomate (20), the stomates are q u i t e d i f f e r e n t i n 
shape. Using methyl methracylate spheres mixed i n t o a polystyrene 
membrane, Di c k i n s o n (3) estimated t h a t the s i g n a l f o r P. r e c o n d i t a 
( l e a f r u s t o f wheat) c o n s i s t s of m u l t i p l e s mall r i d g e s about 
0.0012 μπι i n height and spaced about 0.12 μπι apart. These 
est i m a t i o n s have not y e t been v e r i f i e d u s i n g etched wafers, i . e . 
aggregates of the granules (longer dimensions) may have been 
i n d u c t i v e ; however, D i c k i n s o n d i d demonstrate t h a t membranes 
c o n t a i n i n g smaller granules were not e f f e c t i v e . As these 
dimensions are q u i t e d i f f e r e n t from those f o r U. appendiculatus. 
and inasmuch as our wafers would not induce P. graminis t r i t i c i 
germlings to d i f f e r e n t i a t e , the developmental s i g n a l s appear to 
d i f f e r among the r u s t s . The p o s s i b i l i t y e x i s t s that small changes 
i n the a r c h i t e c t u r e of the l e a f would be a u s e f u l s t r a t e g y f o r 
reducing the v i r u l e n c e of the pathogen. 

The Thigmotropic Response 

Time-scale of Response. A l i s t of some of the events which occur 
during the development of i n f e c t i o n s t r u c t u r e s , and the estimated 
times when the response occurs a f t e r contact w i t h the i n d u c t i v e 
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6. STAPLES AND HOCH Preinfection Changes in Germlings 87 

r i d g e , i s shown i n Table I . The f o l l o w i n g d i s c u s s i o n i s o r i e n t e d 
around the time-scale which was assembled from a v a r i e t y of 
sources f o r t h i s purpose. 

Table I . Time Scale of D i f f e r e n t i a t i o n For Bean Rust Uredospore 
Germlings^ 

Minutes A c t i v i t y S t a r t e d 
0 GERM TUBE APEX AT INDUCTIVE RIDGE 

<1.0 STOP FORWARD GROWTH + 
APPRESSORIUM GROWTH BEGINS 

15 FIRST ROUND OF DNA REPLICATION 
BEGINS + SYNTHESIS OF EARLY 
DS-PROTEINS + EXPRESSION OF 
EARLY DS-GENES 

36 NUCLEAR MIGRATION INTO 
APPRESSORIUM 

44 MITOSIS I BEGINS 
NUCLEI CONDENSE + 

56 TELOPHASE ENDS (- 4 NUCLEI) 
83 APPRESSORIUM SEPTUM COMPLETED 
83 - 150 MORPHOGENETIC PAUSE 

>200 CONSTRUCTION OF VESICLE 
EXPRESSION OF LATE DS-GENES + 
SYNTHESIS OF LATE DS-PROTEINS 
+ MIGRATION OF NUCLEI + 
MITOSIS I I (- 8 NUCLEI) 

1These times are approximate only, and were assembled from 
experiments c a r r i e d out f o r a v a r i e t y of d i f f e r e n t purposes. The 
data on m i t o s i s was obtained from Tucker e t a l . (18); DNA 
r e p l i c a t i o n I (15 min) from Staples et a l . (21). The 
morphogenetic pause and m i t o s i s I I were estimated from the 
behavior of a po p u l a t i o n of spores (DS, d i f f e r e n t i a t i o n - s p e c i f i c ) . 

E a r l y Response Pe r i o d . The germ tube elongates over the surface 
at 1 to 2 μπι/ιηΐη. As the width of the stomatal opening on a bean 
l e a f u s u a l l y i s not greater than 3 μπι, the germ tube must respond 
i n l e s s than a minute i n order not to overshoot the opening. That 
the germling u s u a l l y does not overshoot can be seen i n F i g . 1C, 
where a l l of the ap p r e s s o r i a are r e s t i n g on top of the s i g n a l 
r i d g e which i s 4 μπι wide. Thus, the i n i t i a l response to the 
s i g n a l i s r a p i d , and as shown i n the f i g u r e , where an overshoot 
has occurred, the fungus has a c o r r e c t i v e mechanism f o r r e t r a c t i n g 
over the t a r g e t guided by the s i g n a l . N e i t h e r the mechanism by 
which the s i g n a l i s perceived by the germling, nor the manner by 
which i t responds, i s known yet; however, i t seems u n l i k e l y that 
gene expression i s in v o l v e d . 

DNA R e p l i c a t i o n and M i t o s i s . One of the e a r l i e s t responses to 
contact i s the s t a r t of DNA r e p l i c a t i o n and m i t o s i s (21). The 
n u c l e i i n the germ tube are h a p l o i d , and r e p l i c a t i o n begins about 
15 min a f t e r i n d u c t i o n of d i f f e r e n t i a t i o n (Table I ) . Nuclear 
d i v i s i o n r e q u i r e s about 15 min, and i s completed 30 min before the 
a p p r e s s o r i a l septum i s completed (Table I ; 18). 
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88 B I O T E C H N O L O G Y F O R C R O P P R O T E C T I O N 

Morphogenetic Pause. At the end of telophase, the germling 
c o n s t r u c t s a septum across the germ tube guided by a s e p t a l r i n g 
of F - a c t i n (18). When t h i s a c t i v i t y ceases, the germling appears 
to remain quiescent f o r about an hour or so. A c t i v i t y begins 
again when the v e s i c l e elongates out from the appressorium. 

P r o t e i n Synthesis and Gene Expression. Development of the 
i n f e c t i o n s t r u c t u r e s i s accompanied by the s y n t h e s i s of a t l e a s t 
15 d i f f e r e n t i a t i o n - r e l a t e d (dr) p r o t e i n s , i . e . p r o t e i n s not 
present i n the germling u n t i l d i f f e r e n t i a t i o n i s induced F i g . 4; 
(22) . A downshift i n the synthesis of some p r o t e i n s a l s o occurs 
d u r i n g i n f e c t i o n s t r u c t u r e development. 

To address the question of the number of genes expressed 
d u r i n g development of the i n f e c t i o n s t r u c t u r e s , we have screened a 
bean r u s t genomic l i b r a r y u s i n g a probe enriched f o r the dr-
sequences prepared by a modified cascade h y b r i d i z a t i o n procedure 
(23) . We have obtained twenty d i f f e r e n t i a t i o n - s p e c i f i c clones. 
From r e s t r i c t i o n mapping and Southern h y b r i d i z a t i o n analyses, 
these clones can be grouped i n t o s i x c l a s s e s . Glass I c o n s i s t s of 
f o u r t e e n homologous clones, c l a s s I I c o n s i s t s of two homologous 
clones, and c l a s s e s I I I t o VI c o n s i s t of a s i n g l e clone each. 

Northern analyses, used to confirm t h a t these clones were 
s p e c i f i c to the d i f f e r e n t i a t e d stage of the fungus, showed tha t 
c l a s s I clones h y b r i d i z e d w i t h t r a n s c r i p t s t h a t were e q u a l l y 
abundant i n d i f f e r e n t i a t e d and n o n d i f f e r e n t i a t e d germlings. The 
remaining c l a s s e s , however, h y b r i d i z e d w i t h t r a n s c r i p t s t h a t were 
more abundant i n d i f f e r e n t i a t e d germlings. Thus, i t appears th a t 
the contact stimulus a c t i v a t e s a small gene set of at l e a s t f i v e 
genes tha t are dedicated to the d i f f e r e n t i a t i o n process. We have 
a l s o obtained clones of genes whose expression i s downshifted, but 
we have not c h a r a c t e r i z e d them yet. 

Using h y b r i d a r r e s t - t r a n s l a t i o n procedures, we have 
i d e n t i f i e d a 23 kDa polypeptide which i s coded f o r by clone 24 of 
c l a s s I I . One of the d r - p r o t e i n s has an approximate molecular 
weight of 23 kDa; however, i t s i d e n t i t y w i t h t h i s peptide must 
await the p r e p a r a t i o n of a s p e c i f i c antibody. 

Although the s t u d i e s on homology are s t i l l r a t h e r l i m i t e d , 
the d i f f e r e n t i a t i o n - s p e c i f i c clones appear to be homologous only 
w i t h DNA from other r u s t s and not w i t h DNA from more d i s t a n t l y 
r e l a t e d f u n g i . So f a r , we have probed a BamHl d i g e s t of t o t a l DNA 
from two r u s t s (Uromyces vignae. and U. appendiculatus). two p l a n t 
pathogenic ascomyces which develop a p p r e s s o r i a on t h e i r hosts 
(Cochliobolous he terο s trophus and C o l l e t o t r i c h u m 1indemuthianum) 
and the saprophyte, A s p e r g i l l u s n i d u l a n s . which does not 
d i f f e r e n t i a t e . Three clones r e p r e s e n t i n g c l a s s e s I I , IV and VI, 
h y b r i d i z e d to DNA from the two r e l a t e d r u s t s but not to the DNA 
from the other three more d i s t a n t l y - r e l a t e d f u n g i . 

A l l of the clones i s o l a t e d so f a r h y b r i d i z e w i t h t r a n s c r i p t s 
which appear i n germlings at the time when the v e s i c l e s form, 
although the c l a s s VI clone a l s o h y b r i d i z e s w i t h a t r a n s c r i p t 
which appears du r i n g development of the appressorium. Thus, the 
ds-genes appear to have a r o l e i n c o n s t r u c t i o n of the i n f e c t i o n 
s t r u c t u r e s . A more p r e c i s e t i m i n g of expression w i l l have to 
await a d d i t i o n a l s t u d i e s . 
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STAPLES AND HOCH Preinfection Changes in Germlings 

Figure 3. A developing appressorium sectioned transversely to 
the direction of a scratch on a Mylar substrate which was 
previously coated with a thin layer of palladium/gold. X7.300. 
After Bourett et a l . (35). 

Figure 4. Autoradiograms of proteins separated by 
electrophoresis on two dimensional slab gels of 15% 
polyacrylamide. An ampholine-generated pH gradient was 
employed in the f i r s t dimension, while a 15% SDS gel was 
employed i n the second dimension. The position of the 
molecular weight markers (kDa) i s shown along the left-hand 
margin. Uredospore germlings on collodion membranes were 
misted with [ 3 5S]-methionine for 1.5 h before harvest and 
extraction of the proteins. (A) Nondifferentiated uredospores 
germinated 6 h, (B) differentiated uredospores germinated 6 h 
with appressoria and vesicles. Paraffin o i l was incorporated 
into the collodion membrane to induce differentiation. 
Underscored numbers indicate proteins synthesized s p e c i f i c a l l y 
during differentiation. Not a l l of the proteins have been 
numbered. 
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90 BIOTECHNOLOGY FOR CROP PROTECTION 

Elements of the Sensing Mechanism 

E x t r a c e l l u l a r M a t r i x . Unless germlings of the r u s t f u n g i are 
attached to host s u r f a c e s , i n f e c t i o n s t r u c t u r e s e i t h e r do not 
develop or are abnormally o r i e n t e d (12). P r o t e i n i n the 
e x t r a c e l l u l a r matrix of the germ tube appears to be an important 
component of the sensing mechanism because proteases, e.g. Pronase 
E, but not other hydrolases, loosen the germ tube from the surface 
and prevent t h i g m o d i f f e r e n t i a t i o n (24,25). Pronase Ε d i d not 
a f f e c t germination or germling growth, but adhesion to a 
p o l y s t y r e n e surface was s i g n i f i c a n t l y reduced. The s i m p l e s t 
e x p l a n a t i o n f o r the e f f e c t s of the proteases i s t h a t e x t r a c e l l u l a r 
p r o t e i n s , p o s s i b l y g l y c o p r o t e i n s , are r e q u i r e d f o r b i n d i n g the 
germ tube to the i n d u c t i v e surface. The e x t r a c e l l u l a r m a t r i x 
appears to be amorphous by TEM, and nothing i s known yet about i t s 
p o s s i b l e a s s o c i a t i o n w i t h the plasmalemma or i n t r a c e l l u l a r 
components. 

Cytoskeleton. U. appendiculatus germlings have an extensive 
network of cytoplasmic microtubules o r i e n t e d p a r a l l e l w i t h the 
long a x i s of the hypha tha t are e s p e c i a l l y abundant near the 
hypha-substrate i n t e r f a c e F i g . ID, l e f t ; (26). Microtubule 
d i s r u p t i n g agents such as c o l d , demecolcine, g r i s e o f u l v i n , and 
nocodazole, e f f e c t i v e l y depolymerize the microtubules i n the germ 
tube but not the a c t i n microfilaments (27). Enhanced microtubule 
arrays are observed i n the presence of e i t h e r Taxol or D2O, agents 
known to favor microtubule s t a b i l i z a t i o n (2j$). 

F - a c t i n i s observed i n three important c o n f i g u r a t i o n s : as 
f i l a m e n t s , a s s o c i a t e d w i t h filasomes, and p o s i t i o n e d w i t h i n the 
n u c l e a r matrix as an i n c l u s i o n ( F i g . ID, r i g h t ) . Treatment of the 
germlings w i t h c y t o c h a l a s i n Ε leads to the disappearance of 
cytoplasmic f i l a m e n t s but has no p e r c e i v a b l e e f f e c t s on the 
filasomes (22). 

What p o s s i b l e r o l e may the c y t o s k e l e t o n have i n t r a n s m i s s i o n 
of the d i f f e r e n t i a t i o n s i g n a l ? The evidence i s only 
c i r c u m s t a n t i a l so f a r . The l o c a t i o n of the microtubules near the 
c e l l - s u b s t r a t e i n t e r f a c e means that the microtubules are l o c a t e d 
where they ought to be to have a r o l e i n r e c e p t i o n . Furthermore, 
nocodazole- or g r i s e o f u l v i n - t r e a t e d germlings, i n which the 
microtubules are depolymerized, f a i l to develop a p p r e s s o r i a when 
the germ tube contacts a surface s c r a t c h (Hoch, H.C, 
unpublished). This suggests that the microtubules must be i n t a c t 
i n order f o r the germling to respond to an i n d u c t i v e s i g n a l . 

The microfilament c y t o s k e l e t o n must a l s o be i n t a c t f o r 
d i f f e r e n t i a t i o n to occur, but i t probably does not have a d i r e c t 
r o l e i n s i g n a l t r a n s d u c t i o n as p o s t u l a t e d f o r the microtubules. 
For example, Tucker et a l . (18) have demonstrated th a t treatments 
of germlings w i t h b r i e f pulses of c y t o c h a l s i n Ε which depolymerize 
the m i c r o f i l a m e n t s , and consequently d i s t o r t the shape of the germ 
tube, do not i n h i b i t the s t a r t of m i t o s i s i n the appressorium. 
Even the time-course was not a l t e r e d . Removal of the drug 
r e s t o r e s c e l l shape. However, development of the a p p r e s s o r i a l 
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6. STAPLES AND HOCH Preinfection Changes in Germlings 91 

septum no longer occurs, so t h a t completion of appressorium 
c o n s t r u c t i o n probably does depend on the i n t e g r i t y of the 
m i c r o f i l a m e n t s . 

Transmembrane S i g n a l i n g . High exogenous l e v e l s (10 mM) of both 
cAMP and cGMP induce DNA r e p l i c a t i o n and nuclear d i v i s i o n i n U. 
appendiculatus germlings e f f i c i e n t l y , but the i n f e c t i o n s t r u c t u r e s 
are i n h i b i t e d from forming (29). However, more modest l e v e l s 
(10"7 Μ ) , as w e l l as exogenously a p p l i e d s t i m u l a t o r s of adenylate 
c y c l a s e and i n h i b i t o r s of cAMP-dependent phosphatase, induce the 
complete sequence of DNA r e p l i c a t i o n , n u c l e a r d i v i s i o n and 
development of the i n f e c t i o n s t r u c t u r e s . The data suggest t h a t U. 
appendiculatus germlings u t i l i z e a cAMP- and cGMP-dependent 
cascade i n metabolism, i n c l u d i n g a c y c l i c nucleotide-dependent 
p r o t e i n kinase which phosphorylates a 54 kDa p r o t e i n ( E p s t e i n , 
unpublished). We have been unable to d i s t i n g u i s h between the 
n u c l e o t i d e s as the p r e f e r r e d messenger. 

Phosphatidic a c i d (PA), r a p i d l y produced during receptor-
s t i m u l a t e d breakdown of phosphoinositides, m o b i l i z e s Ca +^, r a i s e s 
the pH of the cytoplasm, and s t i m u l a t e s DNA s y n t h e s i s i n a c t i v a t e d 
mammalian c e l l s (30). Recently, we have found t h a t the the 
d i p a l m a t o y l d e r i v a t i v e of PA, as w e l l as s e v e r a l d i a c y l g l y c e r o l s , 
e.g. 1 , 2 - d i p a l m i t o y l - s n - g l y c e r o l , induce both m i t o s i s and 
i n f e c t i o n s t r u c t u r e development i n U. appendiculatus uredospores 
( S t a p l e s , unpublished). Furthermore, e x t e r n a l Ca +^ a l s o 
s t i m u l a t e s DNA r e p l i c a t i o n and i n f e c t i o n s t r u c t u r e development, 
although the s t i m u l a t i o n i s more e f f e c t i v e i f low l e v e l s of K + (1 
mM) are present (17). In a d d i t i o n , calmodulin, the calcium 
receptor p r o t e i n , has now been i s o l a t e d from uredospores (31), so 
t h a t a c a l c i u m - r e l a t e d second messenger system almost c e r t a i n l y i s 
present. As Favre and Turian (3J2) have r e c e n t l y i s o l a t e d p r o t e i n 
kinase C from mycelia of Neurospora c r a s s a . the pathway may be 
common i n f u n g i as w e l l as animal c e l l s . At t h i s time, then, i t 
seems l i k e l y t h a t transmembrane s i g n a l i n g from a surface stimulus 
c o u l d occur i n U. appendiculatus i n c o n j u n c t i o n w i t h a second 
messenger system, by one or both of the c y c l i c n u c l e o t i d e and the 
p h o s p h o i n o s i t i d y l pathways. 

G-proteins are a f a m i l y of guanine n u c l e o t i d e - b i n d i n g 
p r o t e i n s that f u n c t i o n a l l y couple a wide array of membrane 
receptors to biochemical e f f e c t o r systems tha t r e g u l a t e second 
messengers (33). Since both p h y s i c a l s t r e s s e s such as membrane 
d e p o l a r i z a t i o n and s t r e t c h i n g w i l l i n i t i a t e G-protein a c t i v i t y 
(33), a system of G - p r o t e i n - r e l a t e d second messengers would 
provide a mechanism f o r the very r a p i d response t h a t uredospore 
germlings make to thigmotropic s i g n a l s . We note t h a t GTP i s as 
e f f e c t i v e as K + as an inducer of d i f f e r e n t i a t i o n U. appendiculatus 
germlings ( S t a p l e s , unpublished). 

A P e r s p e c t i v e 

Much research i s now aimed toward an understanding of host 
responses to i n f e c t i o n . These responses t y p i c a l l y i n c l u d e v a r i o u s 
r e s i s t a n c e mechanisms, t o x i n e f f e c t s , induced s u s c e p t i b i l i t y , and 
race s p e c i f i c i t y . The present research, and the many 
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92 BIOTECHNOLOGY FOR CROP PROTECTION 

c o n t r i b u t i o n s by others which preceded i t , suggests t h a t host 
r e c o g n i t i o n , and adaptation to host morphology by the pathogen, i s 
e x q u i s i t e . 

The r u s t f u n g i are s e r i o u s t h r e a t s to crops, and have caused 
widespread l o s s e s . Use of r e s i s t a n t crop v a r i e t i e s i s at present 
the most r e l i a b l e c o n t r o l measure f o r r u s t s where these can be 
developed; however, new v a r i e t i e s must be c o n t i n u a l l y developed i n 
order to provide p r o t e c t i o n a g a i n s t v i r u l e n t new races of the r u s t 
pathogen as they a r i s e . The p r e i n f e c t i o n changes i n the r u s t 
f u n g i t h a t were reviewed here might be e x p l o i t e d to provide more 
s t a b l e p l a n t p r o t e c t i o n . For example, there are two p r e i n f e c t i o n 
sensing responses tha t might be manipulated, i . e . o r i e n t a t i o n and 
d i f f e r e n t i a t i o n . Further study of how the s y n t h e s i s of the 
d i f f e r e n t i a t i o n - r e s p o n s e p r o t e i n s i s c o n t r o l l e d , and of how the 
e x p ression of t h e i r p r o t e i n s i s r e g u l a t e d , c o u l d t e l l us much more 
about how a p a r a s i t e senses and responds to i t s host. 
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Chapter 7 

Structural, Biogenetic, and Activity Studies 
on Metabolites of Fungal Pathogens 

Albert Stoessl1, Z. Abramowski2, H. H. Lester2, G. L. Rock1, 
J. B. Stothers3, G. Η. N. Towers2, and R. C. Zimmer4 

1Agriculture Canada, Research Centre, London, Ontario N6A 5B7, Canada 
2Department of Botany, University of British Columbia, Vancouver, 

British Columbia V6T 2B1, Canada 
3Department of Chemistry, University of Western Ontario, London, 

Ontario N6A 5B7, Canada 
4Agriculture Canada, Research Station, P.O. Box 3001, Morden, 

Manitoba R0G 1T0, Canada 

Cercospora traversiana, a hitherto chemically unex
amined fungal pathogen of fenugreek, produces substan
tial amounts of a diterpene aldehyde, traversianal, 
which was shown, mainly by 1H- and 13C-nmr, to have 
the carbon skeleton of a fusicoccane but the function
alities of the sesterterpenoid ophiobolanes. The as
signed structure was confirmed by the 13C-couplings 
of the compound isolated from cultures supplemented 
with [1,2-1 3C2]acetate. Further labelling studies, 
with [2-2H3, 2-13C1]acetate and [2-2H3, l-13C1]acetate 
have indicated that the biosynthetic route to traver-
sianal is unlike that to the fusicoccanes, but either 
involves or closely resembles that to the ophiobolanes. 
Although many fusicoccanes and ophiobolanes are impor
tant phytotoxins, traversianal showed only limited ac
tivity in this regard. Instead, it was found to have 
pronounced mycotoxic and molluscicidal properties. Com
parison of its activity with that of dothistromin has 
provided more evidence that part, but only part of the 
toxicity of the latter is due to its photoactivity. 

I t i s now widely accepted that phytotoxic secondary metabolites of 
fung i or b a c t e r i a may be causal f a c t o r s i n plant d i s e a s e . This has 
been e s t a b l i s h e d w i t h a high degree of c e r t a i n t y f o r an i n c r e a s i n g 
array of h o s t - s p e c i f i c or h o s t - s e l e c t i v e phytotoxins (1-5) but f o r 
the much more numerous n o n - s p e c i f i c phytotoxins (2 -7 ), there are 
only r e l a t i v e l y few instances f o r which c o r r e l a t i o n s w i t h disease 
r e s t on persuasive evidence. Two examples of t h i s k i n d are the pho-
todynamicall y a c t i v e perylenequinone cercosporin (J5, _9) and the 
l i n e a r difuroanthraquinone dothistromin (10). These two compounds, 
while s t r u c t u r a l l y q u i t e d i s s i m i l a r , are f u r t h e r l i n k e d by the f a c t 
that both are metabolites of Cercospora spp. I t i s i n t r i g u i n g t h a t , 
with the s i n g l e known exception of C. personata (11, 12), pigment-
producing Cercospora spp. generate e i t h e r cercosporin and i t s i s o 
mers, or dot h i s t r o m i n together with small amounts of r e l a t e d com-

0097-6156/88/0379-0094$06.00/0 
« 1988 American Chemical Society 
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7. STOESSL ET AL. Metabolites of Fungal Pathogens 95 

pounds, but not both types (12, 13) · When one of us discovered a 
C. t r a v e r s i a n a i n f e c t i o n i n a f i e l d of fenugreek ( T r i g o n e l l a foenum-
graecum L.) (14), i t was therefore of i n t e r e s t to determine to which 
of the two groups, i f e i t h e r , t h i s species belonged, p a r t i c u l a r l y 
since no chemical work at a l l appeared to have been recorded f o r 
t h i s fungus. 

As i t turned out, the fungus d i d not produce any detectable 
pigment on the two or three c u l t u r e media that were examined. I n 
stead, i t fu r n i s h e d s u b s t a n t i a l amounts of an e a s i l y i s o l a t a b l e , 
c r y s t a l l i n e , c o l o u r l e s s compound with a s t r u c t u r e that c a l l e d f o r 
b i o s y n t h e t i c and b i o l o g i c a l i n v e s t i g a t i o n . 

I s o l a t i o n and St r u c t u r e of T r a v e r s i a n a l 

The compound, which we have named t r a v e r s i a n a l , c r y s t a l l i z e d d i r e c t 
l y on concentration of e t h y l acetate e x t r a c t s of potato-dextrose 
agar c u l t u r e s of the fungus. Further amounts could be obtained by 
chromatography of the mother l i q u o r s over s i l i c a , l e a d i n g to o v e r a l l 
y i e l d s of about 100 mg/L a f t e r 21 days' growth. A f t e r r e c r y s t a l l i -
z a t i o n from benzene, t r a v e r s i a n a l melted at 234-5°C and had an o p t i 
c a l r o t a t i o n of [ α ] D = - 2 4 8 ° . Microanal y t i c a l data and a high 
r e s o l u t i o n mass spectrum e s t a b l i s h e d i t s e m p i r i c a l c o n s t i t u t i o n as 
^20H28^3# c o u l ( 1 therefore be surmised that t r a v e r s i a n a l was a 
diterpene and t h i s was sub s t a n t i a t e d by the ̂ Hmr spectrum which con
tained resonances from one secondary and one t e r t i a r y methyl, and 
one isopropenyl group. An a d d i t i o n a l , b i o g e n e t i c methyl group was 
present as an aldehyde group attached to a double bond and respon
s i b l e f o r i r absorption at 1678 cm"1 as w e l l as the uv chromophore 
of the compound ( λ max 234 nra, € 13,000). A complete a n a l y s i s of 
the spectrum was accomplished p r i n c i p a l l y w i t h the a i d of 2D (COSY) 
spectra and a s e r i e s of decoupling experiments, wi t h the r e s u l t s 
summarized i n Table I . The sum of t h i s i nformation l e d d i r e c t l y to 
part s t r u c t u r e s A, B, and C. The 1 3Cmr spectra supported these i n f 
erences. The assignments of the p e r t i n e n t resonances (see part s t r 
uctures) were s u b s t a n t i a t e d by HETCOR experiments. In a d d i t i o n , the 
13cmr spectra d i s c l o s e d the presence of a quaternary c a r b i n y l (79.1 
ppm) and of a cyclopentanoid keto group (220.6 ppm) which a l s o ac
counted f o r i r absorption at 1740 cm""1. A l l 20 carbons and a l l 
f u n c t i o n a l groups of the molecule were therefore i d e n t i f i e d and from 
i t s molecular composition, i t followed f u r t h e r that t r a v e r s i a n a l 
contained two r i n g s i n a d d i t i o n to that of the cyclopentanone 
r e s i d u e . The chemical s h i f t s of the protons, H-4 ot and Η - 4 β , i n d i 
cated that t h i s methylene group (part s t r u c t u r e B) was d i r e c t l y a t 
tached to the cyclopentanoid c a r b o n y l . With the f u r t h e r assumption 
that no carbon-carbon rearrangements had intervened i n the biosyn 
t h e s i s , the i d e n t i f i e d fragments could now be most p l a u s i b l y as
sembled as i n s t r u c t u r e 1 · 

To confirm t h i s c o n c l u s i o n , t r a v e r s i a n a l was i s o l a t e d from 
c u l t u r e s of the fungus on l i q u i d potato-dextrose medium supplemented 
with [1, 2 - 1 3 c 2]acetate, 10 mL 0.041 M s o l u t i o n being added to each 
100 mL of c u l t u r e s on days 10 and 13. The 1 3Cmr spectrum of the 
compound i s o l a t e d on day 16 showed that a l l carbons were h i g h l y en
ri c h e d (4.4% s p e c i f i c i n c o r p o r a t i o n ) , i n a pattern that was i n pre
c i s e accord w i t h e x p e c t a t i o n . The re l e v a n t parameters are i n d i c a t e d 
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96 BIOTECHNOLOGY FOR CROP PROTECTION 

T a b l e I . 3 0 0 MHz } Η Ι Γ d a t a f o r 1 i n C 6 D 6 

Η-τι m a J ( H z ) d e m o n s t r a t e d c o u p l i n g s t o : 

8.74 H-18 s - -
6.22 H- 8 t 8.75 Η - 9 α ; H-9/ff 

4.86 H-16a dt 2.5, 1.40 
17-Me 

4.80 H-16b dt 2.5, 0.70 

3.20 H-9/9 d t 11.9, 8.4 Η - 8 , Η - 9 α , Η-10 

2.91 OH 8 - -
2.83 H-14 d t 11.5, 9.1 Η - 1 0 , Η - 1 3 α , Η - 1 3 0 , H-16b 

2.66 H-4<* dd 19.6, 1.4 Η - 3 , Η-4/9 

2.40 H-2 ddd 12.5, 8.4, 3.9 Η-la , U-Ιβ , Η-3 

2.33 H-4/3 dd 19.6, 8.8 Η - 3 , Η - 4 α 

1.96 H - 9 « dd 11.9, 9.1 Η - 8 , Η-9/3 

1.80 H-3 [ d t ] b [ 7 . 7 , 2 . 2 ] b Η - 2 , Η - 4 α , Η-4/5 

1.75 H-13/Î m _ 

[ 1 3 . 3 , 13.3, 9 . 1 ] b 

Η-12Λ , Η-12/5 , Η-14 
1.65 H-13a [ d d d ] b [ 1 3 . 3 , 13.3, 9 . 1 ] b 

1.64 17-Me dd 1.4, 0.7 H-16a, H-16b 

1.35 H-l/S dd 14.4, 3.9 Η-ΐα 

1.32 H-10 m - -
1.27 H-12 m - -
1.25 H-12 m - -
1.13 20-Me s - -
1.00 H - l a dd 14.0, 12.2 Η - 2 , Η-1 

0.68 19-Me d 7.5 Η-3 

a a p p a r e n t m u l t i p l i c i t y ; b a s s i g n m e n t t e n t a t i v e 

( O 
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7. STOESSLETAL. Metabolites of Fungal Pathogens 97 

i n 2, where heavy bonds represent i n t a c t acetate r e s i d u e s , as i d e n 
t i f i e d by the spacings J of corresponding p a i r s of s a t e l l i t e s , while 
the heavy dots represent enriched s i n g l e t carbons derived from C-2 
of acetate by decarboxylation at the mevalonate stage of the b i o s y n 
t h e s i s . In a d d i t i o n to t h i s evidence, the high enrichment l e v e l 
allowed a 13c COSY experiment which revealed a d v e n t i t i o u s couplings 
of C-2 with C-3 and C-6, C-4 w i t h C-3 and C-5, C-8 with C-7 and C-9, 
C-10 w i t h C - l l and C-14, C-13 w i t h C-12, and C-15 w i t h C-14 and C-
16. 

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

The planar s t r u c t u r e 1 was therefore undoubtedly c o r r e c t . Ignoring 
f o r the time being the stereochemistry, p r e v i o u s l y reported 
diterpenes which co n t a i n t h i s t r i c y c l i c carbon framework comprise 
the fusicoccanes and c o t y l e n i n s from Fusicoccum amygdali (15) and a 
Cladosporium (16) r e s p e c t i v e l y , as represented by f u s i c o c c i n A 
( 3 ), the f u s i c o p l a g i n s (17) and anadensin (18) from l i v e r w o r t s , as 
represented by f u s i c o p l a g i n A ( 4 ), and several compounds such as 
roseanolone ( 5 ) and roseadione ( 6 ) from the higher plant 
Hypoestes rosea (19, 20). The same t r i c y c l i c carbon framework but 
with an extended s i d e - c h a i n i s found a l s o i n the s e s t e r t e r p e n o i d 
o p h i o b o l i n s such as o p h i o b o l i n A ( 7a ) from Cochliobolus 
(Helminthosporium) and Cephalosporium spp. (21, 22), o p h i o b o l i n G 
( 8 ) from A s p e r g i l l u s us tus (23, 24) and c e r o p l a s t o l ( 9 ) and 
r e l a t e d compounds from the s c a l e i n s e c t Ceroplastes a l b o l i n e a t u s 
(25, 26). 

The f u s i c o c c i n s have been the subject of p e n e t r a t i n g b i o s y n 
t h e t i c s t u d i e s (27-29) which e s t a b l i s h e d the route shown i n Scheme 
1, of which the most remarkable and p e r t i n e n t features are the l o s s 
of H-10 and the hydride s h i f t s from C-14 to C-15, from C-2 to C-6, 
and from C-6 to C-7. In c o n t r a s t , these protons do not migrate i n 
the b i o s y n t h e s i s of those ophi o b o l i n s that have been i n v e s t i g a t e d i n 
t h i s r e s p e c t , i n s i m i l a r l y elegant s t u d i e s (30, 31). These a l s o r e 
vealed a remarkable hydride s h i f t but from C-8 to C-15 as i n Scheme 
2. We therefore set out to determine which, i f e i t h e r , of these two 
pathways was operative i n the b i o s y n t h e s i s of 1. Two feeding ex
periments were undertaken f o r t h i s purpose. In the f i r s t , the c u l 
ture medium was supplemented with [ 2 - ^ 3 , 13cj]acetate, using the 
same experimental p r o t o c o l as e a r l i e r . Examination of the 13cmr 
spectrum (Figure 1) of the enriched t r a v e r s i a n a l that was i s o l a t e d 
revealed c l e a r l y a - s h i f t e d resonances f o r C-18, C-8, C-16, C-14, 
C-2, C-4, C-12 and the three methyl groups but the C-10 resonance 
was obscured by that of the solvent (CD2C12)- The data nevertheless 
were c l e a r l y incompatible w i t h a f u s i c o c c i n - t y p e b i o s y n t h e t i c 
sequence where hydride l o s s or m i g r a t i o n would preclude the observa
t i o n of α-shifts and deuterium couplings f o r C-2, C-10, and C-14. 
On the other hand, as f a r as i t was observable, the l a b e l l i n g pat
tern was as expected f o r an ophiobolin-type pathway. In order to 
c l a r i f y the question of deuterium s u b s t i t u t i o n at C-10 and a l s o to 
o b t a i n f u r t h e r evidence, a second experiment was undertaken i n which 
the aldehyde was i s o l a t e d from l i q u i d c u l t u r e s supplemented w i t h 
[2- 2H3, I - * 3 c j ] a c e t a t e . The sample e x h i b i t e d unambiguous β - s h i f t s 
and couplings f o r C-15, C-7, C - l l , C - l , C-3, C-13, and C-9 (Figure 
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H 0 A (7b) 

Scheme 2. B i o s y n t h e t i c route to o p h i o b o l i n B. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

00
7



STOESSL ET A L Metabolites of Fungal Pathogens 

00 
ι -Ο 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

00
7



102 BIOTECHNOLOGY FOR CROP PROTECTION 

2)· The α-shift f o r C-l i s p a r t i c u l a r l y p e r t i n e n t because i t es
t a b l i s h e s r e t e n t i o n of deuterium at C-2, and that of C-9 demon
s t r a t e s that C-10 was a l s o l a b e l l e d . Further i n f o r m a t i o n was o b t a i 
ned from the 2Hmr spectrum of the sample i n CH 2 C l 2 (Figure 3a), w i t h 
chemical s h i f t s and i n t e g r a l s corresponding to the presence of three 
2H at C-17, C-19, and C-20, two 2H at C-4, C-12, and C-16, r e l a t i v e 
to one 2H at C-2, C-8, C-10, C-14, and C-18. The iHmr spectrum i n 
C D 2 C I 2 (Figure 3b) i s shown f o r comparison. A l l of these data were 
co n s i s t e n t w i t h an ophiobolin-type pathway except that they could 
not reveal whether a C-8 to C-15 hydride s h i f t had occurred at some 
intermediate stage. F u r t h e r , i t remained to be shown that the 
stereochemistry of 1 was i n accord w i t h the stereochemical conse
quences of the o p h i o b o l i n route (Scheme 2 ) . 

Stereochemistry and B i o s y n t h e t i c O r i g i n 

The s t e r e o s t r u c t u r e s of o p h i o b o l i n A ( 7a ), o p h i o b o l i n G ( 8 ), and 
c e r o p l a s t o l ( 9 ) have been as c e r t a i n e d by X-ray c r y s t a l l o g r a p h y 
(21, 23, 25). I t should be noted again that these three compounds 
were i s o l a t e d from three d i f f e r e n t organisms and a l s o d i f f e r from 
each other i n stereochemical f e a t u r e s . T r a v e r s i a n a l ( 1 ) i s ana
logous to o p h i o b o l i n Β ( 7b ) and hence a l s o o p h i o b o l i n A ( 7a ) 
( 2 2 ) , as w e l l as to 8 and 9 , i n that H-8 gives r i s e to a 
t r i p l e t due to n e a r l y equal coupling ( J 8.7 Hz) to both H-9<* and 
H-9/3 . For 1 i n C D 2 C I 2 , the couplings of these protons to H-10 are 
11.9 and 1.0 Hz r e s p e c t i v e l y while that of H-10 to H-14 i s 9 Hz. 
Unfortunately, corresponding data f o r 8 and 9 are not a v a i l a b l e from 
the l i t e r a t u r e . Nevertheless, from a c o n s i d e r a t i o n of D r e i d i n g 
models, the data f o r 1 are c o n s i s t e n t w i t h α-configurations f o r 
both H-10 and H-14 as i n 7 and 8· A more d i f f i c u l t problem was the 
c o n f i g u r a t i o n of the C-3 methyl and the r i n g j u n c t i o n s of the 
c y c l o p e n t a n o n e . D i f f e r e n t i a l n.O.e. experiments were employed to 
s e t t l e these qu e s t i o n s . They i n d i c a t e d that the methyl attached to 
C - l l was i n s p a t i a l p r o x i m i t y to H-9/Î and H-2, hence both t h i s 
methyl and H-2 are i n β - c o n f i g u r a t i o n s . The methyl attached to C-3 
i n t e r a c t e d w i t h H - l a x ( δ 1.34, J x 2 12.3 Hz) and H-4 e q u ( δ 2.52, 
J3.4 2 · 9 H z ) D U t n o t w i t n H " 2 f implying α-configurations f o r 
C-19, H-4 eq U, and H - l a x . This inference was i n e x c e l l e n t accord 
with the observation of f u r t h e r n.O.e.'s between H - l a x and H-10, and 
between H-10 and H-14, a l r e a d y assigned α-configurations. With the 
assumption of a c i s - r i n g j u n c t i o n at C-6, the conformation depicted 
i n 10 i s c o n s i s t e n t w i t h a l l of these data and a l s o the observed 
coupling constants f o r H-4 β -H-3 ( J , 7.9 Hz), H-3-H-2 ( J , 7.9 Hz), 
and H-2-H-1 ( J , 3.6 Hz). In c o n t r a s t , as f a r as could be judged 
from Dr e i d i n g models, a t r a n s - r i n g j u n c t i o n at C-6 ( a - OH) does not 
a l l o w any s t a b l e conformation that would be c o n s i s t e n t with a l l of 
the observed couplings and n.O.e's. 

The a - c o n f i g u r a t i o n assigned to the C-3 methyl of t r a v e r 
s i a n a l i s opposite to that i n the c l a s s i c a l o p h i o b o l i n s A-F and a l s o 
i n the r e c e n t l y reported 6-epiophobolin A (32), and suggests that 
the b i o s y n t h e t i c route to the compound i s a d i f f e r e n t one. An o b v i 
ous p o s s i b i l i t y i s shown i n Scheme 3 i n which 1 i s represented as a 
true d i t e r p e n e . However, while t h i s i s i t s most probable o r i g i n , 
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106 BIOTECHNOLOGY FOR CROP PROTECTION 

d e r i v a t i o n by s i d e - c h a i n degradation of a sesterterpene cannot be 
e n t i r e l y discounted. 

B i o l o g i c a l A c t i v i t i e s of T r a v e r s i a n a l and Dothistromin: A 
Comparison 

Both the f u s i c o c c i n s and the ophiobolins have a t t r a c t e d much a t t e n 
t i o n as phytotoxins that may be involved i n p l a n t diseases (5, 6̂, 
23, 24) and hence, because of i t s s t r u c t u r a l s i m i l a r i t i e s to these 
compounds, i t was c l e a r l y important to examine whether t r a v e r s i a n a l 
has s i m i l a r b i o l o g i c a l p r o p e r t i e s . I t was a l s o of i n t e r e s t , from 
the o u t s e t , to compare the a c t i v i t y spectrum of t r a v e r s i a n a l with 
that of d o t h i s t r o m i n . The l a t t e r compound was a v a i l a b l e from 
e a r l i e r work with C. a r a c h i d i c o l a (33) and a comparison, i t was 
thought, might lead to the d i s c o v e r y of h o s t - s p e c i f i c e f f e c t s . In 
g e n e r a l , by p r o v i d i n g a b e t t e r understanding of the processes of 
plant d i s e a s e , s t u d i e s of fungal phytotoxins are r e q u i s i t e as a bas
i s f o r r a t i o n a l disease c o n t r o l measures (see a l s o chapter by H. G. 
C u t l e r i n t h i s s e c t i o n ) . There i s a l s o a p o t e n t i a l , already r e a l 
i z e d at l e a s t p a r t i a l l y i n several instances (e.g., bialaphos CO) 
that n a t u r a l l y o c c u r r i n g phytotoxins can be u t i l i z e d f o r weed con
t r o l , e i t h e r by d i r e c t a p p l i c a t i o n as h e r b i c i d e s , or by f u r n i s h i n g 
s t r u c t u r e - a c t i v i t y clues f o r the synthesis of such compounds. The 
f o l l o w i n g i s an account of our s t i l l ongoing s t u d i e s on t r a v e r s i a n a l 
and d o t h i s t r o m i n . 

Neither compound caused w i l t , c h l o r o s i s , or n e c r o s i s i n 
standard t e s t s f o r these e f f e c t s with wheat, tomato, pea, peanut,or 
fenugreek. However, we n o t i c e d i n these t e s t s that dothistromin ac
cumulated as a red zone at the cut ends of s e e d l i n g stems that were 
immersed i n i t s s o l u t i o n . The apparent absence of a t o x i c e f f e c t 
might therefore a r i s e o n l y from the f a i l u r e of the compound to 
penetrate to c r i t i c a l s i t e s . This could conceivably be the case 
a l s o f o r t r a v e r s i a n a l and f u r t h e r work i s needed to c l a r i f y the 
p o s i t i o n . 

D e f i n i t e i n d i c a t i o n s f o r p h y t o t o x i c i t y were obtained when 
beetroot d i s c s were incubated (34) w i t h s o l u t i o n s of e i t h e r t o x i n . 
In both cases, there was considerable e f f l u x of pigment (betacyanin) 
that was not observed f o r appropriate c o n t r o l s . 

In another t e s t f o r p h y t o t o x i c i t y , seed of wheat, r a d i s h , 
and tomato were incubated i n the dark on f i l t e r paper moistened with 
10~4 M s o l u t i o n s of t r a v e r s i a n a l . There was no i n h i b i t i o n of ger
mination but r a d i c l e e l o n g a t i o n was s l i g h t l y s t i m u l a t e d i n each i n 
stance. In subsequent t e s t s , with pea and fenugreek, the seeds were 
allowed to germinate i n the dark but exposed to l i g h t afterwards. 
Both t r a v e r s i a n a l and dothistromin were tested i n t h i s f a s h i o n . 
R e s u l t s f o r the former were e s s e n t i a l l y the same as i n the f i r s t 
s e r i e s of t e s t s , and dothistromin a l s o induced s l i g h t root elonga
t i o n f o r germinated pea seed exposed to l i g h t . S t a r t l i n g l y , how
ever, f o r fenugreek, dothistromin caused almost complete i n h i b i t i o n 
of root e l o n g a t i o n but only i n the presence of l i g h t . 

The phenomenon was strong evidence that dothistromin was 
photoactive, as observed p r e v i o u s l y by others (10, 35) and a l s o i n 
accord w i t h r e s u l t s obtained by us from a n t i b i o s i s t e s t s . In these, 
d o t h i s t r o m i n gave r i s e to c l e a r i n h i b i t i o n zones, but only i n the 
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7. STOESSLETAL Metabolites of Fungal Pathogens 107 

presence of l i g h t , when tested w i t h a number of f u n g i , y e a s t s , and 
b a c t e r i a . I t was i n a c t i v e i n most i n s t a n c e s , and much l e s s a c t i v e 
i n a l l others i n darkness. T r a v e r s i a n a l had no s i g n i f i c a n t a c t i v i t y 
i n any of these t e s t s . 

The t h i r d piece of evidence f o r the p h o t o a c t i v i t y of d o t h i s 
tromin came from haemolysis t e s t s on human red blood corpuscles 
(36). These were l y s e d very r e a d i l y (1 h) by 2.5 χ 10~* M d o t h i s 
tromin but only i f both l i g h t and oxygen were present. Only very 
l i t t l e l y s i s occurred (ca 10%) e i t h e r i n the dark or under n i t r o g e n . 
T r a v e r s i a n a l a l s o was a c t i v e i n the haemolysis t e s t , inducing 50-93% 
l y s i s at 5 χ 10"5 M, but the e f f e c t developed on l y r e l a t i v e l y s l o w l y 
(16-24 h ) . Because of the absence of any chromophore above 300 nm, 
the a c t i v i t y of t r a v e r s i a n a l c l e a r l y cannot be light-dependent. 
Both compounds were f u r t h e r tested f o r t o x i c i t y to animal systems by 
the b r i n e shrimp (Artemia s a l i n a ) bioassay (37) · T r a v e r s i a n a l prov
ed to be h i g h l y a c t i v e , causing 70 - 90% m o r t a l i t y at 1.25, and 90 
- 100% at 2.5 χ 10~ 6 M. The a c t i v i t y of dothistromin was l e s s pro
nounced but, s i g n i f i c a n t l y , appeared to be independent of the pres
ence or absence of 1ight· 

T r a v e r s i a n a l , though not d o t h i s t r o m i n , was a l s o tested f o r 
t o x i c i t y to s n a i l (Biomphalaria sp.) and was found to be unusually 
t o x i c , causing 100% m o r t a l i t y at 3.2 χ 10~ 5 M (10 p.p.m.) and 25% at 
3.2 χ 10~6 M. This a c t i v i t y l e v e l i s equal to or greater than that 
observed f o r h e l e n a l i n , the most a c t i v e of several compounds tested 
p r e v i o u s l y i n the UBC l a b o r a t o r y (38), as part of a program on po
t e n t i a l l y m e d i c i n a l l y u s e f u l n a t u r a l products. M o l l u s c i c i d e s , par
t i c u l a r l y n a t u r a l l y o c c u r r i n g ones (39), are of much current i n t e r 
est as agents f o r the c o n t r o l of s n a i l s as vectors of schistosomias
i s (40). 

In summary, there are i n d i c a t i o n s that t r a v e r s i a n a l i s phy
t o t o x i c , and there i s strong presumptive evidence that i t might be a 
potent mycotoxin. I t i s c l e a r l y imperative that i t should be f u r 
ther tested i n the l a t t e r respect i n animal systems, such as c h i c k 
and mice, that were not a v a i l a b l e to us. I t a l s o deserves f u r t h e r 
study as a potent m o l l u s c i c i d e . 

Another matter of importance i s the f a c t that dothistromin 
i s photoactive i n the presence of oxygen. This suggests f i r s t l y , 
that d o t h i s t r o m i n might s u b s t i t u t e f o r c e r c o s p o r i n as a v i r u l e n c e 
f a c t o r i n the p a t h o g e n i c i t y of some Cercospora spp. Secondly, to 
the extent to which i t s a c t i v i t y i s l i g h t and oxygen dependent, i t s 
r o l e must be that of a general and not a h o s t - s p e c i f i c p h y t o t o x i n . 
I t i s therefore important to r e c a l l that the b r i n e shrimp bioassay 
gave c l e a r , and the beetroot experiments t e n t a t i v e , i n d i c a t i o n s that 
d o t h i s t r o m i n a l s o e x e r t s t o x i c e f f e c t s that are not light-dependent. 
This too, w i l l r e q u i r e much f u r t h e r study. 

B i o t e c h n o l o g i c a l Aspects 

As can be seen from the preceding s e c t i o n there i s some p o t e n t i a l 
that t r a v e r s i a n a l might be u s e f u l as a m o l l u s c i c i d e i n the c o n t r o l 
of s c h i s t o s o m i a s i s , or that i t might give s t r u c t u r a l leads f o r the 
development of such agents. Other p o t e n t i a l a p p l i c a t i o n s would be 
l e s s d i r e c t . Thus, the s t r u c t u r a l and b i o g e n e t i c d i f f e r e n c e s be
tween the v a r i o u s p h y t o t o x i c compounds should f a c i l i t a t e the i d e n t i -
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108 BIOTECHNOLOGY FOR CROP PROTECTION 

f i x a t i o n of the responsible genes and e v e n t u a l l y , the t r a n s f e r of 
these genes from one fungal species to another. I f nothing e l s e , 
t h i s would a s s i s t m a t e r i a l l y i n determining whether the compounds 
are c a u s a l l y i m p l i c a t e d i n the pa t h o g e n i c i t y of t h e i r p r o g e n i t o r s . 
The d i f f e r e n c e s i n the b i o s y n t h e t i c pathways, e.g. between those to 
t r a v e r s i a n a l and d o t h i s t r o m i n , or to t r a v e r s i a n a l and f u s i c o c c i n A, 
might then make i t p o s s i b l e to develop agents that block s p e c i f i c 
steps on such routes, thereby a f f o r d i n g p r a c t i c a l , d i s c r i m i n a t i n g 
and hence safe c o n t r o l measures. S i m i l a r l y , t r a n s f e r of the genes 
f o r the synthesis of a n o n - s p e c i f i c phytotoxin, e.g. d o t h i s t r o m i n , 
to a fungus that i s h o s t - s p e c i f i c to a noxious weed, would a f f o r d a 
b i o l o g i c a l l y safe and e f f e c t i v e h e r b i c i d e . 
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Chapter 8 

Insecticidal Metabolites from Fusarium 
avenaceum, a Fungus Associated with Foliage 

of Abies balsamea Infested by Spruce 
Budworm, Choristoneura fumiferana 

George M. Strunz and Douglas B. Strongman 

Canadian Forestry Service-Maritimes, P.O. Box 4000, Fredericton, 
New Brunswick E3B 5P7, Canada 

Hyphae from cultures of Fusarium avenaceum, a fungus 
associated with spruce budworm-infested balsam f ir 
foliage, were toxic to spruce budworm larvae when 
ingested. The toxic principle isolated from hyphal 
extracts was identified as enniatin complex, rich in 
enniatin A/A 1 . A minor F. avenaceum product, ergosterol 
peroxide, caused damage to spruce budworm cell cul
tures, but did not display toxicity in feeding assays 
at the range of concentrations tested. Ecological 
implications of the presence of insecticidal fungi on 
the foliage of spruce budworm host-trees are addressed. 

The spruce budworm, Choristoneura fumiferana (Clemens), i s a phyto
phagous i n s e c t , whose p r i n c i p a l hosts are balsam f i r , Abies balsamea 
(L.) M i l l . , and three spruce, P i c e a s p e c i e s , which together dominate 
the coniferous f o r e s t s of eastern North America. Populations of the 
ins e c t p e r i o d i c a l l y i r r u p t to epidemic p r o p o r t i o n s , r e s u l t i n g i n 
widespread d e s t r u c t i o n of s u s c e p t i b l e host t r e e s , w i t h major ecolog
i c a l and r e c e n t l y , economic consequences. The outbreaks are follo w e d 
by dramatic d e c l i n e s of the i n s e c t p o p u l a t i o n s , and there i s e v i 
dence i n d i c a t i n g t h a t , at l e a s t during the l a s t two c e n t u r i e s , these 
o s c i l l a t i o n s have occurred q u i t e r e g u l a r l y w i t h a frequency of 30-40 
years (]_, 2). A d e t a i l e d understanding of the processes that cause 
the c o l l a p s e of an epidemic spruce budworm population i s a desidera
tum f o r both the e c o l o g i s t and the f o r e s t manager, and i n t e n s i v e 
research on n a t u r a l spruce budworm m o r t a l i t y f a c t o r s i s being con
ducted i n s e v e r a l l a b o r a t o r i e s . The study described i n t h i s r e p o r t 
o r i g i n a t e d i n a suggestion that fungi c o l o n i z i n g the f o l i a g e of the 
spruce budworm1s host t r e e s might produce t o x i c m e t a b o l i t e s , 
adversely a f f e c t i n g the i n s e c t s and p o s s i b l y c o n t r i b u t i n g t o the 
d e c l i n e of an outbreak population (E. E v e l e i g h , T. Royama, Canadian 
F o r e s t r y S e r v i c e - Maritimes; D.B. Strongman, N. Whitney, Univ. of 
New Brunswick, unpublished d i s c u s s i o n s , 1984). This hypothesis 
r e c e i v e s some support from a growing l i t e r a t u r e on pl a n t - f u n g a l 
i n t e r a c t i o n s that r e s u l t i n p r o t e c t i o n of the plant against the 
depredation of phytophagous i n s e c t s and other herbivores (3,-6). 

0097-6156/88/0379-0110S06.00/0 
Published 1988 American Chemical Society 
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8. STRUNZ AND STRONGMAN Insecticidal Metabolites 111 

E s s e n t i a l ground-work f o r the i n v e s t i g a t i o n was l a i d by the 1985 
study of M i l l e r et a l . ( 7 ) , i n which fungi were i s o l a t e d both from 
f o l i a g e of budworm-infested balsam f i r t rees and from budworm-free 
t r e e s . Although the presence of spruce budworm markedly a f f e c t e d the 
f o l i a g e mycoflora, more than doubling the number of fungal species 
i s o l a t e d , the m a j o r i t y of i s o l a t e s were i d e n t i f i e d as common c o l o 
n i z e r s of plant s u r f a c e s . However, approximately 6$ of the i s o l a t e s 
from the budworm-infested f o l i a g e were unusual needle phylloplane 
fungi that were not found on i n s e c t - f r e e f o l i a g e . S i g n i f i c a n t l y , 
some of the f u n g i i n t h i s group are t o x i g e n i c , entomopathogenic or 
both (7), and a d e t a i l e d examination of some of the more a c t i v e 
i n s e c t i c i d a l i s o l a t e s i s p r e s e n t l y i n progress. Our observations to 
date concerning one of the group, Fusarium avenaceum (Corda ex Fr.) 
Sacc. (FA 120) 1 are described i n t h i s r e p o r t . 

Fusarium avenaceum has a g l o b a l d i s t r i b u t i o n as a pathogen of 
c e r e a l crops and many other host p l a n t s , i n c l u d i n g c o n i f e r s (8, 9 ) . 
I t i s not however, considered to be an important disease organism i n 
the s p r u c e - f i r f o r e s t s of eastern North America (1_0) (Magasi, L.P., 
Canadian F o r e s t r y Service - Maritimes, personal communication.) The 
i s o l a t i o n of FA 120 from balsam f i r f o l i a g e appears to be ass o c i a t e d 
with the presence of spruce budworm l a r v a e ( 7 ) . The fungus i s known 
to c o l o n i z e i n s e c t s , having been i s o l a t e d from pupae of Oulema 
g a l l a e c i a n a , a c e r e a l l e a f b eetle (JJ_). I t has, furthermore been 
observed to grow s a p r o p h y t i c a l l y on spruce budworm l a r v a e (Strong
man, D.B., unpublished data, 1985). 

A f t e r i t s s e l e c t i o n i n the i n i t i a l screening process, FA 120 was 
grown i n submerged c u l t u r e on a medium c o n t a i n i n g glucose, yeast 
e x t r a c t , and peptone. Incubation of the fungus under s u i t a b l e condi
t i o n s f o r 14 days afforded 8 g of hyphae (dry weight) per l i t r e of 
c u l t u r e medium. Hyphal matter was uniformly incorporated i n t o a 
meridic i n s e c t d i e t (1_2) f o r bioassay, by g r i n d i n g the two l y o p h i -
l i z e d m a t e r i a l s together and then r e c o n s t i t u t i n g the d i e t by addi
t i o n of water (A.W. Thomas, Canadian F o r e s t r y S e r v i c e - Maritimes, 
personal communication, 1985). Spruce budworm l a r v a e , reared from 
the second i n s t a r f o r 14 days on d i e t c o n t a i n i n g λ% (wet weight) 
ground hyphae of FA 120 s u f f e r e d more than 50% m o r t a l i t y , and sur
v i v i n g i n s e c t s were enervated and retarded i n t h e i r development 
r e l a t i v e to c o n t r o l s (of which only 7% d i e d ) . An e x t r a c t of the 
c u l t u r e f i l t r a t e was a l s o somewhat t o x i c to spruce budworm l a r v a e , 
but t h i s was not i n v e s t i g a t e d f u r t h e r because the amount of m a t e r i a l 
a v a i l a b l e was small and i t s a c t i v i t y modest. 

Standard procedures were followed f o r i s o l a t i o n of the t o x i c 
p r i n c i p l e s from mycelium of FA 120. A methylene c h l o r i d e e x t r a c t of 
the f r e e z e - d r i e d hyphae was i n i t i a l l y p a r t i t i o n e d between hexane and 
aqueous methanol to separate l i p i d s from more po l a r m a t e r i a l . B i o -
assay-monitored chromatographic f r a c t i o n a t i o n of the hexane-soluble 
m a t e r i a l l e d to the i s o l a t i o n of a f r a c t i o n (ca. 5? of the hyphal 
weight) which could account f o r much of the t o x i c i t y of the hyphae 
of FA 120 to spruce budworm l a r v a e . The spectroscopic and chemical 
p r o p e r t i e s of t h i s m a t e r i a l were c h a r a c t e r i s t i c of the e n n i a t i n s , a 
group of c y c l i c hexadepsipeptide ionophore a n t i b i o t i c s produced by 
s e v e r a l plant pathogenic Fusarium s p e c i e s , i n c l u d i n g F. l a t e r i t i u m 
lk c u l t u r e of FA 120 i s deposited i n the herbarium at the Biosystem-
a t i c s Research I n s t i t u t e , Ottawa, Ontario (DA0M #196490) 
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112 BIOTECHNOLOGY FOR CROP PROTECTION 

and F. sambucinum (13~18) (Strongman, D.W., Strunz, G.M., Giguère, 
P., Yu, CM., and Calhoun, L., J . Chem. E c o l . In press, 1988). 
Whereas solvent p a r t i t i o n l e f t most of the e n n i a t i n f r a c t i o n among 
the l i p i d s , the balance of t h i s m a t e r i a l was found, with fewer co-
m e t a b o l i t e s , i n the smaller aqueous methanol e x t r a c t . 

The e n n i a t i n s are composed of three N-methyl-L-amino a c i d r e s i 
dues l i n k e d i n an a l t e r n a t i n g f a s h i o n with three residues of D-2-
h y d r o x y i s o v a l e r i c a c i d to form an 18-membered c y c l i c s t r u c t u r e 1, 
i n which the R groups may be P r 1 , Bu s, or Bu 1. They are u s u a l l y i s o 
l a t e d as complexes which may contain e n n i a t i n A (1; R 1 =R 2=R 3=Bu s), 
A x (1; R ^ R ^ B u 5 , R ^ P r 1 ) , B x (1; R ^ B u 3 , R 2=R 3 = P r l ) and Β (1; 
R 1=R 2=R 3=Pr 1) (2£). The n a t u r a l occurrence of an isomer of e n n i a t i n 
A, designated e n n i a t i n C (1; R 1=R 2=R 3=Bu 1), was i n f e r r e d from the 
d e t e c t i o n of N-methylleucine among the h y d r o l y s i s products of some 
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n a t u r a l e n n i a t i n mixtures ( 1j>). E n n i a t i n C, as w e l l as other ennia
t i n s have been synthesized (20). Considering the d i f f i c u l t y of sepa
r a t i n g e n n i a t i n mixtures from n a t u r a l sources i n t o t h e i r i n d i v i d u a l 
components, the presence of N-methylleucine i n the hydrolysates may 
suggest f u r t h e r the existence of a s e r i e s of e n n i a t i n s c o n t a i n i n g 
t h i s amino a c i d i n place of one or more N-methylisoleucine r e s i d u e s , 
(cf.1_5). E n n i a t i n Β has been obtained i n a pure s t a t e from a species 
of Fusarium (13, 14), and a procedure was developed f o r separation 
of e n n i a t i n A from the complex produced by F. sambucinum (1_9). The 
r e s u l t i n g p u r i f i e d e n n i a t i n A was shown to contain both threo and 
erythro diastereomeric N-methylisoleucine residues (19). 
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8. S T R U N Z A N D S T R O N G M A N Insecticidal Metabolites 113 

When i t i s i m p r a c t i c a l or unnecessary to r e s o l v e the e n n i a t i n 
complex i n t o i t s c o n s t i t u e n t s , the approximate composition of the 
mixture may u s u a l l y be estimated on the b a s i s of mass spectrometry 
(21, 22) and h y d r o l y s i s experiments. 

The mass spectrum of the e n n i a t i n complex from chromatography of 
the FA 120 e x t r a c t showed peaks corresponding to the molecular ions 
of e n n i a t i n s A, A l t and B I f w i t h r e l a t i v e i n t e n s i t i e s of 3.90, 4.35, 
and 2.04$, r e s p e c t i v e l y . A s i n g l e c r y s t a l l i z a t i o n from aqueous etha-
nol e f f e c t e d a s i g n i f i c a n t change i n the composition of the complex, 
manifested i n the new values of 3.85, 1.44, and <1$ f o r the c o r r e 
sponding r e l a t i v e i n t e n s i t i e s . The a l t e r e d composition was a l s o 
r e f l e c t e d i n the r e l a t i v e i n t e n s i t i e s of the C 6H l l tN + i o n derived 
from N-methylisoleucine and N-methylleucine r e s i d u e s , and the 
C 5H 1 2N+ ion from the N-methylvaline moiety. 

The major peaks i n the 1 3C NMR spectrum of the c r y s t a l l i z e d 
m a t e r i a l could be r e a d i l y assigned to the carbon atoms of e n n i a t i n 
A, while smaller peaks s i g n a l e d the presence, i n lower concentra
t i o n , of other e n n i a t i n s , i n c l u d i n g one or more isomeric species 
c o n t a i n i n g the N-methylleucine residue (Strongman, D.W., Strunz, 
G.M., Giguère, P., Yu, CM., and Calhoun, L., J . Chem. E c o l . In 
press, 1988). 

A c i d h y d r o l y s i s of the c r y s t a l l i z e d e n n i a t i n complex supported 
the s p e c t r o s c o p i c data, a f f o r d i n g as expected, D-2-hydroxyisovaleric 
a c i d and a mixture of N-methylisoleucine, N-methylleucine, and 
N-methylvaline, i n which N-methylisoleucine was the predominant 
amino a c i d , and the other two were minor products. 

I t can be concluded from the combined data that e n n i a t i n s kx and 
A are the p r i n c i p a l components of the t o x i c f r a c t i o n from FA 120, 
and that e n n i a t i n A becomes the predominant metabolite a f t e r c r y s 
t a l l i z a t i o n of the complex. Among the metabolites i s o l a t e d i n pre
vious s t u d i e s of F\ avenaceum, the only cyclohexadepsipeptides that 
appear to have been reported are e n n i a t i n Β (2j3, 24) and 'avenacein' 
(16). 

For the bioassays, the c r y s t a l l i z e d e n n i a t i n Α-rich complex was 
uniformly incorporated i n t o the i n s e c t d i e t at the d e s i r e d concen
t r a t i o n s , by d i s s o l v i n g i t i n methylene c h l o r i d e , adding the powder
ed l y o p h i l i z e d d i e t , removing the solvent on a r o t a r y vacuum evapo
r a t o r , and r e c o n s t i t u t i n g the d i e t as described above. At a concen
t r a t i o n i n the d i e t of 0.04$ (wet weight), the m a t e r i a l gave r i s e t o 
t o x i c e f f e c t s on spruce budworm larv a e which were comparable to 
those produced by FA 120 hyphae incorporated at 1%. The m o r t a l i t y 
r a t e was 58$, whereas only 4$ of the c o n t r o l i n s e c t s died during the 
experiment. S u r v i v i n g i n s e c t s , l i k e those i n the bioassay of the 
hyphae, were d e b i l i t a t e d and retarded i n t h e i r development. G r e a t l y 
reduced feeding by the t e s t l a r v a e was evident from the small amount 
of f r a s s produced, and could r e f l e c t antifeedant e f f e c t s i n a d d i t i o n 
to the t o x i c i t y . The dose-response r e l a t i o n s h i p f o r the e n n i a t i n 
Α-rich complex i s such that a t e n f o l d r e d u c t i o n i n concentration to 
0.004$ r e s u l t e d i n l i t t l e evidence of t o x i c i t y , and at the conclu
s i o n of t h i s assay, l a r v a l dry weight was not s i g n i f i c a n t l y d i f f e r 
ent f o r t e s t and c o n t r o l i n s e c t s . The m a t e r i a l at concentrations as 
low as 5 ppm d i d , however, cause damage to spruce budworm c e l l s i n 
c u l t u r e ( C l a r k , C , Univ. of New Brunswick, personal communication, 
1986). The c e l l damage may r e s u l t from the a b i l i t y of these iono-
phores to a f f e c t ion t r a n s p o r t across membranes (25, 26). The same 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

00
8



114 BIOTECHNOLOGY FOR CROP PROTECTION 

property i s bel i e v e d to be r e s p o n s i b l e f o r t h e i r a n t i b i o t i c a c t i v i t y 
(13, 25, 26). E n n i a t i n s a l s o e x h i b i t p h y t o t o x i c i t y , which could play 
a r o l e i n the plant i n j u r y a s s o c i a t e d w i t h pathogenic Fusarium 
species (27). 

Although some cy c l o d e p s i p e p t i d e s , such as be a u v e r i c i n (28) and 
ba s s i a n o l i d e (29) produced by Beauveria bassiana and other entomopa-
thogenic f u n g i , are known to have i n s e c t i c i d a l p r o p e r t i e s , only one 
previous r e p o r t was found i n which the e f f e c t s of e n n i a t i n s on 
i n s e c t s were described (30). Grove and Pople (30) observed that 
e n n i a t i n A and e n n i a t i n complex from F. l a t e r i t i u m had moderate 
i n s e c t i c a l a c t i v i t y when i n j e c t e d i n t o a d u l t C a l l i o p h o r a erythrocep-
h a l a ( b l o w f l i e s ) and Aedes aegypti (mosquito) l a r v a e . 

Toxic e f f e c t s produced on a lepidopteran species by i n g e s t i o n of 
e n n i a t i n complex do not appear to have been noted p r e v i o u s l y . With 
such p r o p e r t i e s , the e n n i a t i n s could a f f e c t populations of spruce 
budworms i n the f i e l d i f produced i n s u f f i c i e n t quantity by F. ave
naceum on budworm-infested f o l i a g e . D e f i n i t i v e q u a n t i t a t i v e f i e l d 
data on e n n i a t i n s and other fungal t o x i n s associated with h o s t - t r e e 
f o l i a g e , both i n s e c t - f r e e and budworm i n f e s t e d , remain to be c o l 
l e c t e d . P r e l i m i n a r y attempts to i s o l a t e e n n i a t i n s from detached and 
autoclaved f o l i a g e of Abies balsamea i n o c u l a t e d with FA 120 were 
i n c o n c l u s i v e . 

Among the other metabolites present i n the hyphal e x t r a c t of FA 
120, a minor product, i d e n t i f i e d as e r g o s t e r o l peroxide, was a l s o 
observed to produce t o x i c e f f e c t s on spruce budworm c e l l c u l t u r e s . 
This s t e r o l can be formed i n f u n g i from e r g o s t e r o l by both photooxi-
d a t i v e and enzymatic pathways (31, 32). I t s wide d i s t r i b u t i o n can be 
i n f e r r e d from the common occurrence and abundance of e r g o s t e r o l i n 
filamentous fungi and yeasts (33). E r g o s t e r o l peroxide has r e c e n t l y 
been reported to be t o x i c to br i n e shrimp, b a c t e r i a , and chick 
embryos (34), and the p o s s i b i l i t y , suggested by the budworm c e l l 
c u l t u r e assay, that i t might a l s o be t o x i c to i n s e c t s was of c o n s i 
derable i n t e r e s t i n the e c o l o g i c a l context. However, notwithstanding 
the apparent manifestations of t o x i c i t y described above, no i n c r e a s 
ed m o r t a l i t y was observed i n spruce budworms, reared from the second 
to the s i x t h i n s t a r on a d i e t c o n t a i n i n g s y n t h e t i c e r g o s t e r o l pero
xide (35) at concentrations s u b s t a n t i a l l y higher than those at which 
the e n n i a t i n s showed i n s e c t i c i d a l a c t i v i t y . I t may be concluded that 
e r g o s t e r o l peroxide does not make a major d i r e c t c o n t r i b u t i o n to the 
observed t o x i c i t y of F. avenaceum hyphae to spruce budworm l a r v a e , 
and that t h i s property stems p r i n c i p a l l y from the presence of the 
e n n i a t i n complex. 

In summary, the concept that t o x i n s produced by fungi a s s o c i a t e d 
with f o l i a g e can reduce prédation by phytophagous i n s e c t s and other 
herbivores (3-6) r e c e i v e s a p r e l i m i n a r y measure of support from the 
pr o p e r t i e s of FA 120 and the e n n i a t i n s observed to date. The pres
ence on host tree f o l i a g e of Fusarium avenaceum and other fungi 
could c o n t r i b u t e to spruce budworm m o r t a l i t y during c o l l a p s e of an 
outbreak. The mycoflora on coniferous trees are, i n p r i n c i p l e , ame
nable t o manipulation and i t may be p o s s i b l e to e x p l o i t t o x i g e n i c 
fungi as c o n t r o l agents f o r the spruce budworm. Furthermore, the 
p o t e n t i a l of m i c r o b i a l products, such as the avermectins (36) as 
i n s e c t i c i d e s i s now widely accepted, and fungi t o x i c to the spruce 
budworm could provide a source of novel and u s e f u l i n s e c t i c i d e s . 
Future research w i l l focus on c o l l e c t i o n of q u a n t i t a t i v e data on 
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8. STRUNZ AND STRONGMAN Insecticidal Metabolites 115 

t o x i c metabolites from f o l i a g e i n the f i e l d , and w i l l include 
f u r t h e r screening of e p i p h y t i c and endophytic f u n g i from spruce 
budworm host t r e e s . 
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Chapter 9 

Metabolites of Fungal Pathogens 
and Plant Resistance 

J. David Miller and Roy Greenhalgh 

Plant Research Centre, Agriculture Canada, Ottawa, 
Ontario K1A 0C6, Canada 

The long term breeding of crops for yield and quality has 
substantially reduced their natural resistance to pests 
and pathogens, resulting in a dependency on the use of 
pesticides for the protection of crops. Biotechnology 
offers alternative strategies for crop protection. An 
approach thought to offer the best long term potential is 
one that improves disease resistance of crops. It is 
known that the production of phytotoxins by pathogenic 
bacteria and fungi are important determinants of disease 
and that an appreciable measure of resistance to a pathogen 
can be related to the ability of the plant to deal with 
phytotoxins. This general approach involving the 
characterization of the secondary metabolites produced by 
certain fungal pathogens and studying their phytotoxicity 
has been applied to the problem associated with the 
infection of cereals by Fusarium graminearum. A variety 
of secondary metabolites produced by this fungus have been 
isolated and their phytotoxicity determined with respect 
to a number of wheat cultivars. The results indicated a 
correlation between tolerance of cultivars to these 
secondary metabolites and the disease resistance. This 
work demonstrates the utility of this approach in terms 
of diagnosing resistant cultivars in vitro and determining 
the mechanisms involved. 

This art ic le wil l discuss the disease of wheat and corn (Fusarium 
head blight, maize ear rot) resulting from Fusarium graminearum 
infection. Recent discoveries have been made that are leading us 
to the identi f icat ion of disease resistant germplasm in plants by 
the study of metabolites of this fungus and their effects on plant 
ce l l s and vice versa. The integration of the discipl ines of 
organic and analytical chemistry involving high resolution 
spectroscopic techniques with fermentation mycology and plant 
biotechnology has been very productive and lends i t s e l f to the 

0097-6156/88/0379-0117$06.00/0 
Published 1988 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

00
9



118 BIOTECHNOLOGY FOR CROP PROTECTION 

development of disease resistant crop var iet ies. In the past, the 
application of such sophisticated chemical techniques to plant 
disease-host interactions has rarely been done because plant 
pathologists and chemists have tended to ignore each others' 
ef forts . In many cases, the traditional chemical solutions to crop 
protection problems (e.g. fungicides) have now become less 
acceptable to a number of groups in society and hence scientists 
responsible for developing resistance in plants may find i t useful 
to apply their s k i l l s and resources in new ways. 

Different strains of Fusarium graminearum are known to produce 
30 to 40 secondary metabolites from different biogenic origins, 
including the trichothecenes deoxynivalenol, dihydroxycalonectrin 
and nivalenol, the sesquiterpenes sambucinol and culmorin (all 
mevalonate derived), zearalenone (polyketide derived), butenolide 
(amino acid derived), and fusarin C (unknown pathway). Most of 
these secondary metabolites are mycotoxins, some of which are found 
in wheat or corn, and are harmful to human and animal health (1,2). 
Fusarium disease and i t s associated toxins represent a worldwide 
problem, but especially in countries with north-temperate climates. 
In recent years, a large effort has been made to isolate and 
identify mycotoxins i . e . toxins harmful to humans and domestic 
animals (3,4,5) and to determine their effects principal ly on 
animal health (6). This work concludes that infections by F. 
graminearum must be minimized in order to produce crops thaTTare 
suff ic ient ly free of mycotoxins. Although several corn and wheat 
breeding programs exist in North America, China and other countries 
that are designed to produce very resistant cult ivars or hybrids, 
however, to date none have succeeded. 

FUNGAL PATHOGENS AND PLANT RESISTANCE 

Wild plants, including ancestors of today's agricultural crops, 
generally possess good resistance to both pests and pathogens. It 
is generally assumed that pathogens evolved from a state of 
compatibility with the host rather than by acquiring 
incompatibility de novo. The mutation rate that drives this change 
resulting in a virulence condition, has been examined for a few 
species of fungal pathogens and i t has been found to be modest. 
Plants have two types of genes that govern their responses to 
pathogens: (a) resistance genes and (b) so-called susceptibi l i ty 
genes. Resistance genes are identif ied using the virulence genes 
in the pathogen. Susceptibi l i ty genes are thought to be linked to, 
or are, useful genes for the health of the plant. Plant breeders 
real ize that resistance genes should be sought in the geographic 
origin of the plant ("Vavilov's Rule"). Intensive breeding for 
y ie ld normally increases the incidence of susceptibi l i ty genes (7). 
Another "biological fact of l i f e " is that resistance genes require 
metabolic energy in terms of the synthesis of various gene 
products, the plant y ie ld can be affected negatively. Similarly, 
the lack of susceptibi l i ty genes in wild plants contributes to 
' y ie ld ' reduction. Evidence for these generalizations has come 
from intensive studies of a few host/pathogen combinations, 
especially the so-called biotrophic diseases (e.g. rusts) so that 
whatever models have been developed are largely based on a specif ic 
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9. MILLER AND GREENHALGH Metabolites of Fungal Pathogens 119 

type of fungal host disease interaction. Thus, i t is not known 
whether a l l the 'rules' about fungal disease of crop plants which 
were derived from the 'gene for gene' hypothesis (8) always apply. 

With fungal diseases, i t is clear that many genes govern the 
ab i l i ty of a given strain to attack a plant. Vanderplank (7), from 
a breeding perspective noted, that "It is a common assumption in 
the l i terature to assume the existence of any two a l le les for 
avirulence/virulence. A genotype of a pathogen i s , on this 
assumption, either virulent for a particular resistance gene or i t 
is not. This assumption is wrong. Within a pathogen, virulence is 
determined by multiple a l le les having considerable variat ion". 
From a biochemical/plant pathology perspective, de Wit (9) stated 
that "Instances where resistances can be attributed solely to a 
single defense mechanism are very few; several responses may occur 
simultaneously or consecutively. Undoubtedly, many genes must be 
involved in the successful development of a parasite in i ts host 
and the relationships with host gene functions could be complex." 
Yoder and Turgeon (10) i l lus t ra te several examples where multiple 
pathogenecity factors are being analyzed from a molecular biology 
perspective. From a plant breeding point of view, efficacious 
resistance genes regulating biochemical events which control the 
attack of a given pathogen are the most desired. 

Many, but not a l l aspects of the host pathogen interaction are 
amenable to further chemical study. These include: (A) e l i c i to rs -
systems wherein molecules given off by the fungus induce the plant 
to produce new compounds or enzyme systems that restr ic t further 
growth of the pathogen e.g. phytoalexins, l i gn i f i ca t ion , chitinases 
(9); chemistry is needed to purify and characterize the fungal 
products and the resulting plant products; (B) phytoalexin 
production by virulent strains of pathogens and degradation by 
resistant plants are known to occur in a variety of host/pathogen 
interactions (10,11). New research is needed to identify 
phytoalexins and their degradation products especially where the 
responsible pathogen genes are known (12). In both A and B, only 
the easy-to-identify molecules (by modern standards) have been 
adequately studied to date. (C) Phytotoxins. 

PHYTOTOXINS REVISITED 

The subject of phytotoxins is a contentious one in plant pathology. 
Only a generation ago, few scientists believed that phytotoxins 
played a role in pathogenesis. The discovery of a number of host 
specif ic phytotoxins has brought general acceptance to the notion 
that they are important in disease development but that 
non-specific phytotoxins are usually considered of secondary 
importance. Almost a l l the data we have on phytotoxins are from a 
few fungi and plant species. Several of the known phytotoxins are 
re lat ively complex and thus have proved to be d i f f i c u l t molecules 
to characterize. These problems among others, which are 
highlighted below, arguably conspire to devalue the importance of 
phytotoxins in plant diseases as well as the biochemical 
degradation of such compounds by resistant plant types. For the 
purposes of this discussion, i t is useful to raise a few issues 
covered in Yoder's valuable review on toxins in pathogenesis (13). 
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120 BIOTECHNOLOGY FOR CROP PROTECTION 

1. HOST SPECIFICITY. Phytotoxin spec i f ic i ty for susceptible 
plants suggests a role in disease. Yoder argues that host 
spec i f ic i ty is not proof of their involvement in pathogenesis 
because a number of man-made chemicals as well as culture f i l t r a t e s 
from saprophytic fungi also have apparent host spec i f i c i ty . 
Caution must be used here, in that as fungal metabolites share 
biogenic origins, the number of biochemical lesions possible in a 
plant is l imited. 

2. PHYTOTOXINS IN INFECTED PLANTS . Yoder notes that the presence 
or absence of toxins is insuff ic ient evidence to determine i f a 
fungal metabolite is a phytotoxin or not since "Inabil ity to detect 
toxins in tissues may be due to their inactivation by host t issue, 
or their presence at concentrations below l imits of detection". An 
example of the latter are the AM toxins I and II which induce 
necrosis in susceptible "Indo" apples at O.lppb (14,15). These 
points need to be considered in l ight of recent information on the 
physiology of toxin production by fungi in vivo (discussed below) 
and the power of analytical techniques. 

3. INDUCTION OF TYPICAL DISEASE SYMPTOMS. Yoder notes that the 
production of visual or physiological (e.g. conductivity or 
respiration changes) symptoms are not rel iable indicators of a 
compound's involvement in pathogenesis. It would be surprising i f 
this were not so because fungi use multiple strategies to invade 
plant t issue. The application of a pure phytotoxin to a plant 
tissue cannot be considered evidence for involvement in 
pathogenesis, especially with respect to visual symptomology. 
Similarly, the absence of a plant tissue response to a putative 
phytotoxin is not necessarily evidence that a phytotoxin is not 
involved. It is necessary to examine both susceptible and 
resistant germplasm in order to discover the resistance genes. 

Yoder (13) makes the additional comment that "virulence may not 
always be correlated with the quantity of toxin produced in 
culture" even when the toxin is known to play a role in 
pathogenesis. It is important to note that the production of 
either primary or secondary metabolites in vitro is a complicated 
problem as wil l be discussed later. Research to optimize 
metabolite production in vitro has seldom been carried out for 
phytotoxins. This renders any positive correlation between in 
vitro toxin production and virulence of a strain purely fortuitous. 
A poor correlation may simply indicate that suboptimal conditions 
for the production of the putative phytotoxins were used. 

Reduced to the simplest case, fungal toxins are either primary 
or secondary metabolites, and a l l phytotoxins f a l l into one of 
these two categories in a physiological sense. Normally, wild type 
isolates of fungi do not produce large quantities of primary 
metabolites because - by definit ion - these compounds are required 
for the normal growth of the fungus. As a result almost a l l 
non-volatile toxins excreted by filamentous fungi are secondary 
metabolites. As noted ear l ier , there are few studies that suggest 
the type of experiments necessary to determine whether a phytotoxin 
is a true secondary metabolite. Some phytotoxins are def initely 
secondary metabolites but i t is arguable that most are. 
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9. MILLER AND GREENHALGH Metabolites of Fungal Pathogens 121 

The s t r i c t def init ion of a fungal secondary metabolite is a 
compound that is produced as a result of a nutrient l imitat ion. 
This means that a fungal c e l l , possessing the requisite genes, wi l l 
excrete a secondary metabolite when i t has grown, matured and is 
subjected to a l imitation of a c r i t i c a l nutrient. In cultures 
grown in stirred jar fermentors, fungi have (A), f i r s t a rapid 
growth phase during which a synchronous population of ce l ls are 
exposed to optimal nutrient and physical/chemical conditions, 
resulting in an increase in dry weight and the assembly of the 
necessary enzymes to produce one or more of the secondary 
metabolites controlled by the c e l l ' s genetic information followed 
by (B), exhaustion of some nutrient by the growth of the c e l l s , 
which is required for primary metabolism. At this point the ce l ls 
stop increasing in dry weight. During this time, when the ce l ls 
are deprived of essential nutrients, e.g. nitrogen, the pools of 
primary metabolites such as acetate, mevalonolactone and/or amino 
acids accumulate. The c e l l ' s enzymes involved in secondary 
metabolism u t i l i z e these primary metabolites and the biosynthesis 
of the secondary metabolite commences and f i n a l l y , at stage (C), 
the ce l l s die (16, 17, 18). 

The above steps in secondary metabolism have been known since 
the mid-1940's. It has also been known for a long time that 
certain fungal secondary metabolites end up in crop residues (e.g. 
Fusarium mycotoxins) although i t has been d i f f i c u l t to correlate 
data from st irred jar fermentors studies with that from crop 
studies e.g. corn ears. Recently, however, Hale and Eaton (19) 
demonstrated that the characteristic cavit ies of wood soft rot 
fungi (mostly molds) are explained by the fact that filamentous 
fungi do not grow in a continuous fashion in sol id substrates. 
Fungal growth was demonstrated to be osci l latory in nature and 
there are three stages of growth. A f ine hyphal extension f i r s t 
grows out, growth stops, then the hyphae fatten and the cavity 
around the mycelium widens, during which time the nutrients around 
the hyphae become exhausted. The production of certain 
wood-degrading enzymes are known to be 'secondary' processes 
induced by nitrogen l imitation (e.g. 20). Since hyphal growth is 
osci l latory in solids such as wood, this is comparable with our 
current understanding of the induction of 'secondary' 
biochemistries such as the production of certain degradative 
enzymes. 

This growth pattern of fungi and the production of secondary 
metabolites in sol id substrate appears to be correlated with the 
data from fermentor studies. In the 19th century, mycologists 
reported that growth and metabolic act iv i ty occured primarily in a 
few terminal ce l l s of a hyphae (21). In molds such as Fusarium, 
nuclei occur most frequently in the terminal few c e l l s . The 
production of the secondary metabolite zearalenone by F. 
graminearum in a sol id fermentation has been shown to occur in 
localized segments of the mycelia which then stops (22) and the 
zearalenone metabolite diffuses into the substrate. 

In our opinion, this information reconciles the in vivo and in 
vitro data concerning the production of secondary metabolites by 
filamentous fungi and suggests that a very serious look be taken at 
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122 BIOTECHNOLOGY FOR CROP PROTECTION 

phytotoxins in plant disease. Yoder (13) notes that the problem of 
detecting a putative phytotoxin in infected plant tissue can be due 
to l a b i l i t y , inactivation of the compound or insensitive analytical 
procedures for detecting low concentrations. Additionally, the 
argument is made against a role of certain phytotoxins in plant 
disease is that their presence is merely coincidental with 
pathogenesis and is not responsible for pathogenicity. The 
l ikelihood that phytotoxins are produced as hyphal extension occurs 
raises serious issues regarding their detection and coincidence. 
In other words, the l a b i l i t y , detectabi1ity and turnover of 
phytotoxins in host tissue are real poss ib i l i t i es . Coincidence as 
an explanation for the presence of potent phytotoxins is not 
tenable since secondary metabolites, i f they are produced at a l l , 
must be produced just after hyphal penetration of a new area of 
plant t issue. 

FUSARIUM GRAMINEARUM METABOLITES IN CEREALS 

Our studies on phytotoxins and plant disease started in 1982 when a 
15-acetoxydeoxynivalenol producing strain of F. graminearum was 
used to inoculate corn. One parameter of the study was to monitor 
the occurrence of various mycotoxins in the infected ears weekly 
until harvest. Two remarkable observations were made: (A) very 
l i t t l e 15-acetoxydeoxynivalenol was found, only high levels of 
deoxynivalenol and (B) when fungal growth stopped, there was a 
decline in the absolute amount of deoxynivalenol (23). Similar 
phenomena were observed in both experimental (24) and natural 
infections of wheat (25; A. Tiech, pers. com.). Analysis of 
experimentally infected spring cereals showed that susceptible 
wheat cult ivars have a fungal biomass (ergosterol) to 
deoxynivalenol ratios of ca. 2:1; this ratio was also observed in 
heavy natural infections of Fusarium head blight of susceptible 
cult ivars (26). By comparison, resistant cult ivars experimentally 
inoculated with F. graminearum gave much higher ergosterol to 
deoxynivalenol radios (27,28). These data imply that some 
cult ivars of wheat can modify Fusarium toxins, a suggestion also 
made by Yoshizawa in 1975. This speculation has since been 
confirmed for a number of Fusarium head blight resistant cult ivars 
while susceptible cult ivars tested do not show this phenomena (29; 
Mi l ler , unpublished). 

Further experiments were in i t iated in which the effects of 
various metabolites produced by F. graminearum were evaluated using 
a coleoptile tissue assay devisecTby Cutler (30). These 
experiments demonstrated that the trichothecenes deoxynivalenol 
(XII) and 3-acetoxydeoxynivalenol (XI) are very phytotoxic to wheat 
tissue (28; Table I) . Trichothecenes have been reported to affect 
plant tissue in various ways, especially increasing electrolyte 
loss (31,32). Fusarium graminearum is known to produce a large 
number of minor metabolites (Figure I) (3); some of these compounds 
such as dihydroxycalonectrin (VIII), butenolide (II) and sambucinol 
(XXII) were also tested using the coleoptile bioassay but were 
found to be less phytotoxic than the deoxynivalenol. The cyc l ic 
depsipeptides enniatin A and B, produced by related Fusarium 
species, were also found to be phytotoxic (see 33). For a l l the 
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9. MILLER AND GREENHALGH Metabolites of Fungal Pathogens US 

metabolites tested, cult ivars known to be resistant to Fusarium 
head blight (e.g. Frontana, Su mei) were also more tolerant to the 
toxins compared to susceptible cult ivars (Table II) . 

To understand the basis for this tolerance in resistant 
cult ivars , a number of experiments have been carried out. In 
v i t ro , i t has been possible to demonstrate conversion of 
trichothecenes (27) by a resistant cu l t ivar . Cells of a resistant 
Chinese wheat cult ivar were propagated in a 1.5 L Celligen 
fermentor (New Brunswick Scient i f ic) and biosynthetically labelled 

C 3-acetoxydeoxynivalenol (prepared after 4,18) was added to the 
culture. Analysis of the crude extract of the aqueous medium by 

C-NMR showed 3-acetoxydeoxynivalenol together with another 
product postulated to be a glycoside (Figure 2). Approximately 
half of the labelled compound was recovered after a one week 
fermentation. The formation of other metabolites is currently 
being studied by the addition of C-labelled deoxynivalenol to 
resistant and susceptible cult ivars (prepared after 29). 

Similar work has been reported with another trichothecene -
producing plant pathogen, Myrothecium roridum, which is a pathogen 
of muskmelon. When the trichothecene roridin Ε was added to 
detached leaves of different melon var iet ies, the size of lesions 
produced were identical to leaves on plants inoculated with the 
pathogen; varieties resistant to the toxin were resistant to the 
pathogen. This trichothecene also s ignif icant ly increased 
sporulation and lesion size on inoculated leaves. Closely related 
trichothecenes from non-pathogenic Myrothecium strains did not 
affect sporulation, lesion size or conductivity of leaf tissue 
after application to leaf t issue. The authors stated that the data 
does not tota l ly resolve the issue of whether the trichothecene 
roridin Ε is involved in pathogenesis but suggests that i t may play 
a role in predisposing tissue to infection (34,35). Cutler (loc. 
c i t . ) discusses other aspects of the possible involvement of 
trichothecenes in plant disease and their s i te of action. The 
invasion of corn kernels by F_. graminearum viewed by histology 
demonstrates that the corn ce l ls are kiI led in advance of the 
invading mycelium (D. Wicklow, pers. com.). 

The tests required to discern absolutely the role of 
trichothecenes in virulence or pathogenesis have yet to be carried 
out. The str ictest test involving mutants with or without a gene 
that controls production of these toxins wi l l be d i f f i c u l t to do 
since i t would also depend on the existence of the incompatibility 
system in the plant. Our studies have shown that in wheat, a l l 
susceptible cult ivars tested are equally susceptible to F. 
graminearum trichothecenes. These cult ivars would probaFTy be 
equally affected by a trichothecene non-producing strain because a 
number of incompatibility/ compatibility interactions are known 
(36). Cultivars, very tolerant to trichothecenes by virtue of 
degradation and other responses, should also to be used to test the 
hypothesis that toxins are involved in pathogenecity. 

Strains of F. graminearum from Canada, China, Europe, Japan, 
South Africa ancTthe USA produce 3- or 15-acetoxydeoxynivalenol and 
usually deoxynivalenol. It may be adaptive for 1 generalist 
pathogens' l ike F. graminearum, which attacks many plant species, 
to employ potent general phytotoxins such as the trichothecenes 
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126 BIOTECHNOLOGY FOR CROP PROTECTION 

Table II Tests for Fusarium head bl ight resistance of spring wheats 

Cult ivar FHB Ergosterol (ppm) Deoxynivalenol (ppm) in v i t ro 
Index % kernel kernel rest Score 

Frontana (Ste.Hy) 17.5 15.8 2.7 15 

Su mei #3 12.5 13.4 2.1 13 

Ankra 100.0 157.6 84.9 5 

Belvedere 100.0 194.3 32.3 4 

Dundas 100.0 191.8 61.9 -2 

Casavant 92.5 169.7 114.4 -6 

Concorde 100.0 229.0 90.4 -9 

Plots inoculated by spraying conidia on the heads at anthesis. 

Wheat coleopt i le t issue test ; values assigned based on the minimum 
concentrations of F. graminearum metabolites that resulted in s igni f icant 
decreases (P=0.05 or 0.01) in growth of the t issue after 20h exposure. 
Values assigned as fol lows: deoxynivalenol and 3 acetyldeoxynivalenol 
(10"^1=15, 10'4M=10, 10"aM=51,10"t>M=0),and dihydroxycalonectrin, butenolide, 
culmorin and sambucinol ( 10 M=l, 10"JM=0, 10 M=-l, 10 M=-2, 10"°M=-3). 
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H 
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PPM 
Figure 2. C NMR spectrum of crude fungal extract showing the 
[presence of 3-acetyldeoxynivalenol and putative glycoside. Pure 

C labelled 3-acetoxydeoxynivalenol (20 mg) was added to 1L of a 
ce l l suspension of wheat (Su mei) in an N.B. Sc ient i f ic Celligen 
fermentor for 14 days. The medium was f i l te red and the f i l t r a t e 
extracted with ethyl acetate. The solvent was removed and the 
residues dissolved in CDC10. 
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128 BIOTECHNOLOGY FOR CROP PROTECTION 

rather than evolve a whole series of host specif ic toxins. Plant 
types that can tolerate these potent inhibitors of protein 
synthesis that are produced during fungal invasion should be 
expected to better resist the pathogen. New proteins can be 
synthesized as the fungus invades the plant that result in the 
synthesis of phytoalexins, chitinases, etc. 

SUMMARY 

These experiments have identif ied a number of approaches involving 
the techniques of chemistry and biotechnology (tissue culture, 
molecular biology) that are helping to identify disease resistant 
germplasm. Rapid screening techniques based upon plant tissue or 
suspension culture response to the toxins from Fusarium are proving 
to be a useful way to verify the resistance of advanced breeding 
material (37). The enzymatic basis for the deoxynivalenol 
degradation phenomenon by cel l culture is also being explored. 
This approach should lead to the identif icat ion of the genetic 
basis of response, with a view to both the selection for and 
addition to the development agronomically of improved cult ivars 
(see 37). 
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Chapter 10 

Sex-Specific Selection Using Chimeric Genes 
Applications to Sterile Insect Release 

Paul D. Shirk, David A. O'Brochta, P. Elaine Roberts, 
and Alfred M. Handler 

Insect Attractants, Behavior, and Basic Biology Research Laboratory, 
Agricultural Research Service, U.S. Department of Agriculture, 

Gainesville, FL 32604 
Application of recombinant DNA technology to isolate, 
manipulate, and transfer genetic material to a pest 
insect may offer an efficient and cost effective means of 
achieving sex-specific selection of males for use in 
sterile insect release programs. Central to the 
implementation of genetic modification using recombinant 
DNA technology is the ability to efficiently transfer and 
integrate genes into the genome of a pest insect. An 
embryonic excision assay was developed to assess the 
potential of utilizing a P-element transposable vector 
for genetic transfer in insects other than Drosophila 
melanogaster (Meigen). When tested in various Drosophila 
species, the excision assay indicated normal P-element 
function in embryos of D. melanogaster, D. simulans, and 
D. grimshawi. However, excision events were not observed 
in embryos of the Caribbean fruit fly, Anastrepha 
suspensa (Loew), or the Indianmeal moth, Plodia 
interpunctella (Hübner). Once gene transfer techniques 
have been established for an insect, conditional 
sex-specific selection of males can be achieved by 
transforming the insects with chimeric genes that impart 
sex-specific sensitivity. The proposed structures of 
chimeric genes that may be useful in genetic sexing 
schemes will be presented. The chimeric genes will 
consist of promoter sequences from sex-specific genes 
such as yolk protein genes and will either express 
structural genes that impart chemical sensitivities to 
the females or produce antisense sequences to sex 
determining genes to disrupt development of females. 

The combination of restrict ions on the use of agrochemicals, 
the costs of developing and registering new chemicals, and the 
development of chemical resistance by pest insects has placed 
farmers and agribusiness in a position whereby they must rely to 
an ever increasing extent on biorational methods as supplements to 
chemical measures to achieve effective insect pest management. 
The greatest successes in achieving biological control of pest 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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136 BIOTECHNOLOGY FOR CROP PROTECTION 

insects have appeared in the use of autocidal programs. The 
s t e r i l e insect technique has been an effective means of limiting 
dipteran populations for nearly 20 years and has been examined as 
a means of controlling a l l pest insects ( 1 ) . Although the s t e r i l e 
insect technique can be used very effectively to control pest 
insects, as evidenced by the screwworm eradication program ( 1 ) , 
s t e r i l e insect release (SIR) in i t s present form is not applicable 
to a l l pest insects. Because lepidopterous insects require 
greater doses of radiation than dipterans to achieve s t e r i l i t y , 
the use of substerilizing dosages has been considered. Although 
release of insects receiving substerilizing doses has an impact on 
a population, larger releases of insects would be necessary to 
achieve effective control of a pest and would add considerably to 
the cost of the program ( 1 ) . 

A major limitation to SIR programs is the requirement for the 
availability of large numbers of reproductively competent s t e r i l e 
males ( 2 ) . Because there is no efficient mechanism for the 
specific selection of males, the current SIR programs rear, 
s t e r i l i z e , and release both sexes. The presence of the females 
results in added costs to the programs for rearing and in reduced 
efficiency of s t e r i l e male matings after release. Implementation 
of improved procedures for the selection of males or removal of 
females early in development would offer measures necessary to 
reduce the costs and increase the efficiency of SIR programs. 

A number of classical genetic manipulations theoretically 
applicable to any insect have been developed in the fruit f l y 
Drosophila melanogaster (Meigen) and several other insects that 
result in breeding populations that produces only one viable sex. 
Typically, the selection relies on the disruption of normal sex 
ratios by induced or naturally occurring mutants of the sex 
determination genes, chromosomal translocations, maternal effect 
lethals, or aberrant chromosomes (i.e. compound-X). However, 
these methods have not been generally applicable to agriculturally 
important insects because there is a paucity of significant 
genetic information on these insects. Ultimately, i t has been the 
lack of basic genetic information that has precluded the 
development of genetic selection schemes applicable to SIR 
programs. 

One scheme u t i l i z i n g conventional genetic techniques, which 
has been developed for use in the control of the Mediterranean 
fruit f l y , Ceratitis capitata Wiedemann, has not been completely 
successful (3). A portion of the chromosome carrying the gene for 
wild type pupal color was attached to the Y chromosome, which is 
carried only in males. The wild type color-attached Y chromosome 
was then mated into a white strain of f l i e s . This composite 
mutant strain is being tested to determine the efficacy of 
u t i l i z i n g a color marker for selecting males under large scale 
rearing conditions. While similar schemes may eventually prove 
useful, the preliminary experiments with the pigmentation marker 
revealed a problem with the breakdown of the marker chromosome by 
recombination (3). In addition to the breakdown of the marker 
chromosome, similar genetic manipulations in Drosophila routinely 
result in decreased v i a b i l i t y of the mutant strain when compared 
with wild type strains (4). 
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10. SHIRK ET AL. Sex-Specific Selection Using Genes 137 

Although most recent proposals for u t i l i z i n g recombinant DNA 
technology in insects have focused on measures that would allow 
for direct genetic control of pest insects (5, 6 ) , the potential 
for developing effective genetic-sexing procedures for SIR 
programs through application of recombinant DNA technology is 
being explored as a more immediate solution to the problem of SIR 
efficiency. The technology of molecular biology offers the 
ab i l i t y to construct chimeric genes that encode for a readily 
selectable gene-product that i s expressed in a specific sex r 

stage, or tissue ( 7 ) . Once introduced into the host genome, a 
sex-specifically expressed chimeric gene would offer a means of 
selecting for a desired sex. For example, combining a gene for a 
chemical or drug resistance with a male-specific promoter would 
confer resistance to males and females could be selected against 
when using a chemical treatment. Alternatively, females could be 
selected against by u t i l i z i n g a chimeric gene containing a 
structural gene that imparts chemical sensitivity with a 
female-specific promoter that again would make the females 
lethally sensitive to chemical treatment. Chimeric gene 
constructs that result in chemical sensitivity in females are 
being produced and tested in D. melanogaster. However, 
application of these genetic selection systems to insects other 
than Drosophila requires the abi l i t y to introduce these genes 
eff i c i e n t l y into the genomes of pest insects, something that has 
not been achieved. 

P-Element Excision Assay in Insect Embryos 

The only efficient means of introducing genes stably into the 
genome of an insect i s the modified transposable P-element vector 
system from D. melanogaster developed by Spradling and Rubin 
(8,9). The P-elements were found in Ρ strains of D. melanogaster 
and were lacking in M strains. The presence of the transposable 
element could be demonstrated by the development of hybrid 
dysgenesis due to the movement of the P-element when males of a Ρ 
strain were mated to females of an M strain (10). The DNA 
sequence of the P-element was cloned and inserted into a bacterial 
plasmid (8). When the P-element plasmid is injected into embryos 
of M strain f l i e s , i.e. those f l i e s that do not contain 
P-elements, the P-element transposes from the plasmid and stably 
integrates into the genome of the host f l y . The a b i l i t y to 
identify genetically transformed Drosophila i n i t i a l l y depended 
upon "rescuing" a mutant host fly with a copy of a wild type gene 
carried by a P-element vector (9). Although genetic rescue can be 
useful in a well defined genetic organism such as D. melanogaster, 
the P-element vector required a more generally selectable element 
to identify transformed f l i e s . The inclusion of the neomycin 
phosphotransferase gene linked with a heat shock promoter (hspneo) 
in the P-element vector supplies a dominant marker for selection 
of germline transformants (11). Other laboratories have ut i l i z e d 
the hspneo P-element vector to test the a b i l i t y of P-elements to 
effect germline transformation in a variety of insects without 
success. However, failure to impart neomycin resistance to an 
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138 BIOTECHNOLOGY FOR CROP PROTECTION 

insect does not give an adequate assessment of P-element 
transposability in an insect or a direct test of the u t i l i t y of 
the P-element as a transformation vector in that insect. A simple 
more direct assessment of P-element functionality in heterologous 
germline transformation systems therefore is essential. 

P-elements have been used as gene vectors in the closely 
related species D. simulans (12). In addition, the P-elements 
were found to undergo transposition in the more distantly related 
species D. hawaiiensis, although the capacity to act as a gene 
vector could not be demonstrated in this species (13). However, 
the transposable functionality of P-elements has not been 
demonstrated for insects outside the genus Drosophila. 

Insertion of a P-element into a gene often results in the 
partial or complete inactivation of the gene and precise or 
reading-frame-conserved excision of the P-element restores gene 
function. In D. melanogaster, P-element excision appears to rely 
on the same enzymatic activity of the P-element transposase as 
does P-element insertion, and the excision activity i s not genomic 
site dependent but extends as well to P-element seguences in 
plasmids (14). The excision of a P-element from a gene that 
results in restoration of gene activity i s a means of monitoring 
the functionality of the P-element vector system, and forms the 
basis of an assay to test P-element activity in preblastoderm 
insect embryos. 

The P-element excision assay was a modification of the assay 
used by Rio et a l . (14) to assess P-element activity in tissue 
culture c e l l s . The plasmid pISP (14) (Fig. 1) contains an 
internally deleted P-element that interrupts the lacZ alpha 
peptide coding region of the plasmid pUC8 and was used to monitor 
P-element excision. The pISP plasmid was co-injected into 
preblastoderm embryos of each species with the plasmid 
pUChsirA2-3, which was used as a helper plasmid to provide a 
source of P-element transposase by heat shock (15). Precise or 
reading-frame-conserved excision of the P-element from a pISP 
plasmid restores lacZ alpha peptide complementing a b i l i t y to the 
plasmid, which can be determined easily by transforming the 
recovered plasmids into a lacZ" E. c o l i . 

The excision assay plasmid and the helper plasmid were 
introduced into preblastoderm embryos of the various f l i e s using 
the well established embryo injection procedures developed for D. 
melanogaster (8). The f l y eggs were dechorionated in dilute 
bleach, immersed under o i l , injected at 22°C, and incubated under 
O2 for 15-18 hr. However, the injection procedures were 
modified for the embryos of the Indianmeal moth because they did 
not survive dechorionation or immersion in o i l . The Indianmeal 
moth embryos, 1-2 hr old, were injected without dechorionation 
close to the micropyle and sealed with two layers of Krazy® 
glue. The embryos were incubated under O2 for either 20 or 44 
hr at 30°C. After incubating a l l embryos in 02» both dipteran 
and lepidopteran embryos were heat shocked at 37°C for 1 hr to 
induce the P-element transposase activity. The f l i e s were allowed 
to recover for 1 hr at 22°C and the moths for 2 hr at 30°C, under 
O 2 . The embryos were collected and low molecular weight DNA, 
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pUC8 CONSTRUCTION of pISP PLASMID 

m β-galactosidase lacZ alpha-peptide 

47 bp white* gene Hhot spot** 

600 bp P-element DNA 

Inject embryos with plasmids 
pISP and pUChs ir Δ 2-3 "helper** 

plasmids (transposase source) 

Plasmids are extracted 
and transformed into 

DH5« E. coli and grown 
on X-gal media 

NO EXCISION EXCISION 

No β-gal Activity B-gal Activity 

White bacterial colonies Blue bacterial colonies 

Figure 1. Diagrammatic r e p r e s e n t a t i o n of the P-element 
e x c i s i o n assay i n embryonic soma. 
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140 BIOTECHNOLOGY FOR CROP PROTECTION 

which contained the injected excision assay plasmids, was isolated 
using the method of Hirt (16). The low molecular weight DNA 
recovered from injected embryos was used to transform the E. c o l i 
strain DH5a made competent according to the methods of Hanahan 
(17). E. c o l i transformants were plated on LB plates containing 
ampicillin (70 yg/ml) and X-gal (50 yg/ml). Transformants 
containing pISP plasmids that had lost the resident P-element 
through excision appeared blue on this medium. 

Table 1. P-element-excision in insect embryos 

Insect species 
pISP2 Plasmids 

recovered 
laczVarap 1* 
Colonies Frequency 

p. melanogaster 
(M s t r a i n ) 

D. melanogaster 
(P s t r a i n ) 

p. simulans 
p. grimshawii 
A. suspensa 
F- i n t e r p u n c t e l l a 

6.0 Χ 104 

6.6 
4.0 
5.0 
1.4 
3.8 

10* 
10* 
103 

10* 
105 

109 

41 
40 

6 
0 
0 

1.8 χ 10 

0.6 
1.0 
1.2 
0.0 
0.0 

-3 

10" 3 

10" 3 

10"3 

The functionality of the excision assay was i n i t i a l l y tested 
in preblastoderm embryos of the M and Ρ strains of 
Ρ· melanogaster. The isolation of lacZ+/ampR transformants, 
as indicated by blue colonies (see Fig. 1), showed that the 
excision assay was functional in the embryos as i t was in c e l l 
lines as reported previously (14). The rates of excision for both 
the M and Ρ strain embryos (Table 1) were equivalent to those 
observed for genomic P-elements and about ten times higher than 
the rates observed in c e l l lines. The latter result i s somewhat 
surprising because P-element transposition is absent or greatly 
reduced in Ρ strains. Restriction endonuclease mapping of 
plasmids recovered from these transformants indicated that the 
plasmids were pISP plasmids that had lost the resident P-element 
(data not shown). P-element excision in the embryos was observed 
only when the pISP plasmid was co-injected with the helper 
plasmid, i.e. when P-element transposase was present at high 
levels. 

The excision assay was tested also in two other Drosophila 
species to determine the functionality of the assay in other 
insects. Excision occurred in both p. simulans and p. grimshawii 
at nearly the same rate as observed in p. melanogaster (Table 1). 
The transposition activity of the P-element in the embryos of 
these species demonstrates that the excision assay can be employed 
as a reliable indicator of P-element behavior in other insects. 

When the excision plasmid was injected into the embryos of A. 
suspensa and P. interpunctella, no excision events were observed 
(Table 1). We conclude that these two species lack the cellular 
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10. SHIRK ET AL. Sex-Specific Selection Using Genes 141 

machinery necessary for normal Ρ element transposition that i s 
present in p. melanogaster and the other Drosophila species 
tested. 

Testing P-element functionality using an excision assay as 
described here has a number of advantages over testing for 
germline transformation directly using dominant selectable markers 
or measuring P-element activity by conducting the excision assay 
in c e l l lines. Firs t , because the assay is conducted only in 
embryos and without having to achieve correct insertion into the 
host genome, the procedure does not require extensive rearing and 
selection of injected animals and their progeny, nor does i t 
depend upon achieving genetic transformation. Second, the plasmid 
excision assay is extremely sensitive to P-eleraent activity. As 
the assay is currently conducted, we can recover approximately 
103 pISP plasmids per injected embryo allowing as many as 10 6 

plasmids to be screened easily from any species. Finally, since 
the assay is conducted in insect embryos, the problem of 
differences in transposon activity observed between c e l l lines and 
embryos is obviated. When transformed into c e l l lines, the 
Drosophila transposon, copia, undergoes extensive transposition 
whereas i t rarely undergoes transposition in the whole animal 
(18). When a l l of these factors are considered, the P-element 
plasmid excision assay w i l l be useful for determining P-element 
functionality in heterologous systems, and in addition w i l l permit 
extensive analysis of the mechanics of P-element excision in 
p. melanogaster. 

The failure to observe P-element excision in A. suspensa and 
Ρ.· interpunctella embryos suggests that P-elements may not be 
functional in a l l insects. Although the reason for the lack of 
functionality has not been identified, the excision assay is 
designed with adequate latitude for modification so that i t i s 
amenable to experimental analysis. With sufficient effort, the 
biochemical basis for the lack of P-element activity can be 
identified and potentially be corrected. Preliminary results 
indicate that the transposase gene carried by the helper plasmid 
is being transcribed in A. suspensa, and efforts are now underway 
to determine i f a l l of the posttranscriptional modifications 
necessary to generate a functional transposase mRNA occur (15). 

The rapid and simple assay of P-element functionality 
described here can be used readily to assess P-element function in 
a wide variety of economically important insects. The assay also 
w i l l be used in the development of transformation vectors that are 
phylogenetically unrestricted, which in the end is the absolute 
prerequisite for the application of recombinant DNA technology to 
the genetic modification of pest insects and their integration 
into insect pest management programs. 

Chimeric Gene Constructs for Genetic-Sexing Schemes 

Once reliable methods for genetic transformation of pest insects 
have been developed, several chimeric gene constructs may be 
useful in genetic-sexing schemes. The schemes presented here 
employ existing molecular genetic technologies and use promoters 
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142 BIOTECHNOLOGY FOR CROP PROTECTION 

and structural genes that already have been isolated and 
characterized. The constructs and rationales can be tested i n 
Drosophila species while methods for transformation of other 
insects are being developed. Thus, when gene transfer is more 
universally available, the constructs for genetic-sexing can be 
implemented with greater efficiency. 

One general approach that can be considered for genetic-sexing 
i s to impart a chemical sensit iv i ty to the females and then select 
for the males by chemical treatment. The use of male-limited 
alcohol dehydrogenase (Adh) act iv i ty has been presented as one 
possible scheme (19). Development of this technique could be 
accomplished in insects that have a functional alcohol 
dehydrogenase even using c lass ica l genetic techniques but would 
require genetic transformation in those that lack Adh ac t iv i ty . 
The rationale i s to develop a strain that has a functional Adh 
gene attached to a Y-chromosome, and then introduce the 
Adh-bearing Y chromosome into a strain that lacks Adh ac t iv i ty . 
This would result in a breeding population in which the males 
would have Adh act iv i ty and the females would not. Thus, the 
females would be lethal ly sensitive to low ethanol concentrations 
and could be selected out of the cultures. The male selection 
scheme described here i s of course applicable to those species 
where the males are heterogametic. For insects such as 
lepidopterans, where the female is heterogametic, the 
genetic-sexing scheme would have to be modified to reverse the 
selection (see below). As pointed out above, the attached Y 
chromosomes are of limited use because they are subject to 
breakdown by recombination. In addition, the translocation of 
autosomal genes onto the Y chromosome can cause decreased 
v i a b i l i t y of the s tra in . Therefore a more eff icient and stable 
means of establishing the mechanics for genetic selection is 
required. 

A selection scheme for males can be developed without 
c lass ica l genetics by employing recombinant DNA technology to 
construct a chimeric gene between the structural gene for Adh and 
a female-specific promoter for introduction into an Adh"" 
insect. This scheme would permit a stronger selection program to 
be used against the females. Since Adh would be expressed only in 
females, chemical treatment with l-pentyn-3-ol or related 
compounds which are metabolized by Adh to lethal products (20) 
would result in the elimination of a l l females in the culture and 
survival of a l l males which would lack Adh ac t iv i ty . The yolk 
protein genes have been cloned from several insect species 
including D. melanogaster (21), Locusta migratoria (22, 23), Aedes 
aegypti (24), A. suspensa (A. Handler, unpublished), and 
P. interpunctella (P. Shirk, unpublished), and offer an easi ly 
obtainable female-specific promoter that could be used in the 
chimeric gene constructs. Unfortunately, i t may be necessary to 
use a homologous cloned promoter for each insect as not a l l 
female-specific promoters are regulated correctly in heterologous 
insects (25). 

A second general scheme for developing genetic-sexing, which 
perhaps has more potential , i s the use of antisense RNA to disrupt 
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normal gene activity. Antisense RNA i s a transcript generated 
from the complementary DNA strand of a gene and therefore codes 
for an RNA that i s complementary to the normal RNA transcript 
produced during transcription of a gene (26) . A chimeric gene 
that produces antisense RNA to a gene can be made by cutting the 
original gene from the promoter sequences and resplicing the gene 
with the promoter at the opposite end thus reversing the polarity 
of the structural gene relative to the transcriptional signals. 
By reversing the polarity of the DNA strands, the opposite strand 
w i l l be transcribed and a complementary or antisense RNA w i l l be 
produced. When antisense RNA was introduced either in vitro (27) 
or in vivo (28) , the presence of the antisense RNA inhibited the 
expression of the normal RNA transcript produced by the resident 
gene. Suppression of RNA translation by antisense RNA may be due 
to the formation of an RNA heteroduplex between the two 
complementary RNA strands thus blocking the attachment of 
ribosomes. An example of this application in the context of the 
Adh example would be the construction of a chimeric gene 
containing the antisense sequence for Adh linked with a 
female-specific promoter. Thus, Adh activity would be eliminated 
from females and make them lethally sensitive to treatment with 
ethanol. 

Another prospective application of antisense RNA to 
genetic-sexing being tested in our laboratories involves the use 
of antisense RNA to control sexual differentiation. In 
Drosophila, sex determination is controlled by the interaction of 
several autosomal genes (29) . The activity of two of sex 
determination genes, transformer (tra) and transformer-2 ( t r a - 2 ) , 
i s required to maintain a female state of differentiation. If 
either of the two genes is mutant or nonfunctional in a 
chromosomal female (XX vs. XY in males), the individual w i l l 
develop phenotypically as a ste r i l e male. Because of the required 
activity of the transformer genes, the phenotype of the insect can 
be changed from female to male during development i f a transformer 
gene is switched off (30); temperature sensitive tra - 2 females are 
phenotypically female when reared at the permissive temperature 
but become males biochemically when switched to the restrictive 
temperature as adults. Chromosomal XY males mutant for tra or 
tra - 2 are not affected phenotypically except that tra - 2 males are 
germline s t e r i l e ; tra males are f e r t i l e . The rationale for 
u t i l i z i n g the sex determining genes i s to construct a chimeric 
gene containing an antisense sequence for a transformer gene 
linked with a promoter that can be controlled conditionally. This 
would allow XX females to develop as phenotypic females under the 
nonrestrictive conditions. However, when reared under restrictive 
conditions, the XX females would develop as phenotypic s t e r i l e 
males as would the XY males. This technique in effect would 
obviate genetic-sexing by creating a population of s t e r i l e males 
only. For this scheme to be useful, transformed genetic females 
as well as mutant carrying males would have to mate successfully 
with wild type females and be competitive in the f i e l d . 
Laboratory testing of Drosophila sex-determination mutants 
indicate that mutant phenotypic males do court and mate (31). 
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At present, the tra gene has been isolated from Drosophila 
(32, 33) and our laboratory is in the process of constructing a 
chimeric gene with antisense tra linked with a heat shock 
promoter. This construct w i l l be introduced into D. melanogaster 
and i t s a b i l i t y to inhibit normal tra activity in females w i l l be 
tested morphologically and biochemically. Since a tra mutation 
does not cause male s t e r i l i t y , the complete scheme cannot be 
tested and awaits the isolation of the tra -2 gene. While this 
scheme may prove functional in Drosophila, the genetics of 
sex-determination has not been examined extensively in other 
insects. Possibly, the sex-determination genes in other insects 
can be identified by hybridization with a tra or tra -2 probe. 
Although nothing is known about the similarity of structure and 
function of the sex-determining genes in other species, analogous 
i f not homologous genes are expected to be functioning in other 
insects. Should experimental disruption of sex-déterminâtion 
prove successful in Drosophila, the high efficiency of this scheme 
would justify the research necessary to identify the genes and 
implement similar programs in agriculturally important pest 
insects. 
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Chapter 11 

Potential Applications of Neuroendocrine 
Research to Insect Control 

Larry L. Keeley 

Laboratories for Invertebrate Neuroendocrine Research, Department of 
Entomology, Texas Agricultural Experiment Station, Texas A&M University, 

College Station, TX 77843 

Advances in biotechnology that result from 
neuroendocrine research may have applications for the 
control of insect pests. Neurohormones are the master 
regulatory hormones of insects and affect crit ical 
physiological processes that include: molting, 
metamorphosis, reproduction, and general homeostasis. 
Manipulation of neurohormone titers would disrupt 
sensitive physiological processes and kill or 
debilitate treated insects. Sensitive neuroendocrine 
events include: hormone synthesis, hormone secretion 
and degradation; hormone-target cell-receptor 
interactions and target cell responses. Neuroendocrine 
events and titers may be altered by: (1) genetic 
engineering of neurohormone genes into suitable 
baculovirus cloning-expression vectors; (2) disruption 
of neurosecretory activity by exogenous chemicals that 
affect aminergic neurons; (3) development of analogs 
that are antagonists or superagonists of neurohormones 
at receptor proteins; and (4) inhibition of enzymes 
instrumental in hormone synthesis or degradation. 

The r o l e of the animal b r a i n as a source f o r endocrine f a c t o r s was 
discovered i n i n s e c t s with the pioneering work of Kopec i n 1917 {V). 
He found that l i g a t i o n of the head prevented molting and 
metamorphosis i n gypsy moth l a r v a e . In 1941, the phenomenon of 
neurosecretion was described f o r i n s e c t s by Berta Scharrer (2̂ ) using 
the cockroach, Leucophaea maderae. Despite t h i s e a r l y use of 
in s e c t s as models f o r studying neuroendocrine processes, the top i c 
of i n s e c t neuroendocrinology has lagged behind i t s vertebrate 
counterpart because of the s c a r c i t y of i d e n t i f i e d neurohormones. 
Over the four decades since Scharrer f i r s t described the 
neurosecretory r o l e f o r cockroach b r a i n neurons, about two dozen 
p h y s i o l o g i c a l processes of i n s e c t s have been i d e n t i f i e d as being 
neuroendocrine dependent (3). However, i t was not u n t i l 1975-76 
that the f i r s t i n s e c t neurohormone st r u c t u r e s were defined (4,5)· 
No fu r t h e r s t r u c t u r e s were reported u n t i l 1984 (6-8). At present, 
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there are about two dozen neurohormonal s t r u c t u r e s reported i n the 
l i t e r a t u r e , but many of these are n a t u r a l analogs (bioanalogs) of 
each other and a f f e c t the same p h y s i o l o g i c a l processes. 

Neurohormones are the master regulators f o r p h y s i o l o g i c a l 
processes i n both vertebrate and invertebrate animals. In i n s e c t s , 
neurohormones regulate general homeostatic a c t i v i t i e s such as: 
behavior; the synthesis of c i r c u l a t i n g carbohydrates, l i p i d s and 
p r o t e i n s ; water and s a l t balance; heartbeat rate; involuntary muscle 
contra c t i o n s and basal metabolism. Neurohormones a l s o regulate the 
synthesis and s e c r e t i o n of the ecdysteroids and j u v e n i l e hormones 
that d i r e c t l y c o n t r o l the processes of molting, metamorphosis and 
reproduction. Furthermore, neurohormones a f f e c t s p e c i f i c events of 
growth and reproduction such as e c l o s i o n , c u t i c l e tanning, o v u l a t i o n 
and o v i p o s i t i o n . 

The p o t e n t i a l f o r using endocrine imbalance as a means of 
i n s e c t pest c o n t r o l was suggested by Williams (9,10)· He proposed 
that exposing immature i n s e c t s to j u v e n i l e hormone (JH) at the time 
of metamorphosis, when JH i s normally absent, would cause abnormal 
development and i n d i v i d u a l s incapable of s u r v i v a l . Since i n s e c t 
metamorphosis i s unique, JH d i s r u p t i o n would a f f e c t only i n s e c t s . 
This would r e s u l t i n an environmentally safe approach to i n s e c t 
c o n t r o l as compared to current chemical p e s t i c i d e s which are l e s s 
i n s e c t s p e c i f i c and more b i o c i d a l . The JH approach to pest i n s e c t 
c o n t r o l i s most e f f e c t i v e when adults are the d e s t r u c t i v e stage, and 
commercial preparations of JH mimics are a v a i l a b l e f o r use i n the 
c o n t r o l of a d u l t f l i e s , mosquitoes, and f l e a s and, r e c e n t l y , f o r 
cockroach reproduction. However, many pest i n s e c t s are d e s t r u c t i v e 
as l a r v a e . 

The use of neurohormones f o r pest c o n t r o l remains s p e c u l a t i v e , 
but considerable i n t e r e s t i s developing concerning the p o s s i b i l i t y , 
and s e v e r a l a r t i c l e s have proposed approaches f o r applying 
neuroendocrine information (11-14)· Examples e x i s t i n the 
l i t e r a t u r e which suggest that neuroendocrine imbalance a f f e c t s 
i n s e c t s adversely. Molting ceases a f t e r d e s t r u c t i o n of the 
neurosecretory c e l l s that secrete the p r o t h o r a c i c o t r o p i c hormone 
(PTTH) (_1_f0 , and removal of the corpora cardiaca as a neuroendocrine 
source a f f e c t s the p h y s i o l o g i c a l performance of a c t i v e i n s e c t s . For 
example, the corpora cardiaca contain a neurohormone that mobilizes 
trehalose, the major i n s e c t blood sugar (16,17). Normal C a l l i p h o r a 
erythrocephala b l o w f l i e s f l y f o r more than 45 min without exhaustion 
or a measurable d e c l i n e i n hemolymph trehalose, but cardiacectomized 
b l o w f l i e s have an 85% reduction i n trehalose and are exhausted a f t e r 
45 min of f l i g h t (J_8 ). s i m i l a r l y , removal of the corpora cardiaca 
reduces f l i g h t speed by 40% i n l o c u s t s (J_9), probably because of a 
d e f i c i e n c y i n the a d i p o k i n e t i c hormone (ΑΚΗ) t h a t mobilizes f a t body 
l i p i d s as an energy source f o r the f l i g h t muscles. A l t e r n a t i v e l y , 
excessive amounts of neurohormones appear d e b i l i t a t i n g , as w e l l . 
Large doses of p r o c t o l i n cause temporary stupor and immobility i n 
cockroaches (^0_). 

I t i s a great leap from observing experimental responses to 
endocrine imbalance i n the laboratory to c o n t r o l l i n g i n s e c t s i n the 
f i e l d by neuroendocrine d i s r u p t i o n . Nevertheless, laboratory 
experiments i n d i c a t e that sustained neuroendocrine d i s r u p t i o n would 
have profound e f f e c t s on growth, development and p h y s i o l o g i c a l 
f u n c t i o n s . Whereas expérimenta! procedures such as i n j e c t i o n of a 
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11. KEELEY Neuroendocrine Research and Insect Control 149 

n a t u r a l hormone do not e x h i b i t extreme responses because the hormone 
i s degraded by proteases, agents designed to d i s r u p t the 
neuroendocrine balance for c o n t r o l purposes w i l l have to be stable 
i n both the environment and the i n s e c t . Such agents w i l l cause a 
p e r s i s t e n t endocrine imbalance that r e s u l t s i n the target t i s s u e 
r e c e i v i n g e i t h e r a sustained, uncontrolled hyperstimulation or 
suppression of response. This p e r s i s t e n t , uncontrolled response by 
the target t i s s u e w i l l cause serious d e b i l i t a t i o n and, u l t i m a t e l y , 
death of the treated i n s e c t . 

Objections to Using Neuroendocrine-Based Pest Insect Control 

Peptide Nature of the Neurohormones. Neurohormones are proteins 
and, as such, are i n t r i n s i c a l l y unstable and unsuited for 
a p p l i c a t i o n i n the environment or d i r e c t l y to i n s e c t s f o r pest 
c o n t r o l purposes. Peptides are e a s i l y degraded i n the environment 
by l i g h t , heat, and microorganisms. Also, i t i s u n l i k e l y that 
n a t u r a l neurohormones could gain entry i n t o exposed i n s e c t s . Most 
prot e i n s cannot penetrate the i n s e c t c u t i c l e , and they would be 
digested to t h e i r c o n s t i t u e n t amino acids by gut proteases i f 
consumed o r a l l y . For example, t o p i c a l l y applied p r o c t o l i n i s not 
absorbed by M, sexta larvae and ingested p r o c t o l i n i s degraded 
r a p i d l y ( 2J_). Therefore, i t i s h i g h l y u n l i k e l y that n a t u r a l 
neurohormones could be used to a f f e c t the neuroendocrine balance of 
target i n s e c t s . 

However, i t may be p o s s i b l e to overcome some of the 
disadvantages of peptides. Peptide analogs might be s t a b i l i z e d so 
as to r e s i s t d i g e s t i v e proteases and be permeable to the i n s e c t gut. 
Analogs might be designed to be s t a b l e or permeable to the c u t i c l e 
i n the same manner as present i n s e c t i c i d e s . An example e x i s t s of a 
s e r i e s of peptides that were synthesized with isoprene- or 
t e r p e n o i d - l i k e s t r u c t u r e s and e x h i b i t e d j u v e n i l e hormone a c t i v i t y 
when applied t o p i c a l l y to l a r v a l and pupal i n s e c t s (22). F i n a l l y , 
the use of i n s e c t viruses as h i g h l y - e f f i c i e n t cloning-expression 
vectors for neurohormone genes might provide a v e h i c l e f o r c a r r y i n g 
the genes d i r e c t l y i n t o the i n s e c t where the hormone could be 
produced i n uncontrolled superabundance. 

U n i v e r s a l i t y of Neurohormones Among Animals. If both i n s e c t s and 
vertebrates share common peptide struc t u r e s as neurohormones, then 
s t r a t e g i e s for manipulating i n s e c t neurohormones could be 
detrimental to nontarget animals and present serious environmental 
concerns. However, present f i n d i n g s do not support the contention 
that i n s e c t s and vertebrates share common hormones for the same 
fu n c t i o n s . Antibodies to vertebrate peptide hormones react with 
peptides present i n i n s e c t s {23)· But, i n those cases where an 
immunoreactive v e r t e b r a t e - l i k e peptide has been obtained, the 
peptide does not have the p h y s i o l o g i c a l a c t i o n found i n i t s 
vertebrate counterpart. Conversely, i n those cases where a 
p h y s i o l o g i c a l process was used as the basis f o r i s o l a t i o n of an 
i n s e c t neurohormone, the r e s u l t i n g peptide has had a unique 
s t r u c t u r e . S i m i l a r i t i e s are sometimes noted between the peptide 
s t r u c t u r e s of i n s e c t and vertebrate neurohormones. For example, 
l e u c o s u l f a k i n i n i s an i n s e c t myotropin that has a 50% i d e n t i t y with 
vertebrate g a s t r i n - c h o l e c y s t o k i n i n (2A)· I n t e s t i n a l functions are 
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stimulated i n vertebrates by g a s t r i n and c h o l e c y s t o k i n i n and i n 
i n s e c t s by l e u c o s u l f a k i n i n ; however, neither g a s t r i n nor 
c h o l e c y s t o k i n i n a f f e c t i n t e s t i n a l contractions i n the insect-gut 
bioassay. The 4 kDa PTTH from silkworms a l s o has an approximately 
50% i d e n t i t y with vertebrate i n s u l i n (25), yet vertebrate i n s u l i n 
does not a c t i v a t e the p r o t h o r a c i c glands a t doses that exceed normal 
PTTH t i t e r s by 10,000 times. 

V e r t e b r a t e - l i k e neuropeptides are present i n i n s e c t s as 
demonstrated immunologically, and probably v i c e versa, but i t i s 
unclear what the f u n c t i o n i s f o r these peptides i n t h e i r 
heterologous animal system. The s t r u c t u r a l s i m i l a r i t i e s between 
these molecules suggest that common, b i o l o g i c a l l y - a c t i v e a n c e s t r a l 
molecules may have e x i s t e d and evolved to perform d i f f e r e n t 
functions depending on the p h y s i o l o g i c a l d i v e r s i t y and needs of the 
animals i n v o l v e d . 

I t i s s t i l l p o s s i b l e to make use of the neuroendocrine approach 
even i f the procedures used a f f e c t both i n s e c t and vertebrate 
neuroendocrine systems. For example, most current i n s e c t i c i d e s are 
general nerve poisons of higher animals. The broad-based t o x i c i t y 
of these chemicals has been minimized by d i r e c t i n g the i n s e c t i c i d e s 
at target organisms through s p e c i f i c a p p l i c a t i o n and formulation 
procedures. Such d i r e c t e d a p p l i c a t i o n procedures w i l l s u r e l y be 
p a r t of the s t r a t e g i e s developed f o r d i s r u p t i n g neuroendocrine 
processes i n i n s e c t s . 

Neurohormone D i s t r i b u t i o n Among Insect Species. I t i s important to 
consider the d i s t r i b u t i o n of the various neurohormones among the 
i n s e c t species when developing a neuroendocrine-based c o n t r o l 
s t r a t e g y . Some hormones such as the neuropeptides that regulate 
molting must be u n i v e r s a l since a l l i n s e c t s grow by molting. On the 
other hand, some hormones may be r e s t r i c t e d i n t h e i r d i s t r i b u t i o n . 
I t i s l i k e l y that aquatic i n s e c t s and stored g r a i n i n s e c t s may have 
l i t t l e need f o r a n t i d i u r e t i c and d i u r e t i c f a c t o r s , r e s p e c t i v e l y . In 
a d d i t i o n , hormones with the same fu n c t i o n may d i f f e r s t r u c t u r a l l y 
between species, and f a m i l i e s of hormones e x i s t . The 
adipokinetic/hypertrehalosemic (AKH/HTH) hormones c o n s t i t u t e a 
peptide family that, now, has eight representative s t r u c t u r e s from 
e i g h t species of i n s e c t s . One other ΑΚΗ-related s t r u c t u r e (red 
pigment-concentrating hormone) i s found i n crustaceans and 
c r o s s r e a c t s i n i n s e c t s . In some cases, the same hormone i s found 
i n two d i s t i n c t i n s e c t species; i n other cases two AKH/HTH peptides 
with d i f f e r e n t s t r u c t u r e s and functions are found i n the same 
sp e c i e s . In a l l cases, the AKH/HTH bioanalogs a f f e c t l i p i d or 
carbohydrate metabolism by the f a t body, although the d i f f e r e n t 
hormones have d i f f e r i n g potencies among the various species f o r 
t h e i r metabolic e f f e c t s . 

Advantages to Using Neuroendocrine-Based Pest Insect Control 

There are a number of advantages to a neuroendocrine approach to 
i n s e c t pest management. 

1. Neurohormones regulate numerous c r i t i c a l p h y s i o l o g i c a l processes 
s u s c e p t i b l e to a l t e r a t i o n . 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

01
1
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2. Neurohormones are amenable to genetic engineering technology 
because of t h e i r p e p t i d i c nature. 

3. Several neuroendocrine events are sus c e p t i b l e to a l t e r a t i o n . 
4. Neurohormones are s t r u c t u r a l l y diverse so that i t i s p o s s i b l e to 

synthesize a wide array of a g o n i s t i c or a n t a g o n i s t i c analogs. 

Endocrine Regulated P h y s i o l o g i c a l Processes. The v a r i e t y of 
p h y s i o l o g i c a l processes a f f e c t e d by neurohormones suggests that 
d i s r u p t i o n s i n neuroendocrine-dependent processes may be used as the 
=basis f o r a new approach to i n s e c t pest c o n t r o l . Since neurohormones 
such as PTTH and a l l a t o t r o p i n and a l l a t o s t a t i n regulate the s e c r e t i o n 
of the ecdysteroids and JH, manipulation of these neurohormones could 
i n f l u e n c e molting and metamorphosis i n larvae and reproduction i n 
adults j u s t as would manipulation of the ecdysteroids or the JHs, 
themselves. D i s r u p t i o n of e c l o s i o n hormone could prevent the onset 
of molting behavior and ecdy s i s , and d i s r u p t i o n of bursicon could 
prevent tanning of the s o f t c u t i c l e of newly-molted i n d i v i d u a l s . 
D i s r u p t i o n of e i t h e r ecdysis or tanning would r e s u l t i n the death of 
a f f e c t e d i n s e c t s . 

Enhancement of d i u r e t i c hormone actions could be f a t a l f o r 
those i n s e c t s that have c r i t i c a l problems of maintaining body water, 
esp. soft-bodied l a r v a e . Soft-bodied larvae r e l y on hemolymph 
volume to maintain turgor f o r movement, and dehydration would r e s u l t 
i n immobility followed by death. I n h i b i t i o n of a n t i d i u r e t i c 
hormones could have serious e f f e c t s on i n s e c t s that r e s i d e i n 
extremely dry environments, e.g. stored g r a i n . A n t i d i u r e t i c hormone 
antagonists i n combination with d i u r e t i c hormone agonists would be 
e s p e c i a l l y potent. 

D i s r u p t i o n of neuropeptides that a f f e c t muscle c o n t r a c t i o n 
might r e s u l t i n immobility or block i n t e s t i n a l p e r i s t a l s i s to 
i n h i b i t feeding and d i g e s t i o n . Proctolin-induced immobility i n 
cockroaches i l l u s t r a t e s t h i s s i t u a t i o n (^0)· 

Di s r u p t i o n of ΑΚΗ or HTH could prevent the release of l i p i d s 
and carbohydrates from the f a t body and t h e i r use as energy f u e l s 
f o r m o b i l i t y . F l i g h t speed, wingbeat frequency and endurance 
decreased i n i n s e c t s rendered d e f i c i e n t i n ΑΚΗ or HTH by corpora 
cardiaca removal (18,19)· Although lowering blood metabolites might 
have a r e l a t i v e l y benign e f f e c t on s u r v i v a l , the r e s u l t i n g decrease 
i n m o b i l i t y would make treated i n s e c t s more su s c e p t i b l e to 
environmental m o r t a l i t y f a c t o r s , such as p a r a s i t i z a t i o n , prédation 
and adverse weather and prevent migration or movement f o r long 
distances i n search of food, s h e l t e r , or mates. 

Several steps i n the reproductive process are neurohormone 
regulated. Pheromone sy n t h e s i s - r e l e a s e , o v u l a t i o n , o v i p o s i t i o n , and 
gonad maturation might a l s o be considered as neuroendocrine-
dependent processes s u s c e p t i b l e to manipulation f o r reproductive 
d i s r u p t i o n . 

Recent studies have demonstrated that a given hormone may have 
mu l t i p l e e f f e c t s . For example, f o r over 20 years we have known that 
f a c t o r s e x i s t e d i n the corpora cardiaca of cockroaches that a f f e c t e d 
the heartbeat rate and trehalose l e v e l s of the hemolymph. Only with 
the i s o l a t i o n - c h a r a c t e r i z a t i o n of the two AKH/HTH f a c t o r s from the 
corpora cardiaca of ]?. americana d i d we f i n d that the heartbeat and 
carbohydrate regulations are performed by i d e n t i c a l f a c t o r s (6-8)· 
F i n a l l y , we have found i n my laboratory that the HTH of the 
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152 BIOTECHNOLOGY FOR CROP PROTECTION 

cockroach Blaberus d i s c o i d a l i s a f f e c t s not only trehalose synthesis 
and heartbeat rate but a l s o heme synthesis f o r cytochrome production 
i n the f a t body (unpublished d a t a ) . 

Endocrine Events Susceptible to Manipulation. There are a s e r i e s of 
events which are common to the production and a c t i o n of any hormone. 
These events incl u d e : hormone synthesis, s e c r e t i o n and transport; 
hormone-target c e l l receptor i n t e r a c t i o n ; target c e l l response; and 
hormone degradation. Several of these events are s u s c e p t i b l e to 
manipulation by e x t e r n a l i n f l u e n c e s that might be devised i n t o 
c o n t r o l s t r a t e g i e s . 

Neurohormones are p r o t e i n s and are, therefore, u l t i m a t e l y gene 
products. I t seems questionable that the t r a n s c r i p t i o n a l l a c t i v i t y of 
neurohormone genes could be d i s r u p t e d by a means that would be 
s p e c i f i c to i n s e c t s and safe f o r general use. However, i f we were 
to f i n d that the neurohormone genes are regulated by i n s e c t hormones 
such as the ecdysteroids or JHs, then i t might be p o s s i b l e to 
suppress i n s e c t neurohormone gene a c t i v i t y s e l e c t i v e l y . 

The enzymes that process prohormones i n t o a c t i v e hormones are 
candidates for a r t i f i c i a l manipulation. Neuroendocrine research on 
vertebrates and noninsect invertebrates i n d i c a t e s that the primary 
t r a n s l a t i o n products from i n s e c t neurohormone genes can be expected 
to be large prohormones that are p o s t - t r a n s l a t i o n a l l y processed i n t o 
the a c t i v e hormone by cleavage at p a i r s of basic amino a c i d s . No 
evidence i s published on the nature of the i n s e c t prohormones, 
although s e v e r a l l a b o r a t o r i e s are examining t h i s t o p i c . Nothing i s 
known about the prohormone processing enzymes of i n s e c t s but hormone 
processing enzymes are reported f o r vertebrates (26,27), and i t i s 
probable that the enzymes are s i m i l a r f o r the two groups. Again, i f 
the processing enzymes are s i m i l a r , then these enzymes may not be 
the i d e a l s i t e f o r d i r e c t i n g a c o n t r o l procedure since such an 
approach might a l s o a f f e c t nontarget organisms. 

Neurosecretion i s s u s c e p t i b l e to manipulation to a l t e r the 
neuroendocrine balance. Neurohormones are secreted from t h e i r 
source neurons under the d i r e c t i o n of other endocrine agents or i n 
response to nervous input from regulatory neurons. The r e g u l a t o r y 
neurons a f f e c t neurosecretory a c t i v i t y v i a s p e c i f i c biogenic amine 
neurotransmitters. Vertebrate studies show that biogenic amine 
neurotransmitters stimulate s p e c i f i c neurohormone s e c r e t i o n (28) 
P e p t i d i c r e l e a s i n g f a c t o r s a l s o promote s p e c i f i c neurosecretion (29) 
i n vertebrates, but such r e l e a s i n g f a c t o r s are unknown i n i n s e c t s . 
D i s r u p t i o n of neurohormone s e c r e t i o n patterns i n i n s e c t s , i f 
performed at c r i t i c a l times i n the l i f e c y c l e , could d i s t u r b 
s e n s i t i v e p h y s i o l o g i c a l events such as molting, metamorphosis or 
reproduction. 

L i t t l e i s known about the transport of i n s e c t neurohormones 
from t h e i r source to target t i s s u e s . Presumably, the hormones are 
transported v i a the hemolymph, although there are i n d i c a t i o n s of 
transport by nerves extending from the endocrine source to the 
target t i s s u e ( 30_) or by hemocytes ( 3J_). Hemolymph-borne hormones 
should be s u s c e p t i b l e to degradation by c i r c u l a t i n g proteases, but 
t h i s may not be the case. The hormones may be bound to a p r o t e c t i n g 
c a r r i e r p r o t e i n (neurophysin), or s p e c i f i c degradative proteases may 
be associated with receptor s i t e s on target c e l l membranes so that 
the c i r c u l a t i n g hormone i s not a f f e c t e d . The presence of the amide 
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11. KEELEY Neuroendocrine Research and Insect Control 153 

and pyro-glutamate groups at the C- and N-termini of the AKH/HTH 
hormones may serve a p r o t e c t i v e r o l e to prevent degradation during 
t r a n s p o r t . 

Since neurohormones are proteinaceous, i t i s u n l i k e l y that they 
can be applied d i r e c t l y to an i n s e c t with the hope of implementing 
an endocrine imbalance; however, i t i s f e a s i b l e to design and 
develop s t a b l e , nonpeptide analogs to the a c t i v e conformation of the 
hormone. The use of s t a b l e analogs that e i t h e r mimic or block the 
neurohormone receptor s i t e s of target t i s s u e s c o n s t i t u t e one of the 
most promising means f o r manipulating endocrine-dependent processes 
i n an i n s e c t c o n t r o l s t r a t e g y . A l t e r n a t i v e l y , i n h i b i t i o n of the 
a c t i v e s i t e of degradative protease enzymes by neurohormone analogs 
could r e s u l t i n the accumulation of n a t u r a l hormones and the 
hyperstimulation of s e n s i t i v e processes. 

Neuroendocrine Manipulation 

Four ways that neurohormones and neurohormone-dependent 
p h y s i o l o g i c a l processes might be a f f e c t e d are: 

1. genetic engineering and recombinant DNA biotechnology; 
2. a l t e r e d neurosecretion; 
3. i n h i b i t i o n of enzymes f o r hormone synthesis or degradation; 

and 
4. neurohormone analogs. 

Recombinant DNA Biotechnology. Since neurohormones are proteins or 
peptides, they are gene t r a n s l a t i o n products and are amenable to 
recombinant DNA technology and genetic engineering. The most 
obvious appproach to using recombinant DNA technology i s to engineer 
a neurohormone gene d i r e c t l y i n t o the genome of the host p l a n t f o r a 
pest i n s e c t . In t h i s manner, the host p l a n t would t h e o r e t i c a l l y 
produce the hormone and pests that feed on the g e n e t i c a l l y -
transformed plants would r e c e i v e excessive doses of the hormone 
r e s u l t i n g i n hyperstimulation of s e n s i t i v e processes. Other 
approaches f o r d e l i v e r i n g neurohormones by genetic engineering are 
to transform microorganisms such as b a c t e r i a , protozoa or yeasts 
with neurohormone genes. In a l l of the above cases, the hormone i s 
a v a i l a b l e to the i n s e c t by consuming the genetically-engineered 
vector. However, d i g e s t i v e degradation of the n a t u r a l hormone s t i l l 
remains as a problem since the hormone must pass the alimentary 
system of the i n s e c t . Furthermore, since neurohormones are 
synthesized as prohormones and are p o s t - t r a n s l a t i o n a l l y processed 
i n t o a c t i v e hormones, i t remains to be proven whether the products 
of neurohormone genes can be processed a p p r o p r i a t e l y i n the c e l l s of 
p l a n t s , b a c t e r i a , or protozoa. I t might be p o s s i b l e to synthesize 
the short DNA sequence that t r a n s c r i b e s s p e c i f i c a l l y f o r the amino 
a c i d sequence of the a c t i v e hormone, and engineer t h i s short "gene" 
i n t o a p l a n t or cloning-expression vector so that the DNA i s 
t r a n s c r i b e d and the hormone t r a n s l a t e d . Whether short segments of 
DNA that encode d i r e c t l y f o r the a c t i v e hormone can be expressed 
remains to be demonstrated. 

Insect baculoviruses are an a l t e r n a t i v e to plants or 
s i n g l e - c e l l e d organisms as cloning-expression vectors f o r 
neurohormone genes. Baculoviruses are frequent disease agents of 
lep i d o p t e r a larvae and were considered a t one time as having a high 
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154 BIOTECHNOLOGY FOR CROP PROTECTION 

p o t e n t i a l as b i o c o n t r o l agents f o r pest i n s e c t s . Recently, the 
baculovirus of Autographa c a l i f o r n i c a has been g e n e t i c a l l y 
engineered to serve as a cloning-expression vector f o r f o r e i g n genes 
(32)· Transformation of the baculovirus expression vector (BEV) 
with the human b e t a - i n t e r f e r o n gene followed by i n f e c t i o n of i n s e c t 
c e l l c u l t u r e s r e s u l t e d i n the production and s e c r e t i o n by i n f e c t e d 
c e l l s of large amounts of b i o l o g i c a l l y - a c t i v e i n t e r f e r o n . The 
a b i l i t y of BEVs to produce f o r e i g n gene products JLn vivo was 
confirmed using the baculovirus of B. mori silkworms transformed 
with the human a l p h a - i n t e r f e r o n gene. In t h i s case, 
a l p h a - i n t e r f e r o n was found i n the hemolymph of silkworm larvae 
i n f e c t e d with the recombinant BEV (33). These f i n d i n g s demonstrate 
that nuclear polyhedrosis v i r u s e s can c a r r y f o r e i g n genes i n t o 
i n f e c t e d larvae, and the genes are expressed and the t r a n s l a t i o n 
products processed i n t o b i o l o g i c a l l y - a c t i v e molecules that are 
released from i n f e c t e d c e l l s i n t o the host's c i r c u l a t o r y system. 
Based on t h i s , i t i s t h e o r e t i c a l l y possible that BEV 
genetically-engineered with neurohormone genes would c a r r y the genes 
i n t o host i n s e c t s and express the hormonal peptide products i n 
uncontrolled excess. The hormones would by-pass the d i g e s t i v e 
system, be released d i r e c t l y i n t o the c i r c u l a t o r y system and would 
cause hyperstimulation of s e n s i t i v e p h y s i o l o g i c a l processes, f o r 
example water excretion which would cause ra p i d dehydration and 
death of the i n f e c t e d l a r v a . 

Recombination with appropriate f o r e i g n genes could make the 
v i r u s a more e f f e c t i v e b i o c o n t r o l agent. BEV pathology i s slow and 
o f t e n requires n e a r l y a week to k i l l i n f e c t e d i n s e c t s . Also, there 
i s a dose-dependency between the number of ingested v i r u s capsules 
and l a r v a l s i z e . A neuroendocrine product produced by a transformed 
v i r u s might improve the v i r u s as a b i o c o n t r o l agent by i n h i b i t i n g 
feeding and k i l l i n g an i n f e c t e d l a r v a e a r l y , before the onset of the 
v i r a l pathology, or by converting a s u b l e t h a l i n f e c t i o n i n t o a f a t a l 
i n f e c t i o n due to p h y s i o l o g i c a l weakening and increased 
s u s c e p t i b i l i t y . A BEV transformed with a neurohormone gene has the 
advantage that i t i s an i n s e c t - s p e c i f i c b i o l o g i c a l agent combined 
with a n a t u r a l , i n s e c t b i o r a t i o n a l f a c t o r . Such a combination 
should be of minimal environmental concern. 

I t i s a l s o f e a s i b l e to transform BEVs with n a t u r a l or synthetic 
genes for proteinaceous agents that would modulate neurohormone 
balance. For example, i t i s reported that the antisense strand of 
DNA c a r r i e s a genetic code that i s complementary to the sense strand 
(34)· Where the sense strand codes f o r hydrophobic amino a c i d s , the 
antisense strand codes f o r h y d r o p h i l i c amino ac i d s , and v i c e versa. 
Neutral amino acids p a i r g e n e r a l l y with n e u t r a l amino a c i d s . The 
amino a c i d sequence was synthesized f o r a peptide complementary to 
ACTH as based on the antisense code f o r ACTH-mRNA (35). The 
r e s u l t i n g anti-ACTH mimicked a receptor p r o t e i n and bound 
s e l e c t i v e l y to ACTH. If t h i s pattern of peptide complementarity i s 
v a l i d , then once i n s e c t neurohormone genes are i s o l a t e d and t h e i r 
base sequences determined, i t should be p o s s i b l e to synthesize 
anti-hormone genes, clone them i n t o a BEV and produce an antihormone 
that w i l l t i e - u p the n a t u r a l hormone at a c r i t i c a l time i n the l i f e 
of the i n s e c t (e.g. c u t i c l e tanning, e c l o s i o n ) . This technology 
would be most u s e f u l with the large molecular weight neurohormones 
such as PTTH, e c l o s i o n hormone or bursicon. 
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11. KEELEY Neuroendocrine Research and Insect Control 155 

Several other a l t e r n a t i v e s may be p o s s i b l e using genetic 
engineering. For example, i t may be p o s s i b l e to design a r t i f i c i a l 
p r o t e i n s and t h e i r associated genes that w i l l a c t as hormone 
antagonists or mimics at hormone acceptor s i t e s ( t a r g e t c e l l , 
degradative proteases). F i n a l l y , i t may be p o s s i b l e to produce 
monoclonal antibodies to a given hormone, i s o l a t e the gene f o r the 
antibody, i n s e r t the antibody gene i n t o the BEV and express an 
antibody that would bind and f u n c t i o n a l l y remove s p e c i f i c hormones 
from BEV-infected i n s e c t s . 

A l t e r e d Neurosecretion. Biogenic amines a f f e c t s p e c i f i c hormone 
s e c r e t i o n i n the neuroendocrine system of vertebrates. The biogenic 
amines may e i t h e r i n h i b i t or stimulate neurosecretion d i r e c t l y (_36), 
or they may regulate neurosecretion i n d i r e c t l y through c o n t r o l s over 
hormone-specific r e l e a s i n g f a c t o r s (^8)· Biogenic amines a l s o 
a f f e c t neurosecretion i n i n s e c t s . For example, reserpine depletes 
biogenic amines from the nervous system, and treatment of P. 
americana with reserpine stimulates the s e c r e t i o n of hyperglycemic 
hormones (37) · This r e s u l t suggests that the biogenic amines 
i n h i b i t hyperglycemic hormone s e c r e t i o n . Locusts poisoned with 
i n s e c t i c i d e s that act on the c h o l i n e r g i c nervous system show 
enhanced ΑΚΗ s e c r e t i o n (_38). However, ΑΚΗ s e c r e t i o n i s suppressed 
i f the t e s t i n s e c t s are pretreated with agents that i n h i b i t the 
aminergic nervous system before they are exposed to the i n s e c t i c i d e s 
(39,40)· These f i n d i n g s suggest that the c h o l i n e r g i c nervous system 
in f l u e n c e s the aminergic nervous system which, i n turn, regulates 
s p e c i f i c neurosecretion. 

Of the i n s e c t biogenic amines, octopamine appears to exert the 
most e f f e c t on neurosecretion (41_,42). Octopamine has l i t t l e 
s i g n i f i c a n c e i n the vertebrate nervous system where i t i s e i t h e r 
degraded r a p i d l y or may serve as a cotransmitter with 
norepinephrine. Exposure of corpora cardiaca to octopamine i n 
v i t r o promotes ΑΚΗ s e c r e t i o n ( 4J_), and chlordimef orm, an 
i n s e c t i c i d a l agent and octopamine mimic, a l s o stimulates ΑΚΗ 
s e c r e t i o n from i s o l a t e d corpora cardiaca (43). This l a t t e r f i n d i n g 
i l l u s t r a t e s that chemicals can be a p p l i e d to i n s e c t s with the 
expectation that they w i l l a f f e c t or mimic the aminergic nervous 
system of in s e c t s to regulate s p e c i f i c neurosecretion. More 
fundamental information about the r e g u l a t i o n of neurosecretory 
processes i n i n s e c t s may suggest ways to manipulate neurosecretion 
f o r pragmatic purposes. 

I n h i b i t i o n of Enzymes f o r Hormone Synthesis or Degradation. The 
question of i n h i b i t i n g enzymes that are instrumental i n e i t h e r the 
synthesis or degradation of i n s e c t neurohormones i s d i f f i c u l t to 
address at t h i s time. L i t t l e i s known about the s y n t h e t i c enzymes 
of vertebrate neurohormones and nothing i s known about the i n s e c t 
enzymes. This area must await more research i n the f i e l d of both 
animal groups. The yeast KEX2 protease has the p r o p e r t i e s of a 
prohormone-converting enzyme (44) and may provide a model f o r 
studying prohormone processing. C a p t o p r i l , i l l u s t r a t e s that i t i s 
p o s s i b l e to manipulate peptide hormone t i t e r s by i n h i b i t i n g 
appropriate s y n t h e t i c or a c t i v a t i n g enzymes. C a p t o p r i l i s a 
s y n t h e t i c o r a l antihypertensive that was designed s p e c i f i c a l l y to 
i n h i b i t the angiotensin-converting enzyme that converts i n a c t i v e 
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angiotensin I to a c t i v e angiotensin II {45)· A l t e r n a t i v e l y , l i t t l e 
i s a l s o knovm about the degradative enzymes f o r i n s e c t 
neurohormones. Aminopeptidase was i d e n t i f i e d as being important f o r 
i n vivo i n a c t i v a t i o n of p r o c t o l i n i n cockroaches (46,47). The 
a b i l i t y to a l t e r hormone t i t e r s by a l t e r i n g the synthesis and 
degradation of i n s e c t neurohormones awaits more bas i c research, 
s p e c i f i c a l l y : chemical d e f i n i t i o n of i n s e c t neurohormones; i s o l a t i o n 
of the genes and prohormone forms involved i n the synthesis of the 
defined hormones; and preparation of labeled hormones f o r use i n 
degradation s t u d i e s . 

Neurohormone Analogs. F i n a l l y , analogs of the neurohormones 
probably have the greatest p o t e n t i a l f o r manipulating 
neuroendocrine-regulated processes. There are s e v e r a l reasons why 
analogs are the most f e a s i b l e approach to a neuroendocrine-based 
s t r a t e g y f o r pest i n s e c t c o n t r o l . F i r s t , there i s a long h i s t o r y of 
experience and success concerned with the use of chemicals to 
c o n t r o l i n s e c t pests. Second, analogs have a nearly i n f i n i t e 
p o t e n t i a l f o r m o d i f i c a t i o n s to improve s t a b i l i t y , p e n e t r a b i l i t y , 
t o x i c i t y and s p e c i f i c i t y . We know that there are numerous i n s e c t 
neurohormones and that s e v e r a l forms may e x i s t f o r the same hormone, 
both between and w i t h i n i n s e c t s p e c i e s . Therefore, neurohormones 
present the s y n t h e t i c peptide chemist with a multitude of 
p o s s i b i l i t i e s f o r use i n designing i n s e c t i c i d a l agents. 

I t i s argued that the commercial manufacture of peptides i s too 
expensive f o r a g r i c u l t u r a l use. However, I do not propose that the 
f i n a l analog w i l l be a peptide. Rather, the p r a c t i c a l agent w i l l 
probably be a nonpeptidic d e r i v a t i v e of a neurohormone that i s 
locked i n t o a s t r u c t u r e that mimics the a c t i v e conformation of the 
hormone. H i s t o r i c a l l y , i f an agent i s s u f f i c i e n t l y e f f e c t i v e and an 
adequate market e x i s t s , then i n d u s t r y w i l l solve the problems of 
economical production and a p p l i c a t i o n . 

A u s e f u l analog f o r a peptide may no longer be p e p t i d i c . There 
i s not s u f f i c i e n t space to describe the d e t a i l s of how an analog can 
be designed f o r a given neurohormone. Furthermore, each peptide 
possesses unique p r o p e r t i e s that require i n d i v i d u a l approaches f o r 
analog design, and more d e t a i l s r e l a t e d to analog design were 
presented i n a separate paper (J_£) · What i s modeled i n designing an 
analog i s the b i o l o g i c a l l y - a c t i v e conformation assumed by the 
peptide as i t i n t e r a c t s with i t s t a r g e t - c e l l receptor. A peptide 
hormone c a r r i e s two types of information: an address and a message. 
The address p o r t i o n of the peptide i s that region that f i t s i n t o the 
c o r r e c t receptor. The message i s e i t h e r part of the address or i t 
can be a separate region, and i t a c t i v a t e s the receptor to i n i t i a t e 
the c e l l u l a r response. Antagonistic analogs contain only an 
address, and antagonists f i t i n t o the receptor without conveying a 
message. A l t e r n a t i v e l y , a g o n i s t i c analogs contain both a f u n c t i o n a l 
address and message and produce a c e l l u l a r response. The d e s i r e of 
the analog approach i s to develop molecules that are stable and 
locked i n t o the a c t i v e conformation so that the analog e i t h e r binds 
the receptor and prevents the n a t u r a l hormone from exerting i t s 
a c t i o n (an antagonist), or the analog binds the receptor and causes 
hyperstimulation of the p h y s i o l o g i c a l response (a superagonist). 
The analog i s e i t h e r s t a b i l i z e d to r e s i s t enzymic degradation or the 
enzyme does not act on the analog because of i t s nonpeptidic nature. 
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11. KEELEY Neuroendocrine Research and Insect Control 157 

These properties permit the analog to maintain a continuously high 
t i t e r and to su s t a i n i t s e f f e c t . 

Several p h y s i o l o g i c a l processes are su s c e p t i b l e to 
superagonists. For example, a superagonist to the d i u r e t i c hormone 
could cause severe dehydration, immobility and death i n l a r v a l 
i n s e c t s , e s p e c i a l l y those i n a dry environment such as stored g r a i n . 
Hyperstimulation of JH production by an a l l a t o t r o p i n agonist might 
r e s u l t i n abnormally high l e v e l s of JH a t the time f o r epidermal 
c e l l recommitment, hence metamorphosis would not occur. Conversely, 
an a l l a t o s t a t i n agonist would i n h i b i t JH production and promote 
premature metamorphosis. Antagonistic analogs to a l l a t o t r o p i n and 
a l l a t o s t a t i n could be used i n a r e c i p r o c a l manner to agonists f o r 
re g u l a t i n g JH production. An antagonist to a l l a t o t r o p i n would 
i n h i b i t JH synthesis and promote premature metamorphosis; whereas, 
an a l l a t o s t a t i n i n h i b i t o r would promote JH synthesis and prevent 
metamorphosis. F i n a l l y , analogs might be u s e f u l f o r d i s r u p t i n g the 
ac t i o n of myokinins. Antagonistic analogs to myokinins that a f f e c t 
gut c o n t r a c t i l i t y might suppress feeding a c t i v i t y , and analogs to 
neuropeptides that a f f e c t s k e l e t a l muscles might r e s u l t i n p a r a l y s i s 
and immobility. If the analogs were s t a b l e to enzymic degradation, 
they might remain a c t i v e f o r an extended time and cause sustained 
p a r a l y s i s and death. 

Summary 

I t i s my i n t e n t that t h i s d i s c u s s i o n should stimulate c o n s i d e r a t i o n 
of the p r a c t i c a l p o t e n t i a l f o r i n s e c t neuroendocrine research. I t 
i s u n l i k e l y that we w i l l develop p r a c t i c a l neurohormone-based 
s t r a t e g i e s f o r i n s e c t pest management i n the near f u t u r e . 
Conservatively, I would p r o j e c t that any pragmatic use of current 
neuroendocrine research would be f i v e years away a t the e a r l i e s t and 
more on the order of ten or more years. At present, we need more 
fundamental information on the chemical nature of the i n s e c t 
neurohormones, t h e i r endocrinology and t h e i r p h y s i o l o g i c a l 
s i g n i f i c a n c e within the i n s e c t s . I t i s e s s e n t i a l that we 
s t r u c t u r a l l y define more neurohormones and develop s p e c i f i c assays 
f o r these hormones i n order to study t h e i r endocrinology. F i n a l l y , 
we need to determine what s i g n i f i c a n c e the d i s r u p t i o n of a 
p h y s i o l o g i c a l process would have on s u r v i v a l . Without t h i s base of 
fundamental information, i t w i l l not be pos s i b l e to develop the 
types of pragmatic s t r a t e g i e s proposed here. 
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Chapter 12 

Insect Cuticle Structure and Metabolism 
Karl J. Kramer1,2, Theodore L. Hopkins3, and Jacob Schaefer4 

1U.S. Grain Marketing Research Laboratory, Agricultural Research 
Service, U.S. Department of Agriculture, Manhattan, KS 66502 

2Department of Biochemistry, Kansas State University, 
Manhattan, KS 66506 

3Department of Entomology, Kansas State University, 
Manhattan, KS 66506 

4Department of Chemistry, Washington University, St Louis, MO 63130 
Insects have become the most diverse and numerous animal 
group partly because of evolution of a multifunctional 
integument, which provides for growth, mobility, 
protection and communication. The cuticle, which is 
secreted by the epidermis, is a composite of materials, 
primarily a polymeric structure of protein and chitin 
chains with lesser amounts of phenolics, l ipids and 
minerals. The organization and interactions of these 
components, which are only partially understood, confer 
stabi l i ty to the exoskeleton and provide for its varied 
functional properties. For several years, we have been 
investigating the identity and metabolism of phenolic 
compounds that permeate the exoskeleton and serve as 
precursors for agents that sclerotize and pigment the 
cuticle . More recently, we have used solid state 
nuclear magnetic resonance spectroscopy to determine 
cuticle composition and aromatic cross-link structure 
between protein amino acids and chitin. The chemical 
and spectroscopic data support a general scheme for 
assembly of cuticle with increasing amounts of protein 
and chi t in , as well as a gradual accumulation of 
diphenolic compounds primarily into the outer parts of 
the cuticle during sclerotization. Aromatic cross-links 
derived from quinonoid derivatives stabilize the 
protein-chitin matrix against chemical and physical 
degradation, and confer stiffness and other essential 
mechanical properties. The degradation of cuticle 
periodically occurs as part of the molting process and 
is catalyzed by enzymes, which digest the less stabi
lized portion of the exoskeleton, leaving the highly 
sclerotized exocuticle and outer epicuticle to be shed 
as the exuviae. In order to understand how the cuticle 
is degraded naturally, hydrolytic enzymes from insect 
epidermis and entomopathogens have been characterized. 
The primary hydrolases are proteolytic and chitinolytic 
enzymes, which facilitate digestion and recycling of 

0097-6156/88/0379-0160$07.50A) 
© 1988 American Chemical Society 
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12. KRAMER ET AL. Insect Cuticle Structure and Metabolism 161 

cuticular components and the penetration of entomo-
pathogens through the cutic le . The insect-specific 
metabolism that occurs in the integument is vital for 
growth and, therefore, is a good target for development 
of highly selective insecticides. Some of the physical, 
chemical and biological means of attacking the integu
ment and disrupting cuticle formation and function are 
described in this article. 

A c o n t i n u i n g demand f o r more i n n o v a t i v e and s e l e c t i v e ways t o 
c o n t r o l i n s e c t p e s t s i s n e c e s s i t a t e d by the c a p a c i t y o f i n s e c t 
popu la t ions to develop r e s i s t a n c e to i n s e c t i c i d e s and by the need to 
min imize the impact of these t o x i c s u b s t a n c e s on the e n v i r o n m e n t . 
One a p p r o a c h t a k e s advan tage of the e v o l u t i o n a r y d i f f e r e n c e s i n 
b iochemis t ry and phys io logy of i n s e c t s and other types of o r g a n i s m s 
o r between d i v e r s e g roups o f i n s e c t s . T h i s a p p r o a c h r e q u i r e s 
knowledge o f s p e c i a l i z e d or u n i q u e l i f e p r o c e s s e s v i t a l t o the 
development, r ep roduc t ion or s u r v i v a l of the pest i n s e c t , d e f i n i t i o n 
o f the p h y s i c a l and c h e m i c a l c h a r a c t e r i s t i c s o f the sys tems 
i n v o l v e d , and d e l i n e a t i o n of the p e r t i n e n t b i o c h e m i c a l s t e p s . With 
ove r 300 m i l l i o n y e a r s s e p a r a t i n g the e v o l u t i o n o f i n s e c t s and 
h i g h e r a n i m a l s , e v o l u t i o n a r y des ign has generated s e v e r a l k inds of 
i n s e c t - s p e c i f i c m e t a b o l i s m t h a t can be t a r g e t e d by s e l e c t i v e 
t o x i c a n t s or g r o w t h r e g u l a t o r s . Because the integument that makes 
up the exoske le ton i s so important to the maintenance and p r o t e c t i o n 
o f the i n s e c t ' s i n t e r n a l e n v i r o n m e n t , r e s p i r a t i o n , s e n s o r y 
r e c e p t i o n , locomot ion and a m u l t i t u d e of o t h e r f u n c t i o n s , i t i s a 
t i s s u e system dese rv ing d e t a i l e d i n v e s t i g a t i o n , and researchers have 
s t u d i e d i t s d i v e r s e f e a t u r e s and f u n c t i o n s f o r s e v e r a l decades 
( 1 - 5 ) . A l t h o u g h g r e a t progress has been made i n unders tanding the 
s e c r e t i o n and s t a b i l i z a t i o n o f the i n s e c t e x o s k e l e t o n and i t s 
m u l t i f u n c t i o n a l p r o p e r t i e s , many important ques t ions remain to be 
answered that could p rov ide new s e l e c t i v e approaches to i n s e c t p e s t 
c o n t r o l . 

The advantages of a c u t i c l e that con ta ins p r o t e i n and c h i t i n as 
b i o l o g i c a l s t r u c t u r a l m a t e r i a l s a r e i t s l i g h t n e s s o f w e i g h t , 
s t r e n g t h and f l e x i b i l i t y . These p r o p e r t i e s have a l lowed i n s e c t s to 
d e v e l o p f l i g h t as a means o f l o c o m o t i o n and d i s p e r s i o n and t o 
i n h a b i t d i v e r s e e c o l o g i c a l n i c h e s . The major disadvantage of the 
e x o s k e l e t o n i s i t s i n a b i l i t y t o expand beyond c e r t a i n p h y s i c a l 
l i m i t s , t h e r e b y c o n s t r a i n i n g growth and r e q u i r i n g i n s e c t s to molt 
p e r i o d i c a l l y i n order to grow and mature to the a d u l t r e p r o d u c t i v e 
s t a g e . D u r i n g each m o l t i n g c y c l e , a new c u t i c l e must be sec re t ed 
and s t a b i l i z e d , and the o l d one must be p a r t i a l l y d i g e s t e d to make 
p o s s i b l e escape by s p l i t t i n g the l a t t e r a long predetermined l i n e s of 
weakness. The c u t i c l e a long these e c d y s i a l l i n e s c o n s i s t s ma in ly of 
e p i c u t i c l e a f t e r d i g e s t i o n of the u n d e r l y i n g e n d o c u t i c l e . The new 
c u t i c l e t hen b r i e f l y becomes e x t e n s i b l e t o accommodate g r o w t h , 
f o l l o w e d by s c l e r o t i z a t i o n and p i g m e n t a t i o n to c o m p l e t e the 
f u n c t i o n a l e x o s k e l e t o n . The c u t i c l e o f some s o f t b o d i e d l a r v a l 
i n s e c t s h o w e v e r , c o n t i n u e s to grow du r ing the i n t e r m o l t p e r i o d to 
accommodate growth du r ing each s t age . The pa t te rns of c u t i c l e t h a t 
are s t i f f e n e d or remain f l e x i b l e are very s p e c i f i c fo r each stage of 
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162 BIOTECHNOLOGY FOR CROP PROTECTION 

development and are determined by the underlying epidermal c e l l s by 
mechanisms l i t t l e understood. 

The f o r m a t i o n and m o l t i n g of the i n s e c t exoskeleton r e q u i r e a 
myriad of enzymatic and endocrine processes that center p r i n c i p a l l y 
i n the epidermal c e l l s . The c h i t i n o u s and proteinaceous c u t i c l e i s 
a tempting t a r g e t f o r c o n t r o l s t r a t e g i e s , because i t i s c h e m i c a l l y 
d i s t i n c t from the integument of v e r t e b r a t e s , which i s made up of 
keratinaceous and collagenous p r o t e i n s . A l t h o u g h many a s p e c t s of 
the s t r u c t u r e and chemistry of i n s e c t c u t i c l e are known, much s t i l l 
remains to be learned about how p r o t e i n and c h i t i n are s e c r e t e d and 
assembled i n t o a c u t i c u l a r s t r u c t u r e and about the p h y s i c a l and 
c h e m i c a l changes these macromolecules undergo as they become 
s c l e r o t i z e d and pigmented. Some of the r e s e a r c h on c u t i c l e 
s t r u c t u r e and metabolism w i l l be reviewed here, i n c l u d i n g d i s c u s s i o n 
about c o m p o s i t i o n , m e t a b o l i t e s , enzymes, i n s e c t growth r e g u l a t o r s 
and entomopathogens that a f f e c t the c u t i c l e . 

One a s p e c t of b i o t e c h n o l o g y t h a t may not be s u f f i c i e n t l y 
appreciated by b i o l o g i s t s i s the a p p l i c a t i o n of h i g h t e c h n o l o g i c a l 
a n a l y t i c a l i n s t r u m e n t a t i o n , such as nuclear magnetic resonance, to 
b i o l o g y . For s e v e r a l years, we have been using s o l i d s t a t e n u c l e a r 
m a g n e t i c resonance s p e c t r o s c o p y and c h e m i c a l a n a l y s i s t o study 
i n s e c t c u t i c l e s t r u c t u r e . The former t e c h n i q u e i s e s p e c i a l l y 
p r o m i s i n g , because i t a l l o w s study of i n t r a c t a b l e m a t e r i a l s i n a 
noninvasive manner. Our data support the c u t i c l e model o r i g i n a l l y 
proposed by P r y o r (6) i n t h e 1940 fs, which d e p i c t s p r o t e i n chains 
c r o s s - l i n k e d by quinonoid d e r i v a t i v e s of d i p h e n o l i c compounds. We 
have a l s o used chemical and k i n e t i c procedures to study how molting 
f l u i d d i g e s t s the u n s c l e r o t i z e d l a y e r s of the o l d c u t i c l e i n t o 
component amino a c i d s and amino s u g a r s f o r r e c y c l i n g and the 
c o n s t r u c t i o n of a new one. For the sake of t h i s d i s c u s s i o n , c u t i c l e 
w i l l be c l a s s i f i e d i n t o two general types that d i f f e r i n mechanical 
p r o p e r t i e s . F i r s t , t h e r e a r e s o f t c u t i c l e s l i k e those of most 
l a r v a e , which are f l e x i b l e and e x t e n s i b l e and t h e r e f o r e , h y d r o s t a t i c 
i n nature. Second, there are hard c u t i c l e s l i k e those of d i p t e r a n 
p u p a r i a , l e p i d o p t e r a n pupae, and c o l e o p t e r a n a d u l t s , which are 
h i g h l y s c l e r o t i z e d or m i n e r a l i z e d , s t i f f and s e l f - s u p p o r t i n g . A l l 
of t h e s e s t r u c t u r e s c o n t a i n p r o t e i n , c h i t i n , d i p h e n o l s , l i p i d s , 
w ater and m i n e r a l s a l t s . Depending on f u n c t i o n a l demands, the 
r e l a t i v e l e v e l s of i n d i v i d u a l components can v a r y . F l e x i b l e 
c u t i c l e s tend to be more h y d r a t e d than s t i f f e r c u t i c l e s and a l s o 
c o n t a i n fewer phenolic or i n o r g a n i c s t a b i l i z i n g agents. Conversely, 
s t i f f e r c u t i c l e s are more dehydrated and c o n t a i n h i g h e r l e v e l s of 
p h e n o l i c s or m i n e r a l s . The p h e n o l i c compounds are a s s o c i a t e d with 
aromatic c r o s s - l i n k s between macromolecular s u b s t i t u e n t s of c u t i c l e 
or serve as dehydrating or p r o t e i n denaturing agents ( 1 ) . 

Insect c u t i c l e i s a heterogeneous s t r u c t u r e t h a t v a r i e s i n 
c h e m i c a l c o m p o s i t i o n a c c o r d i n g t o s p e c i e s , stage of development, 
appendage, l o c a t i o n and p h y s i c a l p r o p e r t y ( 1 , 7 ) . In g e n e r a l , the 
t h i n n e r the c u t i c l e , the weaker i t becomes, but the b l e n d of 
components, degree of compaction and h y d r a t i o n , as w e l l as the 
number of c r o s s - l i n k s , can r e n d e r even a very t h i n c u t i c l e q u i t e 
tough. E p i c u t i c l e and the u n d e r l y i n g e x o c u t i c l e a r e the p r i n c i p l e 
b a r r i e r s to environmental challenges and, t h e r e f o r e , are s t a b i l i z e d 
by a g r e a t e r abundance of a r o m a t i c c r o s s - l i n k s , p h e n o l i c s and 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

01
2



12. KRAMER ET AL. Insect Cuticle Structure and Metabolism 163 

l i p i d s . For example, the e n d o c u t i c u l a r - r i c h i n t e r s e g m e n t a l 
membranes and u n i o n s between d i f f e r e n t t y p e s of l o c u s t c u t i c l e 
appear to be p r e f e r e n t i a l e n t r y s i t e s f o r i n s e c t i c i d a l compounds and 
fungal pathogens ( 8 ) . 

I n s e c t s u p p o r t i v e s t r u c t u r e s g e n e r a l l y c o n s i s t of a macro-
molecular assembly of p r o t e i n , which i s s t a b i l i z e d and dehydrated to 
v a r i o u s degrees e i t h e r by aromatic c r o s s - l i n k s or by d e p o s i t i o n of 
diphenols or mineral s a l t s ( 1 ) . One of the s i m p l e s t n o n - c u t i c u l a r 
s t r u c t u r e s i n c h e m i c a l terras that undergoes some form of s t a b i l i 
z a t i o n i s moth cocoon s i l k , such as that from Bombyx mori, which i s 
p r i m a r i l y made up of two p r o t e i n s , the t h r e a d - l i k e p r o t e i n , f i b r o i n , 
and the g l u e - l i k e p r o t e i n , s e r i c i n ( 9 ) . Some cocoon s i l k s may be 
c r o s s - l i n k e d by d i p h e n o l i c t a n n i n g agents (10) or by tryptophan 
metabolites ( 1 1 ) . C h o r i o n and egg c a p s u l e s or cases from co c k 
r o a c h e s , mantids, grasshoppers and other i n s e c t s are other examples 
of p r o t e i n a c e o u s s t r u c t u r e s t h a t a r e tanned by c r o s s - l i n k i n g 
r e a c t i o n s i n v o l v i n g d i p h e n o l i c m e t a b o l i t e s ( 6 , 1 2 - 1 5 ) . I n s e c t 
c u t i c l e , however, i s a composite of not only p r o t e i n and d i p h e n o l i c 
compounds, but a l s o c h i t i n as a major component, which r e s u l t s i n a 
laminated framework and perhaps renders the c u t i c l e f l e x i b l e , strong 
and r e c y c l a b l e . L i p i d s , w h i ch are r e l a t i v e l y minor components, 
occur p r i m a r i l y at or near the s u r f a c e of the c u t i c l e and i n the 
waxy l a y e r of the e p i c u t i c l e . They may provide the major b a r r i e r 
a g a i n s t water l o s s , but they p r o b a b l y c o n t r i b u t e l i t t l e t o the 
s t r e n g t h and shape of the c u t i c l e . M i n e r a l content i s low i n most 
c u t i c l e s ( l e s s than a few p e r c e n t ) , except i n those d i p t e r a n species 
t h a t impregnate s u b s t a n t i a l amounts of minerals i n t o the p u p a r i a l 
c u t i c l e to harden i t (7,16-20). 

C u t i c l e S c l e r o t i z a t i o n Versus M i n e r a l i z a t i o n . 

Why i s s c l e r o t i z a t i o n i n s t e a d of m i n e r a l i z a t i o n the preponder
ant mechanism used by i n s e c t s t o s t i f f e n t h e i r e x o s k e l e t o n ? 
S c l e r o t i z a t i o n u t i l i z e s r e l a t i v e l y high l e v e l s of organic components 
such as p r o t e i n s , c h i t i n and d i p h e n o l i c compounds f o r s t r u c t u r a l 
s u p p o r t and form whereas i n o r g a n i c s a l t s such as calcium carbonate 
and phosphate are incorporated i n t o an organic m a t r i x f o r the same 
purpose during b i o r a i n e r a l i z a t i o n . The former mechanism i s g e n e r a l l y 
c a p a b l e of p r o d u c i n g a much l i g h t e r c u t i c l e w i t h r e q u i s i t e 
p r o p e r t i e s of s t r e n g t h and f l e x i b i l i t y n e c e s s a r y f o r r a p i d 
t e r r e s t r i a l locomotion and f l i g h t . During s c l e r o t i z a t i o n , diphenols 
are o x i d i z e d t o r e a c t i v e m e t a b o l i t e s t h a t c r o s s - l i n k and form 
covalent adducts w i t h m a c r o m o l e c u l a r components of the c u t i c l e . 
D u r i n g b i o m i n e r a l i z a t i o n , i n o r g a n i c s a l t s p r e c i p i t a t e i n a p r o t e i n -
c h i t i n m a t r i x , and i n the process, a hard r i g i d c u t i c l e i s formed. 
S a l t s such as c o l l o i d a l c a l c i u m phosphate have been reported to 
s t a b i l i z e p r o t e i n aggregates i n the presence of chaotropic s o l v e n t s , 
p r o b a b l y by f o r m i n g i n t e r m o l e c u l a r c r o s s - l i n k s ( 2 1 ) . However, the 
s t r u c t u r e of the m i n e r a l c r o s s - l i n k has not been d e t e r m i n e d . 
Whether i n o r g a n i c t y p e s of c r o s s - l i n k a g e s o c c u r i n m i n e r a l i z e d 
i n s e c t c u t i c l e i s unknown. 

D u r i n g postembryonic development, the mechanical p r o p e r t i e s of 
c u t i c l e are a l t e r e d to accommodate changing f u n c t i o n a l demands. A 
c l a s s i c example of t h i s phenomenon i s d i p t e r a n p u p a r i a t i o n , i n which 
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164 BIOTECHNOLOGY FOR CROP PROTECTION 

the s o f t l a r v a l c u t i c l e becomes s t i f f e n e d to support and p r o t e c t the 
d e v e l o p i n g a d u l t ( 2 2 , 2 3 ) . I n the house f l y , Musca domestica, the 
p u p a r i a l c u t i c l e i s s t a b i l i z e d p r i m a r i l y by s c l e r o t i z a t i o n , i n which 
d i p h e n o l i c compounds accumulate i n the p r o t e i n and c h i t i n - r i c h 
l a r v a l c u t i c l e ( 1 9 ) . I n the f a c e f l y , Musca a u t u m n a l i s , the 
puparium i s hardened p r i m a r i l y by the d e p o s i t i o n of calcium and 
magnesium phosphate i n t o the l a r v a l c u t i c l e . By ex a m i n i n g the 
c h e m i c a l and p h y s i c a l p r o p e r t i e s of p u p a r i a l exuviae of the house 
f l y and f a c e f l y , the s u p e r i o r i t y of an o r g a n i c s t r e n g t h e n i n g 
m a t e r i a l over an i n o r g a n i c one i s demonstrated. Table I l i s t s the 
major organic and i n o r g a n i c elements found i n t h e s e two ty p e s of 
c u t i c l e s . S c l e r o t i z e d house f l y c u t i c l e i s composed of a p p r o x i 
mately f i v e times more organic elements and t e n f o l d fewer i n o r g a n i c 
elements than m i n e r a l i z e d f a c e f l y c u t i c l e (19). P h y s i c a l l y , the 
s c l e r o t i z e d c u t i c l e i s about 80% as dense and t w i c e as f l e x i b l e as 
the m i n e r a l i z e d c u t i c l e , and the former c u t i c l e r e q u i r e s about three 
times more f o r c e to f r a c t u r e i t than the m i n e r a l i z e d c u t i c l e ( T a b l e 
I I , 20). Approximately t h r e e f o l d more i n o r g a n i c mass i s req u i r e d t o 
make a c u t i c l e of comparable s t r e n g t h t o an o r g a n i c one. Thus, 
organic c o n s t i t u e n t s appear to assemble and s t a b i l i z e a c u t i c l e more 
e f f e c t i v e l y than i n o r g a n i c elements. Except i n environments where a 
heavy body weight and l a c k of m o b i l i t y and f l e x i b i l i t y a re not 
de t r i m e n t a l t o s u r v i v a l ( f o r example, aquatic h a b i t a t s ) , s c l e r o t i 
z a t i o n i s the mechanism o f c h o i c e f o r c u t i c l e s t i f f e n i n g . One 
apparent d i s a d v a n t a g e of s c l e r o t i z a t i o n i s the amount of energy 
r e q u i r e d to s y n t h e s i z e the d i v e r s e k i n d s of b u i l d i n g m a t e r i a l s . 
Assuming t h a t m i n e r a l s a r e r e a d i l y a v a i l a b l e , l e s s energy i s 
probably needed to deposit minerals i n t o a b i o l o g i c a l s t r u c t u r e than 
to synthesize and deposit both low and high molecular weight organic 
components· 

Table I . Major Elements i n S c l e r o t i z e d and M i n e r a l i z e d 
Insect C u t i c l e s 3 

% Dry Weight 
Element S c l e r o t i z e d M i n e r a l i z e d R a t i o (S:M) 
Carbon 45.3 9.7 4.7 
Nitrogen 9.5 1.5 6.3 
Hydrogen 6.8 3.3 2.1 
Oxygen 29.7 23.7 1.3 
Calcium 0.9 18.5 0.05 
Magnesium 0.3 3.0 0.10 
Phosphorus 0.3 9.9 0.03 
a D a t a from Roseland et a l . ( 1 9 ) . S c l e r o t i z e d and 
m i n e r a l i z e d c u t i c l e s are p u p a r i a l exuviae from house f l y 
and face f l y , r e s p e c t i v e l y . 
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12. KRAMER ET AL. Insect Cuticle Structure and Metabolism 165 

What are the major biochemical c o n s t i t u e n t s of i n s e c t c u t i c l e s ? 
We have used s o l i d s t a t e c r o s s p o l a r i z a t i o n - m a g i c angle s p i n n i n g 
(CPMAS) NMR to i d e n t i f y and compare the l e v e l s of c o n s t i t u e n t s i n 
s c l e r o t i z e d and m i n e r a l i z e d c u t i c l e s and t o l o o k f o r c o v a l e n t 
c r o s s - l i n k s (24). To estimate the c h e m i c a l c o m p o s i t i o n , we i n t e 
grated resonances i n ^ C - s p e c t r a w i t h chemical s h i f t s at 144 ppm f o r 
diphenol c o n t e n t , 104 ppm f o r c h i t i n , 60 and 55 ppm f o r p r o t e i n 
( a f t e r s u b t r a c t i n g the c o n t r i b u t i o n s from c h i t i n ) , and 33 ppm f o r 
l i p i d ( a f t e r s u b t r a c t i n g c o n t r i b u t i o n s from d i p h e n o l and p r o t e i n 
carbons, see F i g . 1 and Table I I I ) . Water and mineral contents were 
determined by g r a v i m e t r i c and ash a n a l y s e s , r e s p e c t i v e l y . Whereas 
m i n e r a l s a l t s comprise more tha n 60% of the f a c e f l y p u p a r i a l 
exuvium, they make up only 3% of the house f l y exuvium ( T a b l e I V ) . 
S c l e r o t i z e d c u t i c l e contains s u b s t a n t i a l l y more p r o t e i n , c h i t i n and 
d i p h e n o l i c compounds than does m i n e r a l i z e d c u t i c l e . Note i n 
p a r t i c u l a r the high abundance of d i p h e n o l i c carbon resonances at 116 
and 144 ppm i n the spectrum of house f l y puparia but not i n t h a t o f 
f a c e f l y p u p a r i a ( F i g . 1). Approximately 90% of the wet weight of 
house f l y p u p a r i a l c u t i c l e i s p r o t e i n , c h i t i n and d i p h e n o l i c 
compounds, whereas those c o n s t i t u e n t s account f o r l e s s than 30% of 
face f l y c u t i c l e . S i m i l a r amounts of l i p i d and water are present i n 
both types of c u t i c l e . 

Table I I . P h y s i c a l and Mechanical P r o p e r t i e s of S c l e r o t i z e d 
and M i n e r a l i z e d Insect C u t i c l e s a 

Type of C u t i c l e 

Property S c l e r o t i z e d M i n e r a l i z e d R a t i o (S:M) 

P u p a r i a l diameter (mm) 2.6 2.7 1.0 
C u t i c u l a r thickness (um) 26.8 41.7 0.6 
Density (g mm"~2) 2.2 2.6 0.8 
Stress modulus of f r a c t u r e 

(kg mm""2) 23.6 8.1 2.9 
E l a s t i c modulus (kg mm~2) 711.5 346.4 2.1 
aFrom Grodowitz et a l . (20). S c l e r o t i z e d and m i n e r a l i z e d 
c u t i c l e s are p u p a r i a l exuviae from house f l y and face f l y , 
r e s p e c t i v e l y . 
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Figure 1 13C-CPMAS NMR spectra of face f l y and house f l y 
p u p a r i a l exuviae (Kramer et a l . unpublished d a t a ) . 
See Table I I I f o r resonance assignments. 
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12. KRAMER ET A L Insect Cuticle Structure and Metabolism 167 

Table I I I . Chemical Assignments of Resonances i n the 
CPMAS- 1 3C-NMR-Spectra of Insect C u t i c l e s 3 

Resonance δ-Values (ppm) Assignment 

1 172 Carbonyl carbon i n c h i t i n , p r o t e i n , 
l i p i d and diphenol a c y l groups 

2 155 Phenoxy carbon i n t y r o s i n e , 
guanidino carbon i n a r g i n i n e 

3 144 Phenoxy carbon i n diphenols 
4 129 Aromatic carbons 
5 116 Tyrosine carbons 3 and 5, imidazole 

carbon 4, diphenol carbons 2 and 5 
6 104 GlcNAc carbon 1 
7 82 GlcNAc carbon 4 
8 75 GlcNAc carbon 5 
9 74 GlcNAc carbon 3 
10 60 GlcNAc carbon 6, amino a c i d 

α-carbon 
11 55 GlcNAc carbon 2, amino a c i d 

α-carbon 
12 44 Amino a c i d , diphenol and l i p i d 

a l i p h a t i c carbons 
13 33 Amino a c i d , diphenol and l i p i d 

a l i p h a t i c carbons 
14 23 Methyl carbons i n c h i t i n , p r o t e i n , 

l i p i d and diphenol a c e t y l groups, 
amino a c i d methyne carbons 

15 19 Amino a c i d and l i p i d methyl carbons 
aFrom Schaefer et a l . ( 2 4 ) . θ-Values r e l a t i v e to e x t e r n a l TMS 
reference. 
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Table IV. Major Components of S c l e r o t i z e d and M i n e r a l i z e d 
Insect C u t i c l e s 3 

Types of C u t i c l e 
Component S c l e r o t i z e d M i n e r a l i z e d R a t i o (S:M) 

P r o t e i n 31 10 3.1 
C h i t i n 45 19 2.4 
Diphenol 13 1 13 
L i p i d 2 2 1.2 
Water 6 5 1.2 
Mineral 3 63 0.05 
a D a t a from Kramer et a l . , unpublished. Unit = percentage of 
wet weight. S c l e r o t i z e d and m i n e r a l i z e d c u t i c l e s are 
p u p a r i a l exuviae from house f l y and face f l y , r e s p e c t i v e l y . 
P r o t e i n , c h i t i n , diphenol and l i p i d determined by 13C-NMR; 
water by g r a v i m e t r i c a n a l y s i s ; and mineral by ash content. 

I n terms of amino a c i d and carbohydrate content l i b e r a t e d by 
a c i d h y d r o l y s i s , s c l e r o t i z e d c u t i c l e contains more than twofold more 
t o t a l amino acid s and a l s o 2-acetamido-2-deoxy-D-glucopyranoside (as 
c h i t i n ) than does m i n e r a l i z e d c u t i c l e ( T a b l e V ) . As p r e v i o u s l y 
shown, we have confirmed that the amino a c i d β-alanine i s v i r t u a l l y 
absent i n the m i n e r a l i z e d puparium of the f a c e f l y , whereas i t i s 
the second most abundant amino a c i d i n the house f l y puparium 
(19,25). We have a l s o d e t e r m i n e d t h a t much of the β-alanine i s 
c o n j u g a t e d w i t h the c a t e c h o l a m i n e s N - 3-alanyldopamine (NBAD), 
Ν-β-alanylnorepinephrine (NBANE) or t h e i r q u i n o n o i d adducts l i n k e d 
to macromolecules ( 2 6 - 2 8 ) . D i p h e n o l content of the two types of 
c u t i c l e i s even more d i s s i m i l a r (Table V I ) . Whereas o n l y dopamine 
at r e l a t i v e l y low l e v e l s i s present i n m i n e r a l i z e d c u t i c l e , about 
100-fold more d i p h e n o l s o c c u r i n s c l e r o t i z e d c u t i c l e , w i t h NBAD 
be i n g the major compound (19). O v e r a l l , s c l e r o t i z e d c u t i c l e s have 
higher concentrations of p r o t e i n s , d i p h e n o l s and c h i t i n , whereas 
m i n e r a l i z e d c u t i c l e s have much h i g h e r l e v e l s of i n o r g a n i c s a l t s , 
p r i m a r i l y calcium and magnesium phosphates and c a r b o n a t e s . Thus, 
the c h e m i c a l c o m p o s i t i o n of a p a r t i c u l a r c u t i c l e r e f l e c t s the 
r e l a t i v e c o n t r i b u t i o n of e i t h e r s c l e r o t i z a t i o n or m i n e r a l i z a t i o n t o 
i t s p h y s i c a l p r o p e r t i e s . The e v o l u t i o n a r y c h o i c e of u s i n g an 
o r g a n i c m a t r i x of p r o t e i n and c h i t i n s t a b i l i z e d by i n t r a - and 
i n t e r m o l e c u l a r i n t e r a c t i o n s and c r o s s - l i n k s , together w i t h l e s s e r 
amounts of diphenols, l i p i d , m i n e r a l s , p i g m e n t s , water and o t h e r 
components f o r c u t i c l e c o n s t r u c t i o n has provided the i n s e c t w i t h 
many options i n r e g a r d to c u t i c l e p r o p e r t i e s and s t r u c t u r e . By 
v a r y i n g the k i n d and amount of components as w e l l as t h e i r i n t e r 
a c t i o n s , the epidermis may assemble c u t i c l e s with v a r i o u s degrees of 
hardness, f l e x i b i l i t y or s t i f f n e s s and pigmentation. 
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12. KRAMER ET A L Insect Cuticle Structure and Metabolism 169 

Table V· Amino Acid Composition (Mmole g""1) of S c l e r o t i z e d 
and M i n e r a l i z e d Insect C u t i c l e s 3 

Amino Acid S c l e r o t i z e d M i n e r a l i z e d 

ASP 208.4 + 26.7 72.8 ± 2.9 
THR 88.6 + 10.1 41.3 ± 1.5 
SER 78.5 + 8.0 36.6 ± 0.2 
GLU 214.5 + 25.0 86.3 ± 3.1 
PRO 115.7 + 12.2 46.3 ± 0.9 
GLY 319.5 ± 57.8 303.8 ±9.9 
a-ALA 123.4 ± 16.7 57.2 ± 0.8 
VAL 134.4 + 12.2 53.8 ± 1.9 
ILU 58.3 + 7.5 25.2 ± 1.2 
LEU 76.1 + 10.2 28.7 ± 1.6 
TYR 53.6 + 8.7 22.9 ± 0.8 
PHE 47.8 ± 7.9 17.8 ± 1.2 
3-ALA 299.2 ± 43.1 <5 
HIS 227.4 ± 37.6 41.7 ± 4.7 
LYS 85.8 ± 16.3 27.5 ± 3.3 
ARG 41.2 ± 16.1 17.1 ± 2.9 

T o t a l amino a c i d 
r e l a t i v e r a t i o 1.0 0.4 

LData from Roseland et a l . ( 1 9 ) . S c l e r o t i z e d and 
mi n e r a l i z e d c u t i c l e s are p u p a r i a l exuviae from house f l y 
and face f l y , r e s p e c t i v e l y . 

Table V I . Diphenol Composition (nmole g" 1) of S c l e r o t i z e d 
and M i n e r a l i z e d Insect C u t i c l e s 3 

Diphenol S c l e r o t i z e d M i n e r a l i z e d 

NBAD 312.0 ± 56.7 <1 
NADA 27.2 ± 10.9 <1 
DA 21.4 ± 1.5 5.0 ± 0.8 

To t a l diphenol 
r e l a t i v e r a t i o 1.0 0.01 

3 D a t a from Roseland et a l . (19). S c l e r o t i z e d and 
m i n e r a l i z e d c u t i c l e s are p u p a r i a l exuviae from house f l y 
and face f l y , r e s p e c t i v e l y . 

In a d d i t i o n t o s t u d y i n g the c h e m i c a l c o m p o s i t i o n of f l y 
c u t i c l e s , we have a l s o used s o l i d s t a t e l^C-NMR t 0 measure the 
r e l a t i v e abundance of f o u r major carbonaceous components, g r a v i 
m e t r i c a n a l y s i s to determine moisture content, and ash a n a l y s i s f o r 
mineral content of c u t i c l e s from t h r e e d e v e l o p m e n t a l s t a g e s of a 
s i n g l e s p e c i e s , the tobacco hornworm, Manduca sexta ( F i g . 2 ) . There 
are s u b s t a n t i a l d i f f e r e n c e s i n composition between the l a r v a l , pupal 
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170 BIOTECHNOLOGY FOR CROP PROTECTION 

/ \ l a r v a l c u t i c l e 

pupal c u t i c l e 

a d u l t c u t i c l e 

300 pp» 

Figure 2 13C-CPMAS NMR spe c t r a of M. sexta l a r v a l , pupal and 
ad u l t c u t i c l e s . The l a r v a l and adu l t samples are 
devoid of c u t i c l e from the head and appendages. 
Scales were removed from a d u l t c u t i c l e (from Kramer 
et a l . 43). 
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12. KRAMER ET A L Insect Cuticle Structure and Metabolism 171 

and a d u l t body c u t i c l e s ( T a b l e V I I ) . The l a r v a l c u t i c l e i s very 
f l e x i b l e and l a r g e l y unpigmented, the pu p a l c u t i c l e i s s t i f f and 
brown i n c o l o r a t i o n , and the a d u l t c u t i c l e excluding s c a l e s i s a 
t h i n and l i g h t l y colored s t i f f c u t i c l e adapted f o r f l i g h t b e h a v i o r . 
The major component i n a l l of the Manduca body c u t i c l e s i s water, 
which ranges from about 50 to 75% of the wet weight (Table V I I ) . 
C h i t i n i s the major organic component i n l a r v a l and pupal c u t i c l e s , 
whereas p r o t e i n i s major i n the a d u l t . Diphenols and l i p i d s range 
from 1 to 7%. 

Table V I I . Major Components of Manduca sexta C u t i c l e s 
During Development 3 

Stage of Development 

Component Larvae Pupa Adult 
Water 73 49 52 
P r o t e i n 10 19 28 
C h i t i n 14 25 7 
Diphenol 1 4 7 
L i p i d 1 2 5 
Miner a l 1 1 1 

a D a t a from Kramer et a l . unpublished . Unit = percentage 
of wet weight. P r o t e i n , c h i t i n , diphenol and l i p i d 
determined by l^C-N^R; w a t e r by g r a v i m e t r i c a n a l y s i s ; 
and mineral by ash content. C u t i c l e s from 3-day o l d 
f i f t h i n s t a r , pupae and a d u l t , r e s p e c t i v e l y . 

The major chemical components p r e s e n t i n some o t h e r hornworm 
c u t i c u l a r s t r u c t u r e s a r e shown i n Table V I I I . The composition of 
i n d i v i d u a l s c l e r i t e s or s t r u c t u r e s i n each stage can v a r y g r e a t l y 
from the c o m p o s i t i o n of the g e n e r a l body c u t i c l e ( T a b l e V I I ) . 
D i g e s t i o n of the l a r v a l o r pupal e n d o c u t i c l e by m o l t i n g f l u i d 
h y d r o l y t i c enzymes r e s u l t s i n an e p i c u t i c l e - e x o c u t i c l e complex or 
exuviae. L a r v a l exuviae are s i m i l a r i n c o m p o s i t i o n t o the l a r v a l 
c u t i c l e , except f o r a t h r e e - f o l d i ncrease i n the l e v e l of d i p h e n o l i c 
compounds. Two of the hardest l a r v a l s t r u c t u r e s are the e x u v i a e of 
head c a p s u l e and m a n d i b l e . These a r e c h a r a c t e r i z e d by a h i g h 
abundance of diphenols as are the pupal body e x u v i a e and the a d u l t 
w i n g , which i s one of the thi n n e s t types of c u t i c l e . The diphenols 
i n the hard dark mandibles are p r i m a r i l y Ν-β-alanyl d e r i v a t i v e s of 
dopamine and n o r e p i n e p h r i n e , p a r t i c u l a r l y the former, whereas the 
c o l o r l e s s head c a p s u l e c u t i c l e c o n t a i n s m o s t l y N-acetyldopamine 
( 2 7 , 2 8 ) . The mandibles a l s o c o n t a i n z i n c or manganese at t h e i r 
c u t t i n g edges i n order to increase d e n s i t y and f r a c t u r e toughness 
( 2 9 , 3 0 ) . Of a l l the c u t i c l e s t r u c t u r e s that we have analyzed by 
s o l i d s t a t e NMR, the one with the h i g h e s t d i p h e n o l c o n t e n t i s the 
e l y t r o n or wing cover of the red f l o u r b e e t l e , T r i b o l i u m castaneum. 
I t i s composed of 26% d i p h e n o l s t o g e t h e r w i t h 33% c h i t i n , 29% 
p r o t e i n , 4% l i p i d and 8% w a t e r . Most of the d i p h e n o l c o n t e n t i s 
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172 BIOTECHNOLOGY FOR CROP PROTECTION 

3 , 4 - d i h y d r o x y p h e n y l a c e t i c a c i d ( 2 8 , 3 1 ) . The r e d f l o u r b e e t l e 
e l y t r o n and Manduca pupal exuviae are remarkably s i m i l a r i n appear
ance and a l s o c h e m i c a l composition, w i t h the exception of diphenol 
composition. A l l of our data on c u t i c l e c o m p o s i t i o n suggest t h a t 
the l i g h t e s t and strongest c u t i c l e s are c h a r a c t e r i z e d by s u b s t a n t i a l 
amounts of p r o t e i n and c h i t i n , together w i t h 5 to 25% diphenols. The 
d i p h e n o l s p r i m a r i l y act as c r o s s - l i n k i n g or adduct-forming precur
s o r s , cementing the c u t i c u l a r p r o t e i n and c h i t i n m a c r o m o l e c u l a r 
c h a i n s t o g e t h e r . Other f u n c t i o n s suggested f o r the high l e v e l s of 
unreacted diphenols e a s i l y e x t r a c t e d from c u t i c l e a r e d e h y d r a t i n g 
agents, l i p i d a n t i o x i d a n t s and a n t i m i c r o b i a l substances (32,33). 

Chemical Changes During S c l e r o t i z a t i o n . 

We have used s o l i d s t a t e 1 3C-NMR t o f o l l o w the changes i n 
chemical composition that occur when M. sexta pupal c u t i c l e becomes 
s c l e r o t i z e d ( T a b l e I X ) . The s o f t , newly ecdysed pupal c u t i c l e i s 
mostly water (80%) and p r o t e i n ( 1 4 % ) , w i t h minor amounts of c h i t i n , 
d i p h e n o l and l i p i d ( <3%). The s c l e r o t i z e d pupal exuviae c o n t a i n 
s i x f o l d l e s s water, twofold more p r o t e i n and 1 7 - f o l d more of b o t h 
c h i t i n and d i p h e n o l . Thus, the process of pupal c u t i c l e s c l e r o t i 
z a t i o n c o n s i s t s of dehydration together with s u b s t a n t i a l e n r i c h m e n t 
of c h i t i n , p r o t e i n and d i p h e n o l i c compounds. 

T a b l e V I I I . Major Components of Manduca sexta C u t i c u l a r S t r u c t u r e s 3 

Component 

L a r v a l Pupal Adult 

Component Exuvium Head Capsule Mandibles Exuvium ι Wings 

Water 69 59 32 13 41 
P r o t e i n 15 14 24 31 34 
C h i t i n 11 12 18 34 12 
Diphenol 3 13 21 17 8 
L i p i d 1 1 3 4 4 
M i n e r a l 1 1 2 1 1 

a D a t a from Kramer et a l . unpublished. Unit « percentage of wet 
weight. P r o t e i n , c h i t i n , diphenol and l i p i d determined by 
l^C-NMR; water by g r a v i m e t r i c a n a l y s i s ; and mineral by ash 
content. 
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12. KRAMER ET AL. Insect Cuticle Structure and Metabolism 173 

Table I X . Major Components of Manduca s e x t a U n s c l e r o t i z e d 
and S c l e r o t i z e d P u p a l C u t i c l e s 3 

Component U n s c l e r o t i z e d S c l e r o t i z e d R a t i o (S:U) 

Water 80 13 0.16 
P r o t e i n 14 31 2.2 
C h i t i n 2 34 17 
Diphenol 1 17 17 
L i p i d 3 4 1.3 
M i n e r a l 1 1 1 

L Data from Kramer et a l . u n p u b l i s h e d . U n i t * percentage of 
wet w e i g h t . Water determined by g r a v i m e t r i c a n a l y s i s ; 
p r o t e i n , c h i t i n , d i p h e n o l and l i p i d by ^ C - N M R ; and 
m i n e r a l by ash c o n t e n t . U n s c l e r o t i z e d c u t i c l e from newly 
ecdysed pupa; s c l e r o t i z e d c u t i c l e i s pupal exuvlum. 

A d e t e r m i n a t i o n o f t h e c h e m i c a l c o m p o s i t i o n o f t h e o u t e r 
f o r e w i n g p u p a l c u t i c l e of M . s e x t a r e v e a l s t h a t a major d i f f e r e n c e 
b e t w e e n the s c l e r o t i z e d and u n s c l e r o t i z e d l a y e r s i s the concen
t r a t i o n of d i p h e n o l s . T h r e e - d a y - o l d p u p a l o u t e r f o r e w i n g c u t i c l e 
was s e p a r a t e d i n t o o u t e r t a n n e d and i n n e r u n t a n n e d p o r t i o n s and 
subjected to d i p h e n o l and amino a c i d a n a l y s e s . T h e r e i s g r e a t e r 
t h a n 50 t i m e s more NBAD, NBANE, dopamine (DA) and 3 , 4 - d i h y d r o x y -
p h e n y l e t h a n o l - 4 - O - s u l f a t e (DOPET-SO4) i n the s c l e r o t i z e d l a y e r than 
i n the u n s c l e r o t i z e d p o r t i o n of the c u t i c l e ( T a b l e X ) . However, the 
amino a c i d c o m p o s i t i o n s a r e v e r y s i m i l a r i n both p o r t i o n s , except 
f o r B - a l a n i n e , the b u l k of which i s conjugated w i t h DA and n o r e p i n e 
p h r i n e (NE) ( T a b l e X I ) . T h u s , t h e a c c u m u l a t i o n o f s u b s t a n t i a l 
amounts o f d i p h e n o l s i n t o t h e o u t e r m o s t p o r t i o n o f t h e c u t i c l e 
c o r r e l a t e s w i t h i t s h i g h degree of s c l e r o t l z a t l o n . 

Table X . D i p h e n o l Composit ion of Outer Forewing C u t i c l e 
of M . s e x t a P u p a a 

C o n c e n t r a t i o n (nmole g " * ) 

Diphenol Endo Exo R a t i o (Exo:Endo) 

NBAD 4 244Ô* 610 
NBANE 5 450 90 
DA 1 57 57 
NADA 3 13 4 
DOPET-SO4 10 1200 120 

a D a t a from Morgan et a l . u n p u b l i s h e d . C u t i c l e from 3-day 
o l d pupal o u t e r f o r e w i n g . 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

01
2



174 BIOTECHNOLOGY FOR CROP PROTECTION 

Table XI· Amino Acid Composition of Outer Forewing 
C u t i c l e of M. sexta Pupa a 

Mole % 

Amino Acid Endo Exo Ratio (Exo:Endo) 

ASP 5.8 5.1 0.9 
THR 4.0 3.4 0.9 
SER 7.3 7.4 1.0 
GLU 5.9 5.0 0.9 
GLY 5.4 5.7 1.1 
ALA 19.5 17.8 0.9 
VAL 4.2 4.2 1.0 
ILU 2.2 2.2 1.0 
LEU 5.4 4.6 0.9 
TYR+PHE+GlcN 25.8 24.3 0.9 
β-ALA <1 6.3 >6 
HIS 10.2 10.2 1.0 
LYS 2.0 2.0 1.0 
ARG 1.8 1.8 1.0 
a D a t a from Kramer et a l . unpublished. C u t i c l e from 
3-day o l d pupal outer forewing. H y d r o l y s i s i n 
6 N HC1 c o n t a i n i n g 5% phenol at 110°C f o r 22 h 
i n vacuo. 

C o v a l e n t bonds between p r o t e i n n u c l e o p h i l i c groups and the 
aromatic or a l i p h a t i c carbons of d i p h e n o l s have been proposed t o 
occ u r i n s c l e r o t i z e d c u t i c l e s (2,34-37). We have used s o l i d s t a t e 
NMR t o probe f o r c o v a l e n t bond f o r m a t i o n between c u t i c u l a r 
components i n M. sexta pupal c u t i c l e ( 2 4 ). NMR analyses of c u t i c l e 
c o n t a i n i n g p r o t e i n l a b e l e d w i t h e i t h e r 1 , 3 - [ A - > N 2 ] j - h i s t i d i n e or 
ε-[ l ^ N ] - l y s i n e demonstrated t h a t a s i d e c h a i n h i s t i d y l or l y s y l 
n i t r o g e n becomes a t t a c h e d t o a carbon atom ( N - a r y l o r N - a l k y l ) 
d u r i n g s c l e r o t i z a t i o n . A f t e r the pupal c u t i c l e was doubly l a b e l e d 
w i t h both 1 , 3 - [ A ^ N 2 ] - h i s t i d i n e and ring-[l3C£]dopamine and subjected 
to NMR a n a l y s i s , the double c r o s s p o l a r i z a t i o n spectrum r e v e a l e d 
t h a t one of the aromatic catecholamine carbons i s c o v a l e n t l y bonded 
to a r i n g n i t r o g e n of h i s t i d i n e ( F i g . 3 ) . T h i s a r o m a t i c c a r b o n -
n i t r o g e n c r o s s - l i n k s t r u c t u r e i s c o n s i s t e n t w i t h an i m i d a z o y l 
n i t r o g e n a t t a c k i n g a phenyl carbon of an o-quinone d e r i v a t i v e of the 
d i p h e n o l i c compound. 

A l s o i t has been proposed t h a t bonds e x i s t between c u t i c u l a r 
p r o t e i n and c h i t i n ( 3 8 ) . S o l i d s t a t e 1 5N-NMR a n a l y s i s of c h i t i n 
p r e p a r e d by a l k a l i e x t r a c t i o n of 1 ,3-[ 1 5 N 2 l - h i s t i d i n e l a b e l e d Μ· 
s e x t a p u p a l exuviae revealed an A^N chemical s h i f t expected f o r the 
s u b s t i t u t e d imidazole n i t r o g e n c r o s s - l i n k s t r u c t u r e depicted i n F i g . 
3 ( 2 4 ) . Apparently, the c h i t i n i s not coupled d i r e c t l y t o p r o t e i n 
b u t , i n s t e a d , to a d i p h e n o l i c carbon, which serves as a part of the 
bridge between p r o t e i n and c h i t i n macromolecules. 

F i g u r e 4 shows the proposed mechanism f o r the metabolism of 
phenolic and d i p h e n o l i c compounds to quinonoid c r o s s - l i n k i n g a g e n t s 
f o r macromolecules i n the outer p o r t i o n s of dark brown c u t i c l e from 
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(protein) 

(chit La) 

Figure 3 Proposed s t r u c t u r e f o r diphenol mediated c r o s s - l i n k 
between p r o t e i n and c h i t i n i n M. sexta pupal c u t i c l e 
(from Schaefer et a l * 24). 

HO-^^CI^CHg-R-^HO-^^CHg^Hg-R---» 0 °Ç^" CH2-CHfe- R I 

HO 

0^^=CH-CH 2-R H 

" u 

HOH^yCH . CH-R I 

HO 

Figure 4 Proposed pathway of phenol metabolism f o r 
s c l e r o t i z a t i o n of c u t i c l e i n c l u d i n g monophenol, 
d i p h e n o l , o-quinone ( I ) , p-quinone methide ( I I ) and 
α,ρ-dehydrocatechol ( I I I ) d e r i v a t i v e s . Reactions 
c a t a l y z e d by phenoloxidase or t y r o s i n a s e followed by 
keto-enol t a u t o m e r i z a t i o n . 
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176 BIOTECHNOLOGY FOR CROP PROTECTION 

s t r u c t u r e s such as tobacco hornworm pupae, house f l y puparia and 
f l o u r b e e t l e e l y t r a . N-Acylcatecholamines, such as NBAD and NBANE, 
are c o n v e r t e d by o x i d a t i v e enzymes, such as t y r o s i n a s e s , p h e n o l o x i -
d a s e s , p e r o x i d a s e s o r l a c c a s e s , t o o-quinone, j>-quinone methide, 
semiquinone or f r e e r a d i c a l e l e c t r o p h i l i c i n t e r m e d i a t e s , which then 
c r o s s - l i n k c u t i c u l a r p r o t e i n s and c h i t i n ( 3 3 , 3 9 - 4 1 ) . The N-&-
a l a n y l c a t e c h o l a m i n e s are g e n e r a l l y more as s o c i a t e d w i t h s t i f f brown 
c u t i c l e s and the N - a c e t y l c a t e c h o l a m i n e s w i t h s t i f f c o l o r l e s s 
c u t i c l e , whereas excessive dopamine polymerizes i n t o black pigment, 
such as melanin, i n the outer parts of the c u t i c l e (26,27 ,31 ,42). 
N - A c y l a t i o n of dopamine w i t h (3-alanine or acetate may f a c i l i t a t e 
e l e c t r o n d e r e a l i z a t i o n from the a r o m a t i c r i n g carbons of the 
o-quinone t o the a l i p h a t i c s i d e c h a i n a- o r 3-carbon and f a v o r 
p r o d u c t i o n of the t a u t o m e r i c j)-quinone methide or α,β-dehydro 
d i p h e n o l . These tautomers provide m u l t i p l e carbon s i t e s f o r a t t a c k 
by n u c l e o p h i l i c groups, which u l t i m a t e l y l e a d t o the f o r m a t i o n o f 
adducts or c u t i c u l a r c r o s s - l i n k s (24,36,41,43). 

Noncu t i c u l a r s t r u c t u r e s have been proposed as model c u t i c l e s i n 
which s i m i l a r h a r d e n i n g r e a c t i o n s o c c u r , but these m a t e r i a l s are 
g e n e r a l l y l e s s complex i n terms of chemical composition, even though 
they undergo c h e m i c a l t r a n s f o r m a t i o n s s i m i l a r to those that occur 
during c u t i c u l a r tanning. Structures such as cocoons and egg cases 
of i n s e c t s are composed mostly of p r o t e i n but may a l s o c o n t a i n some 
d i p h e n o l i c compounds, which t a n the p r o t e i n ( T a b l e X I I ) . They 
c o n s i s t of l i t t l e or no c h i t i n o r l i p i d . The p r o t e i n a c e o u s 
D r o s o p h i l a c h o r i o n i s c r o s s - l i n k e d by an endogeneous peroxidase that 
causes f o r m a t i o n of i n t e r p o l y p e p t i d e d i - and t r i - t y r o s y l adducts 
( 4 4 ) . The s i l k m o t h , Bombyx m o r i , makes a cocoon that i s untanned 
and c o n s i s t s of the f i b r o u s p r o t e i n f i b r o i n and the p r o t e i n glue 
s e r i c i n . P r o t e i n but no d i p h e n o l s are e v i d e n t i n the 1 3C-NMR 
spectrum of B. mori cocoons ( T a b l e X I I ) . On the other hand, the 
cocoons of Anthereae polyphemus, A. m y l i t t a and Hyalophora c e c r o p i a 
are tanned and c o n t a i n not o n l y p r o t e i n but a l s o 2-3% diphenols. 
The egg case o f the praying mantis, Tenodera s i n e n s i s , i s composed 
o f 95% p r o t e i n and 5% di p h e n o l . In these s t r u c t u r e s , which provide 
p r o t e c t i v e housings f o r d e v e l o p i n g pupae o r eggs, the d i p h e n o l i c 
compounds probably provide s t r e n g t h by cementing ( c r o s s - l i n k i n g ) the 
p r o t e i n c h a i n s t o g e t h e r . Thus, d i p h e n o l i c compounds or t h e i r 
o x i d i z e d m e t a b o l i t e s may s c l e r o t i z e s t r u c t u r e s t h a t c o n t a i n 
p r i m a r i l y both p r o t e i n and c h i t i n or only p r o t e i n . 

Table X I I . Major Organic Components of Noncu t i c u l a r 
Insect S t r u c t u r e s 3 

Cocoons Egg case 
Component B. A. A. H. T. 

mori polyphemus m y l i t t a c e c r o p i a s i n e n s i s 
P r o t e i n 100 98 98 97 95 
Diphenol <1 2 2 3 5 
aFrom Kramer et a l . unpublished. Unit = percentage of t o t a l 
carbon. Determined by 13C-NMR. L i p i d and c h i t i n were <1%. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

01
2



12. KRAMER ET AL. Insect Cuticle Structure and Metabolism 177 

The presence of s u b s t a n t i a l amounts of d i p h e n o l i c compounds i n 
i n s e c t c u t i c u l a r s t r u c t u r e s does not n e c e s s a r i l y mean t h a t t h e s e 
s t r u c t u r e s w i l l be s c l e r o t i z e d . Only when the diphenol i s o x i d i z e d 
to a c r o s s - l i n k i n g agent w i l l s c l e r o t i z a t i o n t a k e p l a c e . The s o f t 
integument of M. s e x t a f i f t h l a r v a l i n s t a r s accumulates l a r g e 
amounts of NBAD d u r i n g the feeding period but lo s e s that c a t e c h o l 
amine as pupation nears ( F i g . 5, Krueger et a l . , unpublished d a t a ) . 
In v i t r o c u l t u r e of integument supplemented w i t h dopamine revealed 
that NBAD i s synthesized by the integument ( e p i d e r m i s ) throughout 
the i n s t a r but at the h i g h e s t rate on both the l a s t day of l a r v a l 
feeding and 6 days l a t e r when the p h a r a t e p u p a l c u t i c l e i s b e i n g 
d e p o s i t e d ( F i g . 6 ) . Fat body s y n t h e s i z e s s u b s t a n t i a l l y l e s s e r 
q u a n t i t i e s of N - a c y l a t e d c a t e c h o l a m i n e s than i n t e g u m e n t . Other 
d i p h e n o l s occur at l e v e l s 10-fold or more lower. During the l a t t e r 
p a r t o f the f i f t h i n s t a r , the NBAD t i t e r i n t h e hemolymph i s 
i n v e r s e l y r e l a t e d to that i n the integument ( F i g . 5 ) . Thus, NBAD i s 
prevalent i n the l a r v a l integument during the i n t e r m o l t p e r i o d , but 
at the end of the f i f t h i n s t a r , hemolymph i s the major source of 
NBAD. A p p a r e n t l y , the l a r v a l integument and hemolymph of Μ· sexta 
are s t o r a g e s i t e s f o r NBAD during the i n t e r m o l t p e r i o d . Almost 90% 
of the integumental diphenol i s l o c a l i z e d i n the c u t i c l e and o n l y 
about 10% i n the epidermis (Krueger et a l . unpublished d a t a ) . The 
r e c i p r o c a l nature of NBAD i n integument and i n hemolymph s u g g e s t s 
that NBAD t r a n s l o c a t i o n occurs during the i n t e r m o l t , perhaps as part 
of a c u t i c l e r e c y c l i n g process. C u t i c l e may al s o serve as a storage 
s i t e f o r p r o t e i n and carbohydrate. For example, i n the t s e t s e f l y , 
c u t i c u l a r p r o t e i n and c h i t i n a r e t u r n e d over i n the female t o 
supplement i n g e s t e d blood meals, which are used to support r a p i d l y 
growing l a r v a e i n utero (45). 

How I s the C u t i c l e A t t a c k e d i n Nature? The c u t i c l e a c t s as a 
b a r r i e r t o e n v i r o n m e n t a l hazards, such as predators, pathogens and 
t o x i c substances. Predators may mechanically penetrate the c u t i c l e 
w h i l e the i n s e c t , when m o l t i n g , and a l s o some microorganisms use 
h y d r o l y t i c enzymes to degrade i t . Entomopathogenic f u n g i , such as 
Metarhizlum a n i s o p l i a e , Beauveria bassiana and V e r t i c i l i u m l e c a n i i , 
p e n e t r a t e t h r o u g h the i n s e c t c u t i c u l a r b a r r i e r by s e c r e t i n g e x t r a 
c e l l u l a r p r o t e o l y t i c , c h i t i n o l y t i c and l i p o l y t i c enzymes, which 
h y d r o l y z e some of the major components ( 4 6 - 5 3 ) . The h i g h e r the 
degree of s c l e r o t i z a t i o n the lower the s u s c e p t i b i l i t y of c u t i c l e t o 
en z y m a t i c a t t a c k by f u n g a l or m o l t i n g enzymes. P e n e t r a t i o n of 
pathogens i s l i k e l y to be gre a t e r i n s o f t b o d i e d o r u n s c l e r o t i z e d 
e n d o c u t i c u l a r p o r t i o n s than i n hard b o d i e d or s c l e r o t i z e d exo-
c u t i c u l a r p o r t i o n s . I f a l l o t h e r t h i n g s were e q u a l , we c o u l d 
p r e d i c t t h a t l a r v a l s t a g e s of Coleoptera and Lepidoptera would be 
more s u s c e p t i b l e to fungal pathogens than a d u l t s t a g e s because of 
d i f f e r e n c e s i n c u t i c u l a r mechanical p r o p e r t i e s . To our knowledge, 
t h i s hypothesis has not been t e s t e d . 

R e s u l t s of i_n v i t r o and model e x p e r i m e n t s i n d i c a t e t h a t 
proteases and l i p a s e s a t t a c k the c u t i c l e e a r l i e r than the c h i t i n a s e s 
and t h a t , together, those enzymes a c t i n a s y n e r g i s t i c manner t o 
s o l u b i l i z e t he c u t i c l e . When grown i n c u l t u r e s c o n t a i n i n g 
comminuted c u t i c l e , f u n g i produce e n d o p r o t e a s e s , e x o p r o t e a s e s , 
l i p a s e s , e s t e r a s e s , c h i t i n a s e s and β-Ν-acetylglucosaminidases, with 
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0 2 4 6 8 10 
Ε W OR BB 

DAY OF FIFTH LARVAL INSTAR 

Figure 5 NBAD i n integument (A) and hemolymph (B) of M. sexta 
during f i f t h l a r v a l i n s t a r (from Krueger et a l . 
unpublished). Ε = e c d y s i s , W = wandering, OR = 
o c e l l a r r e t r a c t i o n during a p o l y s i s , BB = brown 
metathoracic bar stage of pharate pupa. 
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125 

DAY OF TISSUE EXCISION 

Figure 6 Synthesis of NBAD and NADA by integument (A) and f a t 
body (B) i n v i t r o from M. sexta f i f t h l a r v a l i n s t a r 
(from Krueger et a l . unpublished). Ε = e c d y s i s , W = 
wandering, OR = o c e l l a r r e t r a c t i o n during a p o l y s i s , 
BB = brown metathoracic bar stage of pharate pupa. 
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180 BIOTECHNOLOGY FOR CROP PROTECTION 

the p r o t e o l y t i c enzymes a p p e a r i n g e a r l y and c h i t i n o l y t i c enzymes 
l a t e r ( 5 1 - 5 3 ) . Smith £t al. (54) found t h a t c h i t i n - p r o t e i n 
s k e l e t a l " g h o s t s " e x t r a c t e d from corn earworm c u t i c l e are digested 
more e f f e c t i v e l y by a combination of enzymes (proteases f o l l o w e d by 
c h i t i n a s e s ) . Most of the c u t i c u l a r c h i t i n i s apparently s h i e l d e d 
or masked by p r o t e i n s , s i n c e pretreatment of c u t i c l e with p r o t e a s e s 
enhances c h i t i n h y d r o l y s i s by c h i t i n a s e s (49). 
The C u t i c l e As a Ta r g e t For S e l e c t i v e C o n t r o l of I n s e c t P e s t s . 
B i o t e c h n o l o g y o f f e r s us the opportun i t y of using gene products that 
have i n s e c t i c i d a l p r o p e r t i e s f o r i n s e c t c o n t r o l ( 5 5 ) . For an 
a n t i c u t i c l e g e n e t i c a p p l i c a t i o n to be developed, i t i s necessary to 
i d e n t i f y and c h a r a c t e r i z e genes tha t c o n t r o l the b i o s y n t h e s i s and 
d e g r a d a t i o n o f c u t i c u l a r components, i n c l u d i n g the c h i t i n - p r o t e i n 
p r o c u t i c l e m a t r i x and the d i p h e n o l i c s c l e r o t i z i n g a g e n t s . The 
p o t e n t i a l f o r m a n i p u l a t i n g the g e n e t i c c o n t r o l of c u t i c l e 
degradation i s promising, e s p e c i a l l y c o n s i d e r i n g t h a t i n s e c t s and 
some entomopathogens a l r e a d y produce enzymes that break down the 
c u t i c l e d u r i n g t h e i r l i f e c y c l e s . Genes t h a t code f o r enzymes 
h a v i n g the c a p a c i t y t o degrade i n t e g r a l p r o t e c t i v e s t r u c t u r e s 
o u t s i d e or i n s i d e the i n s e c t can be engineered i n t o v e c t o r s such as 
b a c t e r i a , f u n g i or v i r u s e s or i n t o p l a n t s . Genes that code f o r 
a n t i c u t i c l e enzymes i n c l u d e those coding f o r c u t i c u l a r c h i t i n a s e s , 
p r o t e a s e s and l i p a s e s . I t has already been demonstrated that p l a n t 
c h i t i n a s e s are potent i n h i b i t o r s of fungal growth, but those enzymes 
have not y e t been t e s t e d f o r i n h i b i t i o n of i n s e c t growth ( 5 6 ) . In 
order to d i g e s t the c u t i c l e most e f f e c t i v e l y , a super v e c t o r o r 
s e v e r a l v e c t o r s t h a t e l a b o r a t e t h e b e s t a n t i c u t i c l e p r o t e o l y t i c , 
c h i t i n o l y t i c and l i p o l y t i c enzymes might be c o n s t r u c t e d . At 
p r e s e n t , s e v e r a l l a b o r a t o r i e s are c h a r a c t e r i z i n g molting f l u i d and 
m i c r o b i a l enzymes and t h e i r genes, wit h a long-term goal of manipu
l a t i n g enzyme l e v e l s using chemical and b i o t e c h n o l o g i c a l procedures 
f o r the purpose of i n s e c t c o n t r o l . The c h a r a c t e r i z a t i o n of promoter 
and s t r u c t u r a l genes f o r a n t i c u t i c l e enzymes may f a c i l i t a t e the 
i n t r o d u c t i o n of those genes i n t o microbes and p l a n t s . 

The most common and e f f e c t i v e a n t i c u t i c l e devices that have 
been used by humans to c o n t r o l i n s e c t s are mechanical ones, such as 
f l y swat t e r s t h a t p h y s i c a l l y crush the exoskeleton. However, these 
devices are not adaptable to wid e s c a l e p e s t c o n t r o l . S o r p t i v e o r 
a b r a s i v e d u s t s i n c l u d i n g c l a y s , s i l i c a s , diatomaceous earths and 
carborundums, which damage the c u t i c l e p r i m a r i l y by d e s t r o y i n g t he 
l i p i d water p r o o f i n g l a y e r s , have a l s o been used f o r i n s e c t c o n t r o l 
but w i t h l i m i t e d success (57). There are n a t u r a l l y o c c u r r i n g and 
s y n t h e t i c compounds whose i n s e c t i c i d a l a c t i v i t i e s have been at l e a s t 
p a r t i a l l y a t t r i b u t e d t o a d i s r u p t i o n of c u t i c l e f o r m a t i o n . One 
c l a s s o f a n t i c u t i c l e compounds a re the j u v e n i l e hormone (JH) 
analogues which may not only prevent m a t u r a t i o n but a l s o p r o b a b l y 
t a r g e t JH r e c e p t o r s i n t i s s u e s such as epidermal c e l l s , a f f e c t i n g 
c u t i c l e morphology and s t r u c t u r e . Commercially developed compounds, 
such as methoprene, hydroprene and f e n o x y c a r b , a p p a r e n t l y a l t e r 
c u t i c u l a r c o m p o s i t i o n of p r o t e i n and d i p h e n o l l e v e l s ( 5 8 , 5 9 ) . 
A n o t h e r c l a s s o f a n t i c u t i c l e compounds are the s o - c a l l e d c h i t i n 
s y n t h e s i s i n h i b i t o r s or b e n z o y l p h e n y l u r e a s , which a l t e r c h i t i n 
l e v e l s but whose mode of a c t i o n at t h e m o l e c u l a r l e v e l remains 
obscure (57). O r i g i n a l l y proposed to i n h i b i t the epidermal enzyme, 
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c h i t i n s y n t h a s e , t h e i r exact s i t e of a c t i o n i s not a d i r e c t i n t e r 
a c t i o n w i t h t h a t enzyme, s i n c e c e l l f r e e p r e p a r a t i o n s a r e 
u n i n h i b i t e d . M i t s u i et a l . (60,61) suggested that the benzoylphenyl-
ureas prevent c h i t i n s y n t h e s i s by b l o c k i n g t r a n s p o r t of u r i d i n e 
d i p h o s p h o - N - a c e t y l g l u c o s a m i n e a c r o s s biomembranes. Another a n t i -
c h i t i n i n h i b i t o r i s the n a t u r a l p r o d u c t , a l l o s a m i d i n , a b a s i c 
p s e u d o t r i s a c c h a r i d e c o n s i s t i n g of two molecules of 2-acetamido-2-
d e o x y - D - a l l o s e and an a m i n o c y c l i t o l d e r i v a t i v e ( 6 2 ) . I t 
c o m p e t i t i v e l y i n h i b i t s 15. mori c h i t i n a s e j j i v i t r o at l e a s t 500-fold 
b e t t e r than i t i n h i b i t s b a c t e r i a l or plant c h i t i n a s e s , lysozyme or 
β-Ν-acetylglucosaminidase ( 6 3 ) . I t a l s o p r e v e n t s e c d y s i s of 
L e u c a n i a s e p a r a t a f i f t h l a r v a l i n s t a r s t o pupae (Sakuda, S., 
unpublished data)· 

Cyromazine i s a s u b s t i t u t e d t r i a z i n e i n s e c t i c i d e that produces 
n e c r o t i c l e s i o n s i n the c u t i c l e of the sheep blow f l y , L u c i l i a 
c u p r i n a ( 6 4 , 6 5 ) , and b o t h s t i f f e n s l a r v a l c u t i c l e and causes 
h i s t o l o g i c a l damage i n the f l e s h f l y , Sarcophaga b u l l a t a (A. I s e k i , 
u n p u b l i s h e d d a t a ) . A l t h o u g h c u t i c l e appears t o be the p r i m a r y 
target of cyromazine, i t s chemical mode of a c t i o n remains unknown. 
Several s u b s t i t u t e d benzimidazole d e r i v a t i v e s e x h i b i t v a r i o u s i n s e c t 
growth r e g u l a t i n g e f f e c t s , i n c l u d i n g the i n h i b i t i o n of s i l k w o r m 
m o l t i n g ( 6 6 ) . I t has been proposed t h a t t h i s c l a s s of compounds 
a r r e s t s c u t i c l e formation by i n h i b i t i n g m i t o c h o n d r i a l r e s p i r a t i o n i n 
a manner l i k e some r e s p i r a t o r y c h a i n i n h i b i t o r s and u n c o u p l i n g 
agents (67). Whether o x i d a t i v e enzymes t h a t t a n the c u t i c l e a r e 
a l s o i n h i b i t e d i s unknown. A number of 1 , 5 - d i s u b s t i t u t e d imidazoles 
e x h i b i t a n t i j u v e n i l e hormone a c t i v i t y , which can be c o u n t e r a c t e d by 
j u v e n i l e hormone (68,69). One of these apparently i n h i b i t s ecdysone 
s y n t h e s i s by the p r o t h o r a c i c glands of B. mori i n v i t r o w i t h an ID 
=1 nM ( 7 1 ) . The s t r u c t u r e of some of t h e s e i m i d a z o l e compounds 
resembles t h a t of the c a r b o n - n i t r o g e n c r o s s - l i n k s t r u c t u r e i n M. 
s e x t a p u p a l c u t i c l e , which i n v o l v e s a h i s t i d i n e r e s i d u e ( 2 4 ) . 
C e r t a i n h i n d e r e d p h e n o l s are compounds t h a t are h i g h l y t o x i c to 
D i p t e r a (70,72,73). One of the d i - t e r t - b u t y l p h e n o l i c d e r i v a t i v e s , 
MON-0585, a p p a r e n t l y i n t e r f e r e s w i t h s c l e r o t i z a t i o n of mosquito 
c u t i c l e by i n h i b i t i n g a r y l a t i o n of c u t i c u l a r p r o t e i n s with quinonoid 
d e r i v a t i v e s which r e s u l t s i n malfunctions of the breathing tubes of 
the pupae ( 7 4 , 7 5 ) . There are o t h e r a n t i c u t i c l e i n s e c t i c i d e s 
i n c l u d i n g dopa d e c a r b o x y l a s e i n h i b i t o r s , that have been reviewed 
p r e v i o u s l y by Chen and Mayer (57) and Kramer and Koga (38). 

Concluding Remarks 

I n s e c t c u t i c l e s e r v e s b o t h as an e x o s k e l e t o n and s k i n . I t i s a 
h i g h l y evolved, m u l t i f u n c t i o n a l , s u p r a m o l e c u l a r system t h a t i s i n 
l a r g e part r e s p o n s i b l e f o r the great success of i n s e c t s i n a c h i e v i n g 
f l i g h t over 300 m i l l i o n y e a r s ago and d o m i n a t i n g the t e r r e s t r i a l 
e n vironments of the e a r t h i n b o t h d i v e r s i t y and numbers. T h i s 
unique s t r u c t u r e a l s o o f f e r s a c h a l l e n g i n g d i v e r s i t y of r e s e a r c h 
problems f o r understanding how i n s e c t s p e r i o d i c a l l y s ynthesize the 
component m o l e c u l e s and assemble and s t a b i l i z e t h e s e i n t o t h e 
f i n i s h e d exoskeleton during each molt. Although aspects of c u t i c l e 
s y n t h e s i s and degradation have been e x t e n s i v e l y r e s e a r c h e d , l i t t l e 
i s known about the r e g u l a t i o n and g e n e t i c s of m a c r o m o l e c u l a r 
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182 BIOTECHNOLOGY FOR CROP PROTECTION 

m e t a b o l i s m , o r i e n t a t i o n and i n t e r a c t i o n s . Many d i f f i c u l t i e s have 
been encountered i n the s t u d y of c u t i c l e m e t a b o l i s m , c h i e f among 
them b e i n g the l a b i l i t y of c u t i c u l a r o x i d a t i v e enzymes and r e a c t i v e 
metabolic i n t e r m e d i a t e s , as w e l l as the i n t r a c t a b l e a r c h i t e c t u r e of 
the c u t i c l e . The r o l e o f m o l t i n g f l u i d i n r e c y c l i n g c u t i c u l a r 
components i s a l s o poorly understood. S i g n i f i c a n t progress has been 
made r e c e n t l y on e l u c i d a t i n g the nature of carbon-nitrogen c r o s s 
l i n k s and reactants w i t h the newer p r o c e d u r e s of s o l i d s t a t e NMR, 
e l e c t r o c h e m i s t r y and h i g h performance l i q u i d chromatography. The 
importance of N-acylated catecholamines, such as NADA and NBAD, i n 
c u t i c l e morphogenesis i s now b e t t e r u n d e r s t o o d (37) and t h e i r 
d e t e c t i o n i n n e u r a l t i s s u e s u g g e s t s a d d i t i o n a l r o l e s i n n euro
physiology (76,77, Krueger et a l . unpublished). We know very l i t t l e 
about the nature of carbon-carbon and carbon-oxygen c r o s s - l i n k s i n 
c u t i c l e . Much more needs to be learned about how i n s e c t s p r e c i s e l y 
r e g u l a t e s y n t h e s i s and s e c r e t i o n of c u t i c u l a r components i n 
sync h r o n y w i t h the m o l t i n g c y c l e and a l s o the r o l e of the nervous 
and hormonal systems i n t h i s r e g u l a t i o n . The c u t i c l e and i t s 
o v e r a l l r e g u l a t i o n o f f e r a v a r i e t y of t a r g e t s f o r s e l e c t i v e c o n t r o l 
of i n s e c t pests and a number of these approaches have a l r e a d y been 
e x p l o i t e d w i t h some s u c c e s s . The p o t e n t i a l of developing b e t t e r 
m i c r o b i a l or chemical products as a n t i c u t i c l e i n s e c t i c i d e s appears 
t o be s u b s t a n t i a l . As academic, g o v e r n m e n t a l and i n d u s t r i a l 
researchers c o n t i n u e t o e l u c i d a t e the n o v e l f e a t u r e s of c u t i c l e 
s t r u c t u r e and f u n c t i o n , many new o p p o r t u n i t i e s w i l l undoubtedly 
become a v a i l a b l e f o r s e l e c t i v e d i s r u p t i o n of i n s e c t development. 
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Chapter 13 

Mechanisms of Immunity in Drosophila 
and Mediterranean Fruit Flies 

John H. Postlethwait1, Stephen Saul2, Mark Robertson1, Dale Grace1, 
Kristie Abrams1, and Ellie Brandenburg1 

1Department of Biology and Institute of Molecular Biology, 
University of Oregon, Eugene, OR 97403 

2Department of Entomology, University of Hawaii, Honolulu, HI 96827 

Fly blood does not normally contain substances that 
kill bacteria, but flies inoculated with bacteria 
rapidly accumulate antibacterial proteins (ABs) in 
their blood. Wild type Drosophila have at least three 
different antibacterial proteins based on isoelectric 
points. Genetic variants identify structural genes for 
these antibacterial proteins. A DNA sequence that can 
encode a conserved portion of moth and fleshfly 
antibacterial proteins has been used to synthesize a 
complementary oligonucleotide probe. This probe 
recognizes a messenger RNA that appears in the fat 
body of Drosophila and Medflies only after they have 
been inoculated with bacteria. Bacteria-sensitive 
lethal mutations were induced to identify genes 
necessary for flies to survive a bacterial infection. 
These studies lay the foundation for developing 
strategies to control pest insect populations by 
interfering with the functioning of their immune 
systems. 

There are more species of i n s e c t s than a l l other animal groups 
combined. While many f a c t o r s contribute to t h i s enormous success, i t 
would not have happened i f i n s e c t s could not vig o r o u s l y combat 
pathogens. The immune system of i n s e c t s can recognize and eliminate 
b a c t e r i a , f u n g i , and metazoan p a r a s i t e s . From a small number of 
l a b o r a t o r i e s , s u b s t a n t i a l information has been generated to help 
understand how the immune system works to p r o t e c t i n s e c t s . Published 
work shows that although the immune systems of i n s e c t s lack 
important features of vertebrate immune systems, such as lymphocytes 
and immunoglobulins, both c e l l u l a r and humoral f a c t o r s play a r o l e 
i n the i n s e c t defense system, as they do i n vertebrates (1). 

Insect c e l l u l a r defense reactions involve phagocytosis of 
b a c t e r i a or fungi (2,3) and encapsulation of f o r e i g n objects by a 
lay e r of blood c e l l s to s e a l the invader from the hemolymph 
(4,5). Humoral immunity i n some Diptera involves a phenoloxidase-
based humoral encapsulation r e a c t i o n (6,7), and i n many types of 

0097-6156/88/0379-0186$06.00/0 
© 1988 American Chemical Society 
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13. POSTLETHWAIT ET AL. Mechanisms of Immunity in Fruit Flies 187 

i n s e c t s i n d u c i b l e a n t i b a c t e r i a l f a c t o r s that are generated by 
b a c t e r i a l i n f e c t i o n (see f o r review r e f . 8-10). 

This communication reports studies on the humoral a n t i b a c t e r i a l 
response i n Drosophila and C e r a t i t i s c a p i t a t a , the Mediterranean 
f r u i t f l y . The goal of our work i s to understand the molecular 
mechanisms that p r o t e c t f l i e s from b a c t e r i a l i n f e c t i o n . Here we 
examine three questions: 1) What genes encode a n t i b a c t e r i a l 
proteins? 2) Does the a n t i b a c t e r i a l response involve the 
accumulation of new messenger RNAs? And 3), what genes are necessary 
to survive a b a c t e r i a l attack? Answers to these questions w i l l help 
us to determine the p o t e n t i a l of b l o c k i n g the immune system to 
c o n t r o l populations of i n s e c t pests. 

M a t e r i a l s and Methods 

Drosophila melanogaster (Oregon R), Drosophila simulans (st pe), 
Drosophila mauritiana (wild type), C e r a t i t i s c a p i t a t a (Mediterranean 
f r u i t f l y or Medfly), Dacus cucurbitae (melon f l y ) , and Dacus 
d o r s a l i s ( O r i e n t a l f r u i t f l y ) were c u l t u r e d by standard methods. 
The Cy/Pm;D/Sb stock of Drosophila melanogaster we c a l l here Cu; 
At and Am are the w i l d type stocks A t l 8 and Amherst. 

Animals were i n o c u l a t e d with Enterobacter cloacae and 
hemolymph was c o l l e c t e d as described (11,12). Hemolymph pr o t e i n s 
were separated by i s o e l e c t r i c focusing (IEF) on LKB PAG p l a t e s at 
pH 3.5-9.5 according to the manufacturers i n s t r u c t i o n s . To detect 
a n t i b a c t e r i a l a c t i v i t y a f t e r IEF, the e l e c t r o p h o r e t i c p l a t e s were 
o v e r l a i d with phosphate bu f f e r e d LB agar seeded with E^ c o l i 
s t r a i n D31. The a n t i b a c t e r i a l f a c t o r s d i f f u s e d from the IEF p l a t e 
i n t o the b a c t e r i a - c o n t a i n i n g overlay thus b l o c k i n g b a c t e r i a l 
growth and r e v e a l i n g bands of a c t i v i t y (13). 

T o t a l RNA was c o l l e c t e d by the l i t h i u m c h l o r i d e / u r e a method 
(14), separated on agarose ge l s and t r a n s f e r r e d to n i t r o c e l l u l o s e 
f i l t e r s (15) . The probe was end-labeled (16) and h y b r i d i z e d to the 
f i l t e r s . 

Mutants were screened by mutagenizing males with 4000 R of 
gamma-rays and mating them to y ν attached-X females. The Gl males 
were mated again to the attached-X females to avoid mosaics and the 
G2 males were i n d i v i d u a l l y mated to attached-X females. Five G3 sons 
of each i n d i v i d u a l G2 male were ino c u l a t e d with 0.1 m i c r o l i t e r s of 
an overnight c u l t u r e of E s c h e r i c h i a c o l i A-585. Three days l a t e r 
l i n e s were scored f o r s u r v i v a l . Lines i n which 4 or 5 of the G3 
males had died were r e t e s t e d to confirm that they were b a c t e r i a -
s e n s i t i v e l e t h a l mutations. 

Results 

Genes S p e c i f y i n g A n t i b a c t e r i a l P r o t e i n S t r u c t u r e . Adult f l i e s and 
larvae of Drosophila and C e r a t i t i s do not normally contain i n t h e i r 
blood p r o t e i n s t h a t s p e c i f i c a l l y k i l l b a c t e r i a . However, when animals 
are i n o c u l a t e d with Enterobacter cloacae, potent a n t i b a c t e r i a l 
a c t i v i t y appears i n the blood (11,12,17,18). A n t i b a c t e r i a l a c t i v i t y 
i s detected i n the blood of a d u l t Drosophila melanogaster f l i e s 
w i t h i n two hours a f t e r i n o c u l a t i o n , and i s s t i l l detectable s i x t y 
days l a t e r (11). I n v e s t i g a t i o n of t h i s a c t i v i t y by i s o e l e c t r i c 
focusing reveals s e v e r a l blood p r o t e i n s with a n t i b a c t e r i a l a c t i v i t y 
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188 BIOTECHNOLOGY FOR CROP PROTECTION 

(ABs) i n c l u d i n g one n e u t r a l and se v e r a l b a s i c forms ( F i g . 1). ABs i n 
Drosophila, C e r a t i t i s , and two species of Dacus d i s p l a y d i f f e r e n t 
patterns of i s o e l e c t r i c p o i n t s . These r e s u l t s show that the immune 
systems of these f l i e s share some ba s i c s i m i l a r i t i e s . 

To i d e n t i f y genes a f f e c t i n g the s t r u c t u r e of the ABs, we have 
searched f o r genetic v a r i a n t s that a l t e r a n t i b a c t e r i a l p r o t e i n 
s t r u c t u r e . We f i r s t looked at a number of Drosophila species c l o s e l y 
r e l a t e d to Drosophila melanogaster and found that D^ simulans has two 
major AB forms resolved by i s o e l e c t r i c focusing, while the s i b l i n g 
species D^ mauritiana has four major forms, only one of which 
comigrates with an AB from D^ simulans ( F i g . 2). We mated D. 
mauritiana to D^ simulans i n r e c i p r o c a l crosses and t e s t e d the 
o f f s p r i n g ( F i g . 2). The F l heterozygous females have f i v e forms, a 
sum of the forms of both species. This co-dominant expression 
suggests that the genetic v a r i a n t s a f f e c t the s t r u c t u r a l genes, since 
i f the v a r i a n t s involved genes f o r p o s t - t r a n s l a t i o n a l p r o t e i n -
modifying enzymes, we would have expected the pa t t e r n of one of the 
species to be dominant. 

Having found genetic v a r i a t i o n f o r AB s t r u c t u r e i n s i b l i n g 
species, we screened n a t u r a l populations of D^ melanogaster to 
i d e n t i f y i s o e l e c t r i c focusing v a r i a n t s w i t h i n the species. So f a r we 
have i d e n t i f i e d four genotypes with v a r i a n t s of AB s t r u c t u r e ( F i g . 
3). Stock At contains only AB8.7 and AB9.1, while stock Am has only 
AB7.1. The w i l d stock Oregon R has a l l three spots. Stock Cu lacks 
a l l three a n t i b a c t e r i a l p r o t e i n s found i n w i l d type but has a novel 
band at pI7.6. In a d d i t i o n , stock Cu i s quite s e n s i t i v e to i n f e c t i o n . 
We are c u r r e n t l y mapping these mutations to i d e n t i f y the chromosomal 
l o c a t i o n of genes that a f f e c t AB s t r u c t u r e . 

Immune-specific mRNA. While genetic variants identify some 
antibacterial genes, specif ic mRNAs that become abundant only after 
a bacterial infection may identify others. To study the expression 
of genes whose act iv i ty is dependent upon bacterial infection and to 
isolate cloned copies of antibacterial genes, we designed a probe 
for Drosophila AB genes from a portion of sarcotoxins, antibacterial 
proteins from the flesh f l y (19,20) that show homology to the 
cecropin family of ABs from Saturnid moths (21,22) (Table I) . 

We obtained two non-overlapping pools of oligonucleotides 17 
bases long corresponding to the two sequences at the bottom of Table 
I to test as immune-specific probes. Pool #1 corresponded to the 
sarcotoxin sequence and Pool #2 corresponded to the cecropin 
sequence. Two day old adult male Drosophila were inoculated with 
Enterobacter cloacae and their RNA was extracted either 11 hours or 
30 hours after inoculation. Total RNA was separated by 
electrophoresis and blotted to nitrocel lulose. The blot was 
hybridized to end-labelled oligonucleotide probe. The results showed 
that oligonucleotide Pool #1 recognizes a major transcript band that 
is specif ic for inoculated animals (Fig. 4). In addition the probe 
recognizes one small and one large transcript that are present in 
lesser quantities in both control and immune animals. The ethidium 
bromide stained gel (Fig. 4) shows that approximately equal amounts 
of RNA were loaded in each lane. Parallel blots probed with Pool #2 
did not show any immune-specific RNAs. We conclude that genes 
closely related to this part of the flesh f l y sarcotoxin gene are 
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13. POSTLETHWAIT ET AL. Mechanisms of Immunity in Fruit Flies 189 

Figure 1. D i f f e r e n t species of f l i e s have d i f f e r e n t patterns of 
a n t i b a c t e r i a l a c t i v i t y a f t e r i s o e l e c t r i c focusing. Dro, 
Drosophila melanogaster; Med, C e r a t i t i s c a p i t a t a ; Mel, Dacus 
cucurbitae; Dor, Dacus d o r s a l i s . A n t i b a c t e r i a l p r o t e i n s (ABs) 
are l a b e l e d according to t h e i r i s o e l e c t r i c p o i n t s .  P
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190 BIOTECHNOLOGY FOR CROP PROTECTION 

Figure 2. Genetic v a r i a n t s detected by i s o e l e c t r i c focusing are 
expressed codominantly. sim/sim, homozygous Drosophila simulans 
females; sim/ma , female o f f s p r i n g of D^ simulans females mated 
to D^ mauritiana males; ma /sim, female o f f s p r i n g of D. 
mauritiana females mated to simulans males; ma /ma , 
homozygous EK_ mauritiana females. A c t i v i t y bands are numbered 
a r b i t r a r i l y at the s i d e s . 
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13. POSTLETHWAIT ET AK Mechanisms of Immunity in Fruit Flies 191 

Figure 3. Genetic v a r i a n t s detected by i s o e l e c t r i c focusing i n 
various stocks of Drosophila melanogaster.  P
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192 BIOTECHNOLOGY FOR CROP PROTECTION 

Table I. The Oligonucleotide Pool 

Polypeptide Sequence 

Sarcotoxin IA GWLKKIGKKIERVGQHTRDATIQGLGIAQQAANVAATAR 
Sarcotoxin IB VI-V (- = same as 
Sarcotoxin IC R V top row) 
Cecropin A K-KLF Κ NI—G11KAGP AVA WGGATQIAK 
Cecropin Β K-KVF KM-RNI-NGIVKAGPAIAVLGEAKAILS 
Cecropin C -NPF -EL-K RV WSAGPAVATVAQATALAK 
Consensus KKIERV 

Κ 

Sequence chosen K K I E R V 
Κ 

Lys Lys I l e Glu Arg V a l 
Codons AAG/A AAG/A AUU/C GAA/G CGN GU 

(AUA) AGA/G 
Lys 
AAG/A 

Pool #1 Pool #2 
5' AC ACG CTC AAT CTT CTT 3' 5 1 AC ATT CTC AAT CTT CTT 3' 

C G Τ T CC T G Τ T 
T T 

abundantly expressed in immune but not in control f l i e s . We cannot 
yet correlate this message with a specif ic antibacterial protein. 

To determine what ce l ls make the immune-specific RNA we 
inoculated mid-third instar Drosophila larvae with bacteria and six 
hours later dissected them into fat bodies and fat body-free carcass. 
Total RNA was col lected, separated by electrophoresis, transfered to 
nitrocel lulose, and probed with labelled Pool #1 oligonucleotide. The 
results showed (Fig. 5) that intact inoculated larvae accumulate the 
immune-specific transcript while intact control larvae do not. The 
tissue dissection experiment showed that fat body ce l ls of inoculated 
larvae contain transcripts homologous to the immune-specific probe, 
but the carcass does not. We conclude that fat body cel ls in 
Drosophila larvae accumulate a transcript that has homology to 
sarcotoxin when they have been inoculated with bacteria. We are 
currently cloning the responsible immune gene. 

What Genes Are Necessary to Survive a Bacterial Infection? One 
strategy for learning how the immune system works is to identify 
genes that are necessary for proper functioning of the antibacterial 
immune system and to learn what these genes do to enable the f l y to 
resist infection. Mutations in genes necessary for surviving a 
bacterial infection should result in animals that die when infected 
with bacteria at a dose that normal animals would survive. To find 
bacteria-sensitive lethal mutations we mutagenized males with gamma 
rays and set up lines from individual males bearing mutagenized X-
chromosomes. Each l ine was tested for i ts ab i l i ty to survive a 
bacterial injection by injecting bacteria into 5 males for each l ine 
and scoring for survivors. More than 62,000 males from over 12,000 
lines have been individually injected with bacteria and tested for 
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POSTLETHWAIT ET AL Mechanisms of Immunity in Fruit Flies 193 

Figure 4. The o l i g o n u c l e o t i d e recognizes an immune-specific 
t r a n s c r i p t . melanogaster were inoculated with b a c t e r i a or 
l e f t as c o n t r o l s and incubated f o r 11 or 30 hours as i n d i c a t e d . 
RNA was c o l l e c t e d and separated on the g e l shown at the r i g h t 
s t a i n e d with ethidium bromide and then h y b r i d i z e d to the 
o l i g o n u c l e o t i d e probe i n a northern b l o t on the l e f t . 

Figure 5. Drosophila f a t body c e l l s accumulate immune-specific 
RNA. Drosophila larvae were inoculated with b a c t e r i a and s i x 
hours l a t e r RNA was extracted from e i t h e r whole la r v a e , from f a t 
body, or from the carcasses minus f a t body. These RNAs were 
separated on the g e l shown on the r i g h t s t a i n ed with ethidium 
bromide, then northern b l o t t e d and probed with the 
o l i g o n u c l e o t i d e on the l e f t . 
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194 BIOTECHNOLOGY FOR CROP PROTECTION 

survival , and 10 X-linked bacteria-sensitive lethal (b§l) l ines have 
been established. Table II presents data for three of the mutants. 

Table II. Characteristics of Some Bacterial Sensitive Lethal Mutants 

Dead/inoculated Isoelectric focusing bands 
Inhibition 

Genotype 1st 2nd 3d 4th zone assay 7.1 7.6 8.7 9.0 

bsl-4 4/5 4/5 4/5 5/5 +/- + + + + 

bsl-6 5/5 4/5 5/5 5/5 ++ + - + + 

bsl-9 5/5 4/5 5/5 5/5 + + + + + 

Wild 0/5 0/5 0/5 0/5 + + - + + 

Although we have just begun to study the bsl mutants, they have 
already given us an important and unexpected result . None of the 
mutants so far studied are tota l ly lacking humoral antibacterial 
act iv i ty . In fact , bs!6 has greater than normal act iv i ty when 
inoculated with autoclaved bacteria. Another surprising finding was 
that some bsls have normal IEF patterns but others have an extra 
band at pI7.6 (Fig. 6). We do not yet know i f this extra band is 
related to the bacteria-sensitive phenotype. 

From our bacteria sensitive lethal mutations we can make the 
surprising conclusion that the presence of ABs detected after 
overlaying an isoelectr ic focusing gel with bacteria is insuff ic ient 
for a f l y to survive a bacterial attack. Therefore, at least some of 
our bsl mutations identify genes required for surviving a bacterial 
infection that are independent of the ABs. We hypothesize that the 
necessary function identif ied by the bs l mutants is a ce l lu lar immune 
function, perhaps phagocytosis of bacteria. 

The result that bsl mutations are not missing ABs made us 
wonder i f the ABs play any role in resistance to bacterial 
infection. To answer this question, we inoculated bsl-6 and bsl-4 
f l i es with a sub-lethal dose of E. col i D31 bacteria to stimulate 
the production of ABs without causing a lethal infect ion, and 48 
hours later challenged them by injecting a lethal dose of Ê  co l i 
A585 bacteria. We found that immunized mutants survived, while 
unimmunized mutants died from the bacterial infection. Thus, we 
conclude that these bsl mutants lack a function that is necessary 
for naive animals to surmount a bacterial infection (perhaps a 
cel lu lar function l ike phagocytosis), but which is unnecessary in 
immunized animals (presumably because immunized f l i e s possess ABs 
which k i l l the bacteria). 

Discussion 

The results of these experiments 1) provide genetic variants for 
genes that control the structure of antibacterial proteins; 2) show 
that specif ic RNAs accumulate after a bacterial infection; and 3) 
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POSTLETHWAIT ET AK Mechanisms of Immunity in Fruit Flies 

Figure 6. B a c t e r i a - s e n s i t i v e l e t h a l mutants are i n d u c i b l e f o r 
a n t i b a c t e r i a l p r o t e i n s . 
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196 BIOTECHNOLOGY FOR CROP PROTECTION 

provide mutations i n genes whose a c t i v i t y i s necessary to r e s i s t a 
b a c t e r i a l i n f e c t i o n . 

Mapping the i s o e l e c t r i c focussing v a r i a n t s w i l l determine the 
cytogenetic l o c a t i o n of each AB. This w i l l allow us to c o r r e l a t e 
i n d i v i d u a l AB p r o t e i n s to cloned copies of AB genes which we are 
c u r r e n t l y i s o l a t i n g and to design screens f o r mutations i n each AB 
gene. I f we are able to make mutations i n i n d i v i d u a l AB genes, then 
we w i l l be able to assess the phenotype of a f l y that i s g e n e t i c a l l y 
l a c k i n g each AB p r o t e i n , and hence l e a r n the p h y s i o l o g i c a l 
s i g n i f i c a n c e of each AB p r o t e i n . 

A p o t e n t i a l p r a c t i c a l outcome of research on i n s e c t immune 
systems would be the design of e f f e c t i v e s t r a t e g i e s to regulate 
populations of i n s e c t pest species by e l i m i n a t i n g t h e i r a n t i b a c t e r i a l 
immune systems. To evaluate the l i k e l i h o o d that such a strategy would 
be e f f e c t i v e , we must f i r s t determine i f i n s e c t s that lack an immune 
system w i l l be s u s c e p t i b l e to n a t u r a l l y o c c u r r i n g m i c r o b i a l pathogens 
(as are people who lack an immune system). Recombination between 
Drosophila stocks reported here should provide animals that are 
g e n e t i c a l l y l a c k i n g the a b i l i t y to make any of the a n t i b a c t e r i a l 
p r o t e i n s detectable by i s o e l e c t r i c focusing. We could then determine 
the s u s c e p t i b i l i t y of these immune-crippled f l i e s to b a c t e r i a l 
pathogens, and hence t e s t the p o t e n t i a l e f f e c t i v e n e s s of an a n t i -
immune strategy f o r i n s e c t c o n t r o l . Since the r e s u l t s reported here 
demonstrate s i m i l a r i t i e s i n the immune systems of Drosophila and 
T e p h r i t i d f r u i t f l y pests, the r e s u l t s should be ge n e r a l i z a b l e from 
the laboratory species to the a g r i c u l t u r a l pests. 

The immune system of Drosophila seems to have two main 
subsystems, one i n v o l v i n g the a n t i b a c t e r i a l p r o t e i n s and the other 
i d e n t i f i e d by b a c t e r i a - s e n s i t i v e l e t h a l mutations. The humoral 
subsystem r e s u l t s i n the production of d i f f u s i b l e a n t i b a c t e r i a l 
p r o t e i n s of at l e a s t three species. Stock Cu, which lacks the ABs 
found i n w i l d type Drosophila and which i s correspondingly more 
s e n s i t i v e to i n f e c t i o n , blocks a pa r t of t h i s subsystem. That the ABs 
do help f l i e s to survive b a c t e r i a l i n f e c t i o n s was shown by inducing 
ABs to appear i n b s l mutants by i n j e c t i o n of dead b a c t e r i a and then 
f i n d i n g that the in o c u l a t e d mutants would survive an otherwise l e t h a l 
i n j e c t i o n of l i v e b a c t e r i a . E v i d e n t l y i n o c u l a t i o n induces processes 
(perhaps s e c r e t i o n of ABs) that can overcome the d e f i c i e n c y i n the 
b s l mutations. S i m i l a r experiments showed that i n o c u l a t i o n p r o t e c t s 
l o c u s t s from a l e t h a l dose of b a c t e r i a (19). 

Some of the ABs may have s t r u c t u r a l homology to a n t i b a c t e r i a l 
p r o t e i n s i s o l a t e d from the f l e s h f l y (20,21) since an o l i g o n u c l e o t i d e 
probe that can encode a p o r t i o n of the sarcotoxin p r o t e i n recognizes 
an immune-specific RNA i n Drosophila f a t body c e l l s , the c e l l u l a r 
o r i g i n of D r o s o p h i l a 1 s ABs (unpubl.). The in d u c t i o n mechanism must 
work r e l a t i v e l y r a p i d l y since we found immune-specific RNA i n f a t 
body c e l l s w i t h i n 6 hours a f t e r i n o c u l a t i o n . Because of i t s homology 
to sarcotoxin, we assume that the immune-specific t r a n s c r i p t detected 
by the o l i g o n u c l e o t i d e probe encodes an a n t i b a c t e r i a l p r o t e i n . 

Another subsystem of the immune response i s blocked by our 
current b s l mutations. Since these mutants are unable to r e s i s t 
b a c t e r i a l i n f e c t i o n but nevertheless contain i n d u c i b l e ABs, t h i s 
subsystem i s at l e a s t p a r t i a l l y independent of the ABs. We suspect 
from work with Drosophila (24-26) and other species (2,3) that t h i s 
subsystem i s the c e l l u l a r immune system. 
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13. POSTLETHWAIT ET AL. Mechanisms of Immunity in Fruit Flies 197 

These data and those from other species suggest the following 
possible model for action of the immune system in Drosophila. When 
bacteria enter the animal, they are rendered nontoxix by a process we 
suspect is controlled by some of the bs l mutations; this process may 
be phagocytosis by hemocytes. Then in some way the blood cel ls signal 
the fat body that bacteria are present. In moths, this signal is 
bacterial cel l wall components (26). The activated fat body begins to 
transcribe genes for the ABs, genes we suspect are identif ied both by 
mutations in stocks At and Am and by the immune-specific 
oligonucleotide probe. After a few hours, the concentration of ABs 
begins to rise in the hemolymph to provide further prophylaxis. The 
model suggests that phagocytosis provides the i n i t i a l response, but 
one that might be overwhelmed by recurring bacterial infections, 
while the ABs provide a slower acting response that may destroy any 
surviving bacteria and prevent a second infection (10). Further 
analysis of the phenotypes of our current mutations and the induction 
of other bsl 's on other chromosomes wil l provide valuable tests of 
various aspects of this model. 

F inal ly , the current work provides bacteria-sensitive lethal 
mutations that point out pest control poss ib i l i t i es . Since bs l 
mutants die when injected with bacteria, they focus our attention 
directly on the immune steps at which the insect is particularly 
vulnerable. In future work we need to identify the ce l lu lar and 
molecular processes that are blocked by these mutations. If we could 
learn to a r t i f i c i a l l y interfere with an immune step that is blocked 
by a bs l , then an effective insecticide might be developed. Because 
of the demonstrated s imi lar i t ies in the antibacterial immune systems 
°f Drosophila melanogaster and f r u i t f l y pests, i t is hoped that such 
methods would lead to crop protection. 
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Chapter 14 

Molecular Genetic Approach to the Study 
of Target-Site Resistance 

to Pyrethroids and DDT in Insects 

Douglas C. Knipple, Jeffrey R. Bloomquist, and David M. Soderlund 

Department of Entomology, New York State Agricultural Experiment 
Station, Cornell University, Geneva, NY 14456 

The insect nervous system is the site of 
action of all major classes of insecticides 
currently in use, and as such is the site of 
insecticide resistance mechanisms that involve 
modified target sites. An altered voltage
-sensit ive sodium channel has been implicated 
as one of the mechanisms conferring resistance 
to pyrethroids and DDT. In this paper, the 
evidence providing the basis for our current 
understanding of this specific target site 
resistance mechanism will be summarized, and 
the need for molecular genetic approaches to 
its investigation will be discussed. Such 
approaches promise not only to enhance the 
implementation of rational resistance 
management strategies for compounds currently 
in use, but also to aid in the discovery and 
design of new compounds that act on other 
macromolecular targets. 

Insect pests continue to compete e f f e c t i v e l y for human 
food and fi b e r supplies and to act as important vectors 
of human disease despite extensive e f f o r t s to control 
them. Because the use of chemical i n s e c t i c i d e s i s at 
present our p r i n c i p a l weapon against d e l e t e r i o u s 
i n s e c t s , the s e l e c t i o n f o r s i g n i f i c a n t l e v e l s of 
i n s e c t i c i d e resistance i n many populations of insect 
pest species threatens to compromise current crop 
protection and disease prevention strategies. 

Our current understanding of insecticide resistance 
phenomena i n insects and other arthropods i s based upon 
genetic and biochemical evidence, which implicates a 
number of d i f f e r e n t mechanisms (JJ . These include 
metabolic mechanisms, which result i n enhanced rates of 
i n s e c t i c i d e d e t o x i c a t i o n or s e q u e s t r a t i o n of 
i n s e c t i c i d e , and also mechanisms i n v o l v i n g reduced 

0097-6156/88/Ό379-0199$06.00/0 
c 1988 American Chemical Society 
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200 BIOTECHNOLOGY FOR CROP PROTECTION 

i n s e c t i c i d e penetration of the insect c u t i c l e . Another 
class of resistance mechanism of p a r t i c u l a r concern, 
which i s the focus of t h i s paper, involves alterations 
of the neuronal targets of i n s e c t i c i d e action. Unlike 
some forms of metabolic r e s i s t a n c e , t a r g e t s i t e 
resistance can not be averted by the use of chemical 
synergists, and i t often confers cross-resistance to 
e n t i r e classes of i n s e c t i c i d e s , e f f e c t i v e l y negating 
t h e i r u s e f u l n e s s i n the c o n t r o l of r e s i s t a n t 
populations. 

Concept of Target S i t e Resistance. The term "nerve 
i n s e n s i t i v i t y resistance" has been used to describe 
resistance phenomena that appear to be i n t r i n s i c to the 
i n s e c t nervous system. This term i s u s e f u l , 
p a r t i c u l a r l y as i t r e l a t e s a l t e r a t i o n s of normal 
neurophysiological processes to resistance phenomena, 
but we suggest that "target s i t e resistance" i s the most 
appropriate term f o r d e s c r i b i n g these r e s i s t a n c e 
mechanisms. This term i s also s u f f i c i e n t l y general to 
be c o r r e c t l y a p p l i e d to describe r e s i s t a n c e to 
i n s e c t i c i d a l compounds that have as t h e i r primary s i t e s 
of action tissues other than the nervous system, such as 
the j u v e n i l e hormone analogue, methoprene (2.) . It 
r e l a t e s d i r e c t l y to the mode of i n s e c t i c i d e action, 
which involves a s p e c i f i c molecular i n t e r a c t i o n 
(binding) between a r e c e p t o r ( c e l l membrane 
macromolecule) and i t s ligand ( i n s e c t i c i d e molecule). 
Implicit i n t h i s concept i s that s t r u c t u r a l changes i n 
the macromolecular target s i t e or changes i n i t s 
membrane environment can r e s u l t i n a reduced binding 
a f f i n i t y , which i s manifested at the lev e l of the intact 
organism as resistance to the adverse p h y s i o l o g i c a l 
effects of the insecticide. 

A c e t y l c h o l i n e s t e r a s e (i.) , the GABA-
receptor/chloride ionophore complex (4-6), and the 
voltage-sensitive sodium channel (2) have been shown to 
be the macromolecular target s i t e s of the three major 
c l a s s e s of chemical i n s e c t i c i d e s : r e s p e c t i v e l y , 
organophosphorus and H-methylcarbamate compounds, 
cyclodienes, and pyrethroids and DDT. Reduced nerve 
s e n s i t i v i t y has been proposed as a mechanism of 
resistance for each of these classes of compounds i n 
several insect species (1). In the remainder of t h i s 
paper, we w i l l r e s t r i c t our attention to investigations 
of reduced nerve s e n s i t i v i t y to pyrethroids and DDT, and 
of the macromolecular complex implicated i n t h i s 
resistance, the voltage-sensitive sodium channel and i t s 
membrane environment. We w i l l b r i e f l y review the 
evidence suggesting modifications of t h i s important 
i n s e c t i c i d e target s i t e and discuss the development of 
s t r a t e g i e s for e l u c i d a t i n g the underlying molecular 
basis of the resistance to pyrethroids and DDT that 
these modifications are believed to confer. 
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14. KNIPPLEETAL. Target-Site Resistance to Insecticides 201 

Target Site Resistance to DDT and Pyrethroids i n the 
Housefly 
Reduced target s i t e s e n s i t i v i t y has been described as a 
mechanism of pyrethroid resistance i n several insect 
species. In the housefly, the resistance factor kdr 
(knockdown resistance) confers resistance to both the 
rapid p a r a l y t i c (knockdown) and l e t h a l actions of a l l 
pyrethroids tested to date, DDT, and DDT analogs (except 
carbinols) (£). Several a l l e l e s of kdr (including those 
designated super-kdr), which confer d i f f e r e n t levels of 
resistance to the above compounds, have been described 
and mapped g e n e t i c a l l y (9-1Q) . The involvement of 
target s i t e resistance i n kdr houseflies was suggested 
by the f a i l u r e of synergists to increase the t o x i c i t y of 
DDT and pyrethroids i n whole animal bioassays (j£) . More 
rigorous experiments showed that penetration and 
metabolism of [ 1 4C] -permethrin in two kdr strains was 
equivalent to a susceptible strain (11). 

E l e c t r o p h y s i o l o g i c a l studies have provided more 
d e f i n i t i v e evidence that the kdr mechanism l i e s at the 
l e v e l of the nervous system and i s therefore a target 
s i t e phenomenon. Reduced s e n s i t i v i t y of the housefly 
nervous system to the neuroexcitatory effects of DDT and 
pyrethroids has been demonstrated i n preparations of 
adult thoracic ganglia, adult motor neurons of the legs 
and i n d i r e c t f l i g h t muscles, l a r v a l neuromuscular 
junction, and l a r v a l sensory nerves (12-16). In each 
case, the appearance of abnormal nerve function i n 
preparations from kdr strains required longer periods of 
i n s e c t i c i d e exposure or higher concentrations than in 
equivalent preparations from susceptible f l i e s . These 
experiments established that the reduced s e n s i t i v i t y to 
pyrethroids and DDT i n kdr houseflies i s broadly 
d i s t r i b u t e d i n the nervous system and i s probably 
present throughout the course of development. 

Investigations into the molecular mechanism of 
knockdown resistance have been aided by studies of the 
e f f e c t s of pyrethroids on the nerve membrane action 
p o t e n t i a l . Action p o t e n t i a l s i n nerve c e l l s are 
generated by time and voltage-dependent i o n i c currents 
flowing through proteinaceous ion channels embedded i n 
the nerve membrane (12). The voltage-sensitive sodium 
channel plays a c e n t r a l r o l e i n the i n i t i a t i o n and 
maintenance of the depolarizing phase of the action 
p o t e n t i a l by conducting a transient inward current of 
sodium ions. Studies u t i l i z i n g a variety of vertebrate 
and invertebrate nerve preparations have shown that the 
p r i n c i p a l actions of DDT and pyrethroids are to modify 
transient and resting sodium currents, r e s u l t i n g either 
i n r e p e t i t i v e f i r i n g (Figure 1) or use-dependent nerve 
block depending on the compound and the nerve pathway 
inves t i g a t e d (JJL) . More d e t a i l e d experiments using 
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202 BIOTECHNOLOGY FOR CROP PROTECTION 

voltage and patch clamp techniques demonstrated that 
both of these effects are due to prolongation of sodium 
currents, presumably through s p e c i f i c interaction of the 
i n s e c t i c i d e s with the gating apparatus of the sodium 
channel (18-19). 

The sodium channel protein contains discrete but 
often interacting binding s i t e s for several classes of 
potent neurotoxins, including DDT and pyrethroids (20.) · 
Ion flux and binding experiments have demonstrated that 
six classes of compounds bind to d i s t i n c t s i t e s on the 
sodium channel (20-21). Because of t h e i r s p e c i f i c i t y , 
these compounds are u s e f u l as probes of the kdr 
mechanism. Resistance to the l i p o p h i l i c plant alkaloid, 
aconitine, in kdr houseflies has been shown in l a r v a l 
p a r a l y s i s b i o a s s a y s (Figure 2) (2_2J and i n 
neurophysiological experiments (23). In contrast, there 
was no resistance to the venom of the scorpion, Leiurus 
quinquestriatus, which contains toxic polypeptides that 
prolong sodium current i n a manner s i m i l a r to 
pyrethroids, nor to the channel blocker tetrodotoxin or 
the l o c a l anesthetic procaine (22.) · These findings 
suggest the s p e c i f i c m o d i f i c a t i o n of two d i s t i n c t 
receptor s i t e s on the sodium channel molecule i n kdr 
houseflies. 

Three hypotheses have been put f o r t h as 
explanations of the underlying mechanism of reduced 
neuronal s e n s i t i v i t y associated with the kdr phenotype. 
One of these i s based on evidence that kdr s t r a i n s 
possess neuronal membranes with fewer numbers of sodium 
channels (24-25) . It has been proposed that t h i s 
reduction i n sodium channel number i s s u f f i c i e n t to 
explain the kdr phenotype (2Â) · However, Lund and 
Narahashi (21) determined that modification of less than 
1% of the sodium channel population w i l l achieve 
poisoning at the l e v e l of the nerve. Given t h i s low 
e f f e c t i v e l e v e l of receptor occupancy, we have 
calculated that even a 50% reduction i n binding s i t e 
number with no a l t e r a t i o n in binding a f f i n i t y can only 
confer about two-fold resistance (data not shown). 
Neurophysiological assays of nerves from kdr f l i e s have 
shown that at l e a s t a t e n f o l d higher p y r e t h r o i d 
concentration i s required to produce disruption of 
nerve a c t i v i t y e q u ivalent to that obtained i n 
preparations from s u s c e p t i b l e i n s e c t s . A second 
hypothesis proposed by Chiang and Devonshire (23.) i s 
that reduced neuronal s e n s i t i v i t y to pyrethroids i s due 
to a l t e r a t i o n s i n the f l u i d i t y of the nerve membrane. 
This hypothesis i s based on studies that c l e a r l y 
demonstrate higher t r a n s i t i o n temperatures i n Arrhenius 
plots of a nerve membrane-associated enzyme a c t i v i t y 
from kdr s t r a i n s compared to a susceptible s t r a i n . 
Moreover, the inheritance of altered membrane f l u i d i t y 
was correlated with the inheritance of the kdr t r a i t . 
While these data provide a strong c o r r e l a t i o n between 
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KNIPPLE ET AL. Target-Site Resistance to Insecticides 203 

b a . 

COOCH,-

Fenfluthrln 

F i g u r e 1. Responses i n the house f l y 
dorsolongitudinal f l i g h t muscles to motor nerve 
stimulation. In this preparation, action potentials 
in the muscle f a i t h f u l l y r e f l e c t a c t i v i t y present in 
the motor neuron. (a) Control preparations respond 
to stimulation by f i r i n g a single muscle action 
potential. (b) Treatment with fenfluthrin i n i t i a t e s 
high frequency burst discharge from a sin g l e 
stimulus. 

100 

NAIDM kdr supeMcdr 

Strain 

Figure 2. Responses of three s t r a i n s of the 
housefly to single doses of deltamethrin and 
aconitine in a la r v a l paralysis bioassay. Paralysis 
was assessed 10 min. after treatment and was defined 
as the loss of a b i l i t y to perform a stereotypic 
curling movement. Resistance in the kdr and super-
kdr strains i s directed against both compounds. For 
each treatment group shown η = 60. The bar for 
deltamethrin i n super-kdr i s omitted because no 
paralysis was observed at dosages up to 20 μg/larva 
(n = 40). Data were taken from Ref. 22. 
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204 BIOTECHNOLOGY FOR CROP PROTECTION 

d e c r e a s e d membrane f l u i d i t y and r e s i s t a n c e , they do not 
e s t a b l i s h a c a u s a l r e l a t i o n s h i p . A t h i r d h y p o t h e s i s 
p r o p o s e d by S a l g a d o e t a l . (15) a s c r i b e s a l t e r e d 
p y r e t h r o i d and a c o n i t i n e s e n s i t i v i t y i n kdr h o u s e f l y 
s t r a i n s t o s t r u c t u r a l changes i n t h e sodium c h a n n e l 
m o l e c u l e . In an e f f o r t t o r e c o n c i l e t h i s h y p o t h e s i s 
w i t h t h e o b s e r v e d d e c r e a s e d membrane f l u i d i t y i n kdr 
h o u s e f l i e s , B l o o m q u i s t and M i l l e r (22.) p r o p o s e d t h a t 
membrane a l t e r a t i o n s c o u l d r e f l e c t a c o m p e n s a t o r y 
h o m e o s t a t i c mechanism, w h i c h p r e s e r v e s n o r m a l n e r v e 
f u n c t i o n s and i s a c h i e v e d t h r o u g h feedback r e g u l a t i o n . 
W h i l e t h i s h y p o t h e s i s i s c o n s i s t e n t w i t h t h e a v a i l a b l e 
d a t a , t h e r e i s a t p r e s e n t no d i r e c t e v i d e n c e f o r a l t e r e d 
sodium channel s t r u c t u r e i n r e s i s t a n t i n s e c t s . 

R e s i s t a n c e £_Ω ΏΏ1 and P y r e t h r o i d s i n Drosophila 
melanogaster 

T e m p e r a t u r e - s e n s i t i v e P a r a l y t i c M u t a n t s . B e h a v i o r a l 
mutants o f Drosophila melanogaster t h a t e x h i b i t n e r v e 
c o n d u c t i o n b l o c k a t n o n p e r m i s s i v e t e m p e r a t u r e s may a l s o 
be r e l e v a n t t o t h e s tudy o f t a r g e t s i t e r e s i s t a n c e t o 
DDT and p y r e t h r o i d s . A l t e r e d sodium c h a n n e l p r o p e r t i e s 
have been i m p l i c a t e d i n m u t a t i o n s o f f o u r l o c i : napts 
(no a c t i o n p o t e n t i a l ) ; parais ( p a r a l y s i s ) ; seits 
( s e i z u r e ) ; and tip-Ets ( t e m p e r a t u r e - i n d u c e d p a r a l y s i s , 
l o c u s E) (22.) . Of these mutant s t r a i n s , napts ±s o f 
p a r t i c u l a r i n t e r e s t because i t has been shown t o e x h i b i t 
a l t e r e d r e s p o n s e s t o some sod ium c h a n n e l - d i r e c t e d 
n e u r o t o x i n s . A d u l t napts f l i e s are r e s i s t a n t t o the 
a l k a l o i d n e u r o t o x i n v e r a t r i d i n e but h y p e r s e n s i t i v e t o 
t e t r o d o t o x i n when compared t o w i l d t y p e f l i e s i n 
t o x i c i t y b i o a s s a y s (2SI) / and p r i m a r y c u l t u r e s o f napts 
neurons a r e r e s i s t a n t t o t h e c y t o t o x i c e f f e c t s o f 
v e r a t r i d i n e in vitro Q l ) · H a l l (22) has a l s o r e p o r t e d 
t h a t napts f l i e s are r e s i s t a n t t o p y r e t h r o i d s , a l t h o u g h 
no data were p r e s e n t e d t o support t h i s c o n c l u s i o n . We 
have d e t e c t e d moderate r e s i s t a n c e t o d e l t a m e t h r i n i n 
napts a d u l t females ( F i g u r e 3) u s i n g a s u r f a c e c o n t a c t 
exposure method p r e v i o u s l y d e v e l o p e d f o r s t u d i e s o f DDT 
r e s i s t a n c e i n Drosophila (32.) . F u r t h e r e x p e r i m e n t s 
documented a s i m i l a r p a t t e r n o f r e s i s t a n c e t o t h e 
p y r e t h r o i d f e n f l u t h r i n , a n d p r e l i m i n a r y s u r v e y s 
comple ted t o date show r e s i s t a n c e t o a v a r i e t y o f o t h e r 
p y r e t h r o i d s and DDT (data not shown). Head membrane 
p r e p a r a t i o n s from napts f l i e s have a reduced number o f 
[ 3 H ] - s a x i t o x i n b i n d i n g s i t e s , which has been i n t e r p r e t e d 
as r e f l e c t i n g a lower d e n s i t y o f sodium channels i n the 
nerve membrane (22.) . H a l l and co-workers (29-30) have 
suggested t h a t a r e d u c t i o n i n sodium channe l number i s 
s u f f i c i e n t t o e x p l a i n t h e a l t e r e d r e s p o n s e t o 
v e r a t r i d i n e . T h i s i s a n a l o g o u s t o t h e h y p o t h e s i s 
advanced t o e x p l a i n the r e s i s t a n c e o f kdr h o u s e f l i e s t o 
p y r e t h r o i d s and DDT (2ϋ). 
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KNIPPLE ET AL. Target-Site Resistance to Insecticides 

0.05 0.5 5 
[Deltamethrin], μ&ί lask 

Figure 3. T o x i c i t y of deltamethrin to the 
susceptible Canton-S and temperature-sensitive napts 
strains of Drosophila melanogaster. Adult females 
were tested i n a surface contact bioassay at three 
dosages of deltamethrin applied to 50 ml Ehrlenmeyer 
flasks. A dosage of 0.05 μg/flask was near the LD50 
for Canton-S, but caused no mortality in the napts 
s t r a i n . At lOx and lOOx higher dosages, however, 
the t o x i c i t i e s were the same in both strains. For 
each treatment group shown η = 60.  P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
22

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
9.

ch
01

4



206 BIOTECHNOLOGY FOR CROP PROTECTION 

The pharmacological properties of mutants of the 
three other l o c i implicated i n sodium channel structure 
or processing are less well characterized than those of 
napts. Although the responses of parats f l i e s to 
veratridine intoxication are not known, parats neurons 
in culture exhibit moderate resistance to this compound 
at permissive temperatures and greater resistance at 
nonpermissive temperatures (31). The seits and tip-Ets 
mutations are also thought to involve alterations in 
sodium channel structure or function on the basis of 
t h e i r e f f e c t s on the number and a f f i n i t y of [ 3 H ] -
saxitoxin binding s i t e s . In both seits-l and tip-Ets f 

the number of [3H]-saxitoxin binding sites was reduced 
r e l a t i v e to those in wild type f l i e s , whereas seits-2 
showed a temperature-dependent increase i n the K D for 
[ 3H ] - s a x i t o x i n b i n d i n g (2Λ) . Further d e t a i l e d 
characterization of the resistance of these strains to 
sodium channel-specific compounds i s needed. In 
conducting these studies, i t w i l l be desirable to 
supplement surface contact bioassays with t o p i c a l 
applications of neurotoxins to individual f l i e s i n order 
to rule out a behavioral component of any resistance 
observed. 

Although i t i s tempting to ascribe the observed 
neurotoxin resistance in these strains to the mutations 
i s o l a t e d on the b a s i s of temperature-sensitive 
paralysis, there i s no direct evidence that the observed 
r e s i s t a n c e i s c o n f e r r e d v i a reduced neuronal 
s e n s i t i v i t y . To address this issue, we have developed a 
physiological preparation to observe the alteration of 
motor nerve output to the indirect f l i g h t muscles of 
adult Drosophila i n response to central nervous system 
s t i m u l a t i o n d u r i n g the course of i n s e c t i c i d e 
i n t o x i c a t i o n . This preparation, which i s based on 
similar studies of insecticide intoxicaton in houseflies 
(2A) and on studies of the f l i g h t motor pathway i n 
Drosophila (35), involves f i e l d stimulation of the brain 
or fused thoracic ganglion of immobilized adult f l i e s 
with a p a i r of wire electrodes. F l i g h t muscle motor 
nerve responses to these s t i m u l i are measured as 
excitatory postsynaptic potentials in the f l i g h t muscle 
using a recording microelectrode inserted through the 
dorsal thoracic c u t i c l e . The effects of the pyrethroid 
i n s e c t i c i d e f e n f l u t h r i n on t h i s pathway are 
indistinguishable from those observed i n the housefly 
(Figure 1). In untreated f l i e s , each stimulating pulse 
produced a single muscle action p o t e n t i a l , whereas in 
fenfluthrin-treated f l i e s each stimulus evoked a t r a i n 
of r e p e t i t i v e discharges in the motor nerve that were 
recorded as a series of muscle spikes. Current studies 
are directed at defining the latency and dose dependence 
of the f e n f l u t h r i n - i n d u c e d r e p e t i t i v e discharges. 
Preliminary results indicate that burst discharges occur 
with a longer latency i n the napts strain than in wild 
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14. KNIPPLEETAL. Target-Site Resistance to Insecticides 207 

type f l i e s (our unpublished data) . It w i l l also be of 
interest to document the responses of Drosophila strains 
to aconitine to see whether the mechanism(s) conferring 
resistance i n t h i s species discriminate between alkaloid 
neurotoxins as the kdr mechanism does i n Musca. These 
s t u d i e s are e s s e n t i a l to demonstrate a causal 
r e l a t i o n s h i p between neurotoxin resistance i n these 
s t r a i n s and reduced neurotoxin s e n s i t i v i t y of the 
nervous system. 

Insecticide Resistance i n Wild Drosophila Papulations. 
Besides the experimentally generated mutants implicated 
i n altered sodium channel function, wild populations of 
Drosophila melanogaster provide another p o t e n t i a l l y 
valuable resource for the i n v e s t i g a t i o n of Jcdr-like 
resistance phenomena. It has been known for more than 
three decades that Drosophila melanogaster i s able to 
develop resistance i n response to i n s e c t i c i d e pressure 
both i n the laboratory and i n the wi l d (36-39) . 
Although Drosophila i s not t y p i c a l l y a target of 
commercial i n s e c t i c i d e applications, i t s inadvertent 
exposure to them can be quite high i n the contexts of 
some agricultural ecosystems. For example, i n the apple 
and grape producing regions of western New York, where 
d i c o f o l (containing as much as 10% DDT as a process 
contaminant) has been perennially applied at high rates 
in orchards, strains of Drosophila melanogaster that are 
extremely resistant (more than 1000-fold) to DDT have 
been selected i n less than fiv e generations from f i e l d -
c o l l e c t e d f l i e s (22.) . The resistance phenotypes of 
these strains have been stably maintained i n culture, i n 
some cases for more than ten years without s e l e c t i o n 
pressure (T. Glover, personal communication, and our 
unpublished observations). 

Although the i d e n t i f i c a t i o n of m e t a b o l i c 
d e t o x i c a t i o n mechanisms i n t h i s species has been 
reported by several laboratories (40-42), there are no 
published reports d i r e c t l y demonstrating the existence 
of a kdr-like mechanism i n these or other w i l d 
Drosophila strains. Nevertheless, there i s no a priori 
reason to expect that the occurrence of an al t e r e d 
target s i t e of DDT and pyrethroids i n t h i s genetically 
highly polymorphic species i s improbable. A precedent 
for the genetic i s o l a t i o n of an al t e r e d target s i t e 
resistance mechanism i n Drosophila exists i n a s t r a i n 
of malathion resistant f l i e s , which was shown to possess 
an altered acetylcholinesterase (42-43). Since i t i s 
possible to clone readily any locus that can be mapped 
i n Drosophila, i t would be of obvious i n t e r e s t to 
isolate genetically a kdr-like resistance mechanism from 
this species. 
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208 BIOTECHNOLOGY FOR CROP PROTECTION 

Molecular Properties of the Voltaae-Sensitive Sodium 
Channel 

Because altered sodium channels have been implicated i n 
kdr and Jcdr-like resistance phenomena i n insects, basic 
research on the biochemistry and molecular biology of 
t h i s molecule, which plays a central r o l e i n normal 
processes of nervous e x c i t a t i o n i n animals, i s of 
immediate r e l e v a n c e . The r e s u l t s of recent 
investigations of the voltage-sensitive sodium channels 
of v e r t e b r a t e nerves and muscles have provided 
unprecedented insight into the structure of t h i s large 
and complex membrane macromolecule. Sodium channel 
components from e l e c t r i c eel electroplax, mammalian 
b r a i n , and mammalian s k e l e t a l muscle have been 
s o l u b i l i z e d and p u r i f i e d (for a recent review, see Ref. 
UL) . A large α subunit (ca. 2 60 kDa) i s a common 
feature of a l l p u r i f i e d channels; in addition, there i s 
evidence for two smaller subunits (βΐ and β2; 37-39 kDa) 
associated with the mammalian brain sodium channel and 
for one or two smaller subunits of s i m i l a r s i z e 
associated with muscle sodium channels. Reconstitution 
experiments with rat brain channel components show that 
incorporation of the α and βΐ subunits into phospholipid 
membranes i n the presence of brain l i p i d s or brain 
phosphatidylethanolamine i s s u f f i c i e n t to produce a l l of 
the functional properties of sodium channels in native 
membranes (4A) . Similar results have been obtained with 
p u r i f i e d rabbit muscle (4£) and eel electroplax (4iL) 
sodium channels. 

Knowledge of the primary structure of the sodium 
channel protein has been advanced by the i s o l a t i o n and 
sequencing of the gene encoding the α subunit of sodium 
channels from e l e c t r i c eel (47) and of homologous genes 
from the rat (J£) . Hydropathic analysis of the inferred 
amino acid sequence of the eel protein revealed the 
existence of four major i n t e r n a l l y repeated homology 
units, each of which contains six segments with discrete 
properties, with the central one being notable for the 
occurrence of four evenly spaced negatively charged 
c l u s t e r s of amino acids. This has l e d to the 
proposition of several detailed models, which attempt to 
correlate structural features with the known biochemical 
and biophysical properties of functional sodium channels 
(20r 47r 49-51) . These models predict a pseudosymmetrical 
arrangement i n the c e l l membrane of the four homologous 
domains, each comprising several membrane-traversing 
helices. The models also i d e n t i f y structural elements 
that are suggested to be involved i n the voltage-
sensitive gating of the channel, i t s inactivation, and 
cation s e l e c t i v i t y . Comparative sequence analysis of 
the genes from rat (4J2.) and more recently of a gene 
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14. KNIPPLE ET AL. Target-Site Resistance to Insecticides 209 

i s o l a t e d from Drosophila melanogaster (52) has revealed 
a high degree of evolutionary conservation, p a r t i c u l a r l y 
i n those regions of the protein implicated i n channel 
function. Interestingly, the Drosophila gene, which 
was isolated by homology to the eel sodium channel gene, 
maps to a cytogenetic locus (52) that i s d i s t i n c t from 
the four l o c i implicated i n sodium channel function 
described above. 

Comparative structural analysis of sodium channel 
genes has permitted the development of t e s t a b l e 
hypotheses concerning the neurotoxin r e c o g n i t i o n 
properties of the sodium channel p r o t e i n . However, 
s p e c i f i c elements of the deduced structure have not yet 
been d e f i n i t i v e l y c o r r e l a t e d with the molecular 
recognition of sodium channel-directed neurotoxins by 
discrete binding domains. It i s , thus, not possible at 
the present time to know which pharmacological 
properties are determined by the sodium channel protein 
per se and which are determined by interactions between 
i t and c r u c i a l features of i t s membrane environment. 
Clearly, i t w i l l be necessary to analyze the effects of 
s p e c i f i c modifications of sodium channel structure i n a 
defined membrane environment i n order to address these 
and other questions relating to sodium channel function. 

Several studies employing oocytes of the clawed 
frog, Xenopus laevis, for the in vitro t r a n s l a t i o n of 
sodium channel encoding mRNAs (53-55) suggest that t h i s 
experimental system may be p a r t i c u l a r l y useful toward 
th i s end. The biophysical properties of sodium channels 
expressed i n oocytes following i n j e c t i o n of rat brain 
mRNA were similar to those of sodium channels i n t h e i r 
native membrane environment, and were s p e c i f i c a l l y 
i n h i b i t e d by the sodium channel blockers tetrodotoxin 
and saxitoxin . Sodium channels encoded by mRNAs 
from rat ske l e t a l muscle and eel electroplax have also 
been expressed i n Xenopus oocytes (56-57). To date the 
expression of insect sodium channels i n the Xenopus 
oocyte has not been reported, but the u t i l i t y of t h i s 
system for the t r a n s l a t i o n and expression of insect 
a c e t y l c h o l i n e r e c e p t o r mRNA has r e c e n t l y been 
demonstrated (5JL) . Successful a p p l i c a t i o n of t h i s 
methodology to the expression of insect mRNAs encoding 
functional sodium channels offers a novel method to test 
some of the hypotheses for the molecular basis of the 
kdr mechanism. 

C o n c l u s i o n s 

Knowledge of the underlying molecular d e t a i l s of 
ins e c t i c i d e resistance mechanisms i s , at present, at a 
very preliminary stage. To date there i s only one case, 
i . e . , that of elevated carboxylesterase levels i n Culex 
quinquefasciatus r e s u l t i n g from gene a m p l i f i c a t i o n 
(iâ) / i n which a sp e c i f i c variation of a cloned gene has 
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210 BIOTECHNOLOGY FOR CROP PROTECTION 

been associated with an i n s e c t i c i d e r e s i s t a n c e 
mechanism. Even in this instance, the functional role 
of the elevated c a r b o x y l e s t e r a s e i n i n s e c t i c i d e 
detoxication has not been conclusively established. 
E l u c i d a t i o n of other resistance mechanisms at the 
molecular le v e l w i l l c l e a r l y require that the s p e c i f i c 
genes coding for gene products implicated in resistance 
mechanisms be i d e n t i f i e d and isolated. This task w i l l 
be most easil y accomplished in those systems where the 
l e v e l of genetic and biochemical knowledge for a given 
resistance phenomenon i s well developed. 

It i s important to note that the general features 
of the biochemistry of target s i t e resistance mechanisms 
are fundamentally d i f f e r e n t from those of metabolic 
resistance mechanisms. Generally, the protein products 
of genes involved in enhanced i n s e c t i c i d e metabolism 
tend to be present in high levels in the insect and are 
biochemically r e l a t i v e l y simple to assay by virtue of 
t h e i r enzymatic a c t i v i t i e s . In contrast, the target 
molecules of the three major classes of chemical 
insecticides are low abundance nerve membrane proteins, 
and t h e i r i d e n t i f i c a t i o n r e q u i r e s t e c h n i c a l l y 
sophisticated assays of is o l a t e d subcellular membrane 
fract i o n s , such as the binding of high s p e c i f i c i t y 
radiolabeled ligands or ion flux measurements. These 
features w i l l require the adoption of r a d i c a l l y 
d i f ferent strategies for the molecular cloning of the 
genes implicated in the target s i t e resistance category. 
With these considerations in mind, we expect that, i n 
general, molecular approaches d i r e c t e d toward the 
elucidation of metabolic resistance mechanisms w i l l be 
developed in the insect systems in which they occur and 
w i l l be based primarily on straightforward biochemistry. 
Because of the low abundance and functional complexity 
of the molecules implicated i n target s i t e resistance 
mechanisms, experimental approaches developed for their 
investigation w i l l be less direct and w i l l necessarily 
draw more heavily upon the most tec h n i c a l l y favorable 
experimental systems. 

Drosophila melanogaster provides a model insect 
system for such studies. It i s the insect species most 
widely studied by geneticists and molecular b i o l o g i s t s , 
owing to i t s ease of culture, a favorable genetic system 
with a legacy of decades of c l a s s i c a l genetic and 
c y t o g e n e t i c research, a small genome, and the 
a v a i l a b i l i t y of a procedure to i n t r o d u c e cloned 
sequences back into the germline (60). Among higher 
eukaryotes, i t s unparalleled integration of genetic and 
molecular approaches makes i t the system of choice for 
the i n v e s t i g a t i o n of many fundamental b i o l o g i c a l 
processes. Despite these advantages and the c l e a r 
demonstration of g e n e t i c a l l y conferred resistance to 
insecticides in both wild-type and laboratory stocks, i t 
i s , for the most part, a p o o r l y recognized and 
u n d e r u t i l i z e d resource f o r the i n v e s t i g a t i o n of 
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14. KNIPPLE ET AL. Target-Site Resistance to Insecticides 211 

i n s e c t i c i d e resistance mechanisms. In addition, the 
a v a i l a b i l i t y of molecular probes derived from the 
Drosophila genome o f f e r s an obvious route to the 
iso l a t i o n of homologous l o c i from economically important 
insect species in which target s i t e mechanisms have been 
implicated in resistance phenomena. 

There are two pri n c i p a l reasons for studying target 
s i t e resistance mechanisms at the molecular l e v e l . The 
f i r s t i s that the p r a c t i c a l application of the knowledge 
of molecular mechanisms can be used to develop r e l i a b l e 
d i a g n o s t i c reagents f o r detecting the presence i n 
i n d i v i d u a l i n s e c t s of a l l e l i c v a r i a n t s c o n f e r r i n g 
resistance. S p e c i f i c a l l y , c h a r a c t e r i z a t i o n of the 
molecular differences between gene products of resistant 
and susceptible a l l e l e s could provide the basis for 
development of h i g h l y s p e c i f i c immunological or 
hybridization probes that permit the i d e n t i f i c a t i o n of 
the r e s i s t a n t genotype i n i n d i v i d u a l i n s e c t s . The 
success of continuing e f f o r t s to extend the useful l i f e 
of e x i s t i n g i n s e c t i c i d e s by attempting to delay the 
onset of economically s i g n i f i c a n t levels of resistance 
in insect populations would be greatly enhanced by the 
a b i l i t y to determine accurately the frequency of 
resistance a l l e l e s and t h e i r d i s t r i b u t i o n i n large 
populations of wild insects. 

Second, i t i s both necessary and desirable to 
develop new i n s e c t i c i d a l compounds with improved 
efficacy and s p e c i f i c i t y . Decades of intensive research 
and development e f f o r t s to discover and develop new 
ins e c t i c i d e s have resulted i n a diminishing number of 
c l a s s e s of i n s e c t i c i d a l compounds with novel 
pharmacological properties ( i . e . , modes of ac t i o n ) . 
This strongly suggests that the number of molecular 
targets suitable for insect chemical control i s small, 
or, as a minimum, that other p o t e n t i a l but as yet 
undiscovered target s i t e s can not be i d e n t i f i e d readily 
by c l a s s i c a l empirical approaches used for the discovery 
of new i n s e c t i c i d a l compounds. It follows that research 
directed toward the discovery of new compounds, which 
act e f f e c t i v e l y on molecular target s i t e s conferring 
resistance to exis t i n g compounds or which act on novel 
target s i t e s , must be developed using mechanistic 
approaches involving molecular analyses at the l e v e l of 
in d i v i d u a l genes and t h e i r corresponding primary gene 
products. 
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Chapter 15 

Inhibition of Juvenile Hormone Esterase 
by Transition-State Analogs 

A Tool for Enzyme Molecular Biology 

András Székács1,2, Bruce D. Hammock1, Yehia Α. I. Abdel-Aal1, 
Matthew Philpott1, and György Matolcsy2 

1Departments of Entomology and Environmental Toxicology, University 
of California, Davis, CA 95616 

2Plant Protection Institute of the Hungarian Academy of Sciences, 
Budapest, Hungary 

A summary of Transition State Theory is presented, 
as it applies to the design of trifluoromethyl 
ketone esterase inhibitors. Possible mechanisms 
for the inhibition of the enzyme are discussed. 

A new series of compounds, α,α'-alkanebis-
thiotrifluoro-propanones was synthesized and 
showed excellent in vitro and moderate in vivo 
inhibition of the insect juvenile hormone esterase 
from the fifth instar larvae of Trichoplusia ni 
(cabbage looper). The potency of the above series 
was also screened for its ability to inhibit other 
esterases of toxicological and pharmacological 
significance. Trifluoroketones are discussed as 
an example of the importance of chemistry in 
biotechnology approaches. 

I t i s g e n e r a l l y recognized t h a t the widespread use of i n s e c t i c i d e s 
has two ser i o u s s i d e - e f f e c t s : e v o l u t i o n of i n s e c t i c i d e r e s i s t a n c e 
i n i n s e c t s and danger to environmental and human s a f e t y . The 
continued use of i n s e c t i c i d e s r e q u i r e s s t r i c t e r a g r i c u l t u r a l 
p r a c t i c e s as w e l l as the improvement of the chemicals themselves. 
E q u a l l y as important, however, new s t r a t e g i e s f o r development o f 
i n s e c t i c i d a l agents are needed (1-3). 

The e l u c i d a t i o n of enzyme-substrate i n t e r a c t i o n s has e s t a b l i s h e d 
new paradigms l e a d i n g to the disco v e r y of b i o l o g i c a l l y a c t i v e 
compounds. One such paradigm i s the " T r a n s i t i o n State Theory" as 
i t a p p l i e s to the mechanism of enzymatic r e a c t i o n s . Based on t h i s 
theory, s e r i e s o f t r a n s i t i o n s t a t e analog i n h i b i t o r s known as 
t r i f l u o r o m e t h y l ketones have been sy n t h e s i z e d i n our l a b o r a t o r y . 
Our t a r g e t has been an i n s e c t enzyme of developmental and 
re p r o d u c t i o n a l importance, j u v e n i l e hormone esterase (4-12). The 
development o f those extremely potent i n h i b i t o r s served s e v e r a l 
aims: i n a d d i t i o n to p r o v i d i n g " t r a d i t i o n a l " i n h i b i t o r s t h a t can 
be used to b l o c k the enzyme and study i t s biochemical and 
p h y s i o l o g i c a l consequences, the new group of compounds l e d to 
powerful l i g a n d s f o r the h i g h y i e l d a f f i n i t y chromatography 
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216 BIOTECHNOLOGY FOR CROP PROTECTION 

p u r i f i c a t i o n of t h i s low abundance enzyme (13-15). The pure 
enzyme, j u v e n i l e hormone esterase (JHE) i s a very s u i t a b l e 
candidate f o r s e v e r a l b i o t e c h n o l o g i c a l approaches from the use of 
the enzyme as a probe f o r endocrine r e g u l a t i o n , to the more 
d e t a i l e d research of the molecular b i o l o g y and molecular genetics 
of the enzyme, i t s e l f . As discussed above the b i o l o g i c a l r o l e of 
JHE i n lepidopterous l a r v a e was e s t a b l i s h e d u s i n g h i g h l y s p e c i f i c 
esterase i n h i b i t o r s . A p p l i c a t i o n of these compounds l e d to g i a n t 
l a r v a e which were locked i n the feeding stage. The use of 
t r i f l u o r o k e t o n e a f f i n i t y columns l e d to the p u r i f i c a t i o n o f l a r g e 
amounts of the enzyme. This a v a i l a b i l i t y f i r s t l e d to a dose-
response, l i n e a r w i t h the q u a n t i t y of the enzyme a p p l i e d , observed 
f o r the d i r e c t i n j e c t i o n of the enzyme i n t o s e v e r a l i n s e c t s p e c i e s , 
showing t h a t i n j e c t e d JHE has a c l e a r a n t i - J H e f f e c t . Since such 
an e f f e c t i s d e s i r a b l e i n a g r i c u l t u r e , i t becomes important to 
clone the enzyme. Here again the a f f i n i t y procedure from chemical 
approaches provided the p r o t e i n necessary f o r development of 
molecular probes. The i n j e c t i o n o f p u r i f i e d enzyme i n r a b b i t s 
r e s u l t e d i n JHE s p e c i f i c a n t i b o d i e s needed f o r screening an 
expr e s s i o n l i b r a r y as w e l l as f o r f u r t h e r immunoassay s t u d i e s . The 
a f f i n i t y p u r i f i e d p r o t e i n a l s o allowed c l a s s i c a l aminoacid 
screening to be done which l e d to the sy n t h e s i s of o l i g o n u c l e o t i d e 
probes f o r confir m i n g p o s i t i v e s from the expression l i b r a r y . 
H o p e f u l l y the cloned message can be i n s e r t e d i n t o b a c u l o v i r u s 
v e c t o r s which l e a d to precocious p r o d u c t i o n o f the enzyme. T h i s , 
i n t u r n , should r e s u l t i n a n t i - j u v e n i l e hormone e f f e c t s such as 
c e s s a t i o n of feeding and developmental a b n o r m a l i t i e s . 

These r e s u l t s and f u t u r e a p p l i c a t i o n s of t r i f l u o r o m e t h y l ketones 
show the importance of the " t r a d i t i o n a l " chemical o p t i m i z a t i o n of 
compounds i n v a r i o u s b i o t e c h n o l o g i c a l approaches. I n t h i s 
p r e s e n t a t i o n the authors wish to give a summary of the l e a d i n g 
research paradigm, T r a n s i t i o n State Theory r e s u l t i n g i n 
t r i f l u o r o m e t h y l ketones, a group of h i g h l y e f f e c t i v e i n h i b i t o r s o f 
JHE. The same concepts can be a p p l i e d to a v a r i e t y o f p o l a r i z e d 
carbonyls, carbamates, phosphates and phosphonates as i n h i b i t o r s of 
esterases and proteases. C l e a r t a r g e t s i n the i n s e c t i c i d e f i e l d 
w i l l be enzymes i n v o l v e d i n i n s e c t i c i d e metabolism and neurohormone 
pro c e s s i n g enzymes. 

J u v e n i l e Hormone Esterase 

Our l a b o r a t o r y i s concerned w i t h t a r g e t i n g p o t e n t i a l i n s e c t i c i d e s 
t h a t d i s r u p t normal development and metamorphosis i n i n s e c t s . 
J u v e n i l e hormones (JHs), a c t i n g i n concert w i t h the s t e r o i d hormone 
ecdysone, are b e l i e v e d to c o n t r o l the t i m i n g of the l a r v a l - l a r v a l 
molts, l a r v a l - p u p a l and pupal-adult transformations of the i n s e c t s . 
I t has been demonstrated t h a t the events l e a d i n g to pupation are 
i n i t i a t e d by r e d u c t i o n of the JH t i t e r i n the hemolymph. I n 
a d d i t i o n to a c e s s a t i o n of b i o s y n t h e s i s , t h i s r e d u c t i o n i n JH t i t e r 
i s c o n t r o l l e d by degradative metabolism (16,17). H y d r o l y s i s o f the 
epoxide and e s t e r f u n c t i o n a l i t i e s present i n a c t i v e JH are two 
routes of degradation and subsequent i n a c t i v a t i o n of JH (18). The 
primary route of JH metabolism i n the hemolymph of l a s t stadium 
lepidopterous l a r v a e i s e s t e r h y d r o l y s i s , and i t i s c a t a l y z e d by 
the enzyme j u v e n i l e hormone esterase (JHE). JHE has been shown to 
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15. SZEKACS ET AL· Inhibition of Juvenile Hormone Esterase 217 

p l a y a c r u c i a l r o l e i n i n i t i a t i n g pupation i n lepidopterous i n s e c t s 
(19); s e l e c t i v e i n h i b i t i o n of t h i s enzyme prevents JH h y d r o l y s i s 
and causes a delay i n the onset of pupation (20). 

T r a n s i t i o n State Theory and JH E s t e r H y d r o l y s i s 

I n every chemical r e a c t i o n the r e a c t a n t s are i n e q u i l i b r i u m w i t h an 
unstable a c t i v a t e d complex, the t r a n s i t i o n s t a t e complex (TS), 
which decomposes to give the product. I n h i s p i o n e e r i n g work, 
Linus P a u l i n g p o i n t e d out t h a t f o r promoting a r e a c t i o n without 
i n f l u e n c i n g i t s e q u i l i b r i u m constant, the enzyme should have much 
higher a f f i n i t y f o r the t r a n s i t i o n s t a t e of a r e a c t i o n than f o r 
e i t h e r the s u b s t r a t e or the p r o d u c t ( s ) , thereby pushing a r e a c t i o n 
i n the d e s i r e d d i r e c t i o n by continuously removing i t s t r a n s i t i o n 
s t a t e (21). Based on t h i s i d e a , extremely potent i n h i b i t o r s can be 
developed f o r a given enzymatic r e a c t i o n i f one can synthesize 
" t r a n s i t i o n s t a t e mimics" (TSM): s t a b l e chemical compounds 
resembling the t r a n s i t i o n s t a t e (22). 

Because t r a n s i t i o n s t a t e s may have l i f e t i m e s of only s e v e r a l 
nanoseconds, i n most cases, i t i s impossible to observe them 
d i r e c t l y . However, there are numerous l i n e s of evidence f o r the 
e x i s t e n c e of a t e t r a h e d r a l - l i k e t r a n s i t i o n s t a t e f o r non-enzymatic 
e s t e r h y d r o l y s i s : a) s u b s t i t u t i o n a t a carbonyl group (as i s the 
case of the h y d r o l y s i s of e s t e r s ) most o f t e n proceeds by a 
t e t r a h e d r a l mechanism, a second-order a d d i t i o n - e l i m i n a t i o n ( f o r a 
review of t h i s mechanism, see (23)); b) the k i n e t i c s are pseudo-
f i r s t order e i t h e r i n the substrate or i n the n u c l e o p h i l e , as 
p r e d i c t e d by the mechanism; c) f o r the 1 8 0 l a b e l e d e s t e r s , the 1 8 0 
isotope i s d e t e c t a b l e i n both products ( i n a "normal" S^2 r e a c t i o n 
a l l the 1 8 0 isotopes should remain i n the a c i d f u n c t i o n a l i t y ) ( 2 4 ) ; 
d) i n a few cases t e t r a h e d r a l intermediates have been i s o l a t e d or 
detected s p e c t r a l l y (25). 

E s t e r h y d r o l y s i s of the JHs i s shown i n Equation 1. We have no 
exact thermochemical data measured f o r t h i s r e a c t i o n . In general, 
the h y d r o l y s i s of unsaturated long c h a i n a l i p h a t i c a c i d s i s 
thermodynamically n e u t r a l under standard c o n d i t i o n s (26,27) ( i . e . 
the heat of h y d r o l y s i s f o r c i s - and t r a n s - o l e i c a c i d i s -1.7 and 
+0.8 kJ/mol, r e s p e c t i v e l y ) , which shows that these r e a c t i o n s are 
g e n e r a l l y not favored based s o l e l y on thermodynamic c o n s i d e r a t i o n s . 
I n aqueous s o l u t i o n e s t e r h y d r o l y s i s i s d r i v e n by the h i g h 
c o n c e n t r a t i o n of water. The j u v e n i l e hormones w i l l be more 
r e s i s t a n t to a c i d or base c a t a l y s e d h y d r o l y s i s because i n these 
compounds conjugation w i t h the α,/3-unsaturation g r e a t l y s t a b i l i z e s 
the carbonyl f u n c t i o n a l i t y (19). Therefore, the nonconjugated TS 
should be d i f f i c u l t to form, and t h i s s i t u a t i o n w i l l be r e f l e c t e d 
by a h i g h a c t i v a t i o n energy f o r the uncatalyzed h y d r o l y s i s of JH. 

The e s t e r h y d r o l y s i s c a t a l y z e d by hydrolase enzymes (E) proceeds 
according to Equation 2 and the f r e e energy diagram i s shown i n 
Figure 1. A f t e r the p r e l i m i n a r y noncovalent b i n d i n g step ([ES]) 
the enzyme becomes complementary i n s t r u c t u r e to the s u b s t r a t e (or 
i t s TS) and forms a covalent adduct w i t h i t (ES). Release of the 
f i r s t product (MeOH) r e s u l t s i n the acyl-enzyme (EX), which 
hydrolyses through a covalent enzyme-product adduct (EP) to the 
appropriate c a r b o x y l i c a c i d and the f r e e enzyme. I t has been shown 
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15. SZEKACS ET AL· Inhibition of Juvenile Hormone Esterase 219 

t h a t the r a t e l i m i t i n g step i n the r e a c t i o n i s the product r e l e a s e 
from the acyl-enzyme (28). 

Any compound that i s recognized by the enzyme as a TS w i l l b i n d 
to i t c o m p e t i t i v e l y w i t h the s u b s t r a t e . I t i s important to note, 
however, tha t the mechanism of enzymatic r e a c t i o n i s not simply the 
r e a c t i o n of the enzyme w i t h the t r a n s i t i o n s t a t e of the uncatalyzed 
r e a c t i o n ; i t can be seen by the cartoon i n Figure 1, t h a t the 
enzymatic h y d r o l y s i s of e s t e r s proceeds through s e v e r a l 
intermediates and t r a n s i t i o n s t a t e s ; a p u t a t i v e TSM compound might 
resemble any or s e v e r a l of these s t a t e s . Thus, the concept of a 
" t r a n s i t i o n s t a t e mimic" i s somewhat of a misnomer. 

T r i f l u o r o m e t h y l Ketones as T r a n s i t i o n State Mimics 

An exemplary a p p l i c a t i o n of T r a n s i t i o n State Theory i n developing 
h i g h l y a c t i v e i n h i b i t o r s f o r esterase enzymes i s the case of 
t r i f l u o r o m e t h y l ketones (29). Replacing the alkoxy group of the 
c a r b o x y l i c e s t e r s by a t r i f l u o r o m e t h y l group r e s u l t s i n h i g h l y 
p o l a r i z e d ketones which are s e n s i t i v e to n u c l e o p h i l i c a t t a c k . 
Subsequently, i n the presence of t r a c e amounts of water, the keto-
form w i l l be hydrated and be i n e q u i l i b r i u m w i t h the corresponding 
geminal d i o l . The geminal d i o l i s t e t r a h e d r a l i n geometry and i n 
theory resembles the t r a n s i t i o n s t a t e of the uncatalyzed h y d r o l y s i s 
of e s t e r s (TSX). Thus, according to the o r i g i n a l Pauling-theory, 
t r i f l u o r o m e t h y l ketones should b i n d s t r o n g l y to esterase enzymes. 
I n t h i s r e a c t i o n they form hemiketals w i t h the s e r i n e present a t 
the a c t i v e s i t e of the enzyme; two p o s s i b l e r e a c t i o n mechanisms 
are enzyme a d d i t i o n to the carbonyl (30) or condensation w i t h the 
geminal d i o l (31) (enhanced by the hydrophobic a l i p h a t i c c h a i n i n 
the molecule) (Equation 3). 

The most l i k e l y chemical r e a c t i o n i s a d d i t i o n to the carbonyl as 
shown i n the top p o r t i o n of Equation 3; however, i n aqueous 
s o l u t i o n the m a j o r i t y of the compound e x i s t s as the geminal d i o l . 
I f t h i s s i t u a t i o n predominates, e i t h e r the e q u i l i b r i u m between the 
d i o l and carbonyl form must be f a s t on the time s c a l e of our 
a b i l i t y to measure enzyme r e a c t i o n s , or the Ieo's are i n f a c t f a r 
lower than we have reported. A l t e r n a t i v e l y , the hydrated carbonyl 
c o u l d r e a c t d i r e c t l y w i t h the enzyme. This c o u l d happen i n two 
ways. I n one case the TSM c o u l d be h e l d near the c a t a l y t i c s i t e 
due to i n t e r a c t i o n w i t h the R group. The r e l a t i v e abundance of the 
carbonyl might then be favored i n a nonaqueous microenvironment. 
This process c o u l d even be a c c e l e r a t e d c a t a l y t i c a l l y . I f there i s 
enzyme involvement i n production of the carbonyl from the geminal 
d i o l , then these TSMs co u l d be considered " s u i c i d e " s u b s t r a t e s . 
Another a l t e r n a t i v e e x p l a n a t i o n i s a "normal" S^2 type r e a c t i o n 
between a s e r i n e anion and a protonated geminal d i o l w i t h water as 
the l e a v i n g group. These a l t e r n a t i v e pathways are not mutually 
e x c l u s i v e , but a d d i t i o n a l work on the k i n e t i c s and s t r u c t u r a l 
b i o c h e m i s t r y of the i n t e r a c t i o n w i l l be needed to i n d i c a t e the 
predominant pathway. 

The r e a c t i o n r e s u l t s i n an adduct w i t h the enzyme (ETSM) w i t h no 
e s t e r C-OR bond present i n the molecule to be cleaved. I t i s c l e a r 
from Equation 3 t h a t the hemiketal may only r e a c t by the r e l e a s e of 
the t r i f l u o r o m e t h y l ketone by the enzyme through the 
t r a n s p r o t o n a t i o n t r a n s i t i o n s t a t e , thereby a c t i n g as a r e v e r s i b l e 
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220 BIOTECHNOLOGY FOR CROP PROTECTION 

TSX + Ε 

ETSM 
reaction coordhate 

F i g u r e 1. Schematic p r e s e n t a t i o n o f the f r e e energy changes i n 
non-enzymatic (ETX) and enzymatic r e a c t i o n s (EX) and i n the 
r e a c t i o n o f a h y p o t h e t i c a l t r a n s i t i o n s t a t e mimic (TSM) w i t h the 
enzyme. 
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Θ Η» 
Ο Enz-OH ΓΟν<5-Εηί 

KX/O-Enz 
RXC% 

(3) 

Enz-QH ΓΗΟ.ΟΗ H ETSM 

TSM + Ε [ETSM] 

i n h i b i t o r . The enzyme-TSM complex (ETSM) i s s t e r i c a l l y and/or 
e l e c t r o n i c a l l y s i m i l a r to one of the enzyme-substrate M i c h a e l i s 
complexes ( p o s s i b l y to ES), but i s favored e n e r g e t i c a l l y over the 
r e a c t i o n between the enzyme and the s u b s t r a t e . A p o s s i b l e f r e e 
energy diagram i s shown i n Figure 1. 

Based on the above d i s c u s s i o n , t r i f l u o r o m e t h y l ketones should 
i n h i b i t proteases such as chymotrypsin (3>2) , and s e r i n e e s t e r a s e s , 
such as a c e t y l c h o l i n e s t e r a s e (13,14), c a r b o x y l e s t e r a s e s (10), JHE 
and other esterases w i t h v a r y i n g s e l e c t i v i t y . I n a s e r i e s o f some 
j u v e n o i d - l i k e t r i f l u o r o m e t h y l ketones and compounds of the 
s t r u c t u r e A, l , l , l - t r i f l u o r o - 2 - t e t r a d e c a n o n e (TFT) was found to be 
h i g h l y a c t i v e and s e l e c t i v e a g a i n s t JHE (Iso* l x l 0 " 7 M ) as compared 
to α-naphthyl acetate esterase (α-NaE) or t r y p s i n (4-6). 

CH 3(CH 2) n-C(0)CF 3 A 

I n t r o d u c i n g a s u l f u r atom β to the carbonyl s i g n i f i c a n t l y 
i n c r e ased the a c t i v i t y of the r e s u l t i n g compounds (B) on JHE and 
some but not a l l other e s t e r a s e s , p o s s i b l y by b i o i s o s t e r i c a l l y 
mimicking (35) the α,β double bond of the n a t u r a l JHs. Based on 
t h i s f i n d i n g , a s e r i e s of a l i p h a t i c , aromatic (Z»â) and t e r p e n o i d 
(9) d e r i v a t i v e s were synthesized. The most a c t i v e compound of 
these s e r i e s was 3 - o c t y l t h i o - l , 1 , 1 - t r i f l u o r o - 2 - p r o p a n o n e (OTFP). 
I n a recent r e p o r t , by making a s l i g h t m o d i f i c a t i o n i n the 
s t r u c t u r e of the parent compound, two a d d i t i o n a l compounds w i t h 
s l i g h t l y higher a c t i v i t y have been syn t h e s i z e d (36). TFT and the 
a l i p h a t i c t r i f l u o r o m e t h y l ketones appeared to be c l a s s i c a l 
c o mpetitive i n h i b i t o r s , w h i l e many t r i f l u o r o p r o p a n o n e s u l f i d e s were 
found to be r e v e r s i b l e but slow and t i g h t b i n d i n g i n h i b i t o r s of JHE 
(2,11,12). 

The outstanding a c t i v i t y of some members of the t h i o t r i f l u o r o -
propanones proved u s e f u l as l i g a n d s and e l u t i n g agents f o r the 
a f f i n i t y p u r i f i c a t i o n of JHE (13-15) . This new method made 
p o s s i b l e s p e c i f i c p u r i f i c a t i o n of JHE w i t h u n u s u a l l y h i g h y i e l d s , 
making p o s s i b l e new research i n the areas o f immunochemistry and 
molecular b i o l o g y f o r t h i s h i g h l y a c t i v e but low abundant esterase. 

I n our l a b o r a t o r y , we f e e l t h a t the s c i e n t i f i c and p r a c t i c a l use 
of these i n h i b i t o r s , by no means, has reached a peak. An obvious 
need i s to t r y d i f f e r e n t l i g a n d s f o r a f f i n i t y e l u t i o n . Therefore, 
a new c l a s s o f t r a n s i t i o n s t a t e analogs was s y n t h e s i z e d and t e s t e d 
f o r t h e i r i n h i b i t o r y p o t e n t i a l a g a i n s t JHE, c h o l i n e s t e r a s e and 
malathionase. 

CH 3(CH 2) n-SCH 2C(0)CF 3 Β 
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222 BIOTECHNOLOGY FOR CROP PROTECTION 

Synthesis 

Compounds of the general s t r u c t u r e C and D were syn t h e s i z e d and 
c h a r a c t e r i z e d (See Table I) 

CF 3C(0)CH2S-(CH2) n-SCH 2C(0)CF3 C 

n: 3 - 12 I - X 

CF 3C(0)CH 2S-R-SCH 2C(0)CF 3 D 

R: - ( C H 2 ) 2 - 0 - ( C H 2 ) 2 - XI 
- ( C H 2 ) 2 - S - ( C H 2 ) 2 - X I I 
-ÇH(CH 2) 2- X I I I 
CH 3 

-ÇH(CH 2) 3- XIV 
CH 3 

The compounds were syn t h e s i z e d according to a p r e v i o u s l y 
p u b l i s h e d procedure (7) w i t h the m o d i f i c a t i o n t h a t t r i e t h y l a m i n e 
was used to a c c e l e r a t e the r e a c t i o n by n e u t r a l i z i n g the HBr. 

E t 3 N 
HS-R-SH + 2 BrCH 2C(0)CF 3 ---> CF 3C(0)CH 2S-R-SCH 2C(0)CF 3 

The s t a r t i n g mercaptans were e i t h e r purchased from A l d r i c h 
Chemicals or synthesized from the appropriate α,α'-dihaloalkane v i a 
the t h i o u r e a method (37). The y i e l d s were between 59% and 98% f o r 
compounds I I I and V, r e s p e c t i v e l y , and i n general higher than 85% 
depending on the speed of the a d d i t i o n of t r i e t h y l a m i n e . (Chemical 
d e t a i l s w i l l be d i scussed elsewhere: Székâcs, Α.; Hammock, B.D.; 
Abdel-Aal, Y.A.I.; P h i l p o t t , M.; Matolcsy, G.: Pest. Biochem. 
P h y s i o l . . submitted). 

Enzyme Assays 

The i n h i b i t i o n r a t e f o r a l l i n h i b i t o r assays was measured from the 
i n i t i a l v e l o c i t i e s w i t h i n the l i n e a r t i m e - a c t i v i t y r e l a t i o n s h i p s of 
the c o n t r o l and i n h i b i t e d samples. The standard d e v i a t i o n s were 
c a l c u l a t e d f o r the Isο values of the compounds ag a i n s t the three 
enzymes used and the maximal values were used to compare the 
s t a t i s t i c a l v a r i a b i l i t y w i t h i n each assay t e s t . 

JHE: For the determination of JHE i n h i b i t i o n by the t i t l e 
compounds, the r a d i o m e t r i c p a r t i t i o n method (3B) was used. 
Hemolymph JHE from Day 2 of the f i f t h i n s t a r l a r v a e of Γ. ni was 
used ( L 5 D 2 ) , d i l u t e d 1:500 w i t h 0.08M phosphate b u f f e r (pH-7.4 w i t h 
0.1% p h e n y l t h i o u r e a to i n h i b i t t y r o s i n a s e s ) . The main reason f o r 
choosing t h i s i n s e c t was t h a t a great deal of e f f o r t has been put 
i n t o the c h a r a c t e r i z a t i o n of l a r v a l c a r b o x y l e s t e r a s e s and JHE i n Γ. 
ni (39,40). I n LsD 2 l a r v a e , the JHE t i t e r i s near i t s maximum 
(19). CIO 3H l a b e l e d JH I I I (New England Nuclear) and u n l a b e l e d JH 
I I I (Calbiochem) were used as s u b s t r a t e s o l u b i l i z e d i n abs.ethanol. 
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15. SZEKACS ET AK Inhibition of Juvenile Hormone Esterase 223 

A c e t y l c h o l i n e s t e r a s e (AChE): The l y o p h i l i z e d enzyme from 
e l e c t r i c e e l (Sigma) was d i s s o l v e d i n 0.05M phosphate b u f f e r 
(pH-7.4) at a c o n c e n t r a t i o n of 20 /ig/mL. A c e t y l t h i o c h o l i n e i o d i d e 
was used as su b s t r a t e at a f i n a l c o n c e n t r a t i o n of 5x10" 4M i n 
b u f f e r . 5 , 5 ' - D i t h i o b i s - ( 2 - n i t r o b e n z o i c a c i d ) (DTNB) a t a f i n a l 
c o n c e n t r a t i o n of 3.8xl0" 2M was used to monitor the r e l e a s e d 
t h i o c h o l i n e according to a p u b l i s h e d procedure (41) w i t h s l i g h t 
m o d i f i c a t i o n . Acetone was used as a s o l v e n t f o r the i n h i b i t o r s . 

Malathionase (ME): For measuring the i n h i b i t i o n o f malathion 
esterase a c t i v i t y , general c a r b o x y l e s t e r a s e from porc i n e l i v e r 
(Sigma) was used a t a f i n a l c o n c e n t r a t i o n of 16 /xg protein/mL i n 
0.1M T r i s HC1 b u f f e r (pH-7.5). The procedure i n v o l v e s an i n d i r e c t 
determination of the malathionase a c t i v i t y by c o u p l i n g the 
h y d r o l y s i s of malathion to the r e d u c t i o n of a t e t r a z o l i u m dye (42). 
An acetone s o l u t i o n of malathion was used as s u b s t r a t e to a f i n a l 
c o n c e n t r a t i o n of 3x10" 4M. 

Table I . I n h i b i t i o n of Esterases by a,a'-alkanebis-
t h i o t r i f l u o r o p r o p a n o n e s 

compound 
number 

number 
of 

carbons 

Molar Iso Value* [M] 
compound 
number 

number 
of 

carbons JHE AChE ME 

I 3 9. ,87xl0" 7 1.14x10" 5 3.63xl0" e 

I I 4 3. ,06x10" 9 8.44x10' 6 3.79xl0* 6 

I I I 5 7, ,00x10" 9 4.30x10" 6 2.38x10* 6 

τ ι 6 1. ,50x10" 8 2.98x10" 6 9.02x10' 7 

7 1, ,68x10" 8 2.98x10" 6 4.89x10' 8 

V I b 8 8. .17x10" 1 0 7.78xl0" e 4.62xl0" 6 

9 2. ,67x10' 9 1.34x10" 5 5.00x10" 4 

V I I I D 10 4. ,54x10" 9 4.35xl0" e 1.66x10" 5 

I X 5 11 1. .33x10" 8 5.25xl0" e 1.03x10" 3 

x b 12 8. .15x10" 9 1.03x10' 5 3.02x10' 3 

XI 2-0-2 2. .16x10' 8 6.01x10" 6 8.58x10' 6 

X I I 2-S-2 4. .94x10" 9 7.12x10" 6 3.53x10" 6 

X H I b 3' 4, .68x10" 7 3.47x10" 6 4.56x10" 6 

X I V b 4' 8, .20x10" 9 8.12x10" 7 5.22x10" 6 

JH I I I was used as a substrate f o r JHE from Γ. n i , 
a c e t y l t h i o c h o l i n e i o d i d e f o r e l e c t r i c e e l AChE and 
malathion f o r carboxylesterase from porcine l i v e r . 
The d i t h i o l was prepared from a l k y l - d i b r o m i d e . 

Summarized i n Table I are the Iso values f o r α,α'-alkanebis-
t h i o t r i f l u o r o k e t o n e s against JHE, AChE and malathionase. A l l the 
t e s t e d compounds showed much higher i n h i b i t o r y potency aga i n s t JHE 
than a g a i n s t the other two enzymes. The comparative potency i n 
favor of JHE adds to the evidence th a t these t r i f l u o r o m e t h y l 
ketones are t r a n s i t i o n s t a t e mimics (TSMs) of the enzyme n a t u r a l 
s u b s t r a t e s (JHs). However, the slopes of the i n h i b i t i o n curves f o r 
almost a l l the compounds were lower w i t h JHE than w i t h the other 
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224 BIOTECHNOLOGY FOR CROP PROTECTION 

two enzymes. P o s s i b l y t h i s i s due to the f a c t t h a t JHE from Γ. ni 
contains m u l t i p l e JH c a t a l y t i c s i t e s (43-45), as i t has been shown 
f o r the tobacco hornworm (Manduca sexta)(13). Except f o r compounds 
I I I and IV, the i n h i b i t i o n curves f o r malathionase i n h i b i t i o n had 
the h i g h e s t slopes. The maximal values of the percentage standard 
e r r o r o f p l s o were 0.77%, 0.18% and 0.66% of the mean f o r the JHE, 
AChE and malathionase assays, r e s p e c t i v e l y . 

The q u a n t i t a t i v e s t r u c t u r e - a c t i v i t y r e l a t i o n s h i p s of the t e s t e d 
compounds are beyond the scope of t h i s paper. However, the 
e m p i r i c a l s t r u c t u r e - a c t i v i t y c o r r e l a t i o n s based on the number of 
the carbon atoms i n the a l k y l c h a i n i s d i f f e r e n t f o r each o f the 
esterases assayed. 

I t i s worth n o t i n g t h a t i n the JHE assay the t r e n d of the data 
showed s i m i l a r s t r u c t u r e - a c t i v i t y r e l a t i o n s h i p to the 3 - a l k y l t h i o -
1,1,l-trifluoro-2-propanones (Β), which adds some a d d i t i o n a l 
evidence f o r the r a t i o n a l design o f these TSMs of JHs. I n t h i s 
assay, however, a d e f i n i t e peak occurs a t carbon number e i g h t , f o r 
the compound 1,1,1,16,16,16-hexafluoro-4,13-dithia-hexadecane-2,15-
dione ( I s o : 8.2xl0" l oM), which suggests t h a t a f t e r reaching t h i s 
p a r t i c u l a r s i z e , the compound might be able to i n t e r a c t w i t h the 
enzyme(s) i n two c a t a l y t i c s i t e s (or h i g h l y h y d r o p h i l i c p a r t s ) a t 
the same time. 

I n c o n t r a s t , c h o l i n e s t e r a s e d i d not seem to respond i n a 
systematic f a s h i o n to the s t r u c t u r a l v a r i a t i o n . Malathionase 
showed intermediate response w i t h a g e n e r a l l y decreasing potency as 
a f u n c t i o n of the number of carbon atoms i n the molecule. 

In Vivo Assays 

Using the i r r e v e r s i b l e i n h i b i t o r EPPAT, Sparks and Hammock (4) 
demonstrated t h a t pupation c o u l d be delayed i n Γ. ni presumably by 
i n h i b i t i n g JHE and thereby m a i n t a i n i n g an abnormally h i g h JH and 
low p r o t h o r a c i c o t r o p i c hormone (PTTH) l e v e l . TFT ( l a c k i n g the 
t h i o e t h e r moiety) f a i l e d to cause t h i s e f f e c t w h i l e 0TFP was 
e f f e c t i v e i n d e l a y i n g pupation when repeated doses of 0.1-0.2 μτηοΐ 
were a p p l i e d t o p i c a l l y on day 1 and 2 o f the f i f t h l a r v a l i n s t a r 
(L5D1 and L 5 D 2 ) ( 7 ) . 

The two most e f f e c t i v e in v i t r o i n h i b i t o r s of JHE i n the new 
s e r i e s , VI and I I , were screened in vivo f o r t h e i r a b i l i t y to delay 
pupation i n Trichoplusia n i , r e l a t i v e to the a b i l i t y o f OTFP, a 
response shown to be concurrent w i t h the s e l e c t i v e i n h i b i t i o n o f 
JHE (2,2). 

The compounds (2 /iL of 1x10"*M EtOH s o l u t i o n ) were t o p i c a l l y 
a p p l i e d to T. ni on L s D i and L 5 D 2 at 4, 12 and 17 h r s AL0 ( a f t e r 
l i g h t s on) and the time of pupation was recorded. I n the c o n t r o l 
group, l a r v a e t r e a t e d w i t h 2 mL EtOH, 90-100% of l a r v a e had pupated 
by L5D5 9 AM. At f i n a l doses of 0.2 /xmol, VI was as e f f e c t i v e as 
OTFP i n d e l a y i n g pupation r e l a t i v e to the ethanol c o n t r o l s , w i t h 
only 45-75% of the l a r v a e pupating by L 5 D 5. At t h i s c o n c e n t r a t i o n , 
treatment w i t h χΐ d i d not delay pupation s i g n i f i c a n t l y , 75-100% 
pupated by LsDs. 
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15. SZEKACS ET AL. Inhibition of Juvenile Hormone Esterase 225 

Conclusion 

Although t r i f l u o r o m e t h y l ketones a c t i n g on JHE w i l l probably not 
r e s u l t i n e f f e c t i v e i n s e c t i c i d e s ( d e l a y i n g pupation i s g e n e r a l l y 
not a d e s i r e d b i o l o g i c a l e f f e c t i n a g r i c u l t u r e ) , continued research 
on them has l e d to s e v e r a l p r a c t i c a l r e s u l t s as w e l l as to new 
t h e o r e t i c a l c o n s i d e r a t i o n s . Knowledge gleaned by research w i t h 
t r i f l u o r o m e t h y l ketones w i l l l e a d to a more complete understanding 
of the r o l e o f JHE i n i n s e c t development. With t h i s understanding 
of the mechanisms r e g u l a t i n g normal development i n i n s e c t s , new 
avenues may be opened f o r t a r g e t i n g new and s p e c i f i c ways o f i n s e c t 
c o n t r o l . This work w i t h j u v e n i l e hormone esterase provides a n i c e 
example of chemistry, biochemistry and molecular b i o l o g y as 
complementary technologies (19). These potent i n h i b i t o r s were 
f i r s t used to demonstrate the e s s e n t i a l r o l e of JHE i n i n s e c t 
development. A knowledge of the chemistry and b i o c h e m i s t r y o f the 
i n t e r a c t i o n of these t r a n s i t i o n s t a t e mimics w i t h JHE l e d to the 
development o f a f f i n i t y p u r i f i c a t i o n systems f o r t h i s low abundance 
enzyme (13). Large amounts o f the pure p r o t e i n allowed more 
d e t a i l e d k i n e t i c s t u d i e s as w e l l as the development o f an t i b o d i e s 
and n u c l e i c a c i d probes used to clone the enzyme. I t c o u l d w e l l be 
th a t the r e s u l t i n g clones can be engineered i n t o b a c u l o v i r u s e s or 
other v e c t o r s f o r i n s e c t c o n t r o l . 

I n a d d i t i o n , s t u d i e s from t h i s and other l a b o r a t o r i e s i l l u s t r a t e 
t h a t by mimicking h y p o t h e t i c a l t r a n s i t i o n s t a t e s one can develop 
e x c e p t i o n a l l y potent enzyme i n h i b i t o r s . These compounds w i l l 
advance our understanding of c a t a l y t i c mechanisms, serve as probes 
f o r u n r a v e l i n g the r o l e s o f p a r t i c u l a r enzymes i n c a t a l y t i c 
processes, and al l o w t h e i r r a p i d p u r i f i c a t i o n . They are a l s o 
promising commercially as p e s t i c i d e s , p e s t i c i d e s y n e r g i s t s , as w e l l 
as pharmaceuticals. From such work i t seems c l e a r t h a t both 
chemical and b i o t e c h n o l o g i c a l approaches w i l l be used alone and i n 
combination i n the development of b i o l o g i c a l l y a c t i v e m a t e r i a l s . 
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Chapter 16 

Research in Biotechnology at the 
Agricultural Research Service, 

U.S. Department of Agriculture 

Jerome P. Miksche1 and G. Ram Chandra2 

1Agricultural Research Service, U.S. Department of Agriculture, 
Beltsville, MD 20705 

2Plant Molecular and Genetics Laboratory, Plant Genetics & 
Germplasm Institute, Agricultural Research Service, 

U.S. Department of Agriculture, Beltsville, MD 20705 
Within the framework of the Agricultural Research Service (ARS) 
mission, the term Biotechnology is defined simply as those 
biological means used to develop processes and products employing 
organisms or their components. Those biological means include 
bioreactors, bioreactions, immunolocalization of biologically 
active cells and enzymes, cell tissue and organ cultures, genetic 
engineering, gene transfer, recombinant DNA technology and 
hybridoma techniques (1). The new biotechnology methodologies 
present approaches and precision never before available to 
agricultural researchers to address the many difficult challenges. 

What are the biotechnology efforts in the ARS and where are 
they located; the profiles of our scientists as related to 
industry and university colleagues; and an overview of research 
efforts they are pursuing will be covered in this chapter. 

The Agency expends 30 million dollars annually on 
biotechnology related research at 130 locations across the 
United States. This effort is represented by approximately 200 
projects. The research is directed accordingly: 

$300,000 S o i l and Water 
11.4M P l a n t P r o d u c t i v i t y and P r o t e c t i o n 
9.9M Animal Production and P r o t e c t i o n 
8.4M Product Q u a l i t y 

The research i s conducted by ARS s c i e n t i s t s l o c a t e d on many 
of the Land Grant u n i v e r s i t i e s and ARS Research Centers located 
i n s e v e r a l geographic areas. A strong concerted t h r u s t was 
developed to d i s s e c t the c o m p l e x i t i e s of plant gene expression at 
the Albany, CA, l o c a t i o n . The research conducted at the 
B e l t s v i l l e , MD, l o c a t i o n i s a good example of the d i v e r s i t y of 
the ARS-biotechnology r e l a t e d research p r o j e c t s t h a t are focused 
to solve s e v e r a l complex problems i n a g r i c u l t u r e ( 1 ) . Much of 
t h i s research i s i n t e r d i s c i p l i n a r y i n v o l v i n g s e v e r a l f i e l d s of 
sciences and commodities w i t h one major o b j e c t i v e , i . e . , to 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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16. MIKSCHE AND CHANDRA Research in Biotechnology 231 

develop new technologies to produce and market value-added U.S. 
a g r i c u l t u r a l products ( 2 ) . 

ARS doesn't have a f o r m a l l y s t r u c t u r e d biotechnology 
program, but i t uses the t o o l s of molecular b i o l o g i c a l sciences 
i n c l u d i n g recombinant DNA technology to d i r e c t research e f f o r t s 
to f i n d s o l u t i o n s to high p r i o r i t y problems. These p r i o r i t i e s 
(Table I ) are p a r t l y formulated by a g r i b u s i n e s s i n d u s t r i a l 
groups, commodity o r g a n i z a t i o n s , user o r g a n i z a t i o n s , and 
congressional mandates to the Agency and ARS s c i e n t i s t s . The 
N a t i o n a l Program S t a f f f i n a l i z e s the p r i o r i t i e s and d i r e c t s 
research programs to address these p r i o r i t i e s i n a t i m e l y and 
e f f i c i e n t manner. 

Table I . Biotechnology Research D i r e c t e d to 
Solve High P r i o r i t y Problems 

A. Q u a l i t y of N a t u r a l Resources 
B. Reduce High Cost of Farm Production 
C. Improving Crop P r o t e c t i o n 
D. Enhancing Market Value and Q u a l i t y of Farm Products 
Ε. Improve Marketing and Export of A g r i c u l t u r a l Products 
F. Promote Human Health Through N u t r i t i o n 

There are about 1,000 worldwide biotechnology f i r m s , w i t h 
400 l o c a t e d i n the United States. Many "buy outs," f a i l u r e s , and 
s h i f t s have taken place since 1980, but g e n e r a l l y there i s a 
gradual increase i n the number of f i r m s . This gradual increase 
i n biotechnology i n d i c a t e s i n d u s t r i a l i n t e r e s t and permanence. 
The Agency i s cognizant of t h i s p a t t e r n and i t d e s i r e s to d e l i v e r 
research answers to the a g r i b u s i n e s s biotechnology marketplace 
and u l t i m a t e l y to the grower, as t h i s i s the most e f f i c i e n t way 
to t r a n s f e r knowledge to help the consumer. 

The increased emphasis i n biotechnology and subsequent 
knowledge t r a n s f e r to i n d u s t r y r e q u i r e a match-up of t a l e n t 
between ARS and i n d u s t r y . Tables I I and I I I demonstrate 
d o v e t a i l i n g the percent of ARS s c i e n t i s t s i n general 
biotechnology associated i n d u s t r i a l areas and a l i s t i n g of 
s p e c i f i c commercial areas, r e s p e c t i v e l y . I t i s evident from the 
ta b l e s that the major short and long term biotechnology research 
areas are being addressed ( 3 ) . 

Table I I . D i s t r i b u t i o n of ARS S c i e n t i s t s by 
I n d u s t r i e s and Associated Areas 

I n d u s t r i e s and Areas Percent 
Pharmaceutical 19 
Chemical 10 
Fermentation Genetic Engineering 4 
Food Processing 3 
A p p l i c a t i o n s to P l a n t s i n A g r i c u l t u r e 44 
Animal Improvement/Disease 13 
Use of G e n e t i c a l l y Engineered Organisms i n the Environment 7 
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232 BIOTECHNOLOGY FOR CROP PROTECTION 

The a g r i c u l t u r a l problems before us w i l l seek r e s o l u t i o n 
through cooperation with u n i v e r s i t y i n v e s t i g a t o r s . Table IV 
l i s t s the percent of ARS p r o j e c t s d e a l i n g w i t h biotechnology on 
the basis of s c i e n t i f i c f i e l d s . The s c i e n t i f i c d i s c i p l i n e s 
r e l a t e d to biotechnology are given i n Table V. I t i s evident 
that the b i o l o g i c a l and a g r i c u l t u r a l a s s o ciated d i s c i p l i n e s are 
represented more s t r o n g l y than are engineering and medical 
science d i s c i p l i n e s . 

Table I I I . Industry and Associated ARS Research Areas 

Pharmaceutical 
A n t i b i o t i c s 
A n t i b o dies 
Antigens (Vaccines) 
Enzymes 
Growth Hormones 
Other Hormones 
I n t e r f e r o n s 
Lymphokines/Cytokines 
P r o t e i n Pharmaceuticals 
Non P r o t e i n 

Chemical 
Fermentation 
F e r t i l i z e r s 
B i o l o g i c a l P rocessing 
P e s t i c i d e s 
Polymers 
I n d u s t r i a l Chemicals 

by B i o l o g i c a l 
Technologies 

Genetic Engineering Food Processing 
and Fermentation S i n g l e C e l l P r o t e i n 

L i v i n g Whole C e l l Production 
Fermentation Baking, Brewing, and 

I s o l a t e d Enzymes Winemaking 
Energy Production from M i c r o b i a l Polysaccharides 

Biomass Enzymes i n Food Processing 
Sweetener, F l a v o r s , and 

Fragrances 

Table IV. D i s t r i b u t i o n of S c i e n t i s t s 
by F i e l d s 

F i e l d Percent 
A g r i c u l t u r a l Sciences 23 
B i o l o g i c a l Sciences 62 
Engineering 7 
Biomedical Sciences 8 
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234 BIOTECHNOLOGY FOR CROP PROTECTION 

Research Overview 

Water Q u a l i t y 

Safe and economic d i s p o s a l of p e s t i c i d e wastes to assure q u a l i t y 
groundwater i s a great need i n t h i s country. The y e a r l y usage of 
p e s t i c i d e s i n the United States i s approximately 370,000 tons. 
G e n e t i c a l l y engineered and n a t i v e microbes that degrade 
p e s t i c i d e s w i l l s a f e l y meet t h i s need to c l e a n out p e s t i c i d e 
a p p l i c a t i o n equipment and handle on farm excessive r e s i d u a l 
p e s t i c i d e s . C u r r e n t l y , only a few genes encoding degradative 
enzymes have been i s o l a t e d and c h a r a c t e r i z e d , and more r e q u i r e 
development to address the c r i t i c a l water q u a l i t y challenge. 

P l a n t Production and P r o t e c t i o n 

P l a n t Production. The f i r s t research p r i o r i t y of ARS as w e l l as 
other a g r i c u l t u r a l l y r e l a t e d o r g a n i z a t i o n s , p u b l i c and p r i v a t e , 
i s production e f f i c i e n c y . This i m p l i e s a low d o l l a r grower input 
w i t h high q u a l i t y and y i e l d output. Many of the genes r e l a t e d to 
growth, form, and y i e l d are m u l t i p l e and operate i n a complex 
developmentally regulated f a s h i o n . 

The s i g n i f i c a n c e of a complex i n t e g r a t e d gene system i s 
d i f f i c u l t y i n gene t r a n s f e r as compared w i t h s i n g l e gene 
co n s t r u c t s and d e l i v e r y . Therefore, c e r t a i n p r o j e c t s are 
addressing m u l t i p l e gene t r a n s f e r methods. 

E l u c i d a t i o n of the biochemistry and metabolism of s e v e r a l 
key compounds and pathways i n higher plants i s mandatory to 
implement e f f e c t i v e t r a n s f e r of complex genes. This i s 
p a r t i c u l a r l y r e l e v a n t to d i r e c t i n g the r e g u l a t o r y enzyme systems 
that are r e l a t e d to p a r t i t i o n i n g and d i s t r i b u t i o n of d e s i r a b l e 
carbohydrate, l i p i d , and p r o t e i n molecules to s p e c i f i c plant 
organs. The emphasis of some st u d i e s i s d i r e c t e d towards the 
movement of l i p i d s and p r o t e i n to produce more n u t r i t i o u s soybean 
seeds, sugar molecules to sugarbeet r o o t s , and rubber to leaves 
or stems of guayule or hevea. 

Indispensable to gene t r a n s f e r of d e s i r a b l e s i n g l e and 
complex gene systems are plant c e l l and t i s s u e c u l t u r e 
techniques. P r e d i c t a b l e regeneration of p l a n t s w i t h wanted and 
known genotype i s of prime importance to s u c c e s s f u l a p p l i c a t i o n 
of crop improvement through gene t r a n s f e r . The c a r d i n a l f a c t o r 
to regeneration of agronomically important crops from c e l l s w i l l 
l i e i n the technology to c o n t r o l the mutation and d e s t r u c t i o n 
rate of genes i n c u l t u r e s t r e s s e d c e l l s . The general r e s u l t of 
the s t r e s s i s somaclonal v a r i a t i o n which i s not d e s i r a b l e when 
engineered crop plants w i t h uniform genotype and phenotype are 
the wanted product. S c i e n t i s t s are addressing the molecular 
b a s i s of formation of somaclonal v a r i a t i o n to improve plant 
t i s s u e c u l t u r e techniques. 

P l a n t P r o t e c t i o n . P r o t e c t i o n of p l a n t s from weeds, f u n g i , 
i n s e c t s and b a c t e r i a w i t h p e s t i c i d e s has been a c o s t l y grower 
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16. MIKSCHE AND CHANDRA Research in Biotechnology 235 

input and the challenge i s to change that to reduce costs i n 
farming. 

P e s t i c i d e use has been the most e f f e c t i v e component of 
disease and pest c o n t r o l . O v e r a l l , the use of p e s t i c i d e s to 
c o n t r o l disease i n f e s t a t i o n s i s r a p i d l y changing because of the 
f o l l o w i n g reasons: (1) p e s t i c i d e c o s t ; (2) p e s t i c i d e impact on 
the environment, i . e . , humans, animals and p l a n t s ; 
(3) r e g i s t r a t i o n of p e s t i c i d e s and a s s o c i a t e r e g u l a t o r y problems; 
and (4) increased r e s i s t a n c e of pests and pathogens to p e s t i c i d e s . 

Genetics and breeding are the d e s i r a b l e approaches to 
s o l v i n g pest problems, many of which have been s u c c e s s f u l , but 
the r e s u l t s are g e n e r a l l y slow to a t t a i n . I t i s evident that a 
l a c k of b a s i c information about pathogens e x i s t s as w e l l as 
host-disease i n t e r a c t i o n mechanisms. A l a c k of communication 
between p a t h o l o g i s t s and breeders has g e n e r a l l y e x i s t e d over the 
years because of temporal and s p a t i a l f a c t o r s ; i . e . , the 
c o o r d i n a t i o n of and pathogen e f f e c t s t u d i e s between the various 
d i s c i p l i n e s present serious s c i e n t i f i c man-year c o n t i n u i t y 
problems. Pa r t of the answer to the challenges before us w i l l be 
met w i t h t i s s u e c u l t u r e and molecular gene t r a n s f e r technology 
coupled with continued breeding and genetic s t u d i e s . Techniques 
i n v o l v i n g i n v i t r o methods that address disease problems are 
s u c c e s s f u l and t i s s u e c u l t u r e systems to r i g o r o u s l y s e l e c t f o r 
r e s i s t a n c e of fungal and b a c t e r i a l diseases of p l a n t s are being 
addressed. 

B i o l o g i c a l c o n t r o l may provide an opportunity to replace 
some p e s t i c i d e s f o r c o n t r o l of s p e c i f i c pests. I n a d d i t i o n to 
the c l a s s i c a l b i o c o n t r o l techniques of c o l l e c t i n g and r e l e a s e , 
the challenge i s to develop new technologies to develop 
b i o c o n t r o l agents. S p e c i f i c a l l y , the use of genetic engineering 
and other manipulative techniques may be u s e f u l i n t r a n s f e r r i n g 
b i o c o n t r o l molecules. B a s i c research on host pathogens and host 
i n s e c t i n t e r a c t i o n s w i l l a l s o be needed to make t h i s approach 
s u c c e s s f u l . 

The b a s i c genomic s t r u c t u r e and f u n c t i o n of pathogens i s 
another aspect of disease i s s u e s . Fungal, b a c t e r i a l , v i r a l and 
v i r o i d a l genomes are small and correspondingly simpler i n 
s t r u c t u r e than those found i n higher eucaryotes. The smallness 
and s i m p l i c i t y of pathogenic organisms suggest f e a s i b i l i t y of 
molecular s t u d i e s that could e l u c i d a t e f a c t o r s that c o n t r o l 
v i r u l e n c e and t o x i n production. Knowledge of v i r u l e n c e 
characters w i l l a i d i n the s p e c i f i c a t i o n of plant r e s i s t a n c e 
mechanisms to pathogenic organisms. The c o m p l e x i t i e s of 
biochemical host-pathogen i n t e r a c t i o n i n i t i a t e d upon pathogenic 
i n v a s i o n of s u s c e p t i b l e and r e s i s t a n t hosts cannot be analyzed 
without genetic i n f o r m a t i o n of pathogens. 

P l a n t s that d i s p l a y h e r b i c i d e t o l e r a n c e , s t r e s s t o l e r a n c e , 
and disease r e s i s t a n c e are being researched today and some 
systems are ready f o r f i e l d t e s t i n g . A disease r e s i s t a n t p l a n t 
has not yet been developed and t h i s research i s the area being 
pursued. 
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236 BIOTECHNOLOGY FOR CROP PROTECTION 

Animal P r o d u c t i o n and P r o t e c t i o n 

Animal Production. Production of l i v e s t o c k that are le a n e r , 
f a s t e r growing, more disease f r e e and more g e n e t i c a l l y sound than 
current breeds at l e s s cost to the producer meets production 
e f f i c i e n c y goals to be a t t a i n e d . The animal s c i e n t i s t s are 
researching metabolic and hormonal mechanisms to manipulate the 
rat e s n u t r i e n t s are d i s t r i b u t e d i n t o muscle, f a t , and bone. 

The major research problems wi t h animals are to develop 
t r a n s g e n i c animals t h a t d i s p l a y increased feed e f f i c i e n c y , a lea n 
car c a s s , improved reproductive c a p a c i t y , increased disease 
tolerance and an enhanced growth r a t e . A l l of these would lead 
to lower d o l l a r input w i t h a greater p r o f i t f o r the farm 
operator. This i s the production e f f i c i e n c y f o r which to s t r i v e 
and when implemented w i l l y i e l d greater p r o f i t f o r the e n t i r e 
a g r i b u s i n e s s s e c t o r with enhanced enivonmental r e s u l t s . 

Bovine somatotropin i s already a v a i l a b l e i n the marketplace 
and second generation somatotropins are being developed to 
increase m i l k and production growth r a t e s . Swine growth hormones 
and how they r e g u l a t e or c o n t r o l p a r t i t i o n i n g of n u t r i e n t s f o r 
the production of leaner meat i s researched w i t h the challenge to 
c l e a r l y understand the hormonal r e g u l a t i o n of p a r t i t i o n i n g 
n u t r i e n t s to the r i g h t c o n s t i t u e n t . 

Animal P r o t e c t i o n . The development of disease f r e e animals i s 
the u l t i m a t e goal f o r researchers. The t o o l s of biotechnology 
are a v a i l a b l e which w i l l help s e t the course to attempt to reach 
that o b j e c t i v e . Most of the current research a c t i v i t i e s are 
pursuing disease d e t e c t i o n and p r o t e c t i o n avenues. These areas 
of research are important to begin to untangle the many animal 
diseases as w e l l as developing products f o r the v e t e r i n a r y 
pharmaceutical market. 

Monoclonal a n t i b o d i e s are being developed to i d e n t i f y , 
i s o l a t e , and c h a r a c t e r i z e p r o t e i n s and epitopes of b i o l o g i c a l 
importance, improve ELISA t e s t s , detect l a t e n t i n f e c t i o n s and 
o f f e r passive t h e r a p e u t i c p r o t e c t i o n . 

Recombinant DNA technology i s being employed to develop 
h y b r i d i z a t i o n probes f o r i n v i t r o disease d i a g n o s i s and i n s i t u 
d e t e c t i o n of disease agents i n animal t i s s u e s ; d e t e c t i o n of 
markers f o r disease s u s c e p t i b i l i t y and r e s i s t a n c e ; develop 
supportive e f f o r t s f o r p r o t e i n sequencing, peptide mapping, 
n u c l e o t i d e sequencing, and gene mapping. 

Vaccine production i s pursued w i t h the o b j e c t i v e s to 
g e n e t i c a l l y engineer vaccines w i t h s p e c i f i c gene d e l e t i o n s 
reducing v i r u l e n c e ; produce v i r a l and b a c t e r i a l vectored 
vaccines; and develop subunit vaccines u s i n g p u r i f i e d antigens 
obtained from i n v i t r o expression vectors such as pseudorabies 
p u r i f i e d p r o t e i n vaccine and foot-and-mouth disease vaccine. 

The continued development of e f f i c i e n t and reduced disease 
f r e e animals i s s i g n i f i c a n t and has major consequences to the 
farm animal operator. 

Meeting the researchable problems r e q u i r e s s o l u t i o n s through 
the improvement of innate immune systems of farm animals to 
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16. MIKSCHE AND CHANDRA Research in Biotechnology 237 

reduce, i f not e l i m i n a t e , many animal diseases and associated 
c o s t s . 

Determination of the biochemical pathways a s s o c i a t e d with 
n u t r i e n t p a r t i t i o n i n g to muscle, bone, f a t , and other animal 
t i s s u e s and organs through research programs w i l l f a c i l i t a t e the 
subsequent engineering of n u t r i e n t d i s t r i b u t i o n and r e g u l a t i o n of 
animal growth. 

Researchers are developing methods and procedures that w i l l 
i n crease the reproductive c a p a c i t i e s and p o t e n t i a l of animals. 

Insect pests cause considerable damage to animal l i v e s t o c k 
and crop p l a n t s . Molecular entomology i s a r a p i d l y growing f i e l d 
and the challenges to reduce i n s e c t caused problems are being 
addressed by ARS entomologists. The same biotechnology t o o l s 
used i n p l a n t and higher animal research are employed. 

C o n s t r u c t i o n of s e x - l i n k e d genetic markers i n major economic 
pests w i l l f a c i l i t a t e expansion of genetic c o n t r o l methods such 
as the s t e r i l e i n s e c t technique and backcross s t e r i l i t y i n 
H e l i o t h i s v i r e s c e n s . 

Research i n molecular g e n e t i c s of i n s e c t neurohormones, 
s p e c i f i c a l l y neuropeptides, w i l l f a c i l i t a t e r a p i d advances 
e s p e c i a l l y i n i d e n t i f y i n g the pheromones and c l o n i n g neuropeptide 
genes i n t o microbes f o r production purposes and i n t o plants f o r 
novel c o n t r o l s t r a t e g i e s . 

The development of transformation systems w i l l y i e l d major 
breakthroughs i n e s t a b l i s h i n g advanced i n s e c t c o n t r o l s t r a t e g i e s . 

Product Q u a l i t y 

I n d u s t r i a l Products from A g r i c u l t u r a l Commodities 

A g r i b u s i n e s s , l i k e the pharmaceuticals i n d u s t r y , i s b i g 
business. Apart from e d i b l e food products, U.S. a g r i c u l t u r e w i l l 
be keyed more and more to the manufacture of i n d u s t r i a l nonfood 
products. These comprise commodity/bulk chemicals ( g e n e r a l l y of 
petroleum o r i g i n ) and s p e c i a l t y high-value products. Examples of 
the l a t t e r are health-care and cosmetic products. 

Already i n the U.S. today, about h a l f a b i l l i o n d o l l a r s 
worth of i n d u s t r i a l o i l s from p l a n t s are being used. Research 
work i s i n progress to augment the use of o i l s , s t a r c h , and d a i r y 
products from surplus a g r i c u l t u r a l commodities. I t i s expected 
that the r e s u l t s of t h i s research w i l l be a key element i n a 
s t r a t e g i c r e s t r u c t u r i n g , namely, a v e r t i c a l i n t e g r a t i o n of 
a g r i c u l t u r e w i t h businesses based on chemicals and high-value 
p r o p r i e t a r y products from t h i s vast renewable resource. 

Starch Conversion 

Starch from surplus corn has been converted i n t o a superabsorbent 
m a t e r i a l known as SUPER SLURPER. This i s being marketed under 
l i c e n s e by s e v e r a l companies f o r use i n removing water from 
r e f i n e d petroleum products and as an absorbent i n bandages and 
di a p e r s . Biodegradable p l a s t i c f i l m s of s t a r c h mixed with other 
polymers f i n d a p p l i c a t i o n as mulches i n a g r i c u l t u r e and as a 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

01
6



238 BIOTECHNOLOGY FOR CROP PROTECTION 

packaging m a t e r i a l f o r food. Heavy metals can be absorbed i n 
i n d u s t r i a l waste treatment. 

B i o t e c h n o l o g i c a l methods are being used f o r converting 
s t a r c h to m a t e r i a l s having p r o p e r t i e s s i m i l a r to those of 
imported gums and so reduce imports. Starch i s being reacted 
c h e m i c a l l y i n an extruder r e a c t o r system s i m i l a r to that used f o r 
making p l a s t i c s . I t i s a n t i c i p a t e d that the r e a c t i o n products 
w i l l be s u i t a b l e as coatings, f i l m s , s u r f a c t a n t s , and foams. 

Other a p p l i c a t i o n s being developed are composites with 
s y n t h e t i c polymers f o r use as semipermeable membranes. 
P e s t i c i d e s w i l l be made s a f e r to handle and t h e i r r e l e a s e 
c o n t r o l l e d by encapsulation w i t h s t a r c h . The l a t t e r a p p l i c a t i o n 
i s important i n the l i g h t of various concerns about the 
contamination of groundwater by p e s t i c i d e s . 

Vegetable O i l s and Animal Fats 

Research on soybean o i l and t a l l o w i s d i r e c t e d toward the 
manufacture of m a t e r i a l s which w i l l f i n d a p p l i c a t i o n i n 
l u b r i c a t i n g o i l s , p l a s t i c i z e r s , surface c o a t i n g s , and cosmetics. 
Genetic engineering techniques are being used f o r t a i l o r e d 
cleavage of o i l s and f a t s . I n c o n j u n c t i o n w i t h v a r i o u s chemical 
c a t a l y t i c systems, i t i s planned to produce novel m a t e r i a l s of 
higher market value. 

Dairy M a t e r i a l Conversion 

Whey from the d a i r y i n d u s t r y i s a waste product. Research i s 
being conducted on b i o t e c h n o l o g i c a l systems f o r upgrading l a c t o s e 
i n whey to human health-care and cosmetic products. 

Wool and Leather 

For the manufacture of top q u a l i t y U.S. wool, i t i s c r u c i a l to 
develop techniques f o r removing contaminants such as grease, 
vegetable matter, s t a i n s , and dark f i b e r s . 

For the l e a t h e r i n d u s t r y , valuable i n s i g h t s are being gained 
i n t o n o v e l, improved methods and m a t e r i a l s f o r c o n v e r t i n g hides 
to l e a t h e r . For example, the i n t e r a c t i o n between tanning and 
s a l t s used i n l e a t h e r manufacture i s being e l u c i d a t e d . Minor 
c o n s t i t u e n t s such as collagens and v a r i o u s other components can 
have a profound i n f l u e n c e on l e a t h e r q u a l i t y . 

Novel Crops 

Some c o n s i d e r a t i o n i s being given to the development of novel 
crops as a l t e r n a t i v e s or adjuncts to conventional agronomic 
spec i e s . Often, such p l a n t s produce o i l s and other chemicals 
which would f i n d a market i n the p l a s t i c s , detergents, and 
l u b r i c a t i n g o i l i n d u s t r i e s . 

C e r t a i n p l a n t s are p o t e n t i a l sources f o r pharmaceutical 
m a t e r i a l s . Grown i n c e l l c u l t u r e , a b i o t e c h n o l o g i c a l r e a c t o r 
process can be developed f o r making these high-value m a t e r i a l s . 
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16. MIKSCHE AND CHANDRA Research in Biotechnology 239 

Cotton 

There i s a wide range of research work d i r e c t e d toward the 
improvement of cotton product i n d u s t r i e s . For example, there i s 
work a t the molecular l e v e l on modifying the i n t e r n a l c r y s t a l l i n e 
s t r u c t u r e of cotton f i b e r s to improve t h e i r processing and 
u t i l i z a t i o n c h a r a c t e r i s t i c s . At the p i l o t s c a l e , s p i n n i n g 
q u a l i t y i s being analyzed to f i n d out how f a c t o r s such as 
c u l t u r i n g of the cotton p l a n t , h a r v e s t i n g , g i n n i n g , and 
processing a f f e c t q u a l i t y . 

Work i s i n progress to produce w r i n k l e r e s i s t a n t f a b r i c s 
that can be dyed. D e s i r a b l e thermal storage p r o p e r t i e s are being 
b u i l t i n t o c o t t o n f i b e r s by using s p e c i a l polymers, a fea t u r e 
which i s a t t r a c t i n g keen i n d u s t r i a l i n t e r e s t . 

The on-going ARS biotechnology research discussed i n t h i s 
chapter i s c o n s i s t e n t w i t h the m i s s i o n of our Agency and w i t h the 
recommendations made by the N a t i o n a l Research C o u n c i l , Board of 
A g r i c u l t u r e , on the subject of "New D i r e c t i o n s f o r Biosciences i n 
A g r i c u l t u r e . " 
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Chapter 17 

Regulation of Gene Expression 
in the Sunflower Embryo 

C. A. Adams, K. E. Koprivnikar, R. D. Allen, E. A. Cohen, 
C. L. Nessler, and T. L Thomas 

Department of Biology, Texas A&M University, College Station, TX 77843 
The sunflower embryo is a convenient system for the 
comparative analysis of gene expression in development. 
Here we demonstrate the util ity of this system in the 
analysis of several genes with different expression 
patterns and functions. These include the seed storage 
protein genes of sunflower that encode super-abundant 
mRNAs and genes that encode less abundant actin, 
tubulin, and β-lipoxygenase mRNAs. Relatively small 
changes (-3-fold) in steady state levels of actin, 
tubulin, and β-lipoxygenase transcripts are observed 
during embryogenesis. In contrast, very large changes 
(-100-fold) are observed for seed storage protein 
mRNAs over the same developmental interval. Compari
sons of steady state mRNA levels and relative nuclear 
RNA synthesis rates of these genes indicate that for 
the most part mRNA steady state levels are controlled 
at the level of transcription, although in some cases 
post-transcriptional control is important. These 
results are significant in understanding the role of 
gene regulatory hierarchies in development. 

R e g u l a t i o n of gene expression i n development i s achieved by a 
v a r i e t y of mechanisms i n d i f f e r e n t t i s s u e s and organisms. C o n t r o l 
a t the l e v e l of t r a n s c r i p t i o n may be accomplished by the presence 
or absence of t i s s u e - s p e c i f i c trans a c t i n g f a c t o r s , by h o l d i n g the 
chromatin c o n t a i n i n g the gene i n a " s i l e n t " c o n f i g u r a t i o n , or i n 
some cases by methylation of the gene (reviewed i n I). Post-
t r a n s c r i p t i o n a l c o n t r o l s may i n v o l v e d i f f e r e n c e s i n the r a t e of pre-
mRNA processing or i n the s t a b i l i t y of an mRNA w i t h i n the c e l l ( 2 ) , 
and c o n t r o l o f the r a t e a t which mRNA i s assembled i n t o polysomes 
(3) ( t r a n s l a t i o n a l c o n t r o l ) . Studies of these c o n t r o l s are p l e n t i 
f u l i n animal systems (1-3) but there are r e l a t i v e l y few p l a n t 
systems that have been studi e d as e x t e n s i v e l y . Sunflower i s an 
e x c e l l e n t system f o r the study of gene r e g u l a t i o n during embryo-
genesis. A s i n g l e i n f l o r e s c e n c e provides embryos of d i f f e r e n t 

0097-6156/88/0379-0240$06.00/0 
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17. ADAMS ET AL. Regulation of Gene Expression 241 

stages spanning e a r l y and l a t e developmental events; furthermore 
the s i z e of the sunflower i n f l o r e s c e n c e f a c i l i t a t e s the i s o l a t i o n 
of l a r g e numbers of developmentally staged embryos. Thus b i o 
chemical amounts of RNA and p r o t e i n can be i s o l a t e d from n u c l e i 
f o r the study of t r a n s c r i p t i o n and i s o l a t i o n of t r a n s a c t i n g 
f a c t o r s . In a d d i t i o n , a number of genes have been c h a r a c t e r i z e d i n 
sunflower. Two sunflower 11S ( h e l i a n t h i n i n ) seed storage p r o t e i n 
(SSP) genes (HaG3 and HaGlO) have been cloned and changes i n 
expression during embryogenesis have been described (4-6). A l s o 
the s t r u c t u r e of a 2S (albumin) SSP gene (HaG5) from sunflower 
has been determined and shown to have a s l i g h t l y d i f f e r e n t 
expression p a t t e r n from that of the h e l i a n t h i n i n s (5-7). In t h i s 
paper we d e s c r i b e the c o n t r o l of gene expression i n sunflower 
embryogenesis w i t h respect to HaGlO, HaG5, a c t i n , t u b u l i n , and β-
lipoxygenase (3-LOX) genes. Comparisons of steady s t a t e l e v e l s of 
mRNAs f o r these genes w i t h r e l a t i v e r a t e s of t r a n s c r i p t i o n at 
d i f f e r e n t stages of development i n d i c a t e that mRNA steady s t a t e 
l e v e l s are c o n t r o l l e d mainly at the l e v e l of t r a n s c r i p t i o n although 
i n some cases p o s t - t r a n s c r i p t i o n a l c o n t r o l may be important. 

M a t e r i a l s and Methods 

Growth of P l a n t s . Sunflower seeds (Helianthus annuus L. cv. Giant 
grey s t r i p e , Northrup King Seed Co. Minneapolis, MN) were germinated 
i n s t e r i l e s o i l and grown i n the greenhouse f o r one week before 
t r a n s p l a n t i n g to the f i e l d . P l a n t s were grown i n the f i e l d during 
the summer and i n growth chambers w i t h 16 h day l e n g t h a t 23°C at 
other times of the year. Embryos were harvested i n l i q u i d N2 and 
s t o r e d at -80°C u n t i l needed. 

RNA I s o l a t i o n . RNA was i s o l a t e d as p r e v i o u s l y described (4) except 
that t i s s u e was homogenized us i n g a P o l y t r o n (Brinkman Instruments, 
Westbury, NY). P o l y A+ RNAs were p u r i f i e d by oligo(dT) c e l l u l o s e 
chromatography (8). 

Northern B l o t H y b r i d i z a t i o n s . T o t a l or polyA+RNAs were denatured 
w i t h dimethyl s u l f o x i d e and g l y o x a l , s i z e f r a c t i o n a t e d on 1% agarose 
g e l s , and t r a n s f e r r e d to n i t r o c e l l u l o s e f i l t e r s . Labeled DNA probes 
were denatured by b o i l i n g and h y b r i d i z e d to f i l t e r s f o r 16 hr at 
the appropriate temperature i n 50% formamide, 25 mM phosphate 
b u f f e r pH 6.8, 5X SET (IX SET - 150 mM NaCl, 20 mM T r i s pH 7.8, 1 
mM EDTA), 0.1% sodium d o d e c y l s u l f a t e (SDS), 10% dextran s u l f a t e , 
5X Denhardt's s o l u t i o n (IX Denhardt's = 0.02% f i c o l l , 0.02% BSA, 
0.02% p o l y v i n y l p y r r o l i d o n e , 0.02% SDS), 100 ug/ml denatured h e r r i n g 
t e s t i s DNA, 50 yg/ml p o l y a d e n y l i c a c i d and 10 ug/ml p o l y c y t i d y l i c 
a c i d . A f t e r h y b r i d i z a t i o n the f i l t e r s were washed f o r l h i n 4X SET 
wash (4X SET + 0.025M phosphate b u f f e r , 0.2% SDS), 1 h i n 2X SET 
wash, and 1 h i n IX SET wash a l l at 50°C. Tubulin probed b l o t s were 
washed i n 50% formamide/ 5X SSC at 55°C f o r 2h. F i l t e r s were a i r -
d r i e d and exposed f o r autoradiography at -80°C w i t h an i n t e n s i f y i n g 
screen. R a d i o a c t i v i t y i n each band on the f i l t e r s was measured by 
e x c i s i n g the band and counting by l i q u i d s c i n t i l l a t i o n or d e n s i t o 
metry of autoradiographs u s i n g a Bio-Rad Model 620 video 
densitometer. 
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242 BIOTECHNOLOGY FOR CROP PROTECTION 

Probes f o r HaG5, HaGlO, a c t i n , and β-lipoxygenase con s i s t e d of 
DNA fragments l a b e l e d w i t h 32p by n i c k t r a n s l a t i o n . HaG5 and HaGlO 
probes c o n s i s t e d of 0.7kb and 1.2kb Eco RI cDNA fragments r e s p e c t 
i v e l y . The sequences of each of these probes l i e s e n t i r e l y w i t h i n 
the coding sequences of the genes (5,6). A c t i n probe was a three 
k i l o b a s e (kb) soybean genomic clone fragment I s o l a t e d from pSAc3 
(9) which was a g i f t of Dr. Richard Meagher ( U n i v e r s i t y of Georgia, 
Athens, GA). The probe f o r 3-lipoxygenase was a cDNA clone from 
pea and was k i n d l y provided by Dr. Rod Casey (John Innes I n s t i t u t e , 
Norwich, Great B r i t a i n ) . T u b u l i n probe c o n s i s t e d of a 1.6 kb 
t r a n s c r i p t produced from a soybean t u b u l i n genomic clone i n s e r t e d 
i n t o pSP65 (Promega B i o t e c , Madison, WI) using Sp6 RNA polymerase 
according to the i n s t r u c t i o n s of the manufacturer. This t u b u l i n 
c o n s t r u c t was k i n d l y provided by Dr. Mark G u i l t i n a n (10). 

N u c l e i I s o l a t i o n and Runoff Assays. N u c l e i were i s o l a t e d and 
p u r i f i e d by the procedure of Luthe and Quatrano (JUL) except that a l l 
b u f f e r s were adjusted to pH 8.6. Nuclear runoff r e a c t i o n s were 
c a r r i e d out i n a volume of 50 μΐ c o n t a i n i n g lOOmM (NH4)2S04, 30mM 
T r i s HC1 pH 8.6, 7mM MgCl 2, 2.5mM i n each of GTP, CTP, ATP, 3mM 
c r e a t i n e phosphate, 25 ng/ml c r e a t i n e phosphokinase, 3mM 3-
mercaptoethanol, 1 unit/μΐ RNasin, and 50 ]iC± 3 2P-UTP (New England 
Nuclear, Boston, MA, USA). Reactions were s t a r t e d by mixing a l l 
components, b r i n g i n g to room temperature and then adding 10μ1 of 
n u c l e i ( 10^ n u c l e i ) . Samples were incubated at 25°C f o r up to one 
hour. Reactions were stopped by a d d i t i o n of i c e c o l d 150mM sodium 
pyrophosphate/3mM UTP w i t h vigorous mixing and allowed to s i t on i c e 
f o r .10 minutes. One ml of i c e c o l d 5% (w/v) TCA was then added to 
each sample, vortexed and incubated on i c e f o r 10 minutes. TCA 
p r e c i p i t a b l e counts were c o l l e c t e d on Whatman GF/C g l a s s f i l t e r s , 
washed e x t e n s i v e l y w i t h 5% TCA/150mM sodium pyrophosphate, then 
w i t h e t h a n o l , and f i n a l l y w i t h 2 ml of d i e t h y l ether. A f t e r a i r 
d r y i n g , r a d i o a c t i v i t y on the f i l t e r s was determined by l i q u i d 
s c i n t i l l a t i o n counting. 

I s o l a t i o n of Heterogeneous Nuclear RNA from 3 2P-UTP Labeled N u c l e i . 
Heterogeneous n u c l e a r RNA (hnRNA) was i s o l a t e d by the method of Lee 
et a l . (12) w i t h the f o l l o w i n g m o d i f i c a t i o n s . P o l y v i n y l s u l f a t e 
was e l i m i n a t e d from the l y s i s b u f f e r , 0.75g of CsCl was added to the 
homogenate a f t e r the proteinase Κ step, and the samples c e n t r i f u g e d 
over the CsCl pad f o r 22 h at 50,000 rpm at 15°C i n a TLA 100.3 
r o t o r u s i n g a Beckman t a b l e t o p u l t r a c e n t r i f u g e . The r e s u l t i n g RNA 
p e l l e t was d i s s o l v e d i n 6M guanidine hydrochloride/50mM sodium 
c i t r a t e pH 7.0 and p r e c i p i t a t e d by the a d d i t i o n of 2.5 volumes of 
ethanol/-80°C overnight. A f t e r p e l l e t i n g i n an Eppendorf c e n t r i f u g e 
the RNA was d i s s o l v e d i n 50μ1 of water and 75μ1 of 5M potassium 
acetate pH 6.0 was added. The samples were then h e l d at -20°C 
overnight and RNA was p e l l e t e d i n an Eppendorf c e n t r i f u g e f o r 30 
min. The p e l l e t s were washed w i t h 70% ethanol, d r i e d i n vacuo and 
r e d i s s o l v e d i n h y b r i d i z a t i o n b u f f e r . 

Dot and S l o t B l o t H y b r i d i z a t i o n s . S l o t b l o t s of plasmid DNAs 
co n t a i n i n g clones f o r HaG5, HaGlO, a c t i n , t u b u l i n , and 3-
lipoxygenase were made by denaturing the DNAs i n 0.5M NaOH at 100°C 
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17. ADAMS ET Regulation of Gene Expression 243 

f o r 10 min followed by a d d i t i o n of an equal volume of i c e - c o l d 
n e u t r a l i z a t i o n s o l u t i o n (1M NaCl, 0.3M sodium c i t r a t e , 0.5M T r i s 
HC1 pH 8.0, 1M HC1) (13) and f i l t e r i n g through n i t r o c e l l u l o s e u s i n g 
a s l o t b l o t manifold from S c h l e i c h e r and S c h u e l l (Keene, NH). Dot 
b l o t s c o n t a i n i n g t o t a l RNA from staged embryos were made i n the 
same manner except that the heating i n a l k a l i step was e l i m i n a t e d 
and a M i n i f o l d ( S c h l e i c h e r and S c h u e l l ) was used. B l o t s were a i r 
d r i e d and then baked at 80°C f o r 4 h. Before use the b l o t s were 
pr e - h y b r i d i z e d i n the same manner as Northern b l o t s except that 
f o r s l o t b l o t s p r e - h y b r i d i z a t i o n was done f o r 48 h, 500,000 cpm of 
hnRNA from 8-, 13- or 25-days p o s t - f e r t i l i z a t i o n (DPF) embryo 
n u c l e i were then added to each f i l t e r and h y b r i d i z a t i o n c a r r i e d 
out f o r 72 h at 40°C. S l o t b l o t s were then washed i n the same 
manner as northern b l o t s and placed on f i l m f o r 96 h w i t h an 
i n t e n s i f y i n g screen. 

R e s u l t s 

SSP Genes E x h i b i t Very S i m i l a r P a t t e r n s of Expression. Figures 1 
and 2 demonstrate that HaG5 and HaGlO have i d e n t i c a l expression 
patterns both q u a l i t a t i v e l y (Figure 1) and q u a n t i t a t i v e l y (Figure 
2) from 8- through 25-DPF except that HaG5 expression i s detectable 
by 5 DPF w h i l e HaGlO expression i s not d e t e c t a b l e u n t i l 7 DPF. 
Both genes reach a peak i n expression at around 13 DPF and then 
d e c l i n e to very low l e v e l s by 25 DPF w i t h HalO mRNA being somewhat 
more prevalent at 25 DPF than that of Ha5. Both are undetectable 
i n dry seed by RNA g e l b l o t a n a l y s i s (data not shown). Since the 
g e l b l o t method gave more accurate q u a n t i t a t i v e data we continued 
to use i t f o r the a n a l y s i s of the expression p a t t e r n of other genes 
of i n t e r e s t . 

A c t i n , T u b u l i n , and β-Lipoxygenase have S i m i l a r Expression P a t t e r n s 
that are D i f f e r e n t from those of SSP Genes. Table I summarizes 
the r e s u l t s of Northern g e l b l o t a n a l y s i s of polyA+RNA from embryos 
at 8, 13 and 25 DPF w i t h respect to the expression of a c t i n , 
t u b u l i n , and β-LOX. The degree of expression of r e s p e c t i v e 
t r a n s c r i p t s are reported as percent of maximum cpm of probe 
h y b r i d i z i n g to t o t a l RNA. Each of these genes shows the same 
general expression p a t t e r n although a c t i n r a d i o a c t i v i t y d e c l i n e s 
more r a p i d l y than that of t u b u l i n , which i n t u r n d e c l i n e s more 
r a p i d l y than β-LOX. 

Table I . Expression patterns f o r a c t i n , t u b u l i n , and 
β-lipoxygenase genes during sunflower embryogenesis 

Expression l e v e l a t i n d i c a t e d DPF a 

Gene T r a n s c r i p t s i z e 8 13 25 
A c t i n 1.7 kb 100 43 30 
T u b u l i n 1.6 kb 100 60 25 
β-LOX 4.0 kb 100 65 50 
aThese numbers are the average of two separate measurements. 
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244 BIOTECHNOLOGY FOR CROP PROTECTION 

F i g u r e 1. Dot b l o t a n a l y s i s of HaG5 and HaGlO expression. One 
Ug of t o t a l RNA from embryos at the i n d i c a t e d day p o s t - f e r t i l i 
z a t i o n (DPF) was bound to each dot on n i t r o c e l l u l o s e and the dot 
b l o t s were then h y b r i d i z e d to the appropriate probe, washed and 
exposed to f i l m overnight. "Dry" = mature dry seed, Germ. = 
germinating dry seed. 

Figure 2. Northern g e l b l o t of t o t a l RNA from staged embryos. 
Numbers i n d i c a t e the r e l a t i v e cpm of probe bound (expressed as 
percent of maximum) at each stage of development f o r HaG5 and 
HaGlO. 
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17. ADAMS ET AL. Regulation of Gene Expression 245 

Prevalence of S p e c i f i c T r a n s c r i p t s i n Heterogeneous Nuclear (hn) 
RNA I s o l a t e d from 32p-UTP-Labeled N u c l e i . Table I I shows the 
r e s u l t s of measurement of t r a n s c r i p t l e v e l s i n hnRNA from develop-
mentally staged n u c l e i l a b e l e d w i t h 32UTP. Both HaG5 and HaGlO 
nucl e a r RNA reach a peak a t 13 DPF and d e c l i n e to very low l e v e l s 
by 25 DPF. $-LOX t r a n s c r i p t l e v e l s are highest i n 8 DPF n u c l e i 
and d i m i n i s h i n a manner s i m i l a r to the steady s t a t e RNA l e v e l s 
(Table I ) . N either a c t i n nor t u b u l i n t r a n s c r i p t s could be detected 
above background i n these experiments. Values shown are percent 
of maximum cpm of hnRNA from n u c l e i of d i f f e r e n t DPF embryos that 
h y b r i d i z e d to s l o t b l o t s c o n t a i n i n g at l e a s t a 100-fold excess of 
clone DNA s p e c i f i c to the gene i n d i c a t e d . 

Table I I . R e l a t i v e r a t e s of t r a n s c r i p t i o n 
f o r d i f f e r e n t genes during embryogenesis 

R e l a t i v e t r a n s c r i p t i o n 
r a t e at i n d i c a t e d DPFa 

Gene 8 13 25 
HaG5 10 100 5 
HaGlO 10 100 5 
3-LOX 100 60 10 
a V a l u e s at d i f f e r e n t DPF f o r each gene may 
be compared, comparisons between genes at 
s p e c i f i c DPF are not v a l i d . Numbers are 
the average of two d i f f e r e n t experiments. 

D i s c u s s i o n 

The genes i n t h i s study may be d i v i d e d i n t o two groups according to 
o v e r a l l expression patterns determined by measuring steady s t a t e 
mRNA l e v e l s . The SSP genes show a d e f i n i t e peak i n expression at 
around 13 DPF w h i l e the a c t i n , t u b u l i n , and β-LOX mRNAs appear to 
peak e a r l y i n embryo development (at or before 8DPF) and then 
g r a d u a l l y decrease through 25 DPF. These two groups a l s o d i f f e r 
i n the absolute abundance of t h e i r mRNAs. SSP gene mRNAs were 
e a s i l y d e t e c t a b l e i n t o t a l RNA whereas the use of polyA+RNA i s 
r e q u i r e d f o r the d e t e c t i o n of a c t i n , t u b u l i n , and β-LOX t r a n s c r i p t s . 
D i f f e r e n c e s i n the s t r u c t u r e of these genes and t h e i r c o r r e l a t i o n 
to expression p a t t e r n and l e v e l i s c u r r e n t l y under i n v e s t i g a t i o n . 

The most i n f o r m a t i v e comparison i s that of steady s t a t e mRNA 
l e v e l s to the r e l a t i v e t r a n s c r i p t i o n r a t e f o r each gene. I n the 
case of both SSP genes, the d i f f e r e n c e i n the r e l a t i v e t r a n s c r i p t i o n 
r a t e at 8 and 13 DPF i s q u a l i t a t i v e l y s i m i l a r to the r e l a t i v e steady 
s t a t e l e v e l s of mRNA. However the d i f f e r e n c e i n the l e v e l of 
t r a n s c r i p t i o n between 8 DPF and 13 DPF i s l a r g e compared to the 
d i f f e r e n c e i n steady s t a t e mRNA l e v e l s between these p o i n t s . T his 
suggests that both t r a n s c r i p t i o n a l and p o s t - t r a n s c r i p t i o n a l c o n t r o l s 
are o p e r a t i v e . The l a t t e r p o s s i b l y i n v o l v e s mRNA s t a b i l i t y w i t h i n 
the c e l l . In the case of the 3-LOX gene the t r a n s c r i p t i o n a l l e v e l s 
f o l l o w the same p a t t e r n as the steady s t a t e mRNA l e v e l s i n d i c a t i n g 
almost e x c l u s i v e l y t r a n s c r i p t i o n a l c o n t r o l of t h i s gene. For both 
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246 BIOTECHNOLOGY FOR CROP PROTECTION 

a c t i n and t u b u l i n the l e v e l s of t r a n s c r i p t i o n were undetectable i n 
s i m i l a r experiments but these t r a n s c r i p t s were e a s i l y d e t e c t a b l e i n 
steady s t a t e mRNA. Thus p o s t - t r a n s c r i p t i o n a l c o n t r o l of mRNA l e v e l s 
may be important f o r these genes. 

The SSP genes st u d i e d here belong to small gene f a m i l i e s , 
v a r i o u s members which w i l l c r o s s - h y b r i d i z e w i t h the probes used 
Ç5,6) . These r e s u l t s thus r e f l e c t c o n t r i b u t i o n s from more than one 
gene i n each f a m i l y . This i s probably t r u e f o r the a c t i n ( 9 ) , 
t u b u l i n (10), and β-LOX (14) genes as w e l l . The r e l a t i v e importance 
of t r a n s c r i p t i o n a l or p o s t - t r a n s c r i p t i o n a l r e g u l a t i o n of expression 
may vary f o r i n d i v i d u a l genes but the methods used here do not a l l o w 
us to d i s t i n g u i s h between d i f f e r e n t gene f a m i l y members. Gene 
s p e c i f i c probes are being constructed f o r some of these genes f o r 
use i n studying d i f f e r e n t i a l r e g u l a t i o n of members of the same 
f a m i l y . 

Our r e s u l t s suggest that a hi e r a r c h y of gene r e g u l a t i o n i s 
op e r a t i v e during higher p l a n t growth and development and furthermore 
that the r e l a t i v e importance of each h i e r a r c h i c a l l e v e l depends 
on the p a r t i c u l a r genes i n v o l v e d . I t may be that d i f f e r e n t l e v e l s 
of c o n t r o l are u t i l i z e d f o r d i f f e r e n t genes because of s p e c i f i c 
p h y s i o l o g i c a l consequences. Present s t u d i e s are fo c u s i n g on the 
r o l e of t r a n s - a c t i n g f a c t o r s and c i s - a c t i n g elements i n d i f f e r e n t i a l 
gene expression i n sunflower. Our u l t i m a t e goal i s to understand, 
i n d e t a i l , the mechanisms that c o n t r o l gene expression and t h e i r 
p h y s i o l o g i c a l consequences i n higher p l a n t s . 
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Chapter 18 

Molecular Dynamics o f t h e 32,000-Dalton 

Photosystem I I Herbicide-Binding Protein 

Autar K . Mattoo 1, Franklin E. Callahan1, Bruce M. Greenberg2,3, 
Pierre Goloubinoff2 ,4, and Marvin Edelman1,2 

1Plant Hormone Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, Beltsville, M D 20705 

2Plant Genetics Department, The Weizmann Institute of Science, 
Rehovot, 76-100, Israel 

The ubiquitous 32kDa thylakoid protein, the psbA 
gene product, i s a major product of the p las t id 
t ranslat ional machinery and an integral component 
of the photosystem I I reaction center. The pro
te in i s also the target s i te for t r i az ine and urea
-type herbicides. It i s first synthesized as a 
precursor on stromal lamellae where it is processed 
to the mature 32kDa form. Following processing, the 
32kDa protein i s translocated to the topological ly 
d i s t inc t granal lamellae. Sometime during its 
translocation and/or integration within the granal 
photosystem II, the protein undergoes covalent 
modification with palmitic ac id . This modification 
occurs i n the amino-terminal ha l f of the protein 
and i s inhibi ted by atrazine and diuron herbicides. 
Light - in tens i ty dependent degradation of the pro
te in occurs after i t s assembly in the granal lamel
lae , and results i n a membrane-associated 23.5kDa 
product derived from the amino terminal two-thirds 
of the parent protein. The cleavage s i te i s local
ized to a functionally active and phylogenetically 
conserved region between amino acid residues 238 
and 248. Contiguous with the proposed cleavage 
domain i s an α-helix-destabilizing region, border
ed by arginine residues 225 and 238. This region, 
character is t ic of rapidly catabolized proteins, 
seems to have evolved along with oxygenic photo
system II, since it is absent from the analogous 
protein in the non-oxygenic photosynthetic bacter ia . 

3Current address: Department of Biology, University of Waterloo, Ontario N2L 3G1, Canada 
4Current address: Central R&D Department, E. I. du Pont de Nemours and Company, 
Wilmington, DE 19898 

0097-6156/88/0379-0248$06.00/0 
c 1988 American Chemical Society 
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18. MATTOO ET AL. Dynamics of Herbicide-Binding Protein 249 

C h l o r o p l a s t s encode one o f the most s tud ied o f p l an t gene p roduc t s , a 
unique p r o t e i n w i t h an apparent molecu la r weight o f 32,000 on SDS-
po lyac ry lamide g e l s . The 32kDa p r o t e i n has a conserved pr imary 
s t r u c t u r e (1) i n the algae and h igher p l an t s t e s t ed ( 2 ) . The 
r e c o g n i t i o n o f t h i s p l a s t i d p r o t e i n as a monogenic t a rge t fo r the 
most commonly used photosystem I I h e r b i c i d e s , a t r a z i n e (3) and d i u r o n 
( 4 ) , and as one o f the most r a p i d l y t u r n i n g over p l an t p r o t e i n s (5) 
has generated cons ide rab l e i n t e r e s t among molecu la r b i o l o g i s t s and 
b i o t e c h n o l o g i s t s because o f the p o t e n t i a l fo r gene t i c e n g i n e e r i n g . 
In a d d i t i o n , the recent demonstra t ion o f the 32kDa p r o t e i n as an 
e s s e n t i a l component o f the h ighe r p lan t photosystem I I r e a c t i o n 
cen te r (6 ,7 ) has added a new dimension to t h i s i n t e r e s t w i t h s t i l l 
broader i m p l i c a t i o n s for c rop improvement i n a g r i c u l t u r e . 

B i o s y n t h e s i s , T r a n s l o c a t i o n and P o s t t r a n s l a t i o n a l M o d i f i c a t i o n s 

S y n t h e s i s . The 32kDa p r o t e i n i s coded fo r by the psbA gene l o c a t e d 
i n the p l a s t i d genome ( 8 ) . The psbA gene has been sequenced from 
s e v e r a l h igher p l an t c h l o r o p l a s t s , a lgae and cyanobac te r i a and, l i k e 
i t s p r o t e i n product ( 2 ) , i s h i g h l y conserved ( F i g . 1 ) . The cod ing o f 
the h ighe r p l an t psbA gene sequence p r e d i c t s a hydrophobic p r o t e i n 
w i t h 353 amino a c i d r e s idues and a molecu la r weight o f about 39,000 
( 8 ) . The p r o t e i n i s , i n f a c t , syn thes i zed on membrane-bound 
ribosomes ( 9 ) . I t i s f i r s t syn thes i zed as a precursor and has been 
i d e n t i f i e d as such in v i t r o , i n o r g a n e l l o and j ln v i v o . P rocess ing o f 
the precursor to the mature 32kDa form was shown in v i v o and i n 
o r g a n e l l o by pulse-chase experiments ( 1 2 ) . 

The apparent s i z e o f the precursor i s about 33.5-34.5kDa on SDS-
po lyac ry l amide g e l s which i s somewhat d i f f e r e n t from the molecu la r 
weight p r e d i c t e d from the deduced open read ing frame. This 
d i sc repancy c o u l d r e s u l t i f the p r o t e i n behaved i n an anomalous 
manner on SDS-PAGE. A l t e r n a t i v e l y , i t was suggested that t r a n s l a t i o n 
o f 32kDa mRNA i n i t i a t e s a t the second methionine i n the open read ing 
frame at p o s i t i o n 37 (met37) in s t ead o f the one at p o s i t i o n 1 ( m e t l ) . 
Th i s would r e s u l t i n a p r o t e i n w i t h a molecu la r weight o f 34.5kDa 
(15-17) . The l a t t e r p o s s i b i l i t y has been e x p e r i m e n t a l l y d i scounted 
by a recent study tha t used f u l l l e n g t h , t runca ted and mutated 
c o n s t r u c t s o f psbA gene from Solanum nigrum as templates i n an i n 
v i t r o t r a n s c r i p t i o n / t r a n s l a t i o n system ( 1 8 ) . I t was found tha t when 
the met37 codon, ATG, was mutagenized to AAG (which codes for l y s i n e ) 
o r to AGG (which codes fo r a r g i n i n e ) , w h i l e s t i l l r e t a i n i n g the f i r s t 
ATG codon ( m e t l ) , the t r a n s l a t i o n product had the same m o b i l i t y on 
SDS-PAGE as the 33.5kDa p recurso r p r o t e i n . On the o ther hand, 
d e l e t i o n at the 5 ' -end o f the gene to remove the codon for me t l 
wi thout a f f e c t i n g the met37 codon produced a t r unca t ed , 29kDa 
p r o t e i n . Thus, t r a n s l a t i o n o f mRNA for the 32kDa p r o t e i n i n i t i a t e s 
a t m e t l . Recent immunological evidence showing met l and met37 as 
par t o f the mature p r o t e i n (19 ) , and l o c a l i z a t i o n o f a p o s t -
t r a n s l a t i o n a l phosphory la t i on at p o s i t i o n 2 of the open read ing frame 
w i t h the genera t ion o f ace ty l -0-phosphothreonine as the N - t e r m i n a l 
r e s idue i n the mature 32kDa p r o t e i n ( 2 0 ) , support the c o n t e n t i o n tha t 
i n i t i a t i o n o f t r a n s l a t i o n occurs at m e t l . I t would seem then t h a t , 
as i s the case w i t h o ther hydrophobic pho tosyn the t i c membrane 
p r o t e i n s (30 ) , the 32kDa p r o t e i n behaves anomalously on SDS-PAGE. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

01
8



250 BIOTECHNOLOGY FOR CROP PROTECTION 

1 ..S..RENRRDNV.D...E.V...D..I.V. 
2 ..TA.Q....A...QQ..E.V...D..I.V. 
3 . .TT.QQ.S.ANV.E.. .T V. 
4 ...T.QQ.1C.ANV.E. ..8Q H...IV 
5 ..TT.Q0.SRA.V.D...E I 
6MISPV.KKYARP.. .Y.. .A.VA.KK V 
7 NS...A 

I C . . V 
IC..V 

...A..VC V., 
A..TC 

...A..AC.V , 
AT 

..A...M YV.S.N.. 

..A...M W.S.N.. 

..A...I W.S.M.. 

..A...I W.S.N 

..A...I W.S.N 
P T..W...P 

L Q.Y.F... 
L Q.V.P... 
L Q.VIP... 
L O.VIP... 
L Q.VIP... 

T . L Q...C..P 

12 . 
13 . 
14 . 

17 MTAII^RE|ESU*GRPCNWITSTENRLYjGWPGVLMI [PTLLTATSVPIIAFIAAPPVDIDGIREPVS 

40 60 

5SLLYCNNI ISGAIIPTSAAIGLHFYPIWEAASVDEWU 

100 

IYNG^PYELIVLHP^ 

PEST 

17 LGYACYMGRI 

C L E A V E 
EWELSFRWMjtPWIAVAYSAPVAAATAVPLIYPIGOGSPSbdffUSISGTro 

140 160 l i o 

>PHMJCVAGYPGGSj.PSAMHGSLV|SSL 

. V L 6 . A T P V A L T . . . I H . 

. V L C . A T P V A L T . . A I . . 
G . V A P V A L T . . A I . . 
C . V A P V A L T . . A I . . 

. V C . V A P V A L T . . A I . . 

. Y . S . . L . . 

;v; '.'.'.i.'. 

!!d '.'.'.i'.'. 

17 QEEETTfNI^HGYFOT^ ISWDSOGR̂  tVINTWADIINRANI ILGMEVMHERNAHNFPLDLAAIE--J APSTNG 

340 360 

F i g u r e 1 

Comparison o f deduced amino a c i d sequences from psbA genes. Note the 
c o n s e r v a t i o n o f the P E S T - l i k e r e g i o n cont iguous w i t h the a - h e l i x -
d e s t a b i l i z i n g , pr imary c leavage domain i n the 32kDa p r o t e i n . The 
arrow i n d i c a t e s the probable s i t e where the precursor p i ece on the 
carboxy- terminus i s c l eaved ( 2 2 ) . psbA sequences were compiled as 
f o l l o w s : (1) A n a c y s t i s n i d u l a n s copy I , and (2) copy I I / I I I ( 4 1 ) . 
(3) Anabaena 7120 copy I , and (4) Anabaena 7120 copy I I ( 4 2 ) . (5) 
F r e m y e l l a d i p l o s i p h o n ( 4 3 ) . (6) Euglena g r a c i l i s ( 4 4 ) . (7) 
Chlamydomonas r e i n h a r d t i i ( 4 5 ) . (8) Marchan t i a polymorpha ( 4 6 ) . (9) 
Zea mays ( 4 7 ) . (10) S i n a p i s a l b a ( 4 8 ) . (11) B r a s s i c a napus T 4 9 ) . (12) 
Medico s a t i v a (50T. ( l 3 ) Pisum sat ivum ( 5 1 ) . (14) G l y c i n e max ( 5 2 ) . 
(15) Pe tun i a h y b r i d a ( 5 ^ . (16) Amaranthus hybr idus ( 1 5 ) . TT7) 
Solanum nigrum i s the re fe rence sequence (54; and i s i d e n t i c a l to the 
S p i n a c i a o l e r a c e a , N i c o t i a n a debneyi (8) and N i c o t i a n a tabacum (55) 
psbA sequences. (Adapted from r e f . 5 6 ) . 
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18. MATTOOETAL. Dynamics of Herbicide-Binding Protein 251 

Precurso r P r o c e s s i n g . The p recursor p r o t e i n i s syn thes i zed on 
s t romal l ame l l ae and i s processed there to the 32kDa mature form 
( 2 1 ) . P rocess ing o f the p recurso r i s a p o s t t r a n s l a t i o n a l event 
(12) and takes p lace at the carboxy terminus (22) . F o l l o w i n g 
p r o c e s s i n g , the mature p r o t e i n t r a n s l o c a t e s t o s p a t i a l l y - d i s t i n c t 
c h l o r o p l a s t membranes, the grana , where f u n c t i o n a l photosystem I I 
r e a c t i o n cen te r s are ma in ly l o c a t e d ( 2 1 , 2 3 ) . 

The mechanism o f t r a n s l o c a t i o n i s not unders tood. Any 
mechanism put forward to e x p l a i n the l a t e r a l d i f f u s i o n o f the 
p r o t e i n has to r e c o n c i l e the fac t that the 32kDa p r o t e i n on s t romal 
l a m e l l a e i s i n t e g r a t e d i n an o r i e n t a t i o n tha t seems s i m i l a r to the 
p r o t e i n i n t eg ra t ed w i t h i n the g rana l l a m e l l a e . Th is i s shown by 
experiments i n v o l v i n g t r y p s i n i z a t i o n o f the two membrane types 
f o l l o w i n g t h e i r i s o l a t i o n from p u l s e - l a b e l e d S p i r o d e l a p l a n t s . 
P r e v i o u s l y i t was e s t a b l i s h e d tha t the membrane-bound 32kDa p r o t e i n 
y i e l d s , upon t r y p s i n d i g e s t i o n , two membrane-associated fragments 
o f 22kDa and 20kDa on SDS-PAGE ( 2 4 ) . Us ing t h i s t echn ique , we have 
found i d e n t i c a l i n s i t u t r y p s i n i z a t i o n pa t t e rns o f the s t romal 
l a m e l l a e versus g r a n a l - a s s o c i a t e d 32kDa p r o t e i n ( F i g . 2 ) . 
Moreover, even i n the precursor s t a t e , the s t r o m a l - l a m e l l a e 
a s s o c i a t e d p r o t e i n shows s i m i l a r t r y p s i n - s e n s i t i v e domains (P . 
G o l o u b i n o f f , unpub l i shed) . Thus, these da ta r a i s e the p o s s i b i l i t y 
tha t membrane i n t e g r a t i o n and o r i e n t a t i o n are independent o f 
p rocess ing and t r a n s l o c a t i o n o f the 32kDa p r o t e i n . 

Membrane I n t e g r a t i o n . What i s the d r i v i n g force behind the 
i n t e g r a t i o n process? An a n a l y s i s o f s e v e r a l decoded amino a c i d 
sequences o f the p r o t e i n shows c o n s i d e r a b l e v a r i a b i l i t y i n the 
c a r b o x y - t e r m i n a l r e g i o n . Notwi ths tand ing t h i s v a r i a b i l i t y , a 
nega t ive charge o f at l e a s t 1 i s main ta ined i n the p recurso r p iece 
o f the spec ies examined. Asp342 i s conserved i n a l l these cases 
w h i l e a h i g h frequency o f g l u o r asp at p o s i t i o n 347 i s observed 
(25) . The i n t e g r a t i o n event cou ld be d r i v e n by the nega t ive charge 
on the p recursor p iece o f the 33.5kDa p r o t e i n . Such a model fo r 
i n t e g r a t i o n o f the mature 32kDa p r o t e i n w i t h i n s t romal l ame l l ae i s 
c o n s i s t e n t w i t h the membrane t r i g g e r hypo thes i s ( 2 6 ) , i n the 
present ca se , be ing a p p l i e d to a p r o t e i n tha t undergoes p rocess ing 
at the carboxy te rminus . The i n t e r a c t i o n o f the p r o t e i n w i t h 
s t romal membrane l i p i d s c o u l d p o s s i b l y h e l p i n t h i s i n t e g r a t i o n 
p rocess . In t h i s c o n t e x t , i t i s worth n o t i n g that s t romal 
membranes have a d i f f e r e n t complement o f g l y c o l i p i d molecu la r 
spec ies as compared to tha t found i n the g r a n a l membranes ( 2 7 ) . 
Whether t h i s d i f f e r e n c e i s favorab le for i n t e g r a t i o n o f the 32kDa 
p r o t e i n i n s t romal membranes i s not known. 

P o s s i b l e S i g n a l s for T r a n s l o c a t i o n . The ques t ion a r i s e s : What 
s i g n a l s enable s t romal 32kDa p r o t e i n to move to the g rana l 
l ame l l ae? At 30 /xmole.m"^.s"^ o f whi te l i g h t , the h a l f 
l i f e o f the newly - syn thes i zed 32kDa p r o t e i n on s t romal membranes i s 
between 9-18 min w h i l e the newly t r a n s l o c a t e d g rana l 32kDa p r o t e i n 
has a h a l f l i f e o f 6-12 hours (21 , 28 ) . Th is d i f f e r e n c e i n the 
l i f e t imes o f i t s presence i n s t romal versus g r a n a l membranes i s 
p a r t i a l l y r e f l e c t e d i n western b l o t a n a l y s i s o f s teady s t a t e l e v e l s 
o f p r o t e i n at these two d i s t i n c t l o c a t i o n s , v i z . , the amount o f 
s t romal 32kDa p r o t e i n i s o n e - f i f t h to one- tenth of tha t found i n 
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252 BIOTECHNOLOGY FOR CROP PROTECTION 

the g r a n a l f r a c t i o n . In a d d i t i o n to i t s m o d i f i c a t i o n by phospho
r y l a t i o n (d i scussed above) , the 32kDa p r o t e i n a l s o undergoes 
another p o s t - t r a n s l a t i o n a l m o d i f i c a t i o n , v i z . , w i t h p a l m i t i c a c i d 
( 2 1 , 28 ) . The a c y l l i n k a g e i s r e s i s t a n t to a c i d i c hydroxylamine and 
to c o n d i t i o n s o f d e n a t u r a t i o n , e l e c t r o p h o r e s i s and f i x a t i o n o f the 
p r o t e i n on SDS-polyacrylamide g e l s , sugges t ing an e ther or amide 
l i n k a g e . The p a l m i t o y l a t i o n o f the p r o t e i n i s l i g h t s t imu la t ed and 
r a p i d , be ing observed w i t h i n 1 min o f r a d i o l a b e l i n g o f S p i r o d e l a 
p l a n t s w i t h ^ H - p a l m i t i c a c i d . Both a t r a z i n e and d i u r o n , tha t 
b i n d the 32kDa p r o t e i n , i n h i b i t a c y l a t i o n o f the p r o t e i n ( 2 9 ) . 
These da ta suggest that such h e r b i c i d e s might compete for s i t e s on 
the p r o t e i n tha t are p a l m i t o y l a t e d , or cause a conformat iona l 
change i n the p r o t e i n such tha t a c y l a t i o n s i t e s are no more 
a c c e s s i b l e to the enzyme tha t l i g a t e s p a l m i t i c a c i d to the p r o t e i n . 
L i g h t , d i u r o n o r heat are known to cause conformat iona l changes i n 
the p r o t e i n p a r t i c u l a r l y i n the r e g i o n bounded by T22 and T20 (4 , 
3 0 ) . An a c y l a t i o n s i t e appears to be a s s o c i a t e d w i t h the 
c h a r a c t e r i s t i c , t r y p s i n - d e r i v e d membrane-associated p r o t e i n 
fragments, T22 and T20 as w e l l ( 2 1 ) . Furthermore, a c y l a t i o n i s 
r e s t r i c t e d to the 32kDa p r o t e i n a s s o c i a t e d w i t h the g rana l 
l a m e l l a e . Specu la t ions on the r o l e o f p a l m i t o y l a t i o n i n the 
dynamics o f the 32kDa p r o t e i n i n c l u d e : 1. Promotes proper 
f u n c t i o n a l i n t e g r a t i o n w i t h i n the g r a n a l photosystem I I r e a c t i o n 
c e n t e r ; and 2 . ac t s as a r a p i d t r a n s l o c a t i o n s i g n a l tha t 
d e s t a b i l i z e s the p r o t e i n on s t romal l a m e l l a e a l l o w i n g i t s l a t e r a l 
d i f f u s i o n to g rana . 

Degradat ion 

Once the 32kDa p r o t e i n i s t r a n s l o c a t e d to the g r a n a l l ame l l ae i t 
undergoes a l igh t -dependent deg rada t ion . I t s h a l f l i f e i n the 
grana i s dependent on the l i g h t i n t e n s i t y at which the p l an t i s 
c u l t i v a t e d , w h i l e the p r o t e i n i s s t a b l e i n the dark ( 3 1 ) . 
Degradat ion occurs i n v i s i b l e l i g h t , where both photosystem I and 
I I are f u n c t i o n a l as w e l l as i n far red l i g h t , where photosystem I 
i s predominant ly a c t i v e ( 3 2 ) . Both a t r a z i n e and urea- type 
h e r b i c i d e s b i n d to the p r o t e i n and c h a r a c t e r i s t i c a l l y i n h i b i t 
i t s degrada t ion (31 , 32 ) . The l i g h t - i n t e n s i t y dependent 
degrada t ion o f the 32kDa p r o t e i n r e s u l t s i n the p roduc t ion o f a 
membrane-associated fragment o f 23.5kDa ( 3 3 ) . The primary c leavage 
occurs about 2kDa ca rboxy - t e rmina l to arg225, somewhere between 
arg238 and i l e 2 4 8 ( F i g . 1 ) . Th i s domain o f the 32kDa p r o t e i n i s 
l o c a l i z e d i n the f u n c t i o n a l l y - a c t i v e h y d r o p h i l i c loop between 
h e l i c e s IV and V ( 3 3 ) , i s r i c h i n glutamate r e s i d u e s , and has been 
conserved p h y l o g e n e t i c a l l y ( F i g . 1 ) . I t i s the r e g i o n o f the 
p r o t e i n where quinone and h e r b i c i d e s are pos tu l a t ed to b i nd and 
where s i n g l e amino a c i d changes that are a l t e r e d i n h e r b i c i d e 
mutants o f h ighe r p l an t s and algae e x i s t . I n t e r e s t i n g l y , adjacent 
to t h i s proposed s i t e o f pr imary cleavage i s a 14 amino a c i d 
sequence bordered by arg225 and arg238 and r i c h i n g lutamate , 
s e r i n e and th reon ine r e s idues ( F i g s . 1 and 3 ) . Th i s r e g i o n 
resembles s i m i l a r - t y p e r eg ions c a l l e d 'PEST 1 (showing preponderance 
o f p r o l i n e - P , g lu tamate -E , s e r i n e - S and th reon ine -T res idues and 
bounded by p o s i t i v e l y charged amino a c i d s ) that are commonly found 
i n r a p i d l y degraded p r o t e i n s (34) . PEST reg ions are suggested to 
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18. M A T T O O E T A L . Dynamics of Herbicide-Binding Protein 253 

F i g u r e 2 

In s i t u s t r y p s i n d i g e s t i o n pa t t e rns o f 3 5 s - m e t h i o n i n e - l a b e l e d 
s t romal and g r a n a l membranes. S p i r o d e l a p l an t s were pu l se l a b e l e d i n 
the l i g h t w i t h [^^sjmethionine for 3 min , washed w i t h n o n - r a d i o 
a c t i v e growth medium and incubated fu r the r fo r 20 min w i t h n o n - r a d i o 
a c t i v e methionine (ImM). The p l a n t s were ha rves t ed , homogenized and 
whole t h y l a k o i d s i s o l a t e d . F r a c t i o n a t i o n o f t h y l a k o i d s i n t o s t romal 
(SL) and g rana l (GL) l ame l l ae was achieved by the method o f Leto et 
a l . ( 37 ) . Each membrane sample was d i g e s t e d with(+) or w i t h o u t ( - T ~ 
t r y p s i n (24) and then prepared fo r SDS-PAGE. The p o s i t i o n s o f 
undiges ted 32kDa p r o t e i n [p32] and t r y p s i n fragments [T22 and T20] 
are i n d i c a t e d . 

Lc 

32kDa 

PFHMLG I S L F FTTAWALpflFR3ALVLS AANPVKGKTMRTPDHEDT 

E E H M L a V A Q V F G G S L F S i A M I J Q b L V T S S L I R E T T E N E S A N E G Y R F G Q E E E T 

PEST region Cleavage domain 

F i g u r e 3 

Comparison o f a l i g n e d sequences i n the P E S T - l i k e r e g i o n o f the 32kDa 
photosystem I I r e a c t i o n cen ter p r o t e i n w i t h those o f L subuni t o f 
Khodopseudomonas capsu l a t a ( L c ) . Adapted from r e f . 38. 
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254 BIOTECHNOLOGY FOR CROP PROTECTION 

F i g u r e 4 

Degradat ion o f the 32kDa p r o t e i n i n i s o l a t e d S p i r o d e l a membranes. 
S p i r o d e l a p l a n t s were pu lse l a b e l e d w i t h [^S]-methionine fo r 2 h 
and homogenized w i t h STN/lOmM Mg bu f f e r ( 4 ) . Membranes were 
c e n t r i f u g e d , washed w i t h lOmM t r i s - g l y c i n e , pH 8 . 5 , c o n t a i n i n g lOmM 
M g C l 2 and suspended i n STN/lOmM Mg b u f f e r . Incubat ions were 
c a r r i e d out i n the dark (D) or at 50/iM DCMU o r 50piM a t r a z i n e (AT) fo r 
the t imes i n d i c a t e d . Samples were then subjected to SDS-PAGE. The 
p o s i t i o n s o f 32kDa p r o t e i n and the l i g h t h a r v e s t i n g c h l o r o p h y l l a/b 
apopro te in (LHCP) are i n d i c a t e d . 
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18. MATTOOETAL. Dynamics of Herbicide-Binding Protein 255 

function as primary determinants for degradation of the proteins 
harboring them. In the chloroplast genome, which has been fully 
sequenced (40), a PEST-like region is found only in the 32kDa protein 
(33). The close proximity of the proposed cleavage site with the 
PEST-like region in the 32kDa protein suggests that the latter may be 
involved in regulating the degradation of the 32kDa protein. The 
PEST-like region is absent from the analogous protein from the non-
oxygenic bacterial photosynthetic reaction center (35) v i z . , the L 
subunit (Fig. 3). In contrast to the 32kDa protein which is rapidly 
degraded, the L subunit is relatively stable. This raises the 
possibility of a linkage between evolution of oxygenic photosystem II 
and the introduction of the PEST-like region in the 32kDa protein. 
Genetic or engineered alteration of the site of cleavage and the 
PEST-like region in the 32kDa protein should prove valuable in 
studying the structure-function relationships of this reaction center 
component. 

Mimicking In Vivo Degradation in Isolated Thylakoids 

An in vitro system is being developed to study degradation of the 
32kDa protein in isolated thylakoids. The requirements for a 
successful in vitro system include: 1. the protein should be 
degraded without affecting other membrane components; 2. protein 
degradation should be light dependent; and 3. herbicides (atrazine 
and diuron) that bind to the 32kDa protein should inhibit the 
degradation. Results in Fig. 4 demonstrate degradation of the 32kDa 
protein in isolated thylakoids. The results meet the three cr i ter ia 
mentioned above. The detection of the 23.5kDa product in this system 
is s t i l l under investigation. From the steady state ratio of 23.5kDa 
product to 32kDa protein found in vivo, the rate of 23.5kDa product 
formation was estimated to be 4-fold higher than the parent protein 
(33). However, since protein synthesis and reutilization of 
radioactivity do not occur în vitro during the chase (as they do in 
vivo), the absence of the 23.5kDa product in this system is not 
really remarkable. The data in Fig. 4 further suggest that the 
activity responsible for the degradation of the 32kDa protein is 
located in the thylakoids (36). Thus, this model system should now 
be useful to test inhibitors, activators, etc. on their effects on 
the 32kDa protein degradation and obtain a handle on the kind of 
protease or autocatalytic mechanism that leads to degradation. 
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C h a p t e r 19 

Development o f Genetically Improved Strains 
of Bacillus t h u r i n g i e n s i s 

A Biological Insecticide 

Bruce C. Carlton 

Ecogen, Inc., 2005 Cabot Boulevard West, Langhorne, PA 19047 
The last decade has seen a growing public awareness of the 

potential hazards of synthetic chemicals used to control pests of 
crop plants, and a renewed interest in developing biological 
products as alternatives to chemical pesticides. Biological 
pesticides offer a number of advantages to synthetic chemicals, 
including lack of polluting residues, high levels of safety to 
non-target organisms, lower development and registration costs, 
and a reduced likelihood of pest resistance. Despite these 
advantages, the development of new biologicals has been slowed 
by production problems, inconsistent performance, and a lack of 
improved strains. New methodologies of genetics and molecular 
biology offer approaches for the development of genetically 
improved strains having superior efficacy properties. This 
presentation focuses on the applications of these new genetic 
technologies for generating improved versions of the bacterial 
insect pathogen, Bacillus thuringiensis (BT). The history of BT as 
a biological insecticide is reviewed, including the nature of the 
insecticidal determinants and its production and mode of action. 
The complexity of BT strains is discussed, both the insecticidal 
activities and the properties of the crystalline inclusions that 
constitute the active components. The genetics of these complex 
spectra has been shown to be reflected in complex plasmid-based 
inheritance patterns of the genes involved. The plasmid 
localizations of individual insecticidal genes have been 
demonstrated by alterations affecting individual plasmids (curing, 
conjugation) as well as by direct molecular probing of the 
plasmid arrays with segments of known insecticidal genes. 
Development of new strains by a combination of plasmid curing 
and conjugal transfer is described, and the regulatory issues 
involving the environmental introduction of genetically altered 
strains are discussed. 

0097-6156/88/0379-0260$06.00/0 
• 1988 American Chemical Society 
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19. CARLTON Improved Strains Bacillus thuringiensis 261 

The control of pests of food and fiber crops is essential to attaining 
acceptable yields and quality. In 1987, nearly $20 bi l l ion was spent 
worldwide on products for combatting plant diseases, weeds, and insects. 
Despite this enormous input, nearly 40% of the world's food and fiber 
was lost to these pests. 

Add ing to the problems of pest control has been the increasing 
concern expressed by a wide array of environmental groups. These 
organizations have focused on the inherent problems of certain pesticide 
products, w h k h cause either acute or chronic toxicity to non-target 
organisms, including man, and their tendency to accumulate in the food 
chain and in sources of potable water. In the past, these potential 
problems were not generally recognized, al lowing the widespread 
application of hazardous chemicals into the environment. 

In 1978, Rachel Carson's book, Silent Soring, signalled the 
beginning of an era of intensive scrutiny of both the benefits and risks 
of chemical pesticides. Her graphic portrayal of the hazards of these 
materials capitalized on a public mood that was beginning to grasp the 
significance of the aftermath of the dropping of nuclear bombs on 
Japan, and caused public opinion to become centered on the detrimental 
effects of inherently dangerous chemicals to non-target organisms. A t 
this same time, a more broadly-based grass-roots "anti-pollution" 
movement was developing. The practice of the chemical and pesticides 
industries in disposing of toxic by-products of their businesses in what 
came to be known as "toxic waste dumps" helped to focus unfavorable 
publ ici ty on industry. If a l l of this weren't enough, the Bhopal tragedy 
of 1984 ultimately served to underscore the potential dangers of 
chemical pesticide products to even the most casual observer. 

In recent years, the realizations of Silent Soring have impacted 
significantly upon the pesticide industry. The registration process has 
undergone extensive revamping and a number of chemicals have been 
banned or restricted in many parts of the world. The industry has not 
yet accepted a mandate to develop alternative products, however. There 
are several reasons for this slow response. One is the very strong lobby 
of the pesticide industry in Congress. The companies that sell chemical 
pesticides have bil l ions of dollars committed to production facili t ies, 
inventories, marketing programs, and research programs that typical ly 
take 7 to 10 years to bring a new product from discovery to 
commercialization. A second, and more fundamental reason, for 
industry's slow response has been the conceptual inabi l i ty to adopt new 
approaches to pest management. 

Are there feasible alternatives to chemical pesticides? A n d i f 
there are, can the alternatives compete wi th current chemical pesticide 
products? Can they be applied at the same costs and i n the same ways 
that farmers understand? A fa i r ly superficial perusal of the literature 
reveals a lengthy list of biological agents that have been shown to have 
potential for controlling various pests. These include microbial 
pathogens such as viruses, bacteria, fungi, and protozoans (Table I>. 
Within some of these groups (e.g., bacteria and fungi) there have been 
discovered different species or strains that can control different pests, 
such as plant pathogens and insects. Many of these organisms have been 
known for years. Bacillus thuringiensis, for example, was recognized as a 
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262 BIOTECHNOLOGY FOR CROP PROTECTION 

Table I 
Biological Agents wi th Pest Control Act ivi t ies 

Bacteria 
Bacillus Dooillae 

Bacillus thurineiensis-
var. kurstaki 

Bacillus thuringiensis-
var. israelensis 

Pseuflpmonas fluorescens 

Bacil lus sohaericus 
Pasteuria penetrans 

Viruses 
Insect baculoviruses 

Heliothis N P V ' s 

Lvmantr ia disoar N P V 
Neodiprion sertifer N P V 
Lasoevresia pomonella G V 

Fungi 
Colletotrichum gloeosporioides 
Al ternar ia casei 
Phvtophthora palmivora 
Metarhizium anisooliae 

Beauvaria bassiana 

Trichoderma SPP. 

Neozvgites spp. 
Protozoans 

Nosema spp. 

Nematodes 
Neoolectana SPP. 
Heterohafrditis spp. 

Japanese beetle 
grubs 
Lepidopteran 
insect larvae 
Dipteran insect 
larvae 
Plant fungal 
pathogens 
Mosquito larvae 
Plant parasitic 
nematodes 

Budworms and 
bollworms 
Gypsy moth larvae 
Pine sawfly larvae 
Codl ing moth 
larvae on fruit trees 

Northern jointvetch 
Sicklepod 
Milkweed vine 
Crickets, 
spittlebugs, 
stalk borers, etc. 
Wide variety 
of insects 
Rot fungi, soil-borne 
fungal pathogens 
tree diseases 
Spider mites 

Grasshoppers 
and locusts 

Var ie ty of insects 
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19. CARLTON Improved Strains 0/Bacillus thuringiensis 263 

pathogen of certain caterpillars as early as 1901. Another type of 
biological control agent that has received significant attention is that of 
predators and parasites. Examples such as ladybird beetles, parasitic 
wasps, and the use of sterilized males have been suggested as means for 
controlling insect pests. S t i l l a third group of products is the attractants 
and deterrents, such as pheromones and baits. 

How have these biologicals impacted the pesticide industry to 
date? The answer is, very lit t le. O f a total worldwide pesticide market 
of about $20 b i l l ion , biologicals account for only about $50-$60 mi l l ion -
less than half of a percent. Why has there been so li t t le market 
acceptance of these products? To understand this we need to compare 
both the advantages and the disadvantages of biological pesticides as 
compared to synthetic chemicals (Table II). 

Biologicals, because of their natural derivations, have the distinct 
advantages of being biodegradable, so that they do not leave toxic 
residues or by-products to contaminate the environment. They have a 
very high level of safety for humans, animals, f ish, and other non-target 
organisms, pr incipal ly because they act by very different modes of 
action than most organic chemical pesticides that attack metabolic 
systems shared bV both pest and non-pest organisms. This safety 
advantage is very important, because it impacts to a large extent the cost 
of development and registration of a new pesticide product. Most 
chemical pesticides have a 7-10 year development time frame, wi th 
registration costs ranging from $20-$30 mi l l ion . This expense is, in large 
part, due to the concern over possible high animal toxicities of such 
materials that necessitates long-term toxicological testing on 
experimental animals. Biologicals, because of their high target 
specificity, typically require only short-term (Tier I) toxicological tests, 
wi th the potential for registration wi thin a year of submission and a 
total registration cost of $150-$250 thousand. 

Another, and increasingly important, advantage of biologicals is a 
lower l ikel ihood of inducing resistance in populations of the target pest. 
Over the past 50 years, the accelerated and prolonged use of organic 
synthetic chemical pesticides has resulted in an increasing incidence of 
high levels of resistance to these materials on the part of their targets. 
A recent summary has reported that at least 447 species of insects and 
mites, 100 species of plant pathogens, and 48 species of weeds are now 
resistant to control by chemical pesticides (I). In many instances, 
resistance induced to one class of chemicals leads to cross-resistance to 
other chemicals, due to alterations in enzyme systems of the host 
organisms that can inactivate a range of chemical compounds. Although 
it may be that biologicals w i l l also induce resistance i f used in greater 
quantities over prolonged periods of time, available data from 
laboratory experiments and a recognition of the inherent diversity of 
biological agents would predict that such resistance, i f it does occur, 
would be slower and more restricted than chemical resistance. 

With a l l these advantages of biological agents why, then, has their 
acceptance as alternative products been so slow? There are several 
reasons. First is that the growth requirements of many of them (e.g., 
fungi, protozoans) are so complex that they could not in the past be 
produced in quantities and at a cost that would allow them to 
effectively compete in the pesticide marketplace. Second, the fragile 
biological nature and biodegradability of biopesticides has led to an 
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264 BIOTECHNOLOGY FOR CROP PROTECTION 

Table II 

Comparison of Chemical and Biological Pesticides 

Environmental 
persistence 

F ie ld efficacy 

A c t i v i t y spectrum 

Mammalian 
toxicity and 
carcinogenicity 

Other non-targets 

User cost 

Development 
times and costs 

Reentry and 
tolerance 
limitations 

Probabil i ty for 
resistance 

Chemicals 

Often high 

High 

Can be very 
broad 

Moderate-High 

May be high 

Acceptable 

High (7-10 yrs; 
$10-$30 
mill ion) 

Yes 

Moderate-
high 

Biologicals 

Li t t l e or none 

Variable 

Moderate-highly 
specific 

None 

None 

Have been high 
i n the past -
becoming 
competitive 
Low (3-5 yrs; 
$l-$3 mill ion) 

No 

Low 
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inherent inconsistency in their performance that for many of them has 
not yet been solved. Th i rd , a l l of the biological products developed 
commercially to date have been native, unmodified strains and isolates. 
Li t t le attempt was made to genetically alter the native strains to 
generate variants that either are more effective or that have otherwise 
improved properties. In large part, the major reason for inactivi ty at 
this level has been a lack of methodologies to improve these materials in 
specific and targeted ways. This situation is now changed with the 
development of new genetic technologies such as gene splicing, 
protoplast fusion, somaclonal and gametoclonal variation, and whole-
organism regeneration from cultured cells. These technologies have 
made possible the genetic manipulation of biological systems to a level 
of sophistication that has never before been possible. 

The remainder of this presentation w i l l focus on the applications 
of some of these technologies toward the development of improved 
versions of one type of biological pesticide, the bacterial insect pathogen 
Bacillus thuringiensis. 

BACILLUS THURINGIENSIS AS A B I O L O G I C A L I N S E C T I C I D E 

O f a l l the biological agents that have been evaluated as pest control 
products, the most successful by far has been the bacterial insect 
pathogen Bacillus thuringiensis (or BT as it is commonly referred to). 
Approximately 90-95% of the sales of a l l biological pest control products 
worldwide are of this bacterial agent, totalling approximately $50-$55 
mi l l ion in annual sales. B T products are of two types. The most 
predominant is BTk (k for variety kurstaki), and is sold under several 
trade names (e.g., Dipel , Thuricide, Bactospeine, Biobit , etc.) for control 
of a number of lepidopteran (caterpillar) pests of importance on forest 
trees, vegetable crops, cotton, and ornamentals. These products have 
been sold since the early 1960's and account for the bulk of B T 
applications. In the late 1970*s, another BT , called B T i (variety 
israelensis, for the location of its discovery), was developed as a product 
for the control of a number of dipteran (fly) vectors of human diseases, 
including mosquitos that disseminate malaria, yellow fever, and Dengue 
fever, and blackflies that transmit onchoceriasis (Afr ican river 
blindness). This product, sold under tradenames such as Teknar, 
Vectobac, etc., has achieved North American sales of $3-$5 mi l l ion , 
although its most extensive use has been promoted by agencies such as 
A I D and the World Health Organization in underdeveloped countries of 
A f r i c a , Central and South America, and Asia . 

Despite the fa i r ly long history of B T , its expansion as a pesticide 
product has been very slow. In fact, usage of the B T k products has 
actually decreased over the last 10 years, due primari ly to the capture of 
the vegetable insecticide market by chemical pesticides. The major 
reasons for this failure to expand have already been alluded to, namely 
inconsistency of performance (especially when compared to the 
chemicals) and past inabi l i ty to compete in price. Another reason is that 
almost a l l of the BTk products are produced from a single strain, H D - 1 , 
isolated by a U.S. Dept. of Agriculture laboratory in Texas in 1969 (2). 
Although its activity on some pest insects (e.g., gypsy moth larvae, 
cabbage loopers) is good, on others such as the cotton bollworm its 
effectiveness is minimal. Only one new product (Javelin) has appeared 
on the market; a product based on a different strain isolated by 
researchers at the U . S. Forest Service laboratory in Hamden, C T . 
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266 BIOTECHNOLOGY FOR CROP PROTECTION 

Interestingly, the level of effort to develop new biopesticide products by 
the major agrichemical companies has been minimal . Most of the effort 
directed at B T research in both large and small companies has been 
focused on the molecular biology of the genes for the insecticidal 
determinants (proteins termed delta-endotoxins), and on vectoring the 
genes for these proteins into either plants or alternative bacterial hosts. 
What has been lacking is a sustained and intensive effort to identify and 
further develop novel strains for specific insect applications. This is the 
direction that we have taken at Ecogen Inc. 

Before discussing improvement strategies for B T , a brief 
description of the nature of the product and its mode of action are 
appropriate. B T is a common gram-positive soil bacterium that shares 
many properties wi th its close relative B. cereus. B T has been isolated in 
soil samples from many different parts of the world, and has also been 
isolated from dusts of crop grains and from carcasses of a variety of 
insects, including some for which the B T apparently has little or no 
pathogenic activity. B T , and most bacteria in the genus Bacillus, are 
somewhat unique in the bacterial kingdom in their abi l i ty to form 
endospores; typically ovoid, highly refractile and heat-resistant 
structures that encapsulate the D N A of the bacterium. These spores, 
once released from the dead mother cel l , can lie dormant for indefinite 
periods unt i l they encounter favorable conditions that allow them to 
germinate and regenerate the rapidly-dividing vegetative cells. What 
makes B T truly unique is the production, in sporulating cells, of an 
inclusion body referred to as a parasporal crystal. This crystal is 
typical ly diamond-shaped (bipyramidal) in appearance, although 
different strains produce a wide array of crystal shapes including 
cuboidal, spherical, and other types. The composition of the crystal is a 
highly condensed, high molecular weight protein (typically 75-150 K d in 
mass). 

For commercial production, the B T cells are grown in large 
fermentors in complex media that support high cell densities and 
ultimate sporulation of the cells. Ce l l lysis releases the spores and 
crystals into the growth medium, and they are recovered by either 
centrifugation or other techniques that concentrate the particulates. 
Depending on the desired formulation, the concentrate is either spray-
dried and formulated into wettable powder or o i l flowable, or 
formulated directly from concentrate into an aqueous flowable. 
Appl icat ion is with standard spray equipment, either ground or aerial. 

In its mode of action BT acts as a stomach poison (i.e., it must be 
ingested by a sensitive insect to bring about the insecticidal response). 
As the insect feeds on the foliage (or in the case of mosquito larvae, 
filters the particulates from the water) the crystals, which are insoluble 
in water at neutral p H , are solubilized in the typical ly alkaline 
conditions of the insect midgut. Solubilization dissociates the high 
molecular weight protoxin molecules, and there follows an activation 
process, believed to be a proteolytic cleavage of the protoxin protein, to 
generate the active toxin. Although the mode of action is not ful ly 
understood, it is hypothesized that the activated toxin binds to receptor 
sites on the gut epithelial cells, disrupting the normal gradient of ions 
and p H from the hemolymph across the epithelial cell layer to the gut 
lumen and leading to osmotic effects. Cytologically the manifestations 
of the toxin's effect are swelling of the epithelial cells, followed by 
bursting and eventual sloughing off of the entire midgut l in ing , causing 
the insect to l i terally starve to death. There are other symptoms of the 
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CARLTON Improved Strains o/Baciilus thuringiensis 267 

toxin that occur very soon after ingestion, such as paralysis of the 
mouth parts and the gut, which cause the insect to cease feeding. There 
is also evidence, some of it conflicting, that the spores may play a role 
i n the insecticidal response, possibly by ini t ia t ing a septicemia in the 
insect hemolymph that may augment the effects of an otherwise sub
lethal dose of the toxin. It is worth noting also that, since the insect 
must eat the toxin crystals for them to be effective, it may be important 
in formulating the BT to consider additives that either improve the 
palatability or that could mask the effect of possible anti-feeding 
substances in the formulation to maximize efficacy. 

C O M P L E X I T Y O F B T I N N A T U R E 

One of the first points to emphasize in considering the opportunities for 
developing improved strains of B T is to recognize that this bacterial 
group is much more diverse than just a B T k strain for caterpillar control 
and a B T i strain for f ly larvae control. The most widely-recognized 
criterion for B T classification is based on immunological differences in 
surface flagellar antigens, which de Barjac (2) has used to identify more 
than 20 different subspecies (varieties). Other cri teria, such as toxin 
crystal antigens (4), biochemical properties (£), and plasmid arrays (£) 
have shown that there is considerable diversity, even between strains of 
the same flagellar type (serovar). Of particular importance in this strain 
diversity is the wide spectrum of insecticidal activities between strains. 
Most BT's have activities that vary over a range of at least 100X on 
different target insects. By far the most prominent group of susceptible 
insects are larvae of lepidopteran species (the caterpillar forms of moths 
and butterflies). A second group showing susceptibility (to different B T 
strains) are the dipterans, particularly several species of mosquitos and 
blackflies. More recently (7, £), discoveries have been made of B T 
strains having insecticidal activity against coleopteran (beetle) larvae, 
including the Colorado potato beetle, elm leaf beetle, boll weevil , and 
black vine weevil. These observations suggest that there may be, in 
nature, B T strains having activity against a broad array of insect 
species, i f one looks hard enough to f ind them. 

In addition to the insecticidal diversity between strains of B T , 
there is often considerable diversity of insecticidal activities wi th in a 
single strain. As an example, consider the strain designated H D - 1 , which 
is the U.S. Dept. of Agriculture isolate that serves as the basic strain 
used in most of the current products sold for caterpillar insect control. 
This strain, i n addition to its caterpillar activity, has a low but 
detectable level of activity against mosquitos. Examination of the 
crystalline inclusions produced by HD-1 reveals the typical , rather large 
bipyramidal structure and, in addition, a smaller cuboidal body, often 
located at one apex of the bipyramidal crystal (2). If the crystal 
proteins are solubilized by incubation at high p H (e.g., 10-11) in the 
presence of a reducing agent and run on a suitable matrix for separation 
of the proteins, three major fractions are observed (Figure 1). Two of 
these are high molecular weight proteins of 135 and 140 K d (designated 
PI proteins). Strain HD-1 produces about twice as much of the 
somewhat larger protein than the 135 K d material, as judged by band 
intensities. The third major band (designated P2) is smaller, about 65-68 
K d . Depending on the conditions of solubilization and fractionation, a 
variety of less prominent protein bands are observed. These are believed 
to be due to the var iabi l i ty in solubilization and to the effects of 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

01
9



268 BIOTECHNOLOGY FOR CROP PROTECTION 

bacterial proteases that are carried along with the crystals during the 
recovery process. 

If the major protein fractions are recovered and bioassayed on 
various test insects, the following observations are made. The two high 
molecular weight PI protein fractions have activi ty against only 
lepidopteran (caterpillar) insect larvae. The smaller (P2) fraction has 
act ivi ty against both lepidopteran and dipteran insects (1Q). This 
protein, which can be demonstrated to be a single component, is 
bifunctional in its activity and clearly accounts for the low-level 
dipteran activity in the HD-1 strain. This strain thus is complex in the 
sense that it produces two types of crystals (bipyramidal and cuboidal), 
containing a complex of at least three separable proteins - two high 
molecular weight PI proteins produced in different amounts and a 
smaller P2 protein. 

How is this biochemical diversity reflected in the genetics of 
insecticidal protein determination? As has been shown by many groups 
(see (11) for review) the genes encoding these insecticidal proteins are 
not localized, for the most part, on the essential "chromosome" of the B T 
organism. Rather they have been shown to be carried on a variety of 
non-essential, extrachromosomal plasmids. These toxin-encoding 
plasmids, typically moderate (-40-60 Mdal) to large (>100 Mdal) i n size, 
often have the capability of self-transmissibility from one B T strain to 
another by a conjugation-like mechanism (12. 13). The localization of 
genes encoding insecticidal toxins to specific plasmids can be 
accomplished by several methods. Historical ly, the loss of insecticidal 
crystal product associated with the "curing" (loss) of a specific plasmid 
was ut i l ized as circumstantial evidence for the association of toxin genes 
with plasmids (14). The conjugal transfer of toxin-synthesizing abil i ty 
from a crystal-producing strain to a non-producing strain, associated 
wi th transfer of a specific plasmid, has also been used to localize toxin-
encoding genes (15). More recently, the direct molecular probing of 
plasmid arrays with segments of cloned toxin genes has provided a more 
definit ive method for identifying plasmids that carry such genes (ifi , 

I B -
Using a combination of these methodologies, the HD-1 strain has 

been shown to harbor two plasmids that encode insecticidal toxin genes 
(Figure 1) (£, 17, !&). One, a moderate-size plasmid of 44 Mda l , contains 
a gene that is referred to as a 5.3-type gene, meaning that molecular 
probing with a known toxin gene segment identifies at least a portion of 
the gene on a particular restriction enzyme digestion fragment (Hind III) 
of 5.3 K b . A comparison of HD-1 and a derivative that has lost this 
plasmid reveals the concomitant loss of the 5.3 K b hybr idiz ing band as 
well as the smaller of the two high molecular weight PI toxin proteins 
(i.e., the 135 K d protein). A second plasmid involved in toxin protein 
synthesis in HD-1 is much larger (-115 Mdal). Loss of this plasmid from 
HD-1 leads to a loss of expression of the more intense PI toxin protein 
band of about 140 K d , as well as the P2 protein of 65-70 K d . In 
addition, two restriction enzyme fragments of 6.6 and 4.5 K b are lost, as 
well as the D N A segments corresponding to the P2 gene. Thus, this large 
plasmid contains two different PI genes and a P2 gene. 

In summary, the complexity of the HD-1 strain can be stated as 
follows: it contains at least four insecticidal toxin genes, three of the PI 
type (that specify proteins active on lepidopteran insects and are of high 
molecular weight) and a P2 gene (whose protein is much smaller and has 
bifunctional activity on both lepidopteran and dipteran insects). These 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

01
9



19. CARLTON Improved Strains o/Bacillus thuringiensis 269 

Figure 1. Evidence for Complex Genes in BT var. kurstaki Strains.  P
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270 BIOTECHNOLOGY FOR CROP PROTECTION 

four genes are distributed on two plasmids; one PI gene on a moderate-
sized 44 Mda l plasmid and the other two PI genes plus P2 on a large 
-115 M d a l plasmid. Conjugation experiments wi th HD-1 have shown 
that the 44 Mda l plasmid is readily capable of self-transmission to other 
strains of B T , conferring upon them the abi l i ty to produce the 5.3-type 
PI protein. The larger plasmid transfers very poorly, i f at a l l . As w i l l 
be described later, this transmissibility of certain toxin-encoding 
plasmids can be used as a non-recombinant means of constructing new 
toxin gene combinations having either higher levels of act ivi ty against 
selected target insects, or a different spectrum of activity. 

To summarize the complexity of B T in nature, one can state that 
there are several factors that influence the insecticidal activity of a 
given strain. These are: 

1. The number of toxin genes present in the strain. 
2. The qualitative differences between these genes and the toxin 

proteins they specify. 
3. The quantitative levels of expression of the various genes (i.e., 

how many molecules of the different toxin proteins are 
synthesized in these multi-gene situations). 

4. The resulting properties of the toxin crystals that are produced 
(i.e., their stability during fermentation production and recovery; 
how effectively they are processed inside the susceptible insects). 

There may, in addition, be other genetic determinants that impact 
the f ina l insecticidal activity of a given strain, such as copy number 
effects of the toxin-encoding plasmids, modifier genes that affect the 
assembly of the crystals, and genes for other functions that may be 
involved in the regulation of expression of the toxin genes (e.g., 
sporulation genes, etc.). Clearly, the expression of insecticidal act ivi ty 
in B T is complex and we are only beginning to dissect and unravel a l l of 
the various genetic and physiological factors that are involved. 

S T R A T E G I E S F O R D E V E L O P M E N T O F G E N E T I C A L L Y I M P R O V E D 
S T R A I N S O F BACILLUS THURINGIENSIS 

In developing strategies for producing new BT-based products that w i l l 
be a commercial success, there are two major hurdles that emerge. First 
are the technical problems, i.e., what is required to generate strains that 
can compete wi th chemical insecticides? The second, and no less 
formidable, hurdle is the abi l i ty to move such strains through the 
regulatory process. Technical success in developing a "super strain" w i l l 
be of l i t t le value i f the product cannot be registered wi th in a reasonable 
time frame and at an acceptable cost. Conversely, an easy regulatory 
path does not make a commercial success i f the product cannot compete 
on its merits. 

A t Ecogen Inc., we have developed a series of strategies that we 
believe w i l l allow us to develop a first generation of strains of B T that 
w i l l be commercial successes in several important insect-control markets 
(e.g., forestry, vegetables, cotton, potatoes) wi th in the very near future. 
In addition, we have a parallel series of strategies that we believe w i l l 
continue to assure a flow of second generation products into the 
insecticide pipeline over the longer term. Both of these strategies 
capitalize on the exploitation of genetic diversity of B T insecticidal 
genes and their activities; the divergence in strategies revolves around 
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19. CARLTON Improved Strains o/Bacillus thuringiensis 271 

the genetic methodologies that are uti l ized to manipulate these genes 
into new product combinations. 

The strategies for first generation product development are as 
follows: 

Expand sources of insecticidal genes; 
Identify plasmids harboring active genes; 
Characterize insecticidal activities; 
Construct new strains by non-recombinant methodologies; 
Optimize fermentation production and recovery processes; 
Develop formulations that maximize f ie ld efficacy. 

A few comments w i l l amplify on how each facet of the strategy fits into 
the overall product development process. Expanding the sources of 
insecticidal genes is being undertaken by an extensive screening program 
to isolate new strains of B T from a highly diverse array of ecological 
niches (e.g., soils, grain dusts, dead insects, etc.). To date we have 
accumulated more than 4000 novel isolates from this activity. These 
strains are in i t i a l ly bioassayed on an array of insects representing 
important economic targets (e.g., cotton, corn, and forestry pests). Once 
a strain is identif ied as having an interesting level of act ivi ty against a 
particular target, it is then further characterized to identify the genes 
responsible for the activity of interest. This characterization involves 
the identification of the relevant toxin-encoding plasmid(s), transfer of 
the plasmid(s) (where possible) into a standard background strain of B T 
to assess the insecticidal activities of ind iv idua l genes, and molecular 
probing of both intact plasmids and restriction enzyme digests of total 
cellular D N A to assess the number, localization, and type of insecticidal 
genes present. 

Once these data are available, new strain constructs are made by 
the methodologies of selective plasmid curing and conjugal transfer. 
Both of these non-recombinant methodologies are clearly implicated in 
the basis of diversity of B T strains in nature. This realization served to 
distinguish these genetic manipulations from that of in vitro gene 
splicing (recombinant D N A ) , and has aided greatly in effectively moving 
these strains through the regulatory processes of the Environmental 
Protection Agency and into f ie ld trials. Ecogen was, in fact, the first 
company to receive permission from the E P A to f ie ld test l ive, 
genetically modified bacteria without having to fi le an Experimental 
Use Permit. 

A few comments are in order regarding the relative merits of the 
plasmid curing and conjugal transfer methods for strain construction. 
The rationale wi th the plasmid curing approach is to generate a superior 
derivative of a strain that has a generally good act ivi ty against a 
particular insect or group of insects. The approach is to isolate variants 
that have lost one or more plasmids carrying toxin genes of low activi ty, 
and to obtain a higher level expression of the remaining, more active 
toxin genes (Figure 2). That this can be accomplished is probably due to 
the existence of gene dosage compensation mechanisms in B T that allow 
for a maximal level of toxin protein synthesis per cell . If one or two 
genes are removed from a strain in i t ia l ly possessing several such genes, 
then the remaining ones can be expressed at higher levels. Regardless of 
the actual mechanisms involved, we have found that many such 
partially-cured variants do, in fact, have significantly higher insecticidal 
activities than their parental counterparts. The conjugal transfer 
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272 BIOTECHNOLOGY FOR CROP PROTECTION 

Figure 2. Strain Improvement by Plasmid Cur ing .  P
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19. CARLTON Improved Strains of Bacillus thuringiensis 273 

approach, in contrast, is more versatile in that it allows the combination, 
in a single strain, of insecticidal genes from totally different origins 
(Figure 3). With this approach one can start with a strain having, for 
example, a single toxin plasmid harboring a high activity gene. Mating 
this strain with one having a different high activity toxin plasmid can 
generate a transconjugant which now has both plasmids. This strain can 
be mated with s t i l l a third strain harboring a high activity plasmid, and 
so on. We have been able to use this process to generate strains having 
up to four toxin-encoding plasmids, a l l derived from different B T 
origins. The combination of plasmids appears to generate synergistic 
gene/toxin interactions leading to much greater toxicity levels. 

A n additional example of the ut i l i ty of the conjugal transfer 
approach to new strain construction for developing a broader spectrum 
product is illustrated by the example of a strain we have constructed as 
a potato insecticide product (Figure 4). Although the most destructive 
insect pest of potatoes in North America is the Colorado potato beetle, 
there are several lepidopteran insects such as European corn borer and 
potato tuber moth that can be significant pests on this crop. A n ideal 
product would thus have a broad activity against several such target 
insects. With this goal in mind, we isolated a strain of B T that had 
acceptable levels of activity against the Colorado potato beetle. 
Unfortunately, this strain had no detectable lepidopteran insect activity, 
although its Colorado potato beetle activity was localized to a 
transmissible plasmid. We mated this strain with a recipient which had 
been shown to have good activity against the European corn borer, and 
derived a transconjugant that now had activity directed against both 
types of insects. This new strain has been field-tested and shows 
exceptional promise as a general purpose potato insecticide. 

Using the combined techniques of selective plasmid curing and 
conjugal plasmid transfer we have been able to generate new strains 
having insecticidal potencies in laboratory assays many times higher 
than the HD-1 activity against certain target insects. We believe that 
these potency increases, in conjunction with improvements in production 
and formulation methodologies, w i l l result in products that can 
effectively compete with synthetic insecticides wi th in a very short time
frame. F ie ld evaluations of such strains over a two-year period have 
confirmed that they perform better than current commercial B T 
products and in some cases are equal to the chemical pesticides currently 
used for those applications. 

S T R A T E G I E S F O R D E V E L O P I N G S E C O N D G E N E R A T I O N 
P R O D U C T S 

In looking to the future availabi l i ty of much improved BT-based 
bioinsecticide products we have also developed a molecular biology 
effort that w i l l assure a continuing array of more effective products. 
Recognizing that the avai labi l i ty of natural genetic diversity may be 
l imi t ing , and that the BT insecticidal gene combinations that can be 
generated by plasmid curing and/or conjugational methodologies are 
restricted by the localizations of insecticidal genes to either the same or 
to non-transmissible plasmids, we have conducted a parallel program 
employing the techniques of molecular biology. Selected insecticidal 
genes of interest are isolated by molecular cloning techniques and then 
subjected to various in vitro manipulations to further improve their 
properties. The major objectives in these approaches are: 1, to isolate 
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274 BIOTECHNOLOGY FOR CROP PROTECTION 

Figure 3. Strain Improvement by Conjugal Transfer. 

Figure 4. Construction of a Broader Spectrum B T Stra in . 
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genes having inherently superior activities against specific target insects; 
and 2, to devise ways to improve their activities by further genetic 
modifications. Previous work on PI types of B T insecticidal genes has 
revealed that these genes exist as families of related sequences, i n which 
there is extensive homology (i.e., near-identity) for the 5' and 3' regions 
(19). The genes show major divergence wi th in the central regions, which 
presumably are important for both activity and specificity, although the 
exact sequences have not yet been localized. Among the novel genes we 
have isolated and characterized is that for a bifunctional P2 toxin (20). 
This gene specifies a protein found in the cuboidal crystal referred to 
previously, wi th activity against both caterpillars and mosquitos. 
Comparison of the nucleotide sequence of the P2 gene wi th those for PI 
genes shows no detectable homology, although at the protein level there 
is a region encompassing about 100 amino acids showing 38% homology 
to a PI gene. Studies of this type w i l l allow the delineation of those 
gene sequences important for insecticidal activity and specificity, and 
the alteration of these sequences by techniques such as site-directed 
mutagenesis i n order to generate variants having improved properties. 
These altered genes can then be expressed either ind iv idua l ly or in 
combinations in a* variety of host-vector systems for a variety of pest 
control applications. Among those that have been suggested are: 

Expression in B T or its close relatives (B. cereus, B. 
megaterium). 
Insertion into plant-inhabiting epiphytes or endophytes. 
Insertion into systems capable of proliferating in aquatic 
environments (e.g., blue-green algae, for delivery of 
mosquito control activities). 
Insertion into the genomes of plants, making them directly 
insecticidal. 

Although these applications have considerable appeal, there are a 
number of current and potential problems in their ut i l izat ion. First is 
the continuing debate regarding the dissemination of recombinant 
organisms into the environment. Despite extensive laboratory evidence 
accumulated over the past decade that the use of recombinant D N A 
methodologies has not generated any organisms exhibit ing unpredicted 
pathogenicity or uncontrolled growth, there is s t i l l the lingering concern 
of the "unknown" that leads regulatory agencies to be extremely cautious 
in approving environmental release of recombinant organisms. In 
addition, these concerns have been reflected in various legal 
maneuverings (injunctions, etc.) by environmental awareness groups to 
slow down the process of f ie ld testing of recombinant organisms. These 
actions have led to extended delays in the approval process for f ie ld 
testing of products such as the ice-minus strains of Pseudomonas syringae 
by the Universi ty of Cal i fornia and Advanced Genetics Sciences, and 
the Pseudomonas fluorescens strain containing a B T insecticidal gene 
constructed by scientists at Monsanto. A t this point in time, it is 
d i f f icu l t to predict whether the current levels of caution on f ield testing 
of recombinant organisms w i l l be relaxed in the foreseeable future. 
Recent studies, such as the one released in 1987 by a committee 
appointed by the National Academy of Sciences (21), have evaluated the 
risks associated with the use of recombinant D N A . This panel concludes 
that "assessment of the risks of introducing R - D N A organisms into the 
environment should be based on the nature of the organism and the 
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276 BIOTECHNOLOGY FOR CROP PROTECTION 

environment into which it w i l l be introduced, not on the method by 
which it was modified." This report also concludes that "there is no 
evidence that unique hazards exist either in the use of R - D N A 
techniques or in the movement of genes between unrelated organisms." 
Taking this rationale one step further, and based upon the guidelines for 
containment dictated by the Recombinant D N A Advisory Committee 
( R A C ) , experiments in which organisms are constructed by recombinant 
D N A and in which the entire source of D N A is from the same organism 
are exempted from the guidelines, and should be considered very low 
risk for purposes of environmental dissemination. Thus, just as natural 
evolution has produced strains of BT harboring several insecticidal toxin 
genes on two or more plasmids, in v/fro-constructed B T strains containing 
novel combinations of such genes on BT-derived cloning vectors should 
not be considered to be inherently different. History w i l l judge whether 
the acceptance of recombinant products w i l l proceed quickly or whether 
the process w i l l be long and arduous. 

A second potential l imitat ion of the delivery of B T insecticidal 
activities v ia either other microbial hosts or directly into plants is the 
abi l i ty of these alternative delivery systems to express acceptable levels 
of the insecticidal delta-endotoxin proteins. It is quite clear that the 
expression of these genes in B T is very high, leading to 25-35% of the 
total sporulating cell protein. It has also been shown that non-BT hosts, 
such as E. coli, uti l ize different and much weaker transcriptional 
promoters of the B T toxin genes, so that expression levels are very much 
lower (22). Thus, in organisms such as pseudomonads and other non-BT 
bacterial hosts, it w i l l undoubtedly be necessary to fuse the B T genes to 
high-expression promoters to obtain acceptable levels of expression. In 
the case of direct expression in plant genomes, the problem of expression 
may be further complicated by the properties of the protoxin, which in 
B T is aggregated into the typical crystalline inclusion bodies. Expression 
of a full-length B T toxin gene may produce inclusions that could 
l i teral ly "choke" a plant's vascular system. In fact, the reports of 
successful expression of B T toxin genes in plants have ut i l ized truncated 
genes lacking the 3' end (22, 24) which may help to insure that the 
insecticidal product remains in a soluble state, more akin to the 
activated toxin. A further consideration of the effectiveness of 
delivering the B T insecticidal activity in the plant is that of 
developmental regulation, i.e., expression of the act ivi ty in those cells 
and tissues where it w i l l have the greatest effect. It would be of little 
value, for example, to have high levels of expression of a Heliothis-
active gene in cotton roots and little or no expression in the leaves and 
frui t ing structures where the insects cause their damage. While progress 
is being made in identifying tissue specific promoters in plant systems, 
the proper coupling of the promoters to the insecticidal genes may not 
be straightforward, nor is there any guarantee that tissue-regulated 
expression of such genes w i l l not lead to undesirable effects on crop 
yie ld or other parameters. 

C O N C L U S I O N S 

What are the most l ike ly possibilities for the delivery of B T insecticidal 
activities in the foreseeable future? In this author's opinion the greatest 
opportunity is in the development of new, genetically-manipulated 
strains of B T applied to crops, forests, and for dipteran insect control by 
conventional application methods. Our experience at Ecogen has shown 
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19. CARLTON Improved Strains o/Bacillus thuringiensis 

that new strains can be constructed that have substantially increased 
potencies compared to existing products. The current registration 
standards for B T insecticides (Table III) are straightforward and the 
toxicological testing, as long as no unexpected problem arises, is 
confined to Tier I levels. Each test can be completed in 30 days or less, 
and the total cost is modest. Given the potentially significant 
limitations, both technical and regulatory, in the application of B T 
insecticidal activities via alternative delivery systems, I see the greatest 
opportunities for product expansion over the next several years to be in 
the form of B T itself. The major question that I perceive in this regard 
is whether recombinant strains w i l l constitute a significant fraction of 
the new products. Regardless, future prospects for the expansion of B T 
and other biological pesticide products to a significant position in the 
pest control market are very optimistic. 

Table III 

Current Registration Standard for B T Insecticides 

Tier I mammalian toxicology limits 

Use pattern requirements 

Non-target organisms 
A v i a n acute oral 
Freshwater fish 
Freshwater aquatic invertebrates 
Plants 
Beneficial insects 
Estuarine and marine animals (for 
dipteran applications by var: 
israelensis) 

Product Composition 
Act ive ingredients 
Inerts 

o Data Requirements 

o Freedom from beta-exotoxin 

o No ground water concerns 

o Exemption from tolerance requirements 

o Isolated restrictions to comply with endangered 
species requirements. 
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C h a p t e r 20 

Transgenic Crop Varieties Resistant 
to I n s e c t s 

Mark Vaeck, Arlette Reynaerts, Herman Höfte, and Herman Van Mellaert 

Plant Genetic Systems N.V., J. Plateaustraat 22, B-900 Ghent, Belgium 
The bt2 gene from Bacillus thuringiensis berliner 
1715 encodes a 130 KDa protein that i s h ighly 
toxic to lepidopteran larvae. The active toxin is 
a 60 KDa polypeptide, der ived from the 
NH2-terminal half of the molecule. Truncated genes 
encoding the act ive tox in and gene fusions 
containing 5'-fragments of bt2 fused to the 
neomycin phosphotransferase gene (neo) of Tn5 were 
constructed. The l a t t e r encode stable fusion 
proteins which are t ox i c and which exh ib i t 
specific NPTII enzyme act ivi ty . Chimeric genes 
consisting of these modified toxin genes, flanked 
by regulatory sequences, were t ransfer red to 
tomato, potato and tobacco plants , using 
Agrobacterium vectors. Transgenic plants expressed 
sufficiently high levels of active tox in to be 
protected from feeding damage caused by insect 
larvae. The insect resistance t r a i t was s tably 
inher i t ed in subsequent generations. 

Commercial preparations of B.t., obtained through conventional 
fermentation techniques, have been used for more than two 
decades as biological insecticides (I). They exhibit desirable 
properties such as high insect t o x i c i t y and environmental 
safety. B.t . does not affect non-target insec ts and i s 
completely nontoxic to vertebrates. Nevertheless i t s use has 
been limited due to high production costs, limited s tabi l i ty in 
field conditions and a too narrow insect icidal spectrum. The 
i n s e c t i c i d a l a c t i v i t y of B.t . r e l i e s i n the c r y s t a l l i n e 
inclusions which are produced upon sporulation. The crystals 
contain insect icidal proteins, delta-endotoxins, which affect 
the midgut epithelium of sensitive insects. The exact mechanism 
of t he i r tox ic a c t i v i t y i s s t i l l unknown. 

0097-6156/88/0379-0280$06.00/0 
* 1988 American Chemical Society 
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20. V A E C K E T A L . Crop Varieties Resistant to Insects 281 

M o s t B . t . s t r a i n s a r e s e l e c t i v e l y t o x i c t o w a r d s a v a r i e t y o f 
l e p i d o p t e r a n l a r v a e . One B. t . s u b s p e c i e s , c a l l e d i s r a e l e n s i s , i s 
h i g h l y t o x i c t o d i p t e r a n l a r v a e (21 a n d i s u s e d f o r t h e c o n t r o l 
of m o s q u i t o e s and b l a c k f l i e s . R e c e n t l y , a B . t . s u b s p e c i e s 
t e n e b r i o n i s . e x p r e s s i n g t o x i c i t y t o w a r d s C o l e o p t e r a , has been 
i s o l a t e d ( 3 ) . 

W i t h t h e a d v e n t of b i o t e c h n o l o g y , i n t e r e s t i n B . t . h a s 
g r e a t l y i nc reased . Using new p lan t v e c t o r systems, f o r e i g n g e n e s 
can be t r a n s f e r r e d and expressed i n t o p l a n t s . I n t h i s p a p e r we 
presen t some da ta on the s u c c e s f u l i n t r o d u c t i o n of B . t . genes i n 
d i f f e r e n t c rop spec ies . The B . t . genes a r e e x p r e s s e d a t i n s e c t 
c o n t r o l l i n g l e v e l s and p r o v i d e t h e t r a n s g e n i c p l a n t s w i t h a 
d e f e n s e m e c h a n i s m a g a i n s t d e v a s t a t i n g i n s e c t s . 

R e s u l t s a n d D i s c u s s i o n 

E x p r e s s i o n of B . t . Genes i n T r a n s g e n i c P l a n t s . We h a v e u s e d 
A g r o b a c t e r i u m m e d i a t e d T - D N A t r a n s f e r t o e x p r e s s s e v e r a l 
modif ied genes, d e r i v e d from the L e p i d o p t e r a s p e c i f i c B t 2 gene 
i n tomato, tobacco and p o t a t o . P a r t i c u l a r l y s u c c e s s f u l was t h e 
exp re s s ion of genes tha t conta ined the N H 2 - t e r m i n a l h a l f of b t 2 
fused to the neo gene. These encode fu s ion p r o t e i n s t h a t e x h i b i t 
bo th i n s e c t t o x i c i t y and neomyc in p h o s p h o t r a n s f e r a s e a c t i v i t y . 
The l a t t e r was u s e d t o s e l e c t , t h r o u g h s e l e c t i o n f o r h i g h 
kanamycin r e s i s t ance , c e l l s t h a t e x p r e s s e d s u b s t a n t i a l amounts 
o f i n s e c t i c i d a l p r o t e i n ( 4 ) . 

High t o x i c i t y r e s u l t i n g i n 80-100% m o r t a l i t y of M . s e x t a 
l a r v a e , was o b s e r v e d i n t o b a c c o p l a n t s e x p r e s s i n g f u s i o n 
p r o t e i n s o r a t r unca t ed b t 2 gene ( T a b l e I ) . None of t h e p l a n t s 
t r a n s f o r m e d w i t h t h e f u l l l e n g t h b t 2 g e n e p r o d u c e d i n s e c t 
k i l l i n g a c t i v i t y . A l s o tomato and pota to p l a n t s t r a n s f o r m e d w i t h 
a f u s i o n gene o r a t r u n c a t e d b t 2 gene e x h i b i t e d s i g n i f i c a n t 
i n s e c t i c i d a l a c t i v i t y . Greenhouse e x p e r i m e n t s r e v e a l e d t h a t t h e 
obta ined t r a n s g e n i c p l a n t s were p ro t ec t ed aga ins t i n s e c t f e e d i n g 
damage. They showed v e r y l i m i t e d damage, r e s t r i c t e d t o f e e d i n g 
areas of a few mm , whereas nontransformed c o n t r o l p l a n t s were 
e n t i r e l y consumed w i t h i n 10 d a y s . B . t . p r o t e i n l e v e l s i n t h e 
i n s e c t r e s i s t a n t p l a n t s ranged from 7 to 40 ng /mg t o t a l p r o t e i n 
c o n t e n t . T h e d a t a a r e s u m m a r i z e d i n T a b l e I . 

I nhe r i t ance of the Insec t Res i s tance T r a i t . Copy numbers o r t h e 
T - D N A i n s e r t s i n t r a n s g e n i c p l a n t s w e r e d e t e r m i n e d u s i n g 
S o u t h e r n b l o t t i n g . P l a n t s e x p r e s s i n g h i g h e s t l e v e l s o f B . t . 
p r o t e i n conta ined around 5 copies of T-DNA. From one such p l a n t , 
15 F1 progeny were assayed and t h e y a l l e x h i b i t e d 100% i n s e c t 
k i l l i n g . 

We a l s o a n a l y s e d i n h e r i t a n c e of t h e new t r a i t i n p l a n t s 
wi th one or two T-DNA i n s e r t s . Km r e s i s t a n c e and i n s e c t i c i d a l 
a c t i v i t y were l i n k e d and t h e i n h e r i t a n c e p a t t e r n s were f u l l y 
c o m p a t i b l e w i t h s i m p l e M e n d e l i a n r u l e s f o r a d o m i n a n t t r a i t . 

S e l e c t i o n of I n s e c t i c i d a l Genes . A l t h o u g h i n t h e p r e s e n t l y 
g e n e r a t e d t r a n s g e n i c p l a n t s , B . t . p r o t e i n l e v e l s a r e 
s u f f i c i e n t l y h i g h t o c o n t r o l M . s e x t a , o t h e r i n s e c t s p e c i e s , 
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282 BIOTECHNOLOGY FOR CROP PROTECTION 

T a b l e I . I n s e c t k i l l i n g a c t i v i t y i n 
t r a n s g e n i c p l a n t s e x p r e s s i n g B . t . g e n e s 

P e r c e n t a g e o f p l a n t s 
c a u s i n g a m o r t a l i t y o f 

B t g e n e T i p l a s m i d 0-40% 40-80% 8 0 - 1 0 0 % 

T O B A C C O 

B t r N P T I I f u s i o n p G S 1 1 52 24 20 56 
B t 2 i n t a c t pGS 1 1 61 1 00 0 0 
B t 2 t r u n c a t e d p G S 1 1 6 3 37 3 60 

P O T A T O 

B t : N P T I I f u s i o n p G S 1 1 52 1 8 38 44 
B t 2 t r u n c a t e d p G S 1 1 6 3 54 30 16 

M o r t a l i t y i n f i r s t i n s t a r M. sex ta l a r v a e i s d e t e r m i n e d i n a s i x 
d a y f e e d i n g a s s a y 

The recombinant T i p lasmids are d e s c r i b e d i n Vaeck e t a l . , 1987. 

which are l e s s s e n s i t i v e to Bt2 t o x i n , may need h i g h e r l e v e l s of 
e x p r e s s i o n t o be e f f e c t i v e l y c o n t r o l l e d . Or a l t e r n a t i v e l y , one 
may c o n s i d e r the u se of o t h e r B . t . t o x i n s more a c t i v e a g a i n s t 
s u c h i n s e c t s . 

Even w i t h i n the l e p i d o p t e r a n p a t h o t y p e , l a r g e d i f f e r e n c e s 
i n t he i n s e c t i c i d a l s p e c t r a of B . t . t o x i n s e x i s t . F o r example , 
s c r een ing of a l a r g e c o l l e c t i o n of B . t . s t r a i n s h a s l e a d t o t h e 
i d e n t i f i c a t i o n of s t r a i n s h i g h l y t o x i c t o S p o d o p t e r a l i t t o r a l i s , 
an i n s e c t w h i c h i s i n s e n s i t i v e t o most commonly k n o w n B . t . 
s t r a i n s . 
On t h e b a s i s of i n s e c t i c i d a l s p e c t r u m and s i z e of t h e t o x i c 
p o l y p e p t i d e f r a g m e n t , we p r e s e n t l y d e f i n e d 3 t y p e s o f 
l e p i d o p t e r a n - a c t i v e B . t . t o x i n s . 

Bt2 i s an example of a t y p e 1 d e l t a - e n d o t o x i n . I t ha s a 
r e l a t i v e l y b r o a d s p e c t r u m of i n s e c t i c i d a l a c t i v i t y , b u t i s 
n e a r l y n o n t o x i c t o S. l i t t o r a l i s . A t y p e 2 t o x i n i s f o u n d i n 
pure form i n the c r y s t a l s of B. t . t h u r i n g i e n s i s s t r a i n 4412 and 
i s t o x i c t o P i e r i s b r a s s i c a e b u t n o t t o M . s e x t a a n d S. 
l i t t o r a l i s . An example of a t y p e 3 t o x i n i s p r e s e n t t o g e t h e r 
wi th a t ype 1 t o x i n i n B. t . a i zawa i and i s c h a r a c t e r i z e d by h i g h 
t o x i c i t y t o S. l i t t o r a l i s . 
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20. VAECKETAL, Crop Varieties Resistant to Insects 283 

Specific monoclonal antibodies were generated against these 
three types of delta-endotoxins. These antibodies provide an 
efficient tool for very rapid immunological screening of large 
numbers of B.t . s t r a ins . 
In a random set of 28 B.t. s t ra ins tested with monoclonal 
antibodies specific for type 3 toxin, only 8 showed positive 
reaction. In bioassay only the same 8 strains, and only these, 
exhibited toxicity to S. l i t t o ra l i s . Thus a perfect correlation 
exists between the antigenic structure of B.t. toxins and their 
i n s e c t i c i d a l spectrum. 

This approach is now further refined and w i l l be extended 
to the selection and cloning of various new B.t. genes. This 
will be an essential step in the process towards the engineering 
of resistance against whole insect complexes in agricultural ly 
important crop species. 
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C h a p t e r 21 

Development of Genetically Engineered 
Microbial Biocontrol A g e n t s 

Frederick J . Perlak, Mark G. Obukowicz, Lidia S. Watrud, 
and Robert J . Kaufman1 

Monsanto Company, 700 Chesterfield Village Parkway, 
St. Louis, MO 63198 

Genetically engineered microbial biocontrol agents were 
developed by the insertion of a gene that produces a 
insecticidal protein, into two strains of plant-colon
izing bacteria. The emphasis of the design of these 
biological agents were specificity for target insects, 
protection of the plants colonized by the engineered 
bacteria, and a low probability to transfer the engi
neered genetic information to other organisms in the 
environment. The procedures and technologies used to 
produce these microbial control agents are reviewed. 

During the 1960!s concern over widespread use of pesticidal chemicals 
in the environment spurred an increase in the use of biological 
control agents in agriculture. The perceived advantages of biologi
cal control are human safety, high pesticidal activity coupled with 
safety for beneficial organisms and a reduction in the chemical load 
on the environment. Biocontrol agents meet these requirements for 
selectivity and specificity. Bacteria and viruses pathogenic for 
insects are used as natural pesticides, although only fourteen have 
been registered for pesticidal use in the United States and only one, 
Bacillus thuringiensis, has achieved modest commercial usage (1). 
The reasons for this lack of success are as varied as the organisms 
tested but historically the chronic drawbacks have been: (a) a lack 
of unit activity requiring high doses or combinations with chemicals, 
(b) too great a degree of specificity necessitating mixtures with 
other insecticides and (c) insufficient residence time of the micro
bia l at the site of the pest problem resulting in the need for 
multiple applications. 

We have applied the principles and technologies of molecular 
biology to the development of a model microbial pesticide to overcome 
some of the shortcomings of current biological control agents. Since 
plants are covered with bacteria, (e.g. Pseudomonas, and Erwinia 
species), genetic engineering of pesticidal traits into these organ
isms could protect the plant by solving the localization, unit 
activity and persistence problems of the classical biocontrol agents. 
1 Current address: Hemagen Associates, 11444 Lackland Avenue, St. Louis, MO 63146 

0097-6156/88/0379-0284$06.00/0 
c 1988 American Chemical Society 
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21. PERLAK E T A L . Microbial Biocontrol Agents 285 

In t h i s paper , we desc r ibe the reasoning and methods used i n the 
development o f a model g e n e t i c a l l y engineered m i c r o b i a l b i o c o n t r o l 
agent . The e v o l u t i o n o f t h i s i n s e c t i c i d a l b i o c o n t r o l agent i s 
fo l l owed from the i n t r o d u c t i o n o f a c loned i n s e c t i c i d a l p r o t e i n gene 
i n t o a c a r e f u l l y s e l e c t e d commensal b a c t e r i a indigenous to the 
environment. Methods are desc r ibed which s t a b l y i n t e g r a t e d the 
c loned gene i n t o the chromosomes of these micro-organisms i n a manner 
which minimized the p o t e n t i a l f o r gene t i c exchange w i t h o ther 
microbes i n the environment. 

Components o f a G e n e t i c a l l y Engineered M i c r o b i a l B i o c o n t r o l System. 

The gene t i c eng inee r ing o f a m i c r o b i a l i n s e c t i c i d e r e q u i r e s th ree 
components: a gene tha t encodes an i n s e c t i c i d e , a p l a n t c o l o n i z i n g 
microbe , and the technology to t r a n s f e r and express the gene i n the 
r e c i p i e n t c o l o n i z i n g microbe . F i r s t , a gene from a l e p i d o p t e r a n -
a c t i v e s t r a i n o f Bacillus thuringiensis v a r . kurstaki HD-1 ( B . t . ) was 
i s o l a t e d . B . t . i s a spore- forming s o i l bac te r ium t h a t produces 
p a r a s p o r a l c r y s t a l l i n e i n c l u s i o n s t o x i c to l e p i d o p t e r a n l a r v a e 
( c a t e r p i l l a r s o f b u t t e r f l i e s and moths; 2 ) . The i n s e c t i c i d a l a c t i v 
i t y o f t h i s p a r t i c u l a r Bacillus thuringiensis s t r a i n i s c h a r a c t e r i z e d 
by i t s s p e c i f i c i t y and potency f o r l e p i d o p t e r a n s . Second, s e v e r a l 
p l a n t c o l o n i z i n g b a c t e r i a were i d e n t i f i e d as s u i t a b l e hos ts f o r the 
B . t . gene. F i n a l l y , the technology was developed to i n s e r t the gene 
i n t o the chromosome o f the p l a n t c o l o n i z i n g microbes . Th i s min imized 
the p o t e n t i a l f o r gene t i c exchange o f the engineered gene from the 
p l a n t c o l o n i z i n g microbe i n t o o ther b a c t e r i a i n the environment w h i l e 
m a i n t a i n i n g a l e v e l o f e x p r e s s i o n s u f f i c i e n t to p rov ide i n s e c t pes t 
c o n t r o l . 

Gene S e l e c t i o n and I s o l a t i o n . The gene chosen f o r the development o f 
a model m i c r o b i a l p e s t i c i d e system was the gene from B . t . encoding 
the d e l t a - e n d o t o x i n ( B . t . p r o t e i n ) . Th i s p r o t e i n i s the a c t i v e 
i n s e c t i c i d a l i n g r e d i e n t i n B . t . and i s produced du r ing s p o r u l a t i o n . 
I t forms a p a r a s p o r a l c r y s t a l and i s r e l ea sed i n t o the medium upon 
c e l l l y s i s . The p a r a s p o r a l c r y s t a l has no b i o l o g i c a l a c t i v i t y u n t i l 
i t i s i n g e s t e d , s o l u b i l i z e d and a c t i v a t e d by gut enzymes o f s e n s i t i v e 
l e p i d o p t e r a n l a r v a e to the u l t i m a t e t o x i n . Once a c t i v a t e d , the t o x i n 
p r o t e i n des t roys c e l l s o f the gut e p i t h e l i u m caus ing the c e s s a t i o n o f 
f eed ing , p a r a l y s i s and death ( 2 ) . 

S e v e r a l groups (3-5) have c loned B . t . p r o t e i n genes from a 
v a r i e t y o f l e p i d o p t e r a n - a c t i v e spec ies o f B . thuringiensis. The gene 
desc r ibed i n t h i s s tudy was i s o l a t e d from a l i b r a r y o f BanzHI d i g e s t e d 
B . t . p l asmid DNA i n s e r t e d i n t o pBR328. Southern h y b r i d i z a t i o n w i t h 
s e v e r a l s y n t h e t i c o l i g o n u c l e o t i d e s based on p u b l i s h e d sequence (3) 
i d e n t i f i e d a c lone c o n t a i n i n g a 16 k i l o b a s e p a i r (kb) fragment. Th i s 
gene has been sequenced (6) and i s v e r y s i m i l a r to a number of 
repor ted genes encoding l e p i d o p t e r a n c o n t r o l p r o t e i n s ( 7 - 9 ) . E. coli 
c e l l s c o n t a i n i n g p lasmids c a r r y i n g the gene produced a h i g h molecu la r 
weight p r o t e i n (134 k D ) , c r o s s - r e a c t i v e w i t h an t ibody made to B . t . 
p r o t e i n . Insec t b ioassays u s i n g Manduca sexta showed t ha t the 
product o f the c loned gene r e t a i n e d a h i g h l e v e l o f i n s e c t t o x i c i t y . 
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286 BIOTECHNOLOGY FOR CROP PROTECTION 

I d e n t i f i c a t i o n o f P l a n t C o l o n i z i n g Microorganisms- S e v e r a l c r i t e r i a 
were e s t a b l i s h e d f o r the s e l e c t i o n of a p l a n t c o l o n i z i n g microbe as 
an app rop r i a t e hos t f o r the exp re s s ion o f the i n s e c t i c i d a l gene. 
E s s e n t i a l c h a r a c t e r i s t i c s i n c l u d e a l a c k o f p a t h o g e n i c i t y to p l a n t s 
and humans, e f f e c t i v e a s s o c i a t i o n w i t h p l a n t t i s s u e s , the a b i l i t y to 
c o l o n i z e new t i s s u e d u r i n g p l a n t growth and development, a l a c k o f 
indigenous p l a s m i d s , s e n s i t i v i t y to a n t i b i o t i c s , a l i m i t e d p o t e n t i a l 
f o r gene t i c exchange and l i m i t e d environmental p e r s i s t e n c e a f t e r the 
growing season. 

Two s t r a i n s o f P . fluorescens, 112-12 and Ps3732, which were 
i s o l a t e d from the roots o f c o r n , met the above c r i t e r i a . To mark 
these s t r a i n s , mutants w i t h spontaneous r e s i s t a n c e to r i f a m p i c i n and 
n a l i d i x i c a c i d were s e l e c t e d i n the l a b o r a t o r y (112-12RN and 
Ps3732RN). These b a c t e r i a showed r a p i d roo t c o l o n i z a t i o n of corn 
p l a n t s grown i n f i e l d s o i l i n growth chambers to l e v e l s as h i g h as 
10 7 CFU (co lony forming u n i t s ) per gram f r e s h weight o f corn r o o t s . 
These r e s u l t s were repeated when these micro-organisms were t e s t ed 
f o r c o l o n i z a t i o n under f i e l d c o n d i t i o n s . An area o f farm s o i l was 
sprayed w i t h these b a c t e r i a (approximate ly 1 0 6 CFU per square f o o t ) , 
p l a n t e d w i t h c o r n , and the roo t s o f the p l a n t s were ana lyzed f o r the 
number o f marked b a c t e r i a found i n the corn r h i z o p l a n e . The same 
r h i z o p l a n e a n a l y s i s was done on p l a n t s i n the f i e l d grown from seeds 
which had been coated w i t h e i t h e r 112-12RN or 3732RN ( 1 0 6 b a c t e r i a 
per seed) . In bo th exper iments , the micro-organisms c o l o n i z e d the 
corn roo ts to the same h i g h l e v e l s seen i n the growth chamber e x p e r i 
ments. The l e v e l o f these b a c t e r i a f e l l , a f t e r o v e r w i n t e r i n g , below 
de tec t ab le l e v e l s , (20 CFU/g roo t t i s s u e ) , on corn p l a n t e d i n the 
same areas (Unpubl ished r e s u l t s ; M. M i l l e r - W i d e m a n , 3 seasons e x p e r i 
ments) . 

P . fluorescens i s a spec ies o f b a c t e r i a not cons idered to be a 
v e r t e b r a t e pathogen. Th i s was confirmed by subsequent t o x i c o l o g i c a l 
t e s t i n g . These i s o l a t e s l a c k indigenous p lasmids and do not support 
con juga t ive p lasmids l i m i t i n g the p o t e n t i a l o f these s t r a i n s to 
t r a n s f e r and spread engineered t r a i t s i n t o o ther s o i l or roo t c o l o n 
i z i n g microorganisms. Based on these c r i t e r i a these i s o l a t e s were 
i d e a l cho ices f o r gene t i c e n g i n e e r i n g . 

I n t r o d u c t i o n of the B . t . I n s e c t i c i d a l P r o t e i n Gene i n t o Ps3732RN 
and 112-12RN. Conjugat ive p lasmids o f s e v e r a l broad host range 
i n c o m p a t i b i l i t y groups (RP4, IncP; N3, IncN; and pSa,IncW) were found 
not to s t a b l y r e p l i c a t e i n Ps3732RN and 112-12RN. Plasmids o f the 
IncQ i n c o m p a t i b i l i t y group d i d r e p l i c a t e i n these s t r a i n s and o f fe red 
the most expedient approach to in t roduce the gene. A p lasmid d e v e l 
oped a t Monsanto, pM0N5008, (D. J . Drahos, B i o l o g i c a l Sc iences 
S t a f f ) , was used as the v e c t o r . A d e r i v a t i v e of pKT230 (10 ) , i t 
con ta ins a gene f o r r e s i s t a n c e to kanamycin (Km ) . In the l a b o r a 
t o r y , i t can be m o b i l i z e d by a s p e c i a l he lpe r p l a s m i d , pRK2013 (11 ) , 
i n t o many d i f f e r e n t b a c t e r i a l hosts and i t con ta ins a Bglll r e s t r i c 
t i o n s i t e i n a n o n - e s s e n t i a l r e g i o n . A 4 .6 kb H p a l - P s t I DNA fragment 
c o n t a i n i n g the B . t . i n s e c t i c i d a l p r o t e i n gene ( B . t . gene) was a l t e r e d 
to c o n t a i n f l a n k i n g BamHI s i t e s (pMAP8;5). A BamHI fragment o f pMAP8 
c o n t a i n i n g the B . t . gene was i n s e r t e d i n t o the B g i l l s i t e o f pM0N5008 
making use o f the ease o f l i g a t i n g BamHI and B g l l l c l eaved DNA to 
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21. PERLAK ET AL. Microbial Biocontrol Agents 287 

each o the r . The pMON5008 d e r i v a t i v e w i t h the B . t . gene was des igna 
ted pMAP15. 

T r i p a r e n t a l matings (11) were used to i n t roduce the p lasmids 
c o n t a i n i n g the gene i n t o the two s e l e c t e d roo t c o l o n i z e r s . I n t h i s 
system, 3 s t r a i n s o f b a c t e r i a are mixed, concentra ted on a f i l t e r and 
incubated on a n o n - s e l e c t i v e agar medium f o r a p e r i o d o f t ime s u i t 
ab le f o r gene t i c exchange to occur v i a b a c t e r i a l con juga t ion . One 
was an E . coli s t r a i n c o n t a i n i n g the m o b i l i z i n g p la smid pRK2013, a 
p l a smid w i t h IncP t r a n s f e r f u n c t i o n s . Th i s p la smid can move the IncQ 
p la smid c o n t a i n i n g the gene, pMAP15, from another E. coli s t r a i n i n t o 
a t h i r d non- E. coli s t r a i n . In t h i s case , the t h i r d s t r a i n was the 
r e c i p i e n t , e i t h e r Ps3732RN or 112-12RN. The d e s i r e d product o f these 
mat ings , s t r a i n s Ps3732RN and 112-12RN ha rbo r ing pMAP15, were d i s t i n 
guished by s e l e c t i o n f o r the c h a r a c t e r i s t i c s o f the both the donor 
(Km ) and the r e c i p i e n t ( r i f ) , which would on ly be found i n the 
d e s i r e d t r anscon jugan t s . The presence o f pMAP15 i n Ps3732RN and 
112-12RN was determined by p lasmid a n a l y s i s and e x p r e s s i o n o f the 
B . t . gene was confirmed by western b l o t s (immunoassay) and by i n s e c t 
b i o - a s s a y s . 

Al though the p la smid c o n t a i n i n g the B . t . gene, pMAP15, p rov ided 
an e f f i c i e n t means f o r i n t r o d u c i n g the gene i n t o these Pseudomonas 
s t r a i n s f o r e x p r e s s i o n i n the l a b o r a t o r y , c e r t a i n fea tures made i t 
l e s s s u i t a b l e f o r p e s t i c i d a l use . Th i s p l a smid and o ther s i m i l a r 
p lasmids were uns tab le i n the absence o f a n t i b i o t i c s e l e c t i o n , 
p a r t i c u l a r l y i n s t r a i n Ps3732RN (about 1% p l a s m i d - f r e e segregants per 
c e l l per g e n e r a t i o n ) . Such i n s t a b i l i t y i s undes i r ab l e f o r f i e l d 
t e s t i n g and even tua l widespread commercial use . In a d d i t i o n , these 
p lasmids cou ld p o t e n t i a l l y be m o b i l i z e d by con juga t ive p lasmids 
l i k e l y to be present i n the environment. To overcome the problem o f 
p l a smid i n s t a b i l i t y and inc rease containment, procedures were d e v e l 
oped f o r i n s e r t i o n o f the gene i n t o the chromosome o f our roo t c o l o n 
i z i n g b a c t e r i a . 

Chromosomal I n t e g r a t i o n o f the B . t . Gene Us ing Transposon Tn5. 

Transposons are i d e a l v e c t o r s to in t roduce hetero logous genes i n t o 
the chromosome o f a s o i l i s o l a t e . I t was important to determine i f 
the exp re s s ion o f the B . t . gene i n t e g r a t e d i n t o the chromosome o f a 
s o i l i s o l a t e would be s t a b l e and a t h i g h enough l e v e l s to r e t a i n 
i n s e c t i c i d a l a c t i v i t y . Tn5 was chosen f o r the i n i t i a l i n s e r t i o n o f 
the B . t . gene i n t o the chromosome o f 112-12RN and Ps3732RN. I t can 
i n s e r t i n t o numerous s i t e s i n the chromosomes o f a wide range o f 
b a c t e r i a l spec ies (12) . Res i s t ance genes f o r 3 a n t i b i o t i c s (kana-
myc in , b leomycin and s t rep tomycin) are found i n a c e n t r a l r e g i o n o f 
Tn5, f l anked by i n s e r t i o n sequences IS50L and IS50R (F igu re 1 ) . 

The B . t . gene (from pMAP8) was i n s e r t e d i n t o the BamHI s i t e i n 
the c e n t r a l r e g i o n of Tn5 c r e a t i n g T n 5 - B . t . (13) . E a r l i e r gene 
mapping had shown tha t c l o n i n g i n t o t h i s s i t e would not i m p a i r 
t r a n s p o s i t i o n (a frequency o f about 10~ 5 w i t h ove rn igh t matings i n t o 
Ps3732RN and 112-12RN) or the exp re s s ion o f K m r . Experiments showed 
t ha t the T n 5 - B . t . c o n s t r u c t t ransposed from the d e l i v e r y v e c t o r i n t o 
Ps3732RN and 112-12RN at a frequency o f 10~ 5 a f t e r ove rn igh t mat ings . 
Southern b l o t h y b r i d i z a t i o n s e s t a b l i s h e d tha t each Km t ransconjugant 
conta ined j u s t one copy o f T n 5 - B . t . , t ha t many d i f f e r e n t s i t e s o f 
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288 BIOTECHNOLOGY FOR CROP PROTECTION 

Tn5 
IS50L IS50R 

SamHI 

Kmr ' Ble r ' Srn7 

B H 
transposase 
inhibitor 

F i g u r e 1. Map o f the t ransposon Tn5. The i n s e r t i o n sequences 
IS50L and IS50R f l a n k the c e n t r a l r e g i o n which con ta ins the genes 
f o r r e s i s t a n c e to kanamycin (Km ) , b leomycin (B le ) , and s t r e p t o 
mycin (Sm ) . The P r e f e r s to the p o s i t i o n o f the promoters f o r 
exp re s s ion of a n t i b i o t i c r e s i s t a n c e , t ransposase and t ranspoase 
i n h i b i t o r (on IS50R). The r e s t r i c t i o n s i t e s are marked X=XhoI, 
B=BgJII , and H=HindII I . 
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21. P E R L A K E T AL. Microbial Biocontrol Agents 289 

i n s e r t i o n had been used, and tha t a l l o ther sequences o f the d e l i v e r y 
v e c t o r p la smid had been l o s t . 

Q u a n t i t a t i v e immunological a n a l y s i s i n d i c a t e d t ha t the i n s e c t i 
c i d a l p r o t e i n t o x i n c o n s t i t u t e d approximate ly 1% of the t o t a l p r o t e i n 
i n 112-12RN and Ps3732RN when the B . t . gene was i n the same o r i e n t a 
t i o n as the Km gene. Placement o f the B . t . gene i n the oppos i t e 
o r i e n t a t i o n to the Km gene r e s u l t e d i n lower l e v e l s o f p r o t e i n 
p r o d u c t i o n , es t imated to c o n s t i t u t e 0.1% of the t o t a l p r o t e i n of the 
c e l l . 

Table I . Leve l s o f the B . t . p r o t e i n produced i n s e v e r a l s t r a i n s o f 
b a c t e r i a w i t h d i f f e r e n t c o n s t r u c t s . Amounts repor ted are 
es t imates based i n s e v e r a l d i f f e r e n t q u a n t i t a t i v e immuno
l o g i c a l techniques 

Cons t ruc t S t r a i n B . t . 
o f 

P r o t e i n as % 
T o t a l P r o t e i n 

pMAP15 B . coli JM101 
112-12RN 

10 
2.0 

T n 5 - B . t a . 
Ps3732RN 0.5 

T n 5 - B . t a . 112-12RN 1.4 

I S 5 0 L - B . t a . 
Ps3732RN 1.0 

I S 5 0 L - B . t a . 112-12RN 2.0 
Ps3732RN 2.0 

T n 5 - B . t . a * 112-12RN 
Ps3732RN 

1.0 
1.0 

Refers to cons t ruc t s i n s e r t e d i n t o the chromosome 
Cons t ruc t s i n s e r t e d by homologous recombina t ion (see t e x t ) 

E l i m i n a t i o n o f the Transposase Func t ions o f In t eg ra t ed T n 5 - B . t . 
Elements . I n p r i n c i p l e , the T n 5 - B . t . element i n s e r t e d i n t o the 
chromosome has r e t a i n e d the a b i l i t y to t ranspose to o ther s i t e s i n 
the chromosome or to an incoming p l a s m i d . Th i s concern was lessened 
by f i n d i n g s t ha t the roo t c o l o n i z i n g b a c t e r i a d e s c r i b e d here do not 
ma in t a in plasmids o f the most common broad hos t range i n c o m p a t i b i l i t y 
groups (see Table I ) . Two d i f f e r e n t approaches were used to engineer 
these b a c t e r i a to reduce the p o s s i b i l i t y o f t r a n s p o s i t i o n dependent 
spread o f the i n s e r t e d B . t . gene. The f i r s t approach u t i l i z e d the 
t r a n s p o s i t i o n of a p o r t i o n of Tn5 (IS50L) w i t h the B . t . gene, w i thou t 
i n s e r t i n g the e n t i r e t ransposon . The second approach u t i l i z e d 
homologous recombinat ion between a T n 5 - B . t . element w i t h a subs tan
t i a l d e l e t i o n i n the t ransposase and a Tn5 p r e v i o u s l y i n s e r t e d i n the 
chromosome. 

The f i r s t approach depended on the f a c t t ha t Tn5, d e p i c t e d i n 
F i g u r e 1, i s a composite element whose t e r m i n a l i n v e r t e d r epea t s , 
IS50L and IS50R, are i n s e r t i o n sequences. Each one i s capable o f 
t r a n s p o s i t i o n as a separate e n t i t y as w e l l as i n u n i s o n . The move
ment o f a s i n g l e IS50 element e n t a i l s the r e c o g n i t i o n of segments 
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290 BIOTECHNOLOGY FOR CROP PROTECTION 

about 19bp long a t each end o f IS50 by the t r a n s p o s i t i o n machinery; 
these s i t e s are des ignated 0 and I to r e f l e c t t h e i r p o s i t i o n s a t the 
ou t s ide and i n s i d e ends o f each IS50 element i n Tn5 (14) . T r a n s p o s i 
t i o n a l s o r equ i r e s t ransposase , a 475 amino a c i d p r o t e i n encoded by 
IS50R. The IS50L element d i f f e r s from IS50R at one p o s i t i o n r e s u l t 
i n g i n an ochre s top codon i n IS50L (UAOUAA; 15) . Th i s te rmina tes 
t r a n s l a t i o n premature ly r e s u l t i n g i n an i n a c t i v e form o f the t r a n s 
posase. The IS50L was mod i f i ed to i n su re tha t the ochre codon o f 
IS50L w i l l not r e v e r t o r be suppressed. A +4 base p a i r i n s e r t i o n 
caus ing a +1 frame s h i f t was in t roduced i n the d e f e c t i v e t ransposase 
gene o f IS50L a t the Xhol s i t e . IS50L can t ranspose independent ly 
because the t ransposase defec t o f IS50L i s complemented by the 
t ransposase encoded by the nearby IS50R element. T r a n s p o s i t i o n i s 
i n e f f i c i e n t when the t ransposase i s s u p p l i e d i n trans (on another 
p la smid f o r example) or when the t ransposase gene i n c i s i s separated 
from IS50L by long d i s t ances (12) . I n s e r t i o n o f the B . t . gene i n t o 
the Pseudomonas genome as p a r t o f IS50L e f f e c t i v e l y e l i m i n a t e s 
t r a n s p o s i t i o n (<10~ 1 2 ) even i n the event o f i n v a s i o n by a p l a smid or 
temperate phage c o n t a i n i n g T n 5 - r e l a t e d sequences. 

A number o f recombinant DNA manipu la t ions were r e q u i r e d to 
prepare the IS50L element as the appropr i a t e d e l i v e r y v e c t o r f o r 
i n s e r t i o n o f the B . t . gene ( I S 5 0 L - B . t . ) i n t o the chromosome o f the 
two p l a n t - c o l o n i z i n g b a c t e r i a . In a d d i t i o n to the B / t . gene, IS50L 
was engineered to c a r r y the Tn5-encoded Km gene w i t h i n i t ' s bound
a r i e s . The r e s u l t i n g p l a smid o f these m a n i p u l a t i o n s , pMAP517 (16 ) , 
i s an 18 kb d e r i v a t i v e o f the s u i c i d e v e c t o r p S U P l O l l (17) . The o n l y 
copy o f the Km gene i s l o c a t e d w i t h i n IS50L and was u t i l i z e d to 
t r a c k the t r a n s p o s i t i o n o f IS50L. Transposase was p rov ided by an 
i n t a c t IS50R element i n pMAP517. 

T r a n s p o s i t i o n o f I S 5 0 L - B . t . , d ep i c t ed i n F i g u r e 2 , was s e l e c t e d 
by Km . Southern h y b r i d i z a t i o n s were used to e l i m i n a t e Km pseudo-
monads r e s u l t i n g from other p o s s i b l e t r a n s p o s i t i o n events (16 ,18 ) . 
Approx ima te ly , 5% o f the Km t ransconjugants corresponded to the 
d e s i r e d t r a n s p o s i t i o n p roduc t s ; i n s e r t i o n s of s i n g l e copies o f the 
t ransposase d e f e c t i v e I S 5 0 L - B . t . element i n t o a v a r i e t y o f s i t e s i n 
the pseudomonad genomes. Immunological a n a l y s i s i n d i c a t e d t ha t a 
B . t . p r o t e i n o f the expected 134 kD s i z e was produced as a p p r o x i 
mately 1% of the t o t a l s o l u b l e c e l l p r o t e i n i n s t r a i n s 112-12RN and 
Ps3732RN. 

I n t e g r a t i o n of the B . t . Gene by Homologous Recombinat ion . The d i r e c t 
t r a n s p o s i t i o n o f the I S 5 0 L - B . t . element i n t o the chromosome o f the 
r o o t - c o l o n i z e r s i s a convenient approach f o r the chromosomal i n t e g r a 
t i o n o f the B . t . gene or any o ther gene. I t s l i m i t a t i o n s i n c l u d e the 
requirement f o r a s e l e c t a b l e marker such as Km and the i n a b i l i t y to 
p r e d i c t where the element w i l l be i n s e r t e d . The many d i f f e r e n t 
t r a n s c r i p t i o n u n i t s i n t o which i n s e r t i o n can occur compl ica tes 
comparisons among v a r i o u s promoters i n the e v a l u a t i o n and manipu la 
t i o n o f B . t . gene e x p r e s s i o n . These l i m i t a t i o n s were overcome u s i n g 
homologous recombinat ion between a remnant o f Tn5 f l a n k i n g the B . t . 
gene and a p r e v i o u s l y c h a r a c t e r i z e d Tn5 i n s e r t i o n i n the chromosomes 
o f Ps3732RN and 112-12RN (19) . A s u b s t a n t i a l d e l e t i o n (3kb; from the 
Bglll s i t e i n IS50L to the H i n d l l l s i t e i n IS50R) o f Tn5 was genera
ted which e l i m i n a t e d the drug r e s i s t a n c e genes and 324 bp o f the 
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A. 

B . 

Chromosome 

tnp • 
IS50L-8.f. IS50R 

3 
Plasmid 

i 
Chromosome 

^* 4 -V77?77Z\ ^ 
IS50L-8.f. 

tnp 
IS50L-8.f. IS50R 

1 
Chromosome 

IS50L-8.f. 

F i g u r e 2 . I n t e g r a t i o n o f the I S 5 0 L - B . t . element i n t o the b a c t e r 
i a l chromosome. A . A p lasmid c a r r y i n g I S 5 0 L - B . t . and IS50R, 
en ters the c e l l v i a con juga t ion . B . The I S 5 0 L - B . t . element 
t ransposes i n t o the chromosome by i n cis complementation mediated 
by IS50R. C. Only the I S 5 0 L - B . t . remains i n the c e l l . 
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t ransposase gene o f IS50R (19) . The B . t . gene was c loned i n t o the 
remaining segment o f Tn5. Homologous recombina t ion between the 
segments o f Tn5 f l a n k i n g B . t . and the Tn5 i n the chromosome i n v o l v e d 
three s t eps . I . T r a n s p o s i t i o n of Tn5 ( c o n t a i n i n g a frame s h i f t i n 
IS50L) to the chromosomes o f Ps3732RN and 112-12RN and the i d e n t i f i 
c a t i o n o f p r o t o t r o p h i c t r a n s p o s i t i o n d e r i v a t i v e s . I I . I n t r o d u c t i o n 
by con juga t ion o f p M A P l l l (p lasmid w i t h the B . t . gene f l anked by IS50 
fragments) i n t o the the s t r a i n s c rea ted i n s tep I . Th i s p la smid 
cannot t ranspose on i t s own and c a r r i e s a gene f o r t e t r a c y c l i n e 
r e s i s t a n c e . By s e l e c t i n g f o r t e t r a c y c l i n e (Tc) r e s i s t a n t t r anscon -
jugants an expected r e s u l t i s a s i n g l e r e c i p r o c a l c rossover between 
one o f the IS50 elements o f the r e s i d e n t Tn5 element, and remaining 
IS50 sequences f l a n k i n g the B . t . gene. Th i s would cause a d d i t i o n o f 
the e n t i r e p l a smid i n t o the chromosome a t the s i t e o f the p r e e x i s t i n g 
Tn5 element (F igu re 3 ; A , B ) . Southern b l o t s confirmed t h a t the 
c o - i n t e g r a t e s , recovered a t f requencies o f about 10-6, had the 
expected s t r u c t u r e . I I I . S e l e c t i o n o f Tc s e n s i t i v e , Km s e n s i t i v e 
d e r i v a t i v e s r e s u l t i n g from a second homologous c rossover i n IS50 
sequences, and l o s s o f the v e c t o r p l u s the c e n t r a l r e g i o n and func
t i o n a l t ransposase gene o f Tn5 ( r e s o l u t i o n o f the c o - i n t e g r a t e ) . 
These r e s o l u t i o n products were recovered a t f requencies o f 10~ 3 to 
1 0 " 4 i n young c u l t u r e s , and the expected s t r u c t u r e was v e r i f i e d by 
app rop r i a t e Southern b l o t h y b r i d i z a t i o n s . 

E x p r e s s i o n o f the B . t . p r o t e i n i n s t r a i n s w i t h the B . t . gene 
i n t e g r a t e d by homologous recombina t ion was confirmed by Western b l o t 
a n a l y s i s . The s t r a i n s t e s t e d produced a 134 kD p r o t e i n which r e t a i n 
ed t o x i c i t y to s u s c e p t i b l e i n s e c t s (tfanduca s e x t a ) . 

D i s c u s s i o n 

The cho ice o f the a c t i v e i n s e c t i c i d a l i n g r e d i e n t i n t h i s g e n e t i c a l l y 
engineered m i c r o b i a l b i o c o n t r o l agent was c a r e f u l l y cons ide red . The 
B . t . gene o f B . thuringiensis was i nco rpo ra t ed as p a r t o f the system 
because the parent organism ( B . t . ) i s c u r r e n t l y used as a n a t u r a l 
m i c r o b i a l b i o c o n t r o l agent , the p r o t e i n t o x i n has a h i g h u n i t o f 
a c t i v i t y r e q u i r i n g v e r y l i t t l e m a t e r i a l f o r t o x i c i t y , and because the 
B . t . p r o t e i n i s s p e c i f i c to l e p i d o p t e r a n i n s e c t s w i t h a l a c k o f 
t o x i c i t y to o ther organisms. 

A second key aspect o f our s t r a t e g y was the cho ice o f the 
organism to be used as a r e c i p i e n t o f our i n s e c t i c i d a l gene. The 
organisms s e l e c t e d were i s o l a t e d from corn p l a n t s , l a cked pa thogen i 
c i t y to humans, p l a n t s , and i n s e c t s and are common i n the corn root 
environment. Both organisms, 112-12 and Ps3732, were c h a r a c t e r i z e d 
as Pseudomonas fluorescens by s tandard c r i t e r i a . Th i s group of 
b a c t e r i a are not cons idered to be pa thogen ic . Our t o x i c o l o g y and 
p l a n t h y p e r s e n s i t i v i t y t e s t i n g confirmed the absence o f p a t h o g e n i c i t y 
of these s t r a i n s f o r humans, p l a n t s and o ther organisms t e s t e d . 

The concern f o r the p o t e n t i a l o f gene t i c exchange from the 
m i c r o b i a l p e s t i c i d e to o ther organisms was r e f l e c t e d i n the e v o l u t i o n 
o f our approaches i n i n t r o d u c i n g the B . t . gene i n t o the commensal 
r o o t - c o l o n i z i n g organisms. I n i t i a l p ro to types had the B . t . gene 
i n s e r t e d w i t h i n a p l a s m i d , which cou ld be m o b i l i z e d by b a c t e r i a l 
con juga t ion i n t o o ther organisms. In a d d i t i o n , the p lasmids c o n t a i n 
i n g the B . t . gene were shown to be u n s t a b l e . The p r a c t i c a l conse-
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B. 

C. 

F i g u r e 3. I n t e g r a t i o n o f the B . t . gene by homologous recombina
t i o n . A . I n t e g r a t i o n o f the p l a smid c a r r y i n g B . t . by a s i n g l e 
r e c i p r o c a l c rossover between the i n t e g r a t e d Tn5 (chromosome) and 
the r eg ion o f Tn5 f l a n k i n g the B . t . gene. B . Second homologous 
c rossover i n the IS50 sequences recombining out the p l a smid 
sequences. C. The r e s o l u t i o n o f the homologous recombina t ion 
r e s u l t i n g i n B . t . i n t e g r a t i o n . 
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294 BIOTECHNOLOGY FOR CROP PROTECTION 

quence o f p l a smid s t a b i l i t y would be decreased p r o t e c t i o n o f the 
t a r g e t area r e s u l t i n g i n dec reas ing e f f i c a c y as an i n s e c t i c i d e . The 
next gene ra t ion o f m i c r o b i a l p e s t i c i d e s conta ined the B . t . gene, 
i n s e r t e d v i a Tn5, i n t o the chromosome of our r o o t - c o l o n i z e r s . 
I n t e g r a t i o n s t a b i l i z e d exp re s s ion and d r a m a t i c a l l y reduced the 
p o t e n t i a l f o r t r a n s f e r o f the B . t . gene to o ther micro-organisms i n 
the environment. However, the presence o f an a c t i v e t ransposase 
r e t a i n s the p o t e n t i a l o f movement o f the gene i n t o o ther organisms. 

E l i m i n a t i o n o f the t ransposase func t ions by the use o f the 
I S 5 0 L - B . t . system or the homologous recombinat ion system reduces the 
p o s s i b i l i t y o f the t r a n s p o s i t i o n o f the B . t . gene to such a low l e v e l 
t ha t i t i s non-de tec tab le i n the l a b o r a t o r y (<10-12). A d d i t i o n a l 
man ipu la t ions such as the f r a m e - s h i f t o f the IS50L reading frame 
e f f e c t i v e l y e l i m i n a t e the p o s s i b i l i t y o f a s i n g l e muta t ion r e s u l t i n g 
i n a a c t i v e t ransposase . 

The I S 5 0 L - B . t . t r a n s p o s i t i o n system has two minor d isadvantages . 
S ince each gene i n t e g r a t i o n would be an independent event , i n t e g r a 
t i o n cou ld occur a t numerous s i t e s i n the chromosome. Second, t h i s 
system a l s o r e q u i r e s the use o f a d i r e c t l y s e l e c t a b l e marker such as 
Km f o r the e f f i c i e n t i d e n t i f i c a t i o n o f IS50L t r a n s p o s i t i o n even t s . 
However, use o f t h i s system i s s t r a i g h t forward , i s f a i r l y e f f i c i e n t 
and e l i m i n a t e s concerns o f gene movement to o ther organisms i n the 
environment. An added advantage o f t h i s system i s tha t Tn5 has a 
wide hos t range among gram nega t ive b a c t e r i a . IS50L mediated gene 
i n s e r t i o n should be p o s s i b l e among the wide v a r i e t y o f microorganisms 
which can serve as a host f o r Tn5. 

The homologous recombina t ion system o f f e r s the most advantages 
f o r the s t a b l e i n s e r t i o n and exp re s s ion o f the B . t . gene i n t o the 
chromosome o f the co rn roo t c o l o n i z i n g mic ro-organ i sms . I n s e r t i o n of 
the B . t . gene by t h i s method d i d not r e q u i r e the permanent presence 
o f an i n t e g r a t e d a n t i b i o t i c r e s i s t a n c e gene. The o p t i o n o f l i n k i n g 
the B . t . gene w i t h an a n t i b i o t i c r e s i s t a n c e gene or some o ther 
s e l e c t i v e c h a r a c t e r i s t i c (such as (3-galactosidase) may be an a t t r a c 
t i v e means o f m o n i t o r i n g the movement, p e r s i s t e n c e and i n h e r i t a n c e o f 
the B . t . gene i n the m i c r o b i a l p o p u l a t i o n . 

The use of fragments o f Tn5 f l a n k i n g the B . t . gene i n the 
homologous recombina t ion system was a method o f expediency r a the r 
than n e c e s s i t y . T h e o r e t i c a l l y , any r e g i o n of the b a c t e r i a l chromo
some cou ld be c l o n e d , p l a c e d on f l a n k i n g s ides o f the gene to be 
i n t e g r a t e d and used to p rov ide a r e g i o n o f homology f o r recombinat ion 
i n t o the chromosome. Tn5 was used because the sequence was known and 
the appropr i a t e fragments were r e a d i l y a v a i l a b l e . The use o f Tn5 
does have the added advantage o f u s i n g the system on a wide v a r i e t y 
of h o s t s . Tn5 has a wide host range and cou ld r e a d i l y p r o v i d e 
homology fo r homologous recombina t ion . C l o n i n g a fragment from 
112-12RN, f o r example, to p rov ide homology f o r recombina t ion i n 
112-12 may not be s u i t a b l e f o r recombinat ion i n 3732RN. 

Other methods o f gene t i c exchange such as n a t u r a l DNA t r ans fo rm
a t i o n , g e n e r a l i z e d t r a n s d u c t i o n , and con juga t ive chromosomal m o b i l i 
z a t i o n were cons idered as p o s s i b i l i t i e s f o r media t ing the movement o f 
the B . t . gene. These have not been demonstrated to work i n organisms 
c h a r a c t e r i z e d as P . fluorescens but do occur i n o ther organisms a t 
low f requencies and r e l y upon homology f o r success . Assuming t h a t 
one o f the above mentioned mechanisms cou ld t h e o r e t i c a l l y work, the 
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gene would be transferred to a closely related organism in the same 
environment. 

Conclusions 

The research presented above describes the f i rs t steps in developing 
a genetically engineered insecticide as a commercial product. The 
cloning of the B. t . gene, introducing the gene into carefully selec
ted commensal bacteria indigenous to the environment which they are 
intended to colonize and demonstrating their toxicity to specific 
insects are only the start in our program. To be efficient, these 
l iving pesticides must be noninjurious to the host plants and must 
stably maintain and express the pesticidal gene without transmitting 
i t to other bacteria. We have demonstrated the practical use of the 
transposable element Tn5 to integrate the B. t . gene into the chromo
somes of two root colonizing psuedomonads. The use of the Tn5 system 
is theoretically applicable to other genes in a wide variety of gram 
negative bacteria. Integration increases the stabil i ty of the gene 
reducing the probability of genetic exchange below a level which can 
be demonstrated in the laboratory (<10-12). Much developmental 
research and genetic manipulation are required before the concept of 
a genetically engineered microbial pesticide w i l l be ready for the 
marketplace. Different pesticidal genes, systems of genetic intro
duction and expression of genes may be required. It is important 
that there is continued development of procedures and techniques for 
genetically engineering microbes to produce microbial insecticides 
which are highly contained, easily studied, and applicable to a 
variety of organisms and situations. These systems w i l l allow 
researchers the opportunity to confirm the high level of safety and 
containment indicated by the laboratory studies which have already 
been conducted. 
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C h a p t e r 22 

Applications of Immunochemistry 
in Crop Protection and Biotechnology 

Bruce D. Hammock 

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

It is very appropriate that a symposium on immunochemical 
applications be included in a text on Biotechnology in Crop 
Protection for a number of reasons. Immunoassays are physical 
assays yet clearly represent a biotechnology themselves which will 
play an increasing role in many aspects of crop protection. In 
addition, immunochemical methods are central to the discovery and 
analysis of other biotechnology products (1). Rather than repeat 
other texts in describing how immunochemical applications can be 
carried out, this symposium was designed to provide a sampling of 
the great range of immunochemical applications in crop protection 
today and in the foreseeable future. These applications range from 
the very practical work of plant diagnostics which is well accepted 
in many countries, to analysis of classical and genetically 
engineered pest control agents which has aroused wide interest in 
industrial and regulatory circles, to the use of immunochemistry in 
the fundamental research efforts which will lead to new generations 
of crop protection agents. In many ways it is a pity that 
immunochemical assays were not extensively ut i l ized in the crop 
protection f ie ld over a decade before. New assay formats have made 
assays a little easier to use, but the same techniques available in 
1970 still provide excellent assays today. However, the final 
art icle of this section introduces the concept that there will be a 
revolution in immunochemical technology as proteins such as 
antibodies are coupled with solid state electronic and optical 
devices. 

In 1980 an article appeared on the Potential of Immunochemical 
Technology for Pesticide Residue Analysis (2). As evidenced by the 
articles in this section, that potential is beginning to be 
realized. However, of greater importance, we can envision far more 
applications in the future. 

0097-6156/88/0379-0298$06.00/0 
c 1988 American Chemical Society 
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22. H A M M O C K Applications of Immunochemistry 299 

M i s c o n c e p t i o n s . J a rgon , and D e f i n i t i o n s 

A common misconcep t ion i s t ha t one must be an immunologist to 
u t i l i z e immunochemical t echno logy . T h i s i s no more t rue than the 
assumption tha t one must be a p h y s i c i s t to use NMR. L i k e any other 
b i o t e c h n o l o g y , however, immunochemical methods u s u a l l y are 
surrounded by l a y e r upon l a y e r o f j a r g o n . Th i s v e r b a l i n s u l a t i o n , 
i n p a r t , i s a n a t u r a l e v o l u t i o n i n any f i e l d . However, there a l s o 
i s a commercial reason f o r the confus ing j a r g o n i n the immunoassay 
f i e l d . A s i n g l e an t ibody p o o l can be used i n a number o f d i f f e r e n t 
assay formats , each w i t h i t s own r e l a t i v e advantages w i t h r ega rd to 
s e n s i t i v i t y , speed, ease o f use and o ther parameters . U s u a l l y , 
development o f an an t ibody p o o l occurs w i t h the use o f w e l l 
e s t a b l i s h e d technology so t ha t one does no t have pa ten t p r o t e c t i o n 
on the an t ibody . However, i t i s p o s s i b l e to pa ten t some assay 
formats . Thus there i s a reward i n the commercial s e c t o r to make 
one ' s assay format (whether pa tented o r no t ) appear as unique as 
p o s s i b l e . 

C e r t a i n assay formats o f f e r c l e a r advantages f o r a p a r t i c u l a r 
a p p l i c a t i o n , however a l l immunoassays are based on the r e v e r s i b l e 
but v e r y s p e c i f i c i n t e r a c t i o n o f a p r o t e i n an t ibody w i t h an 
a n t i g e n . Th i s i n t e r a c t i o n can be d e s c r i b e d by the law o f mass 
a c t i o n . To dea l w i t h the chapters i n t h i s s e c t i o n , one o n l y needs 
the d e f i n i t i o n o f three s p e c i a l i z e d terms. F i r s t , a n t i b o d i e s are a 
group o f serum p r o t e i n s t ha t r e a c t s p e c i f i c a l l y w i t h an a n t i g e n . 
An a n t i g e n i s a l a r g e molecule ( u s u a l l y a p r o t e i n ) which r e a c t s 
w i t h an an t ibody and a l s o i s capable o f i n d u c i n g an t ibody 
p r o d u c t i o n when i n j e c t e d . F i n a l l y , haptens are molecules which can 
r e a c t w i t h a n t i b o d i e s , but which are too s m a l l to e l i c i t an t ibody 
p r o d u c t i o n un les s coupled to a p r o t e i n c a r r i e r . 

To use immunoassays one no rma l ly employs a r e p o r t e r substance or 
l a b e l . T h i s l a b e l can be one o f many m a t e r i a l s i n c l u d i n g a 
r a d i o c h e m i c a l , a heavy m e t a l , o r commonly, an enzyme. A w i d e l y 
used format i s the enzyme l i n k e d immunosorbent assay or ELISA. 
T h i s technology i s d i s cus sed i n the chapters by Cheung, H a r r i s o n 
and Van Vuurde. There are numerous v a r i a t i o n s on a theme as t h i s 
assay i s ad jus ted to f i t a p a r t i c u l a r a n a l y t i c a l need. However, as 
an example o f the complex i ty o f t e rmino logy , one can examine the 
a p p l i c a t i o n o f the ELISA system i n s l i g h t l y d i f f e r e n t formats . For 
i n s t ance when the ELISA i s c a r r i e d out on the sur face o f a 
n i t r o c e l l u l o s e membrane, i t has the c l e v e r name o f dot b l o t s i n c e 
the end r e s u l t s appear as t i n y dots on a p i e c e o f paper . I f 
an t igens are separa ted by e l e c t r o p h o r e s i s before the dot b l o t i s 
run , one has a Western b l o t . I f the a n t i g e n i s s t a i n e d in situ one 
might term i t enzyme a m p l i f i e d immunohistochemistry even though the 
b i o c h e m i c a l s teps are the same i n each case . I n the commercial 
s e c t o r t h i s same technology has dozens o f names. Thus, when one 
understands the p r i n c i p l e o f one immunoassay most o thers are seen 
as a s imple v a r i a t i o n on a theme. 

Use o f Immunoassay i n P l a n t D i a g n o s t i c s 

Immunoassays have been used i n resea rch i n the p l a n t d i a g n o s t i c 
f i e l d f o r over 25 years Q ) . K i t s f o r the d e t e c t i o n o f a v a r i e t y 
o f p l a n t d i seases now are appear ing on the market, but r e g u l a t o r y 
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300 BIOTECHNOLOGY FOR CROP PROTECTION 

agencies i n t h i s coun t ry have not p l a c e d an emphasis on the use o f 
immunoassays f o r p l a n t d i a g n o s t i c s or qua ran t ine . As i n d i c a t e d i n 
the a r t i c l e by Van Vuurde and co-workers , immunochemical 
d i a g n o s t i c s are a major component o f the p l a n t p r o t e c t i o n e f f o r t i n 
the Nether lands and i n many o ther European c o u n t r i e s . C o n s i d e r i n g 
the l a b o r i n t e n s i v e a l t e r n a t i v e s o f t en i n wide use i n t h i s coun t ry , 
we c e r t a i n l y c o u l d b e n e f i t from the exper ience o f our European 
c o l l e a g u e s w i t h immunodiagnost ics . The major impact o f 
immunodiagnosties f o r p l a n t pathogens i n Europe a l s o i n d i c a t e s t ha t 
the technology i s o f s u f f i c i e n t m a t u r i t y to app ly to d i a g n o s i s o f 
p e s t i c i d e s and to o ther problems i n the crop p r o t e c t i o n a rea . A 
v a r i e t y o f immunochemical d i a g n o s t i c s are used i n Europe, bu t ELISA 
based assays are o f i n c r e a s i n g importance. C o n s i d e r i n g tha t over 
1 0 6 E L I S A ' s were used i n the Nether lands f o r r e g u l a t o r y d e t e c t i o n 
o f p l a n t v i r u s e s a lone i n 1986, t h i s format seems s u f f i c i e n t l y 
mature f o r i t to be used i n o ther crop p r o t e c t i o n a reas . Van 
Vuurde et. al. a l s o b r i n g up a *low t echno logy ' approach to 
b a c t e r i a l i d e n t i f i c a t i o n where a n t i b o d i e s are used to e n r i c h a 
b a c t e r i a l p o p u l a t i o n before p l a t i n g . T h i s i n n o v a t i v e approach o f 
immunoi so la t ion i l l u s t r a t e s another power o f a n t i b o d i e s i n 
e n r i c h i n g or p u r i f y i n g a molecule or even an organism by a f f i n i t y 
chromatography ( 4 ) . 

L i b r a r i e s o f a n t i b o d i e s are e x c e l l e n t t o o l s f o r the 
i d e n t i f i c a t i o n o f any organism whether i t i s a r e s i s t a n t i n s e c t , a 
crop p e s t , or even the meal o f a p reda to r used i n b i o l o g i c a l 
c o n t r o l . Immunodiagnostic systems are p e r f e c t f o r i n t e g r a t i o n i n t o 
exper t systems f o r d i a g n o s t i c a p p l i c a t i o n s . Immunodiagnostics and 
exper t systems w i l l g r e a t l y improve the q u a l i t y o f r o u t i n e 
d i a g n o s t i c work and w i l l prove a v a l u a b l e time saver even to the 
e x p e r t . However, immunodiagnostic systems need to be checked by 
exper t s f a m i l i a r w i t h bo th the pathogen and h o s t . P o o r l y de f ined 
d i a g n o s t i c k i t s , e s p e c i a l l y i f not used by t r a i n e d i n d i v i d u a l s , 
c o u l d prove m i s l e a d i n g as d i s c u s s e d below. 

Use o f Immunoassay i n P e s t i c i d e Residue A n a l y s i s 

The p o t e n t i a l o f immunochemical technology i n p e s t i c i d e r e s idue 
a n a l y s i s has been c l e a r f o r many years ( 2 ) , but i t s a c t u a l 
a p p l i c a t i o n i s j u s t b e i n g r e a l i z e d . The number o f l a b o r a t o r i e s 
r e p o r t i n g on the technology a t the recen t IUPAC Congress o f 
P e s t i c i d e Chemis t ry a t t e s t s to the f a c t t ha t widespread use o f the 
technology soon w i l l be a r e a l i t y ( 5 , 6 , 7 , 8 ) . Of g rea t e r importance 
are the l a r g e number o f a g r i c u l t u r a l chemica l companies t ha t have 
major i n house e f f o r t s . As w i t h HPLC technology o n l y a f t e r 
r e g i s t r a t i o n s are granted based on immunoassay w i l l acceptance o f 
the technology become widespread . 

Of equa l importance are the i n house e f f o r t s i n r e g u l a t o r y 
agencies i n bo th the c l a s s i c a l chemica l and b i o t e c h n o l o g y f i e l d . As 
r e g u l a t o r y agencies develop the i n house e x p e r t i s e to eva lua te the 
t echnology , i n d u s t r y w i l l f e e l more comfor tab le i n advancing i t . 

The manuscr ip t by H a r r i s o n et. al. p r o v i d e s some examples o f 
immunochemical a p p l i c a t i o n s to c l a s s i c a l r e s idue a n a l y s i s . I t 
summarizes some o f the advantages and l i m i t a t i o n s o f the technology 
as i t a p p l i e s to the f i e l d and p r o v i d e s an o u t l i n e f o r development 
o f the technology i n house. 
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22. H A M M O C K Applications of Immunochemistry 301 

Use o f Immunoassay i n D e t e c t i o n o f G e n e t i c a l l y Engineered M a t e r i a l s 

Most at tempts to develop g e n e t i c a l l y engineered produc ts have 
concen t ra t ed on the p r o d u c t i o n o f s i n g l e gene produc ts which by 
n e c e s s i t y are pep t ides and p r o t e i n s . I f these produc ts are to be 
used i n crop p r o t e c t i o n one needs a n a l y t i c a l methods to answer 
r e g u l a t o r y ques t ions as w e l l as f o r q u a l i t y c o n t r o l . There i s some 
q u e s t i o n whether one shou ld moni tor the gene, the message o r the 
t r a n s l a t e d p roduc t . The answer i s s i m p l e , a t l e a s t i n e a r l y s tages 
o f the technology , i n tha t one shou ld have techniques a v a i l a b l e f o r 
a l l t h r ee . F o r t u n a t e l y , the probes f o r the a n a l y t i c a l methods 
needed p robab ly were a l r e ady developed d u r i n g the r e sea rch l e a d i n g 
to the p roduc t . A v e r y common way to i s o l a t e a message i s to use 
an an t ibody to the d e s i r e d p r o t e i n product to sc reen an e x p r e s s i o n 
l i b r a r y . T h i s s c reen ing procedure i s another a d a p t a t i o n o f the 
b a s i c ELISA format . For i n s t a n c e , i n our l a b o r a t o r y the i s o l a t i o n 
o f the message f o r i n s e c t j u v e n i l e hormone es te rase by H a n z l i k and 
co-workers was accompl ished by immunochemical s c r e e n i n g o f an 
e x p r e s s i o n l i b r a r y ( 9 ) . The same an t ibody used to i s o l a t e the 
message can then be used to moni tor the p r o t e i n produced i n an 
e x p r e s s i o n system as i t i s developed f o r pes t c o n t r o l . T h i s 
p r i n c i p l e i s amply i l l u s t r a t e d i n numerous chapters o f t h i s volume. 

A p o t e n t i a l problem i s t h a t , i n an i n d u s t r i a l s e t t i n g , the 
probes f o r the a n a l y t i c a l method no rma l ly would be developed i n a 
molecu la r b i o l o g y l a b o r a t o r y . The developers o f the technology 
p robab ly w i l l l a c k the a n a l y t i c a l s k i l l s , t ime and i n t e r e s t needed 
to reduce immunochemical and h y b r i d i z a t i o n techniques to r e l i a b l e 
a n a l y t i c a l methods to be used w i t h a v a r i e t y o f m a t r i c e s . Un less 
there i s a l e v e l o f a p p r e c i a t i o n among a n a l y t i c a l chemists on how 
to use these t e c h n o l o g i e s , they are l i k e l y to be l o s t o r the 
a n a l y t i c a l d u t i e s thrown on molecu la r b i o l o g i s t s r a t h e r than p l a c e d 
i n an a n a l y t i c a l group where they b e l o n g . The manuscr ip t by Cheung 
e t . a l . addresses the problem o f immunochemical d e t e c t i o n o f 
b i o l o g i c a l s u s i n g the Bacillus thuringiensis spec ie s as an example. 
The e x c i t i n g developments r epo r t ed i n t h i s t e x t r e g a r d i n g the 
p r o d u c t i o n o f g e n e t i c a l l y engineered p l a n t s as w e l l as m i c r o b i a l 
i n s e c t i c i d e s i n d i c a t e t ha t there w i l l be an immediate need f o r 
immunochemical d e t e c t i o n o f g e n e t i c a l l y engineered crop p r o t e c t i o n 
agents . 

Use o f Immunoassay i n Fundamental Research and Product D i s c o v e r y 

As has been d i s c u s s e d by many workers , we have reached a p o i n t o f 
d i m i n i s h i n g r e tu rns w i t h r ega rd to random d i s c o v e r y o f crop 
p r o t e c t i o n agents by c l a s s i c a l s c r een ing methods (10-13) . 
Immunoassays p robab ly w i l l be i n t r o d u c e d i n t o the i n d u s t r i a l 
s e t t i n g f o r sho r t term goa ls i n b i o t e c h n o l o g y and a n a l y t i c a l 
c h e m i s t r y . However, i t i s l i k e l y t ha t the major impact o f the 
technology w i l l be i n fundamental r e s e a r c h on crop p r o t e c t i o n . 

A number o f s i m p l i s t i c a p p l i c a t i o n s c o u l d r e s u l t from assays to 
a group o f candida te p e s t i c i d e s e a r l y i n development. Such assays 
would be v e r y c o s t e f f e c t i v e i n m o n i t o r i n g p e n e t r a t i o n and 
t r a n s l o c a t i o n . I f a molecule i s l a r g e , there i s hope t ha t 
immunochemical techniques c o u l d even be used to l o c a l i z e the 
compound i n the t a r g e t spec i e s and p o s s i b l y to p u r i f y the t a r g e t . 
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302 BIOTECHNOLOGY FOR CROP PROTECTION 

Longer term work w i l l i n v o l v e the use o f immunochemical probes 
to exp lo re the comparat ive b i o c h e m i s t r y o f a v a r i e t y o f t a r g e t and 
nonta rge t s p e c i e s . E x c e l l e n t examples o f t h i s work are seen i n the 
i n s e c t mo lecu l a r b i o l o g y s e c t i o n o f t h i s book. A c l e a r example has 
been the use o f a n t i b o d i e s r a i s e d a g a i n s t mammalian neurohormones 
as a l e a d i n the i s o l a t i o n o f i n v e r t e b r a t e hormones. These 
m a t e r i a l s are p o t e n t i a l t a r g e t s to use as i n s e c t c o n t r o l agents 
when produced i n i n a p p r o p r i a t e l e v e l s i n i n s e c t s f o l l o w i n g 
i n f e c t i o n w i t h an app rop r i a t e e x p r e s s i o n v e c t o r . The pep t ide 
s t r u c t u r e s a l s o may p rov ide leads f o r the development o f i n h i b i t o r s 
o f p r o c e s s i n g enzymes. I n d u s t r i a l r e sea rch on i n s e c t neurohormones 
i s t o t a l l y j u s t i f i e d even i f one never develops an i n s e c t c o n t r o l 
agent based on them. J u s t as probes d e r i v e d from the s t r u c t u r e s o f 
mammalian neurohormones have proven u s e f u l i n work on i n s e c t 
neuroendocr ino logy (14) , i n v e r t e b r a t e neurohormones are l i k e l y to 
p r o v i d e immunochemical and o l i g o n u c l e i c a c i d probes f o r use i n 
i n v e s t i g a t i n g pep t ide neu ro t r ansmi t t e r s i n the human c e n t r a l 
nervous system l e a d i n g to new genera t ions o f pha rmaceu t i ca l s . 

A n t i b o d i e s to candida te h e r b i c i d e s can a i d i n t r a n s l o c a t i o n 
s t u d i e s , and f o r l a r g e molecules can even a s s i s t i n l o c a l i z i n g 
b i n d i n g to r e c e p t o r s . Ayers and coworkers i n t h i s s e c t i o n p r o v i d e 
an e x c e l l e n t i l l u s t r a t i o n o f the a p p l i c a t i o n o f b o t h c l a s s i c a l and 
i n n o v a t i v e immunochemical technology i n approaching problems w i t h 
p l a n t d i sease r e s i s t a n c e . A l though t h i s work i s fundamental , there 
i s a c l e a r pa th towards e x p l o i t a t i o n o f such r e sea rch i n crop 
p r o t e c t i o n . T h i s s tudy c l e a r l y i l l u s t r a t e s how impor tant 
immunochemical technology i s to the modern b i o c h e m i s t , and 
analogous examples appear i n each s e c t i o n o f t h i s t e x t . 

P o t e n t i a l o f New Assay Formats 

S e v e r a l o f the manuscr ip ts i n t h i s s e c t i o n demonstrate tha t even 
mature immunoassay formats i n common use over a decade ago s t i l l 
p r o v i d e v e r y v a l u a b l e a n a l y t i c a l da t a . However, i t i s c l e a r t ha t 
competing a n a l y t i c a l t e c h n o l o g i e s , e s p e c i a l l y i n the mass s p e c t r a l 
a r ea , have advanced d r a m a t i c a l l y . Thus, some o f the grea t 
advantages over chromatographic assays o f f e r e d by immunoassay are 
not as dramat ic when compared to modern p h y s i c a l methods as they 
were p r e v i o u s l y . I n the next decade we w i l l see a n t i b o d i e s and 
o ther b i o l o g i c a l molecules combined w i t h s o l i d s t a t e e l e c t r o n i c and 
o p t i c a l dev ices i n many ways to y i e l d h y b r i d b i o l o g i c a l - p h y s i c a l 
s enso r s . These so c a l l e d b iosenso r s are l i k e l y to have a dramat ic 
impact on a n a l y t i c a l t echnology . 

There can be v e r y s imple ways to combine immunochemistry w i t h 
c l a s s i c a l r e s idue methodology. P o s s i b l y the s i m p l e s t example would 
be to ana lyze f r a c t i o n s from an HPLC run by immunoassay. However, 
d i r e c t combinat ions o f immunochemical and m i c r o e l e c t r o n i c systems 
o f f e r the p o s s i b l e advantages o f r e a l t ime a n a l y s i s , g rea te r 
l i n e a r i t y , and i nc r ea sed s e n s i t i v i t y due to s m a l l e r sample s i z e s . 
The a r t i c l e by Stanbro et. al. e x p l a i n s the o p e r a t i o n o f one such 
e v o l v i n g b io senso r t echnology . Th i s a r t i c l e i s e x c i t i n g i n i t s own 
r i g h t and even more e x c i t i n g i n p r o p h e s i z i n g t h ings to come. 
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P e r i l s o f a Succes s fu l Technology 

C l i n i c a l d i a g n o s t i c s have matured to the p o i n t where people ask how 
w e l l an assay performs r a t h e r than w o r r y i n g about the chemica l 
b a s i s o f the assay . By c o n t r a s t i n the envi ronmenta l f i e l d there 
i s a c o n c e n t r a t i o n on the technique used r a t h e r than the r e s u l t s i t 
produces . The envi ronmenta l f i e l d must mature to the p o i n t where 
there are c l e a r c r i t e r i a f o r accep tab le assay performance 
r e g a r d l e s s o f the technology upon which t ha t assay i s based. 

Immunochemical technology was v i r t u a l l y i gnored f o r many y e a r s , 
bu t now i s b e i n g w i d e l y advanced as a panacea. P o s s i b l y t h i s 
n o t o r i e t y i s due to pressures on a n a l y s t s to accept b i o t e c h n o l o g y 
approaches or p o s s i b l y i t i s our p e r p e t u a l d e s i r e f o r an easy 
s o l u t i o n . Recent attempts to l e g i s l a t e the type o f assays used by 
a n a l y t i c a l chemists i n d i c a t e t ha t our f i e l d may face a severe 
problem. 

There i s no q u e s t i o n tha t immunochemistry w i l l make a major 
c o n t r i b u t i o n to many aspects o f envi ronmenta l a n a l y s i s , bu t there 
i s a severe danger tha t i t w i l l be v iewed as a panacea. Many 
authors have l i s t e d the numerous advantages o f immunodiagnost ics . 
I t i s important to r e a l i z e tha t some o f these advantages may be 
m u t u a l l y e x c l u s i v e . Even though the same an t ibody p o o l i s used, 
one format may s a c r i f i c e speed f o r accuracy and another s a c r i f i c e 
some s e n s i t i v i t y f o r c o s t . I f the concept i s advanced tha t every 
assay w i l l have a l l b e n e f i t s , people w i l l be g r e a t l y d i s a p p o i n t e d 
w i t h the technology . 

As mentioned e a r l i e r , immunochemistry i s a p p l i c a b l e to a grea t 
many s t r u c t u r e s , however, i n t h i s case as w e l l , the promise o f 
immunoassay can be o v e r s o l d . The r e v e r s i b l e b i n d i n g o f a n t i b o d i e s 
to a molecule i s based on the summation o f a number o f weak 
molecu la r i n t e r a c t i o n s . Hydrogen bonds are v e r y impor tant s i n c e 
they p r o v i d e a grea t dea l o f b i n d i n g energy as w e l l as d i r e c t i o n a l 
and d i s t a n c e s p e c i f i c i t y . Many o f the o ther bonds formed are even 
more dependent upon c l o s e f i t . These b i n d i n g energ ies however do 
i n d i c a t e tha t there i s a lower l i m i t to the s i z e o f the molecule to 
which one can expect to r a i s e good a n t i b o d i e s . A l though i t i s 
p o s s i b l e to o b t a i n a n t i b o d i e s to molecules which have o n l y three or 
four carbons , the l i k e l i h o o d o f gene ra t ing h i g h a f f i n i t y and v e r y 
s p e c i f i c a n t i b o d i e s i s not g rea t . S ince immunoassays must be run 
i n a predominant ly aqueous system, l i p o p h i c i t y o f the t a rge t 
compound a l s o i s impor tan t . S o l u b i l i t y o f the t a r g e t compound i n 
an aqueous system seldom i s a problem s i n c e the compound can be 
presen ted i n a water s o l u b l e coso lven t or as a m i c e l l e . However, 
s e p a r a t i n g the t a r g e t compound from a l i p o p h i l i c m a t r i x can be a 
n ightmare . Such procedures can be p a r t i c u l a r l y i n t i m i d a t i n g to an 
inimunochemist u n f a m i l i a r w i t h h a n d l i n g o f l i p o p h i l i c m a t e r i a l s . I f 
one must perform many c l e a n up steps p r i o r to the assay to 
p a r t i a l l y p u r i f y a l i p o p h i l i c compound, then the advantages o f 
immunoassay over chromatographic methods are l o s t . Thus, h i g h l y 
l i p o p h i l i c molecules may not be optimum t a rge t s f o r immunoassays. 
S i m i l a r l y one shou ld a v o i d h i g h l y symmet r i ca l , water uns t ab le or 
v o l a t i l e compounds. 

I t i s not imposs ib l e to develop a s u c c e s s f u l immunoassay to 
molecules tha t do not seem to l e n d themselves to immunoassay. 
However, as the number o f c o n t r a i n d i c a t i o n s i n c r e a s e , development 
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304 BIOTECHNOLOGY FOR CROP PROTECTION 

o f the assay w i l l become i n c r e a s i n g l y d i f f i c u l t . One would not 
want to t r y assay development f o r a s m a l l , l i p o p h i l i c , v o l a t i l e , 
symmet r ica l molecule as an i n t r o d u c t i o n to the t echno logy . The 
f i e l d faces a problem i n tha t there i s r e g u l a t o r y p ressure to app ly 
s i m p l i s t i c immunochemistry to molecules t h a t are b e t t e r ana lyzed by 
o the r t e c h n o l o g i e s . I n many cases we w i l l be ab le to develop 
assays f o r these m a t e r i a l s . However, the g rea t r e l a t i v e advantages 
o f immunochemical approaches w i l l be l o s t . 

The development o f the technology i s a t a c r i t i c a l s tage i n tha t 
i t shou ld be advanced r a p i d l y , bu t i f i t i s o v e r s o l d the technology 
c o u l d be seen as f a i l i n g i n key a p p l i c a t i o n s . P o s s i b l y the bes t 
s t r a t e g y i s to t r e a t immunochemistry as s imp ly another a n a l y t i c a l 
method which must be c a r e f u l l y v a l i d a t e d before use . 

Commercial E x p l o i t a t i o n 

I f immunochemical technology i n crop p r o t e c t i o n i s to reach i t s 
f u l l p o t e n t i a l , i t must be advanced i n the commercial as w e l l as 
o the r s e c t o r s (15) . The g rea t e s t commercial b e n e f i t w i l l be i n 
money saved by l a r g e chemica l and b io t echno logy companies, money 
made by products which reach the market f a s t e r thanks to 
immunochemical suppor t , and new products generated i n p a r t w i t h 
immunochemical methods i n c o r p o r a t e d i n t o r e sea rch programs. 

C o n s i d e r i n g o n l y immunodiagnost ics , i t w i l l be impor tant f o r 
companies to en te r the f i e l d where p r o f i t s w i l l be t i e d to s a l e s o f 
immunochemical t e c h n o l o g i e s . The overhead i n v o l v e d w i t h l a r g e 
companies p robab ly w i l l be too grea t f o r them to make a r e a l i s t i c 
p r o f i t from a g r i c u l t u r a l immunodiagnostics i n the s h o r t term and 
s m a l l companies o r s u b s i d i a r i e s w i l l p ionee r the f i e l d . For such 
b i o t e c h n o l o g y companies there are s e v e r a l c l e a r markets . P robab ly 
the be s t market i s i n p r o v i d i n g a t e c h n o l o g i c a l s e r v i c e to major 
companies who want i n house methods capable o f m o n i t o r i n g product 
q u a l i t y , worker exposure, waste d i s p o s a l , and o ther housekeeping 
chores . There i s an e x i s t i n g s m a l l market i n end use r assays f o r 
many compounds, but o n l y those where many users w i l l be i n v o l v e d 
o f f e r an immediate p r o f i t . Examples o f t h i s would be i n cases 
where a farmer would need to know h e r b i c i d e l e v e l s before p l a n t 
back . When assays are approved f o r r o u t i n e use i n p l a n t 
c e r t i f i c a t i o n and r e s idue a n a l y s i s , l a r g e markets f o r many assays 
suddenly w i l l appear. S ince assay v a l i d a t i o n i s b e i n g pursued on 
s e v e r a l f r o n t s , i t i s l i k e l y t ha t numerous markets w i l l develop i n 
the near f u t u r e . E s p e c i a l l y a t an e a r l y stage i n the acceptance o f 
the t echnology , i t i s c r i t i c a l t ha t w e l l c h a r a c t e r i z e d assays be 
developed f o r c l e a r l y de f ined g o a l s . Immunochemical technology i s 
c e r t a i n to represen t a major market i n the p l a n t p r o t e c t i o n a r ea . 
However, the speed w i t h which the market develops depends to a 
g rea t ex ten t on the q u a l i t y o f the assays used to p ionee r the 
t echno logy . 
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C h a p t e r 23 

Immunological Approaches to the Study 
of Plant Disease Resistance 

Arthur R. Ayers1, Keith L. Wycoff2,3, Patricia Loomis1, 
Christine Sharetzsky1, and Misty Bender1 

1Genetic Engineering Technology Program, Cedar Crest College, 
Allentown, PA 18104 

2Cellular and Developmental Biology Department, Harvard University, 
Cambridge, MA 02138 

Study of complex biological phenomena is often 
inhibited by lack of information on the identity of 
the molecules that mediate c r i t i c a l events. An 
example is disease resistance, in which plants 
recognize and respond to pathogens. Traditional 
immunochemical approaches using polyclonal antisera 
and, more recently, monoclonal antibodies, have been 
inadequate to elucidate pathogen antigens recognized 
by disease resistance gene products of the plant 
host. To overcome problems of tolerance and 
immunodominance, we have examined other more 
powerful immunological approaches including chemical 
immunosuppression (both general and specific), in 
vitro immunization and neonatal tolerization. 

Disease resistance in plants is a complex phenomenon requiring 
control of hundreds of genes. The expression of genes involved in 
the accumulation of toxic secondary metabolites (phytoalexins), 
inhibitors of pathogen enzymes (protease and pectinase 
inhibitors), enzymes to degrade pathogen structural components 
(chitinase and endoglucanase) and plant wall components, is 
dependent on either direct recognition of pathogen constituents or 
action of these constituents on plant tissues (1). Thus, 
elaboration of plant defenses is preceded by pathogen detection. 

Plants that succumb to pathogens are not deficient in 
defenses, but rather are defective in their recognition ab i l i ty . 
The genes commonly identified by f ie ld tests as providing 
3Current address: Plant Biology Laboratory, Salk Institute for Biological Studies, P.O. Box 
85800, San Diego, CA 92138 

0097-6156/88/0379-0307$06.00/0 
• 1988 American Chemical Society 
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308 BIOTECHNOLOGY FOR CROP PROTECTION 

p r o t e c t i o n a g a i n s t a pathogen permi t e x i s t i n g adequate defenses t o 
be m o b i l i z e d i n the presence o f the pathogen o f i n t e r e s t . These 
d i s e a s e r e s i s t a n c e genes a r e i d e n t i f i e d by t h e i r a b i l i t y t o 
i n t e r f a c e w i t h e x i s t i n g defenses and thereby confe r 
pa thogen-speci f i c r e s i s t ance . 

Gene t i c s o f Host-Pathogen I n t e r a c t i o n s 

The g e n e t i c r e l a t i o n s h i p between hos t s and pathogens i s 
p r o v o c a t i v e i n bo th i t s s i m p l i c i t y and i t s mo lecu la r 
r a m i f i c a t i o n s . Each gene f o r d i s ease r e s i s t a n c e i n a p l a n t i s 
p a i r e d w i t h a complementary gene f o r a v i r u l e n c e i n the pathogen. 
Only a s i n g l e p a i r o f cor responding genes among many i s r e q u i r e d 
t o t r i g g e r the p l a n t ' s defenses . The g e n e r a l i t y o f the 
"Gene-for-Gene" r e l a t i o n s h i p i s thought t o extend from v i r u s e s and 
b a c t e r i a t o i n c l u d e fungal pathogens, nematodes and i n s e c t pe s t s 
o f p l a n t s ( 4 ) . One molecu la r i n t e r p r e t a t i o n o f t h i s profound 
g e n e t i c r e l a t i o n s h i p i s t h a t p l a n t s produce r ecep to r s (d i sease 
r e s i s t a n c e gene products ) t h a t b i n d pathogen molecules ( d i r e c t o r 
i n d i r e c t products o f a v i r u l e n c e genes) and i n i t i a t e the s u i t e o f 
b i o c h e m i c a l responses observed as r e s i s t a n c e ( 1 ) . 

F u n c t i o n o f R e s i s t a n c e Gene Products 

Knowledge o f the molecu la r a c t i o n o f d i s e a s e r e s i s t a n c e gene 
products w i l l determine the p o t e n t i a l a p p l i c a t i o n o f i s o l a t e d 
genes i n t r ansgen i c p l a n t s . The e x i s t e n c e o f d i s ea se r e s i s t a n c e 
genes can now o n l y be de t ec t ed by the i n t e r a c t i o n o f p l a n t s w i t h 
a p p r o p r i a t e pathogens and thus l i m i t s i d e n t i f i c a t i o n o f needed 
r e s i s t a n c e genes t o hos t p l a n t s . New genes f o r r e s i s t a n c e t o c o r n 
pathogens, f o r example, w i l l t h e r e f o r e , o n l y be found i n c o r n , 
based on these types o f i n f e c t i o n a s says . T h i s approach i s o f 
l i m i t e d u t i l i t y , because breeders a re a l r e a d y v e r y s u c c e s s f u l a t 
e x p l o i t i n g e x i s t i n g sources o f g e n e t i c v a r i a t i o n . What i s needed 
i s an unders tanding o f the f u n c t i o n o f the products o f d i s ease 
r e s i s t a n c e genes, so t h a t the combined w o r l d p l a n t germ plasm can 
be e x p l o i t e d as a source f o r new r e s i s t a n c e genes. 

L i m i t a t i o n s o f S t u d i e s o f Gene S t r u c t u r e . I t i s l i k e l y t h a t 
w i t h i n the next year o r two the f i r s t p l a n t d i s ease r e s i s t a n c e 
gene w i l l be c l o n e d and sequenced. T h i s molecu la r knowledge w i l l 
q u i c k l y l e a d t o the sequence o f the p r o t e i n gene product and 
in fo rma t ion on the l o c a l i z a t i o n o f t h i s p r o t e i n , presumably on the 
c y t o p l a s m i c membrane. I t may a l s o be p o s s i b l e t o b e g i n t o p i e c e 
toge ther the i n t e r a c t i o n s w i t h o ther p l a n t components t h a t l e a d t o 
e l i c i t a t i o n o f p l a n t defenses . But a major p i e c e o f t h i s p u z z l e 
w i l l s t i l l be l a c k i n g ; what pathogen components i n t e r a c t w i t h t h i s 
p u t a t i v e membrane r ecep to r? I t may be p o s s i b l e f o r us t o have 
v e r y d e t a i l e d i n fo rma t ion about a r e s i s t a n c e gene and i t s p r imary 
gene p roduc t , but s t i l l not be a b l e t o use t h i s gene o u t s i d e o f 
the spec i e s from which i t was i s o l a t e d . 
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A v i r u l e n c e genes have been i s o l a t e d and c h a r a c t e r i z e d ( 9 ) . 
Gene products have been i d e n t i f i e d , bu t a re not found o u t s i d e o f 
the pathogen. I t i s l i k e l y t h a t the gene product has enzymatic 
a c t i v i t y and y i e l d s an i n d i r e c t product t h a t a c t u a l l y mediates 
pathogen r e c o g n i t i o n by i n t e r a c t i o n w i t h r e s i s t a n c e gene p roduc t s . 
But here t o o , i n -dep th knowledge o f the gene and gene product does 
no t l e a d d i r e c t l y t o a s t r a t e g y f o r implementing r e s i s t a n c e genes. 
What i s needed i s the i d e n t i t y o f the pathogen molecu le , 
p o t e n t i a l l y the i n d i r e c t product o f pathogen a v i r u l e n c e genes, 
t ha t mediates r e c o g n i t i o n by r e s i s t a n c e gene p roduc t s . 

Carbohydrates May Mediate R e c o g n i t i o n . Carbohydrates have been 
p o s t u l a t e d t o mediate pathogen r e c o g n i t i o n and p l a n t s have been 
demonstrated t o be e x q u i s i t e l y s e n s i t i v e t o and s p e c i f i c i n t h e i r 
b i n d i n g o f pathogen w a l l fragments, such as the g lucan e l i c i t o r 
( 1 ) . The s t r u c t u r e o f the g lucan e l i c i t o r i s too s imp le t o 
account f o r the numerous a v i r u l e n c e genes possessed by fungal 
pathogens, so the e l i c i t o r i s o b v i o u s l y not a s s o c i a t e d d i r e c t l y 
w i t h the a c t i o n s o f a v i r u l e n c e genes. Other ca rbohydra tes , such 
as the complex o l i g o s a c c h a r i d e s t h a t decora te the su r faces o f 
e x t r a c e l l u l a r fungal g l y c o p r o t e i n s , a r e b e t t e r candida tes as the 
media tors o f r e s i s t a n c e . One p o s s i b i l i t y i s t h a t a v i r u l e n c e genes 
code f o r g l y c o s y l t r a n s f e r a s e s t h a t s p e c i f i c a l l y t r a n s f e r 
carbohydrate r e s idues t o non-reducing t e r m i n a l g l y c o s y l r e s idues 
o f g l y c o p r o t e i n s . G l y c o p r o t e i n s would then se rve as c a r r i e r s 
r e f l e c t i n g the exp re s s ion o f the complete a r r a y o f a v i r u l e n c e 
genes o f the pathogen ( 1 ) . 

F u n c t i o n May Lead t o Broad A p p l i c a t i o n i n Transgenic Crop P l a n t s . 
I f p l a n t r e s i s t a n c e genes se rve as r ecep to r s f o r pathogen g l y c o s y l 
r e s i d u e s , knowledge o f t h i s f u n c t i o n i s v i t a l t o the deployment o f 
r e s i s t a n c e genes i n new t r ansgen ic c rop v a r i e t i e s . Sources o f 
r e s i s t a n c e c o u l d be c h a r a c t e r i z e d by r ecep to r s t h a t would b i n d t o 
pathogen g l y c o p r o t e i n s . Because i t i s l i k e l y t h a t the i n t e r f a c e 
between r e s i s t a n c e genes and defenses i s h i g h l y conserved , i t w i l l 
be p o s s i b l e t o use r e s i s t a n c e genes from any p l a n t as l ong as the 
d e s i r e d b i n d i n g f u n c t i o n i s p resen t . Thus, based on f u n c t i o n , i t 
w i l l be p o s s i b l e t o use r e s i s t a n c e genes i d e n t i f i e d i n soybeans o r 
po ta toes , f o r example, t o p r o v i d e needed r e s i s t a n c e t o co rn 
pathogens. 

Immunological I d e n t i f i c a t i o n o f Ant igens A s s o c i a t e d w i t h 
A v i r u l e n c e Genes 

A n t i b o d i e s p r o v i d e the p o t e n t i a l a n a l y t i c a l s e n s i t i v i t y and 
d i s c r i m i n a t i o n needed t o i d e n t i f y the s u b t l e b i o c h e m i c a l 
d i f f e r e n c e s between pathogen i s o l a t e s possess ing d i f f e r e n t 
a v i r u l e n c e genes, i . e . d i f f e r e n t pathogen r a c e s . S ince a v i r u l e n c e 
genes a re o b l i g a t o r i l y l i n k e d t o r e s i s t a n c e genes, i t f o l l o w s t h a t 
the s t r u c t u r e s a s s o c i a t e d w i t h p a r t i c u l a r a v i r u l e n c e genes a re 
l i k e l y t o be those bound t o the p u t a t i v e r e s i s t a n c e gene r e c e p t o r . 
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310 BIOTECHNOLOGY FOR CROP PROTECTION 

If these assumptions are correct, i t should be possible to produce 
antibodies specific for each antigen associated with an avirulence 
gene and the specificity of these antibodies may mimic that of 
resistance gene products. 

Attempts to Produce Monospecific Polyclonal Antisera. Early 
characterization of antisera of mice and rabbits challenged with 
mycelial extracts and extracellular glyoproteins of Phytophthora 
megasperma f.sp. glycinea (ftng), a fungal pathogen, showed that 
these components were very immunogenic, but antibodies raised to 
one race bound just as readily to antigens from another (5). 
Attempts to create antisera specific for the immunizing race by 
absorption to antigens from another race led to a complete loss of 
binding activity — a l l of the antibodies raised to one race bound 
to antigens from another. This was our f i r s t hint that a few 
antigens common to a l l races of the fungus were dominating the 
immunological response. Many other antigens were simply not 
yielding antibodies in the presence of the dominant antigens. 

Monoclonal Antibodies from Murine Hybridomas. Murine hybridomas 
are hybrid c e l l s formed by the fusion of a mouse cancer c e l l with 
lymphocytes committed to the secretion of antibodies. The 
lymphocytes are obtained from the spleens of mice immunized with 
antigens of interest, e.g. extracellular glycoproteins from a 
fungal plant pathogen, and under normal circumstances would 
produce antibodies, but would be unable to divide. Fusion with 
cancer c e l l s yields hybrids that continue to divide, as well as 
secrete antibodies. Thus, from a population of lymphocytes from 
the spleen of an immunized mouse i t i s possible to generate 
numerous clones of hybridomas and each clone w i l l yield a single 
antibody, i.e. monoclonal antibodies. 

A library of more that 50 monoclonal antibodies (mAbs) was 
created for the study of antigens potentially associated with the 
avirulence genes of Pmg (10). These antibodies were placed in six 
groups based on binding patterns in Western blots of 
glycoproteins. In a l l but one case the antibodies bound to 
complex patterns of glycoproteins, suggesting an interaction with 
the oligosaccharides common to various groups of glycoproteins. 
The carbohydrate nature of the dominant antigenic domains was 
further confirmed by the sensitivity of antibody binding to 
reagents and enzymes that modify the carbohydrate residues and not 
the protein component of glycoproteins. There was only a single 
example of a protein antigen for which mAbs were isolated. These 
studies and further work evaluating the a b i l i t y of pairs of mAbs 
to compete for the same antigenic determinants (K.L. Wycoff and 
A.R. Ayers, unpublished results), indicates that the extracellular 
glycoproteins of this fungus are decorated with only a small group 
of different oligosaccharides. Moreover, these oligosaccharides 
are the dominant antigenic determinants in both extracellular 
culture f i l t r a t e s and purified mycelial walls. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

02
3
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None of the mAbs in our library showed qualitative 
differences in binding to antigens from different races. The 
patterns of binding on Western blots of glycoproteins from 
different races are different, but probably reflect random 
differences in the proteins of various isolates, rather than 
differences associated with particular avirulence genes. We think 
that i t i s l i k e l y that the antigenic determinants that make up the 
oligosaccharides of the extracellular glycoproteins are in 
antigenic competition. As a consequence of this competition, 
antigenic determinants common to a l l races yield antibodies, 
whereas the determinants associated with avirulence genes do not. 

Deficiencies of Immunological Approaches 

Antibodies and mAbs in particular are powerful tools for analysis 
of molecular structures, but complete exploitation of potential 
immunological approaches requires an assessment of the 
limitations, as well as the strengths of the techniques. It i s 
often assumed that any antigen injected into a mouse w i l l yield 
antibodies. This i s not the case. Thus, an obvious strategy 
would be to start with polyclonal antisera, absorb out antibodies 
recognizing antigens common to two different races of pathogen, 
and yield monospecific antisera. But, this approach i s dependent 
on the production of antibodies for each of the antigens injected. 
Uniform production of antibodies to each determinant in a mixture 
of inject antigens does not occur for several reasons. 

Immunodominance. Antigen presentation to the immune system i s a 
complex phenomenon, many steps and c e l l types are involved before 
antibody production begins. Antigens can in essence compete for 
the limited presentation system and some antigens can dominate the 
system to such an extent that other antigens f a i l to generate an 
immune response. In order to observe responses to a l l 
determinants in a mixture, response to the dominant antigens must 
be controlled. 

Tolerance. Mice may also f a i l to respond to particular antigenic 
determinants, because those determinants are recognized as self. 
It would not be surprising to find that many of the carbohydrate 
antigenic determinants of fungal glycoproteins are also present in 
mice. We have already observed that some of our mAbs specific for 
pathogen carbohydrate residues bind to mouse immunoglobulins (K.L. 
Wycoff and A.R. Ayers unpublished results). If antigenic 
determinants are recognized as self, no antibodies are produced 
and the mice are said to be "tolerant"• We expect that some 
avirulence genes might be cryptic because of tolerance, but we 
expect the majority of the antigenic determinants to be 
identifiable through antibody production. 
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312 BIOTECHNOLOGY FOR CROP PROTECTION 

New Immunological Approaches 

Genera l Immunosuppression. An t ibody p r o d u c t i o n by B lymphocytes 
r e q u i r e s exposure t o a n t i g e n and subsequent c e l l d i v i s i o n . 
Reagents , such as a l k y l a t i n g d rugs , t h a t i n t e r f e r e w i t h c e l l 
d i v i s i o n , e l i m i n a t e a n t i g e n - s t i m u l a t e d an t ibody p r o d u c t i o n . These 
reagents can f u n c t i o n as gene ra l immunosuppressants. With a 
gene ra l immunosuppressant, such as cyclophosphamide, i t i s 
p o s s i b l e to make a mouse t o l e r a n t t o an i n j e c t e d a n t i g e n , so t h a t 
subsequent exposure t o the same a n t i g e n w i l l no t r e s u l t i n 
an t ibody p r o d u c t i o n ( 8 ) . 

We have t e s t e d t h i s approach u s i n g p a i r s o f p r o t e i n s w i t h and 
wi thou t f l u o r e s c e i n i s o t h i o c y a n a t e (FITC) as an added a n t i g e n i c 
de terminant . In two separa te s e r i e s o f exper iments , we used 
e i t h e r bovine serum albumin o r c a s e i n i n i n i t i a l i n j e c t i o n s 
f o l l o w e d by cyclophosphamide t rea tment . A f t e r two weeks, the mice 
r e c e i v e d immunizing i n j e c t i o n s o f e i t h e r the same p r o t e i n , o r the 
i n i t i a l p r o t e i n d e r i v i t i z e d w i t h FITC. A second i d e n t i c a l 
immunizing i n j e c t i o n was g i v e n two weeks l a t e r and s e r a were 
eva lua t ed by enzyme immunoassay a f t e r two more weeks. C o n t r o l 
mice r e c e i v i n g no pret reatment p r i o r t o the immunizing i n j e c t i o n s , 
produced a n t i b o d i e s t h a t bound t o p r o t e i n w i t h and wi thou t FITC 
d e r i v i t i z a t i o n . Response t o FITC on he tero logous p r o t e i n s was 
d e t e c t a b l e . A n t i b o d i e s from mice r e c e i v i n g suppress ion p r o t o c o l s 
showed g r e a t l y reduced b i n d i n g t o the p r o t e i n used i n the 
suppress ion t rea tment , and enhanced b i n d i n g t o FITC p r o t e i n . 
S u b s t a n t i a l enhancement o f b i n d i n g t o FITC on he te ro logous 
p r o t e i n s was observed. These experiments i n d i c a t e t ha t gene ra l 
immunosuppression can be a v e r y powerful t o o l f o r p roducing 
t o l e r a n c e t o dominant a n t i g e n i c determinants and enhancing 
an t ibody p r o d u c t i o n t o minor a n t i g e n i c de te rminan ts . 

We have a l s o at tempted t o use genera l immunosuppression i n 
the search f o r a v i r u l e n c e gene-assoc ia ted an t igens ( 2 ) . I n these 
experiments an t igens from one race o f Pmg were used f o r 
suppress ion w i t h cyclophosphamide, and an t igens from a second race 
were used f o r immuniza t ion . A n t i s e r a showed a c l e a r enhancement 
f o r b i n d i n g t o the immunizing race r e l a t i v e t o the suppress ing 
race when compared by ELISA. Hybridomas d e r i v e d from these mice 
y i e l d e d a n t i b o d i e s i n the f i r s t s c r een ing t h a t bound o n l y t o the 
immunizing a n t i g e n s . The r a c e - s p e c i f i c hybridomas as a group 
showed s i m i l a r response l e v e l s and were u n i f o r m l y r e c a l c i t r a n t t o 
c l o n i n g — they c o u l d not be main ta ined i n c e l l c u l t u r e . 
Subsequent s i m i l a r experiments have f a i l e d t o g i v e as s t r i k i n g 
r e s u l t s i n terms o f enhancement o f b i n d i n g t o the immunizing race 
a t the an t i se rum l e v e l and at tempts t o generate r a c e - s p e c i f i c 
a n t i b o d i e s u s i n g t h i s methodology have been u n s u c c e s s f u l . 
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S p e c i f i c Immunosuppression. T o x i c compounds can be l i n k e d t o an 
an t i gen t o y i e l d conjugates t h a t can s e l e c t i v e l y e l i m i n a t e 
immunological response t o the a n t i g e n . We have used copolymers o f 
D-g lu tamic a c i d and D - l y s i n e i n conjugates w i t h b i o t i n as a model 
t o t e s t t h i s approach o f s p e c i f i c immunosuppression. Mice 
p r e t r e a t e d w i t h b i o t i n conjugated t o the copolymer were t o l e r a n t 
t o subsequent immunizing i n j e c t i o n s o f b i o t i n y l a t e d BSA — 
a n t i b o d i e s from these mice showed no b i n d i n g t o b i o t i n y l a t e d p l a t e 
su r faces i n ELISA. Mice wi thou t the sup re s s ing pre t rea tment 
produced a n t i b o d i e s showing s u b s t a n t i a l b i o t i n b i n d i n g i n the same 
assay . 

S p e c i f i c immunosuppression shows g rea t p o t e n t i a l f o r 
e l i m i n a t i n g the i n t e r f e r e n c e o f dominant an t igens i n immunological 
s t u d i e s . For example, we b e l i e v e i t w i l l be p o s s i b l e t o use 
conjugates o f g l y c o p e p t i d e s w i t h the copolymer t o e l i m i n a t e the 
response t o the dominant an t igens common t o s e v e r a l d i f f e r e n t 
races o f Pmg, so t h a t the mice can respond t o o the r a n t i g e n s , 
presumably i n c l u d i n g a v i r u l e n c e gene-assoc ia t ed a n t i g e n s . 

I n V i t r o Immunizat ion. The c o n s t r a i n t s p l a c e d on immunizat ion by 
the complex p r e s e n t a t i o n system o f the an imal can be avo ided by 
exposure o f lymphocytes t o an t igens i n c u l t u r e ( 3 ) . We have 
performed p r e l i m i n a r y experiments ( K . L . Wycoff and A . R . A y e r s , 
unpubl i shed r e s u l t s ) u s i n g Pmg an t igens ( e x t r a c e l l u l a r 
g l y c o p r o t e i n s and p u r i f i e d m y c e l i a l w a l l s ) f o r i n v i t r o 
immunizat ion p r i o r t o hybridoma p r o d u c t i o n . A n t i b o d i e s from the 
hybridomas d e r i v e d from mice cha l l enged w i t h one race o f Pmg were 
eva lua t ed f o r b i n d i n g t o an t igens from o the r r a c e s . None o f the 
a n t i b o d i e s was found t o be r a c e - s p e c i f i c . Examples o f s e v e r a l o f 
the mAbs from these experiments a re be ing eva lua ted f o r comparison 
t o mAbs produced by immunizat ion i n v i v o . 

In a d d i t i o n a l exper iments , i n v i t r o immunizat ion was used t o 
produce monoclonal a n t i b o d i e s t o glucomannans p u r i f i e d from Pmg. 
Glucomannans have been suggested to have r a c e - s p e c i f i c 
c h a r a c t e r i s t i c s ( 7 ) . As p a r t o f t h i s p r o j e c t , assays f o r 
measuring b i n d i n g o f a n t i b o d i e s t o glucomannans were developed 
u s i n g e i t h e r i m m o b i l i z a t i o n o f glucommanans found a t t ached t o 
p r o t e i n s i n s tandard enzyme immunoassays o r i m m o b i l i z a t i o n through 
r educ ing t e r m i n i a v a i l a b l e on some glucommannans a f t e r o x i d a t i o n 
w i t h i o d i n e / p o t a s s i u m i o d i d e treatment under a l k a l i n e c o n d i t i o n s 
and l i n k a g e o f the r e s u l t i n g carboxy1 group t o Immulon C p l a t e s 
(Dynatech) . 

Another assay approach t e s t e d was b i o t i n y l a t i o n o f 
glucomannans f o l l o w i n g p e r i o d a t e o x i d a t i o n . The o x i d i z e d 
glucomannans were b i o t i n y l a t e d w i t h b i o t i n h y d r a z i d e . B i n d i n g o f 
a n t i b o d i e s t o b i o t i n y l a t e d glucomannan was q u a n t i t a t e d by b i n d i n g 
o f the t e s t a n t i b o d i e s t o immob i l i zed goat ant i-mouse I g , a d d i t i o n 
o f the b i o t i n y l a t e d glucomannan, and f i n a l a d d i t i o n o f 
s t r e p t a v i d i n - a l k a l i n e phosphatase conjuga te . 

These experiments showed dramat ic d i f f e r e n c e s (10-20 f o l d ) i n 
the r e l a t i v e b i n d i n g o f some monoclonal a n t i b o d i e s i n our Pmg 
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314 BIOTECHNOLOGY FOR CROP PROTECTION 

library (10) to glucomannan from different races of Ftag. For 
example, while antibody KW2 showed an equivalent binding to 
glucomannans from Pmg races 1 and 7, MF7 showed a 20-fold 
preference for binding to glucomannan from race 7 relative to 
race 1. Antibodies generated by in vitro immunization with Rug 
glucomannan on the other hand, showed no preferences of more than 
two fold. Similar results were obtained whether the assay used 
glucomannans immobilized through linked protein, through covalent 
linkage following oxidation or using biotinylated glucomannans. 

Neonatal Tolerization. Another potential strategy to eliminate 
response to dominant antigens and permit production of antibodies 
only to determinants that d i f f e r in two antigen mixtures i s to 
expose mice to antigens before their immune systems reach maturity 
(6). Neonatal mice exposed to antigens w i l l be tolerant to the 
same antigens when challenged as adults. Exposure of neonatal 
mice to antigens from one race of Pmg should permit production of 
antibodies specific to a second race of Pmg when injected with 
antigens from that race at a later time. Another practical 
application of this strategy is exposure of neonatal mice to 
antigens from organisms that commonly show crossreactions in 
programs involved in the development of antibodies diagnostic for 
particular pathogens. In preliminary experiments (S. Marshall and 
A.R. Ayers unpublished results) we have observed that the 
crossreaction of Phythium ultimum antigens with antibodies 
produced in response to Pmg antigens may be greatly reduced by 
pretreatment of neonatal mice with P. ultimum. 

Conclusion 

We have focused on the use of antibodies for identification of the 
molecules that mediate pathogen recognition and lead to disease 
resistance in plants. The immunological approaches described here 
should permit identification of avirulence gene-associated 
antigens whether those antigens are proteins or carbohydrates. 
Although the genetic evidence appears to favor carbohydrates as 
the pathogen components that mediate recognition by plant hosts, 
we continue to consider protein antigens as candidates. Several 
very powerful immunological approaches, including general and 
specific immunosuppression, in vitro immunization, and neonatal 
tolerization have been identified as being of potential 
applicability. Our tests of these approaches have revealed that 
the techniques work well, but they also reveal the complexity of 
pathogens and the inadequacy of our knowledge. 

Examination of Pmg antigens by the production of a library of 
monoclonal antibodies revealed that less than a dozen antigens 
account for essentially the total immunological response to a 
mixture of Pmg extracellular glycoproteins. This response can, 
however, be modified by immunological techniques that suppress 
antibody production to particular antigens. Even with these 
relatively sophisticated tools, i t has proven d i f f i c u l t to screen 
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for antibodies that can be used to identify the antigenic 
determinants associated with particular avirulence genes. Part of 
the diff icul ty may be technical. For example, i t i s d i f f icul t to 
identify antibodies that bind to antigens present as only a small 
percentage of a mixture of total antigens. Moreover, i t may not 
be possible to remove uninteresting antigens, because of linkage 
to the antigenic determinants of interest. 
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C h a p t e r 24 

Immunochemical Methods 
of Pesticide Residue Analysis 

Robert O. Harrison, Shirley J. Gee, and Bruce D. Hammock 

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

Immunochemical methods are rapidly gaining 
acceptance as analytical techniques for pesticide 
residue analysis. Unlike most quantitative methods 
for measuring pesticides, they are simple, rapid, 
precise, cost effective, and adaptable to 
laboratory or f ie ld situations. The technique 
centers around the development of an antibody for 
the pesticide or environmental contaminant of 
interest. The work hinges on the synthesis of a 
hapten which contains the functional groups 
necessary for recognition by the antibody. Once 
this aspect is complete, immunochemical detection 
methods may take many forms. The enzyme-linked 
immunosorbent assay (ELISA) is one form that has 
been found useful in residue applications. This 
technique will be illustrated by examples from this 
laboratory, particularly molinate, a thiocarbamate 
herbicide used in rice culture. Immunoassay 
development will be traced from hapten synthesis to 
validation and f ie ld testing of the f inal assay. 
Emphasis will be placed on the justif ication of and 
the resources required for the successful 
incorporation of immunochemical technology into an 
existing analytical laboratory. Special attention 
will be given to aspects of immunochemical and 
related technology not covered in other recent 
reviews. Present use of immunoassay for pesticide 
analysis will be described and future potential 
applications and problems will be discussed. 

Some basic immunology and definition of a few common terms w i l l 
allow understanding of the central concepts of immunoassay. 
Antibodies are serum proteins which bind to specific molecules, 
called antigens, due to a complementarity of chemical structure 
between antibody and antigen. Immunization with an antigen 
preferentially induces the production of antibodies specific for 

0097-6156/88/0379-0316$06.00/0 
c 1988 American Chemical Society 
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24. HARRISON ET AL. Pesticide Residue Analysis 317 

t ha t a n t i g e n . Whi le most an t igens are n a t u r a l l y o c c u r r i n g p r o t e i n s 
o r complex carbohydra tes , the e x t r a o r d i n a r y gene t i c f l e x i b i l i t y o f 
the immune system a l l ows f o r the p r o d u c t i o n o f a n t i b o d i e s aga ins t 
v i r t u a l l y any chemica l s t r u c t u r e , i n c l u d i n g s y n t h e t i c an t i gens . 
An t igens below a p o o r l y de f ined s i z e t h r e s h o l d o f approx imate ly 1000 
da l tons w i l l not s t i m u l a t e the p r o d u c t i o n o f s p e c i f i c a n t i b o d i e s . 
However, s m a l l molecu les , c a l l e d haptens, can e l i c i t s p e c i f i c 
a n t i b o d i e s when a t t ached to l a r g e r c a r r i e r molecules such as 
p r o t e i n s . The phenomenon o f immune response to haptens has been 
s t u d i e d f o r over f i f t y years w i t h the s u c c e s s f u l p r o d u c t i o n o f 
a n t i b o d i e s to an as tounding range o f n a t u r a l and s y n t h e t i c chemica l 
s t r u c t u r e s . Thus the p o t e n t i a l c l e a r l y e x i s t s f o r the development 
o f immunoassays f o r n e a r l y any compound. 

An o c c a s i o n a l misconcep t ion i s tha t immunoassays are b ioassays 
because o f t h e i r use o f b i o l o g i c a l l y d e r i v e d a n t i b o d i e s . I t i s 
important to r e a l i z e t ha t a l though immunoassays are dependent upon 
a n t i b o d i e s , these a n t i b o d i e s obey the Law o f Mass A c t i o n j u s t as 
reagents i n any o ther l i g a n d b i n d i n g assay and are the re fo re w e l l 
s u i t e d to q u a n t i t a t i v e a n a l y s i s . T h e o r e t i c a l unders tanding o f 
q u a n t i t a t i v e immunoassays has evo lved s i g n i f i c a n t l y i n the l a s t 
three decades through ex tens ive c l i n i c a l and r e sea rch use (26)• A n 

i n d i c a t i o n o f the massive commercial support f o r immunochemical 
techniques i s the degree o f s o p h i s t i c a t i o n o f da ta a n a l y s i s 
a v a i l a b l e i n numerous commercial software packages which e x p l o i t 
these developments (HP-Genenchem, M o l e c u l a r Dev ice s , Dynatech, and 
many o t h e r s ) . Th i s support i l l u s t r a t e s the m a t u r i t y o f 
immunochemical techniques and technology , much o f which can be 
d i r e c t l y app rop r i a t ed f o r r e s idue a n a l y s i s by immunoassay. 

The development o f immunochemical methods f o r a n a l y s i s o f 
haptens such as drugs and s t e r o i d s (4,11) occu r r ed d u r i n g the 
dominance o f the p e s t i c i d e market by h i g h l y nonpolar 
o r g a n o c h l o r i n e s , which are e a s i l y ana lyzed by gas chromatography 
w i t h i o n s e l e c t i v e de t ec to r s due to t h e i r l i p o p h i l i c i t y and 
h a l o g e n a t i o n . There i s a l ong h i s t o r y o f ex t ens ive c l i n i c a l and 
r e sea rch use o f immunoassays f o r a n a l y s i s o f drugs and hormones, 
i n c l u d i n g s t e r o i d s , p e p t i d e s , and o thers ( 4 , 1 1 , 2 4 , 2 5 ) . The reasons 
f o r the l a c k o f use o f immunochemical technology i n p e s t i c i d e 
r e s idue a n a l y s i s seem to be p r i m a r i l y h i s t o r i c a l . Present 
technology makes i t f e a s i b l e to ana lyze f o r n e a r l y a l l p e s t i c i d e s i n 
c u r r e n t use by immunochemical methods. 

Reasons f o r A p p l y i n g Immunochemical Technology to P e s t i c i d e s 

S ince the use o f immunochemical technology f o r p e s t i c i d e r e s idue 
a n a l y s i s was f i r s t reviewed by E rcegov i ch i n 1971 (9) s e v e r a l 
h e l p f u l reviews o f t h i s a p p l i c a t i o n have been p u b l i s h e d 
( 1 1 , 1 4 , 2 3 , 3 3 ) . Desp i te the p o t e n t i a l demonstrated d u r i n g t h i s 
p e r i o d , few researchers and r e g u l a t o r s app ly immunochemical 
technology to t h e i r own problems i n p e s t i c i d e r e s idue a n a l y s i s . 

Immunochemical technology f o r r e s idue a n a l y s i s o f f e r s the 
e x i s t i n g a n a l y t i c a l l a b o r a t o r y many advantages. S e n s i t i v i t y and 
s p e c i f i c i t y are g e n e r a l l y comparable to e x i s t i n g techniques w i t h 
l a r g e improvements i n speed and c o s t . The genera l a p p l i c a b i l i t y o f 
immunochemical technology i s a l s o a v a l u a b l e a s se t . Immunoassays 
can be modular; by s u b s t i t u t i n g two reagents , a n a l y s i s f o r a 
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318 BIOTECHNOLOGY FOR CROP PROTECTION 

d i f f e r e n t ana ly t e can be performed u s i n g the same i n s t r u m e n t a t i o n . 
M u l t i a n a l y t e procedures can be developed through p a r a l l e l 
p r o c e s s i n g . The f a c t o r s l i m i t i n g the present use o f immunochemical 
technology f o r r e s idue a n a l y s i s are p r i m a r i l y l a c k o f acceptance and 
poor an t ibody a v a i l a b i l i t y r a the r than the d i f f i c u l t y o f deve lop ing 
a n t i b o d i e s to t a rge t compounds. Th i s s i t u a t i o n appears to be 
changing as the advantages o f immunoassay f o r envi ronmenta l a n a l y s i s 
are r ecogn ized by a n a l y t i c a l chemis t s . One reason f o r t h i s 
r e c o g n i t i o n i s t ha t immunoassay i s the bes t cho ice among presen t 
t echno log ie s f o r the a n a l y s i s o f the l a r g e number o f samples needed 
f o r thorough environmenta l a n a l y s i s . 

I t can be shown by sampling theory tha t a l a r g e number o f 
samples must be ana lyzed to o b t a i n h i g h conf idence es t imates o f low 
con tamina t ion r a t e s (F igure 1 ) . Wi th immunochemical technology 
a v a i l a b l e , the a n a l y t i c a l chemist no longer need be dismayed by the 
p rospec t o f a n a l y z i n g such l a r g e sample l o a d s . The technology f o r 
automation o f some types o f immunoassays i s advancing r a p i d l y and 
sample p r o c e s s i n g r a t e s are i n c r e a s i n g d r a m a t i c a l l y . The 
a p p l i c a t i o n o f r o b o t i c systems to the r e s idue l a b o r a t o r y has been 
d i s c u s s e d (22) and an automated ELISA system u s i n g commerc ia l ly 
a v a i l a b l e robots and automated e x t r a c t i o n systems has been d e s c r i b e d 
which can ana lyze 10,000 or more seed and p l a n t samples per day f o r 
v i r a l and b a c t e r i a l d i seases (34) . 

A p p l i c a t i o n s o f immunoassay to p e s t i c i d e chemis t ry have been 
d e s c r i b e d which address some d i f f i c u l t problems i n a n a l y s i s by 
c l a s s i c a l methods. These i n c l u d e s t e r e o s p e c i f i c a n a l y s i s o f 
o p t i c a l l y a c t i v e compounds such as p y r e t h r o i d s (38) , a n a l y s i s o f 
p r o t e i n t o x i n s from B a c i l l u s t h u r i n g i e n s i s ( 5 , 3 7 ) , and compounds 
d i f f i c u l t to ana lyze by e x i s t i n g methods, such as d i f l u b e n z u r o n (35) 
and ma le i c hydraz ide (15; a l s o H a r r i s o n , R . O . ; B r i m f i e l d , A . A . ; 
Hunter , K . W . , J r . ; Ne l son , J . O . J . A g r i c . Food Chem. submi t t ed ) . An 
example o f the e x c e l l e n t s p e c i f i c i t y p o s s i b l e i s seen i n assays f o r 
p a r a t h i o n (10) and i t s a c t i v e form paraoxon ( 3 ) . Some immunoassays 
can be used d i r e c t l y f o r a n a l y s i s w i thou t ex t ens ive sample 
e x t r a c t i o n or c leanup, d r a m a t i c a l l y r educ ing the work needed i n 
t y p i c a l r e s idue a n a l y s i s . An example o f t h i s i s g i v e n i n F igu res 2 
and 3, comparing the d i r e c t ELISA a n a l y s i s o f mo l ina t e i n r i c e paddy 
water to the e x t r a c t i o n r e q u i r e d before GC a n a l y s i s . 

Whi le the use o f immunoassay f o r r e s idue a n a l y s i s shou ld 
con t inue to expand, i t i s not the answer to a l l problems i n 
envi ronmenta l a n a l y s i s . Immunochemical technology shou ld serve bes t 
as a complement to e x i s t i n g methods r a t h e r than a replacement f o r 
them. I t i s e s p e c i a l l y important to r ecogn ize the p o t e n t i a l o f 
immunoassay f o r impact i n envi ronmenta l s c r een ing through the 
developments which w i l l be d i s c u s s e d l a t e r i n t h i s chap te r . I t i s 
i n t h i s a rea tha t we expect immunochemical technology to make i t s 
g r ea t e s t c o n t r i b u t i o n to envi ronmenta l a n a l y s i s . 

Resources Requi red f o r Immunoassay Development 

Perhaps the most important d i s t i n c t i o n to be drawn i n t h i s chapter 
i s t ha t between the development o f immunochemical r e s idue methods 
and t h e i r implementa t ion f o r r o u t i n e use . The l a b o r and resources 
r e q u i r e d f o r deve lop ing a s p e c i f i c assay are s i g n i f i c a n t , as w i l l be 
shown i n t h i s s e c t i o n . However, the r o u t i n e use o f v a l i d a t e d assays 
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24. HARRISON E T A L . Pesticide Residue Analysis 319 

1 0 2 0 3 0 4 0 5 0 6 0 7 0 

NUMBER OF S A M P L E S 

F i g u r e 1. The shaded a rea represen ts the 95% conf idence i n t e r v a l 
f o r t rue con tamina t ion r a t e , assuming random d i s t r i b u t i o n o f 
contaminated samples and g i v e n a cons tant 0% de tec ted 
con tamina t ion r a t e (adapted from r e f . 1 ) . The upper boundary o f 
the curve represen ts the upper 95% conf idence l i m i t f o r t rue 
con tamina t ion r a t e . Thus, i f t en samples were ana lyzed w i t h no 
con tamina t ion de tec ted , the t rue con tamina t ion r a t e 95% 
conf idence i n t e r v a l would be between 0% and 30.8%.  P
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320 BIOTECHNOLOGY FOR CROP PROTECTION 

r e q u i r e s l i t t l e e x p e r t i s e , equipment, or s u p p l i e s not a l r eady found 
i n most a n a l y t i c a l l a b s . A summary o f the resources needed f o r 
immunoassay development i s g i v e n i n Table 1. 

TABLE 1 Resources needed f o r immunoassay development 
Organic chemis t ry : hapten syn the s i s and con juga t i on to 

c a r r i e r s 
B i o l o g y : an t ibody p r o d u c t i o n 
Immunochemistry: immunoassay des ign and o p t i m i z a t i o n 
A n a l y t i c a l and r e s idue chemis t ry : sample p r e p a r a t i o n , 

da ta a n a l y s i s , assay v a l i d a t i o n and a p p l i c a t i o n 

T h i s t a b l e i l l u s t r a t e s one o f the major impediments to the r a p i d 
a s s i m i l a t i o n o f immunochemical technology i n t o p e s t i c i d e r e s idue 
a n a l y s i s l a b s . Because o f the amount and v a r i e t y o f work i n v o l v e d , 
new method development cos t s may be h i g h when compared to r o u t i n e 
chromatographic methods. However, the low cos t per run a l l o w s f o r 
r a p i d recovery o f the i n i t i a l investment w i t h s u f f i c i e n t l y h i g h 
sample l o a d s . For example, the c o s t o f reagents and s u p p l i e s f o r an 
ELISA f o r d i f l u b e n z u r o n was es t imated to be $0.20/sample as compared 
w i t h $4 f o r HPLC or $11 f o r GC (35) . I n a d d i t i o n to the lower 
reagent and supply c o s t s , the major economic advantage o f 
immunoassay i s the dramatic decrease i n l a b o r c o s t s . 

Steps i n the Development o f P e s t i c i d e Immunoassays 

The s teps i n v o l v e d i n the development o f p e s t i c i d e immunoassays have 
been d e s c r i b e d p r e v i o u s l y (14) and numerous r e p o r t s o f p e s t i c i d e 
immunoassay development now i l l u s t r a t e t h i s process 
(2 , 10 ,12 ,15 ,19 ,32 ,35 ,36 ,38) . These s teps w i l l be r e i t e r a t e d here to 
r e i n f o r c e s a l i e n t p o i n t s and to emphasize the d i s t i n c t i o n between 
the development and implementat ion o f immunoassays. 

Hapten s y n t h e s i s . The genera l s y n t h e t i c approach chosen w i l l be 
d i c t a t e d by the d e s i r e d assay s p e c i f i c i t y . Compound o r c l a s s 
s p e c i f i c a n t i b o d i e s can be produced depending on which p a r t o f the 
molecule i s used f o r con juga t i on . An t ibody s p e c i f i c i t y i s g e n e r a l l y 
h i g h e s t f o r the p a r t o f the molecule f u r t h e s t from the c a r r i e r . The 
importance o f c a r e f u l l y p lanned and r a t i o n a l hapten s y n t h e s i s cannot 
be overemphasized. The chosen s y n t h e t i c rou te shou ld preserve as 
much s t r u c t u r e as p o s s i b l e o f the molecule to be ana lyzed and must 
p r o v i d e a f u n c t i o n a l group f o r con juga t ion to a c a r r i e r molecule 
( u s u a l l y p r o t e i n ) . The optimum hapten s t r u c t u r e f o r an t ibody 
p r o d u c t i o n may however l a c k an apparen t ly e s s e n t i a l moie ty and t h i s 
i s a t r i c k y area f o r the non-immunochemist to p r e d i c t . For example, 
p r e s e r v a t i o n o f the n i t r o group o f p a r a t h i o n by con juga t ion through 
the n o r m a l l y u n s u b s t i t u t e d aromat ic r i n g p o s i t i o n s l e d to the 
p r o d u c t i o n o f a n t i s e r a which d i d not r ecogn ize f ree p a r a t h i o n (31) , 
w h i l e p a r a t h i o n s p e c i f i c a n t i s e r a were produced a g a i n s t conjugates 
o f aminopara th ion (10) . Conjuga t ion p o s i t i o n was a l s o important i n 
the p r o d u c t i o n o f a n t i b o d i e s to ma le i c hyd raz ide (15; a l s o H a r r i s o n , 
R . O . ; B r i m f i e l d , A . A . ; Hunter , K . W . , J r . ; N e l s o n , J . O . J . A g r i c . Food 
Chem. submi t t ed ) . Immunization w i t h N-conjugates o f ma le i c 
hyd raz ide l e d to ma le i c hyd raz ide s p e c i f i c and hapten s p e c i f i c 
a n t i b o d i e s , w h i l e immunizat ion w i t h O-conjugates o f m a l e i c hydraz ide 
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24. HARRISON E T A L . Pesticide Residue Analysis 321 

l e d to on ly hapten s p e c i f i c a n t i b o d i e s . There i s exper imenta l 
evidence tha t haptens are more immunogenic when separa ted from the 
c a r r i e r by a spacer arm. P r e s e n t a t i o n o f the hapten to r ecep to r s on 
c e l l s o f the immune system i s l e s s l i k e l y to be s t e r i c a l l y h inde red 
i f the hapten i s on a spacer arm s e v e r a l atoms l o n g . 

The p r o d u c t i o n o f haptens f o r con juga t ion i s the l a s t p o i n t i n 
the assay development process where r i g o r o u s s t r u c t u r a l a n a l y s i s i s 
p o s s i b l e . Because the assay s p e c i f i c i t y i s determined by the 
s t r u c t u r e ( s ) o f the conjugated haptens, i t i s c r i t i c a l l y important 
f o r these compounds to be pure and s t r u c t u r a l l y w e l l c h a r a c t e r i z e d 
before con juga t ion renders t h i s i m p o s s i b l e . 

Conjuga t ion to c a r r i e r s . A wide range o f proven methods are 
a v a i l a b l e f o r con juga t ion o f haptens to t h e i r c a r r i e r s , most o f them 
u s i n g common commerc ia l ly a v a i l a b l e reagents . These have been 
summarized p r e v i o u s l y (11,14) and many examples o f t h e i r use i n 
p e s t i c i d e immunoassay development e x i s t ( 3 . 1 0 . 1 2 . 1 5 . 1 9 . 3 2 . 3 5 . 3 6 . 3 8 ) . 

V e r i f i c a t i o n o f con juga t ion . As noted above, s t r u c t u r a l a n a l y s i s i s 
d i f f i c u l t or imposs ib l e a f t e r con juga t ion , but i t i s p o s s i b l e to 
v e r i f y con juga t ion even though the s t r u c t u r e o f the conjugated 
molecules i s unknown. I f the hapten has an approp r i a t e UV 
a b s o r p t i o n spectrum, d i f f e r e n c e s p e c t r a between conjugates and 
o r i g i n a l c a r r i e r s can be used f o r bo th q u a l i t a t i v e demonst ra t ion o f 
con juga t ion and e s t i m a t i o n o f the molar r a t i o o f hapten to c a r r i e r , 
o f t e n c a l l e d the hapten d e n s i t y . Th i s method has been a p p l i e d to 
bo th UV absorb ing parent compounds (15) and haptens c o n t a i n i n g a UV 
absorb ing spacer group (3.) . A l t e r n a t i v e methods i n c l u d e 
q u a n t i t a t i o n o f f ree pr imary amino groups and conjuga t ions u s i n g 
r a d i o l a b e l l e d haptens. 

An t ibody p r o d u c t i o n . A n t i b o d i e s used f o r immunoassay can be e i t h e r 
p o l y c l o n a l , con ta ined i n serum from r a b b i t s or o ther an ima l s , or 
monoclona l , produced by mouse lymphocytes immor t a l i z ed f o r i n v i t r o 
c u l t u r e ( c a l l e d hybridomas) . The advantages o f each have o n l y 
r e c e n t l y begun to be examined s y s t e m a t i c a l l y i n the con tex t o f 
q u a n t i t a t i v e hapten a n a l y s i s ( 2 ) . Both monoclonal (3,15) and 
p o l y c l o n a l (5 .10 .12 .19 .32 .35-38) a n t i b o d i e s have proven e f f e c t i v e 
f o r p e s t i c i d e a n a l y s i s , a l though most r epo r t ed immunoassays have 
used r a b b i t s e r a . P r o d u c t i o n o f monoclonal a n t i b o d i e s i s l a b o r 
i n t e n s i v e and may not warrant the e x t r a e f f o r t f o r the planned 
a p p l i c a t i o n . For s t anda rd i zed methods which w i l l be w i d e l y used, 
monoclonal a n t i b o d i e s may be s u p e r i o r to p o l y c l o n a l s e r a because o f 
t h e i r b i o c h e m i c a l u n i f o r m i t y and de f ined a f f i n i t y and s p e c i f i c i t y . 
S t a b l e hybridoma c e l l l i n e s p rov ide a cont inuous source o f t h e i r 
monoclonal a n t i b o d i e s as l o n g as they can be main ta ined i n c u l t u r e . 
Monoclona l a n t i b o d i e s w i l l a l s o be u s e f u l i n the d i s c r i m i n a t i o n o f 
r e l a t e d m u l t i v a l e n t an t igens such as those produced by r e l a t e d 
s t r a i n s such as B a c i l l u s t h u r i n g i e n s i s i s r a e l e n s i s and B a c i l l u s 
t h u r i n g i e n s i s k u r s t a k i o r g e n e t i c a l l y engineered organisms. The 
s p e c i f i c i t y o f monoclonal a n t i b o d i e s f o r s i n g l e p r o t e i n determinants 
w i l l l i k e l y a l s o prove u s e f u l f o r d i s t i n g u i s h i n g a c t i v e and i n a c t i v e 
forms o f p r o t e i n t o x i n s , such as from B a c i l l u s t h u r i n g i e n s i s . 
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322 BIOTECHNOLOGY FOR CROP PROTECTION 

Ant ibody c h a r a c t e r i z a t i o n . A u s e f u l d e s c r i p t i o n o f some important 
c o n s i d e r a t i o n s i n an t ibody c h a r a c t e r i z a t i o n has been g i v e n by 
Hammock and Mumma (14) . S p e c i f i c i t y i s g e n e r a l l y t e s t e d u s i n g some 
form o f compe t i t i ve b i n d i n g , such as a compe t i t i ve ELISA. An 
e s t i m a t i o n o f the average a f f i n i t y cons tan t may be u s e f u l i n the 
comparison o f d i f f e r e n t a n t i b o d i e s and i n l a t e r o p t i m i z a t i o n o f the 
assay . Th i s va lue can be c o n v e n i e n t l y es t imated from ant i serum 
d i l u t i o n curves (27) f o r s e l e c t i o n o f the bes t a n t i b o d i e s i n a 
s c r e e n i n g p roce s s . Th i s r e q u i r e s the cho ice o f an assay format (see 
l a t e r s e c t i o n on assay fo rmats ) , such as ELISA, p r e f e r a b l y u s i n g a 
d i f f e r e n t c a r r i e r to e l i m i n a t e c a r r i e r c r o s s r e a c t i v i t y . I t i s 
important t ha t s p e c i f i c i t y and s e n s i t i v i t y be eva lua t ed a t t h i s 
p o i n t and be deemed acceptab le before i n v e s t i n g f u r t h e r resources i n 
assays based on inadequate a n t i b o d i e s . 

Assay o p t i m i z a t i o n . An o p t i m i z a t i o n s tep not always taken , bu t 
nonethe less impor tant to the success o f any immunochemical method o f 
a n a l y s i s i s the s e l e c t i o n o f m a t e r i a l s , such as t e s t tube or p l a s t i c 
p l a t e s , which maximize assay performance. An example o f t h i s i s the 
s e l e c t i o n o f 9 6 - w e l l m i c r o t i t e r p l a t e s f o r enzyme- l inked 
immunosorbent assay (ELISA) which g i v e maximum p r o t e i n b i n d i n g 
c a p a c i t y and minimum i n t e r w e l l v a r i a b i l i t y (28 ,30; a l s o H a r r i s o n , 
R . O . ; N e l s o n , J . O . J . Immunoassay, submi t t ed ) . The type o f 
m i c r o t i t e r p l a t e may be the most important s i n g l e determinant o f 
ELISA performance and t h i s s e l e c t i o n shou ld not be made c a r e l e s s l y . 
S i g n i f i c a n t e r r o r may a l s o occur i n the r ead ing o f assays performed 
i n 9 6 - w e l l m i c r o t i t e r p l a t e s , due to a l ignment e r r o r s o f automatic 
p l a t e readers undetected i n normal use ( H a r r i s o n , R . O . ; Ne l son , J . O . 
J . Immunoassay, submi t ted ; H a r r i s o n , R . O . ; Hammock, B . D . J . Assoc . 
O f f . A n a l . Chem.. submi t t ed) , and a p l a t e reader t e s t shou ld a l l o w 
f u r t h e r r e d u c t i o n o f e r r o r . These s teps shou ld be taken before a 
major investment i n t ime , e f f o r t , or money i s made i n an assay 
system which may l a t e r be found to be l e s s than a c c e p t a b l e . 

Once developed, any assay system should be o p t i m i z e d to 
p rov ide the bes t p o s s i b l e s e n s i t i v i t y . One important v a r i a b l e 
a f f e c t i n g ELISA performance i s the s e l e c t i o n o f c o a t i n g an t i gens . 
Wie and Hammock (36) showed tha t prudent cho ice o f c o a t i n g an t igens 
can s i g n i f i c a n t l y improve s e n s i t i v i t y . A u s e f u l e m p i r i c a l approach 
to o p t i m i z a t i o n i s d e s c r i b e d by Hunter and Bosworth (17) , c o n s i s t i n g 
ma in ly o f i d e n t i f y i n g reagent concen t r a t ions which p rov ide the 
h i g h e s t s i g n a l to no i s e r a t i o below b i n d i n g s a t u r a t i o n . 

Assay a p p l i c a t i o n . A t t h i s p o i n t major d i f f e r e n c e s appear between 
the h i s t o r i c a l use o f c l i n i c a l immunoassays and the p o t e n t i a l 
a p p l i c a t i o n s o f envi ronmenta l and p e s t i c i d e immunoassays. Most 
c l i n i c a l assays have been a p p l i e d to s imple or w e l l de f ined and 
c o n s i s t e n t ma t r i ce s such as u r i n e o r serum. I n c o n t r a s t , most 
ma t r i ce s l i k e l y to be ana lyzed f o r p e s t i c i d e s are more complex, l e s s 
w e l l d e f i n e d , and more v a r i a b l e . The p o t e n t i a l f o r s e r i o u s problems 
w i t h m a t r i x e f f e c t s i n the envi ronmenta l f i e l d i s f a r g rea te r than 
most c l i n i c a l immunoassays have encountered. The a p p l i c a t i o n o f 
immunoassays to envi ronmenta l a n a l y s i s r e q u i r e s sampl ing s t r a t e g i e s , 
c leanup procedures , and da ta h a n d l i n g fundamental ly s i m i l a r to those 
p r e s e n t l y i n use i n any good a n a l y t i c a l l a b . The c r i t i c a l f a c t o r i n 
the success o f immunochemical technology w i l l l i k e l y be competence 
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i n a n a l y t i c a l and r e s idue chemis t ry r a t h e r than immunochemical 
e x p e r t i s e . There are s e v e r a l c o n s i d e r a t i o n s unique to immunoassay, 
such as the t o l e r a n c e o f a n t i b o d i e s f o r o rgan ic s o l v e n t s o r 
v a r i a t i o n s i n pH or i o n i c s t r e n g t h , and s t a b i l i t y o f b i o l o g i c a l 
reagents i n s to rage . Sample p r e s e n t a t i o n to the reagent an t ibody i s 
an impor tant c o n s i d e r a t i o n . Immunoassay o f l i p o p h i l i c m a t e r i a l s i n 
a l i p o p h i l i c environment i s not l i k e l y to suceed w i thou t some means 
o f p r e s e n t i n g the l i p o p h i l i c ana ly t e to the h y d r o p h i l i c an t ibody . 
T h i s can be done i n most cases u s i n g water m i s c i b l e o rgan ic 
c o s o l v e n t s o r detergents to induce m i c e l l e fo rma t ion . A d d i t i o n a l l y , 
the e f f e c t o f the m a t r i x b e i n g ana lyzed on the an t ibody used f o r 
a n a l y s i s must be eva lua t ed . I f the m a t r i x e f f e c t s are min imal w i t h 
l i t t l e or no sample c leanup, then a n a l y s i s can be done d i r e c t l y . I n 
a d d i t i o n to the a n a l y s i s o f mol ina te i n r i c e f i e l d water (F igu res 2 
& 3 ) , immunoassays f o r s e v e r a l o ther compounds have been r epo r t ed 
which r e q u i r e l i t t l e or no sample c leanup, i n c l u d i n g p a r a t h i o n (10) , 
c h l o r s u l f u r o n (19) , paraquat (32.) , and ma le i c hyd raz ide (15) . 

The sample workup necessary f o r p e s t i c i d e r e s idue a n a l y s i s 
w i l l v a r y w i t h each combina t ion o f ana ly t e and an t ibody , each o f 
which may have a d i f f e r e n t t o l e r a n c e f o r the m a t r i x and o ther 
f a c t o r s . The e f f e c t s o f these f a c t o r s must be c o n s i d e r e d as w i t h 
the development o f any o ther a n a l y t i c a l t echn ique . M a t r i x e f f e c t s 
f o r one ELISA system are summarized i n F i g u r e 4 . Whi le the e f f e c t 
o f the m a t r i x on the a n t i b o d i e s i n F i g u r e 4 i s d i f f e r e n t f o r each 
a n t i b o d y - s o l v e n t - m a t r i x combina t ion , the c o m p e t i t i v e ELISA s tandard 
curves f o r most o f these combinat ions are s i m i l a r when expressed as 
percen t o f the app rop r i a t e c o n t r o l . Some systems may not r e q u i r e 
e x t e n s i v e adjustment, but t h i s must be t e s t e d w i t h each i n d i v i d u a l 
system. For example, our mol ina te assay performs e q u a l l y w e l l i n a 
v a r i e t y o f water types a t h i g h concen t r a t i ons o f mo l ina t e (F igu re 
5 ) . The s m a l l d i f f e r e n c e seen between the b u f f e r and water s tandard 
curves i n F igu re 5 was e l i m i n a t e d by the a d d i t i o n o f s m a l l amounts 
o f concen t ra ted b u f f e r to water samples to e q u a l i z e them to the 
b u f f e r compos i t i on . 

Assay v a l i d a t i o n . The v a l i d a t i o n procedure c o n s i s t s p r i m a r i l y o f 
comparison o f the immunoassay method to an e x i s t i n g method and 
v e r i f i c a t i o n o f the s t a t i s t i c a l r e l i a b i l i t y o f the new method 
a c c o r d i n g to w e l l e s t a b l i s h e d p r i n c i p l e s i n a n a l y t i c a l chemis t ry . A 
gene ra l approach to the problem o f v a l i d a t i o n has been summarized i n 
a u s e f u l form by Horwi tz (16) . P a r t i c i p a t i o n o f groups such as the 
A s s o c i a t i o n o f O f f i c i a l A n a l y t i c a l Chemists (A0AC) and the U . S . 
Envi ronmenta l P r o t e c t i o n Agency (EPA) i n the o f f i c i a l v a l i d a t i o n 
process shou ld l e a d to w e l l de f ined v a l i d a t i o n p r o t o c o l s s u i t a b l e 
f o r gene ra l immunoassay use . These p r o t o c o l s must d e a l 
r e a l i s t i c a l l y w i t h m a t r i x e f f e c t s such as those shown i n F i g u r e 4 . 
Demonstra t ion o f s tandard curves i n the m a t r i x o f i n t e r e s t (such as 
shown i n F i g u r e 5) i s impor tan t , but i s not s u f f i c i e n t to p r e d i c t 
success o f the method. B i o t r a n s f o r m a t i o n and v a r i a b i l i t y o f m a t r i x 
e f f e c t s among samples must a l s o be eva lua t ed by the a n a l y s i s o f 
f i e l d t r e a t e d samples. 
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Filtered Water Sample 

Pass over C18 
column 

15ml/min 

Add 2ml Ethyl Acetate 
Centrifuge 
Repeat 4 X 

Decant 
Ethyl Acetate 

Concentrate 

GLC ELISA 

F i g u r e 2 . Procedure f o r e x t r a c t i o n and a n a l y s i s o f mol ina t e from 
wate r . 
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24. HARRISON E T A L . Pesticide Residue Analysis 325 

Figu re 4 . M a t r i x e f f e c t s i n ELISA o f aqueous and methanol ic 
e x t r a c t s o f pota to and tobacco u s i n g p u r i f i e d a n t i - m a l e i c 
hydraz ide monoclonal a n t i b o d i e s (modi f i ed from r e f . 15 ) . 

s 6 0 -

Matrix Effect on Ordram Standard Curve 

0.6 0 . 9 1.2 1.5 1.8 2.1 2 . 4 2.7 3 . 0 3 . 3 

L o g [Ordram], ng/ml 

Figu re 5. ELISA s tandard curves f o r mol ina te i n water from 
d i f f e r e n t sources . 
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Assay formats 

Haptens and a n t i - h a p t e n a n t i b o d i e s are reagents which can be used i n 
a wide v a r i e t y o f assay formats . One fundamental d i v i s i o n among 
immunoassay formats i s based on the type o f l a b e l o r t r a c e r which i s 
u l t i m a t e l y de t ec t ed . Two o f the most common types o f l a b e l are 
r a d i o i s o t o p e s and enzymes, used r e s p e c t i v e l y i n radioimmunoassay 
(RIA) and enzyme immunoassay ( E I A ) . RIA i s the o l d e r o f the two and 
remains v e r y important and w i d e l y used i n c l i n i c a l and r e sea rch 
s i t u a t i o n s . However, the use o f r a d i o i s o t o p e s c a r r i e s w i t h i t 
p o s s i b l e h e a l t h hazards , the need f o r s p e c i a l h a n d l i n g p r e c a u t i o n s , 
and mandatory r e g u l a t o r y o v e r s i g h t . Because EIA avoids these 
problems, i t i s g a i n i n g p o p u l a r i t y r a p i d l y among users o f 
immuno as s ays . 

The format p r e s e n t l y favored f o r p e s t i c i d e immunoassay i s the 
c o m p e t i t i v e ELISA or enzyme- l inked immunosorbent assay . T h i s i s a 
heterogeneous assay, which i s based upon c o m p e t i t i o n between an 
unknown and v a r i a b l e amount o f s o l u b l e ana ly t e ( the sample) and a 
s m a l l f i x e d amount o f the ana ly te i m m o b i l i z e d on the s o l i d phase, 
f o r b i n d i n g a s m a l l amount o f s o l u b l e an t ibody . The c o n c e n t r a t i o n 
o f ana ly t e i n the sample i s i n d i r e c t l y measured by the q u a n t i t a t i o n 
o f bound an t ibody a f t e r i t i s separa ted from the f ree an t ibody . I n 
c o n t r a s t , homogeneous assays r e q u i r e no s e p a r a t i o n s tep and so can 
be performed i n a s i n g l e s tep i n one tube. An example o f t h i s as 
a p p l i e d to p e s t i c i d e s i s the Emit a n a l y s i s o f d i e l d r i n and 2 ,4-D 
(12) . Both heterogeneous and homogeneous assay systems have been 
used e x t e n s i v e l y i n the c l i n i c a l f i e l d (24 ,25 ) . U s e f u l 
comprehensive reviews o f the v a r i o u s assay formats have been 
p u b l i s h e d ( 2 1 , 2 4 ) . The cho ice between these two major c l a s s e s o f 
assay format i s important f o r s e v e r a l reasons . Homogeneous formats 
are g e n e r a l l y l e s s s e n s i t i v e , bu t have fewer s teps and are e a s i e r , 
thus l e n d i n g themselves to f i e l d use . Heterogeneous assays are 
becoming more v e r s a t i l e w i t h the development o f many d i f f e r e n t 
cho ices o f equipment. There are many d i f f e r e n t format and equipment 
p o s s i b i l i t i e s f o r ELISA alone and s e l e c t i o n from among these depends 
on the needs and budget o f the u se r . Tes ts can be performed i n 
s i n g l e tubes or i n 96 w e l l m i c r o t i t e r p l a t e s u s i n g a v a r i e t y o f 
manual or semiautomatic s i n g l e - t i p o r m u l t i c h a n n e l p i p e t t o r s . 
Manual or automatic m i c r o t i t e r p l a t e readers may be used or f u l l y 
automated systems can be se t up which can process thousands o f 
samples per day. A v a r i e t y o f equipment i s a v a i l a b l e f o r any 
d e s i r e d degree o f automat ion. 

Assay implementa t ion 

The l i s t above i s not in tended to be comprehensive, bu t i t w i l l 
serve as a gene ra l guide to immunoassay development. We must 
emphasize aga in the d i f f e r e n c e between development and 
implementa t ion . Assays which work i n the l a b o r a t o r y g e n e r a l l y 
r e q u i r e m o d i f i c a t i o n before they can be used to ana lyze f i e l d 
samples. Implementat ion o f assays t ha t have been f u l l y v a l i d a t e d 
f o r f i e l d samples may r e q u i r e l i t t l e a d d i t i o n a l commitment by the 
u s e r , o ther than a n a l y s t t r a i n i n g . For the near f u t u r e , there may 
be c o n s i d e r a b l e pressure to t r a n s f e r immunoassay methods to the 
a n a l y t i c a l l a b as soon as p o s s i b l e a f t e r development, and the 
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a n a l y t i c a l chemist may need to do a d d i t i o n a l work to adapt and f u l l y 
v a l i d a t e many assays . T h i s w i l l demand tha t the a n a l y t i c a l chemist 
develop some immunochemical e x p e r t i s e . Many o f the implementa t ion 
problems l i k e l y to be encountered w i l l b e s t be s o l v e d w i t h 
t r a d i t i o n a l a n a l y t i c a l chemis t ry e x p e r t i s e tempered by an 
unders tanding o f p r a c t i c a l immunochemistry. 

Present Use 

The use o f immunochemical technology f o r p e s t i c i d e r e s idue a n a l y s i s 
has now advanced beyond the p o t e n t i a l s t age . Some groups are now 
u s i n g ELISA f o r r e a l r e s idue da t a . Dupont has submi t ted cyanazine 
(Bladex) ELISA da ta to EPA f o r product r e g i s t r a t i o n (Sharp, J . , 
Dupont, p e r s o n a l communication, 1987) and the C a l i f o r n i a Department 
o f Food and A g r i c u l t u r e i s i n i t i a t i n g a program o f m o n i t o r i n g r i c e 
paddy water f o r mol ina te and th iobencarb by ELISA. 

Some commercial k i t s are a v a i l a b l e now, i n c l u d i n g ELISA t e s t s 
f o r a t r a z i n e , s imaz ine , and p ropaz ine , and f o r ca rbofuran , s o l d by 
ImmunoSysterns, I n c . f o r $15 per t e s t i n a package o f t en t e s t s . 
These k i t s o f f e r c o s t and s e n s i t i v i t y c o m p e t i t i v e w i t h o ther methods 
and can be used q u a n t i t a t i v e l y i n the f i e l d w i t h a p o r t a b l e 
spectrophotometer . Other companies have immunoassay k i t s i n v a r i o u s 
s tages o f development (20 ,23 ) . 

S e v e r a l r ecen t events i n d i c a t e the in tense i n t e r e s t i n 
immunoassay f o r a n a l y s i s o f p e s t i c i d e s and o ther envi ronmenta l 
contaminants . S p e c i a l symposia on immunochemical technology have 
been or are b e i n g presented by the A s s o c i a t i o n o f O f f i c i a l 
A n a l y t i c a l Chemists a t t h e i r 1986, 1987, and 1988 annual meetings 
and by the I n t e r n a t i o n a l Union o f Pure and A p p l i e d Chemis t ry a t the 
quadrenn ia l P e s t i c i d e Chemist ry Congress i n Ottawa i n 1986 ( 1 3 , 2 3 ) . 
S e v e r a l government agencies have r e c e n t l y s o l i c i t e d p roposa l s f o r 
development o f immunoassay methods f o r product o r envi ronmenta l 
a n a l y s i s , i n c l u d i n g the U . S . Food and Drug A d m i n i s t r a t i o n ( 8 ) , the 
Food Safe ty and I n s p e c t i o n S e r v i c e o f the U . S . Department o f 
A g r i c u l t u r e ( 7 ) , and the U . S . Army ( 6 ) . The U . S . Envi ronmenta l 
P r o t e c t i o n Agency i s per forming a v a l i d a t i o n s tudy o f an immunoassay 
method f o r a n a l y s i s o f pen tach lorophenol i n water , developed by 
Westinghouse B i o a n a l y t i c Systems o f R o c k v i l l e , MD (18) . 

Future use 

One es t imate o f the s i z e o f the market f o r n o n - t r a d i t i o n a l 
immunoassays i s $24 m i l l i o n f o r p l a n t d i a g n o s t i c s , $180 m i l l i o n f o r 
hazardous chemica l s , and $126 m i l l i o n f o r food t e s t i n g by the year 
2000, t o t a l i n g $330 m i l l i o n (20) . For c e r t a i n p e s t i c i d e s and 
hazardous chemica l s , the market f o r a n a l y s i s may be l a r g e r than the 
market f o r use . Assays f o r new compounds w i l l con t inue to be 
developed, e s p e c i a l l y i n c l u d i n g p e s t i c i d e s which are d i f f i c u l t to 
ana lyze by t r a d i t i o n a l methods. Other envi ronmenta l contaminants 
and b io t echno logy p roduc t s , i n c l u d i n g g e n e t i c a l l y engineered 
p e s t i c i d e s , w i l l a l s o be e x c e l l e n t candida tes f o r immunoassay. We 
expect t ha t even i f l i m i t e d to on ly the p resen t l e v e l o f t echnology , 
immunoassays i n some form w i l l soon have a l a r g e impact on the 
a n a l y s i s o f p e s t i c i d e s , hazardous chemica l s , i n d u s t r i a l by -p roduc t s , 
and n a t u r a l t o x i n s i n products and the environment. Nove l assay 
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328 BIOTECHNOLOGY FOR CROP PROTECTION 

formats w i l l be developed which offer greater opportunity for f ie ld 
testing, including rapid or instantaneous procedures, such as 
described by Stanbro et a l . (29)• Such new technology has great 
potential for development of multianalyte methods by merely 
combining multiple antibodies and haptens on a single probe. The 
use of monoclonal antibodies for these and other immunoassay 
applications w i l l increase because of specificity, regulatory, 
patent, or economic considerations. Increasing automation of the 
entire immunoassay process w i l l occur even in the absence of 
radically new technology, due to the increasing availabil i ty and 
sophistication of laboratory robots and dedicated automatic 
immunoassay aids. 

Acceptance of immunochemical technology for pesticide residue 
analysis w i l l become more widespread as more commercial immunoassay 
products reach the market and more programs u t i l i z ing immunochemical 
technology begin producing tangible results. Increasing realization 
of the need for high sample loads for thorough environmental 
analysis w i l l increase the demand for low cost methods of analysis. 
Official validation of immunoassay methods w i l l accelerate as 
analytical chemists become familiar with immunoassay and gain 
experience with these methods in the validation process. This new 
experience w i l l undoubtedly be accompanied by better control of 
assay sources of error and better instrumentation specifically 
designed for quantitative immunoassay. Greater scientific 
understanding of underlying principles w i l l be gained as a direct 
result of the need to deal with matrix effects in the analysis of 
complex samples and this understanding w i l l facil i tate the 
application of immunochemical technology to new analytical problems. 
A l l immunoassays, no matter how novel, w i l l continue to depend on 
the production of specific antibodies as decribed above. This 
process in turn depends upon rational antigen synthesis, from hapten 
design and synthesis through conjugation, to novel methods of 
antibody production, as outlined in this chapter. Regardless of the 
exact configuration of the final immunoassay, the principles 
outlined above w i l l continue to be important for the forseeable 
future. 
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Chapter 25 

A p p l y i n g Biotechnology a n d Microe l ec tron ic s 
for E n v i r o n m e n t a l Ana lys i s 

William D. Stanbro, Arnold L. Newman, and Kenneth W. Hunter, Jr. 

Biotronic Systems Corporation, 15225 Shady Grove Road, Suite 306, 
Rockville, MD 20850 

A concept for a generic biosensor i s 
introduced that i s capable of measuring 
s m a l l mo lecu le s i n e n v i r o n m e n t a l 
matrices. This sensor, the capacit ive 
aff inity sensor, makes use of a combina
t ion of antibody and microelectronic 
technologies. Sensor operation is demon
strated using sensors for hydrocortisone 
and pentachlorophenol as examples. 
Because of the mature nature of the 
critical technologies, sensors based on 
this design should be commercial ly 
available in the near future. 

Much of the current agr icu l tura l abundance of the 
United States i s due to the a v a i l a b i l t y of chemical 
means of pest control. However, pesticides also repre
sent a considerable threat to the environment when they 
are used improperly. For this reason the a b i l i t y to 
measure pest ic ide residues at low concentrations in 
environmental matrices such as surface and groundwaters 
and so i l s i s of great importance. In this paper we 
w i l l describe a concept for a generic biosensor, the 
capacitive affinity sensor, capable of rapidly deter
mining the concentrat ion of many types of smal l 
molecules in the environment. 

Although several def ini t ions of biosensor exist, 
we w i l l use the word to mean a microelectronic device 
that measures the interact ion of an analyte with a 
biologically produced molecule as part of the measure
ment system. Figure 1 i s a block diagram of a 
generalized biosensor. The most c r i t i c a l element^ of 
the sensor is the box marked Transducer; this is where 
the i n f o r m a t i o n about the a n a l y t e ( i . e . the 

0097-6156/88/0379-0331$06.00/0 
° 1988 American Chemical Society 
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332 BIOTECHNOLOGY FOR CROP PROTECTION 

c o n c e n t r a t i o n ) i s t r a n s f o r m e d i n t o an e l e c t r i c a l 
signal. A biosensor seeks to exploit the r a p i d i t y and 
s p e c i f i c i t y of biomolecular reactions, the consequences 
of which r e s u l t i n a change i n the e l e c t r i c a l or o p t i 
c a l properties that can be transformed into a change i n 
the measured voltage. Once a voltage change occurs i t 
can be further processed to improve the signal to noise 
r a t i o and c o r r e l a t e the changes with other sensors. 
The processed s i g n a l can a l s o be used to change the 
transducer ch a r a c t e r i s t i c s to improve i t s performance 
i n a p a r t i c u l a r situation. The a b i l i t y to process the 
transducer output i n these ways i s one of the great 
incentives for developing sensor technology. 

Our goal i s the development of a "user f r i e n d l y " 
biosensor f o r small molecules such as p e s t i c i d e s . To 
reach t h i s goal the sensor must have a number of char
a c t e r i s t i c s . These include s p e c i f i c i t y , s e n s i t i v i t y , 
accuracy, precision, ruggedness and manufacturability. 
While they are for the most part self-explanatory, the 
c h a r a c t e r i s t i c of manufacturabilty deserves f u r t h e r 
comment. The best sensor i s of l i t t l e use i f i t cannot 
be mass produced at a reasonable cost. For t h i s reason 
our search for a transduction mechanism for a biosensor 
has c o n c e n t r a t e d where p o s s i b l e on w e l l proven 
technologies that lend themselves to mass production. 
The biosensor we present here combines two well estab
li s h e d technologies; antibodies and microelectronics. 

Both p o l y c l o n a l antibodies and monoclonal a n t i 
bodies prepared by hybridoma technology, are available 
commercially f o r a wide v a r i e t y of s m a l l molecules. 
The processes f o r mass producing a n t i b o d i e s at a 
reasonable cost are w e l l understood (1). Antibodies 
are also a t t r a c t i v e because of t h e i r r e l a t i v e s t a b i l t y 
when compared with other proteins such as enzymes (1). 
M i c r o e l e c t r o n i c device f a b r i c a t i o n i s a standard 
technology t h a t can r a p i d l y produce i n t r i c a t e s t r u c 
tures on the millimeter to micron scale at very modest 
cost per u n i t (2). 
Sensor Theory 

As discussed above the key to any biosensor i s i n the 
transduction mechanism. The mechanism of the capaci
t i v e a f f i n i t y sensor i s shown i n Figure 2. The sensor 
consists of a planar capacitor composed of i n t e r d i g i -
t a t e d metal f i n g e r s on an i n s u l a t i n g substrate. This 
structure i s then coated with a t h i n layer of a pas s i 
vation material. The role of the passivation material 
i s to p r o t e c t the metal s t r u c t u r e from d e t e r i o r a t i o n 
from contact with the s o l u t i o n . A sample of the ana
l y t e or an analog r e t a i n i n g the a b i l i t y to bind an 
antibody to the analyte i s c o v a l e n t l y bound to the 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

02
5
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Analyte- Transducer 

Biomolecule Interacts 
with analyte to 
produce e l e c t r i c a l 
s i g n a l 

S i g n a l 
and 

Data Processing 

Signal processed to 
improve s i g n a l to noise 
r a t i o * compensate for 
interferences, c o r r e l a t e 
multiple sensors and 
convert to concentration 
u n i t s 

Display 
and 

Storage 

Data displayed i n 
user f r i e n d l y form 
and/or archived on 
permanent storage 
media 

Figure 1. Block diagram of a generalized biosensor. 

Figure 2. Transduction mechanism of the capacitive 
a f f i n i t y sensor. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

02
5



334 BIOTECHNOLOGY FOR CROP PROTECTION 

sensor surface. The sensor i s then preloaded with 
a n t i - a n a l y t e a n t i b o d i e s which bind to the surface 
bound analyte. F i n a l l y , the assembly i s covered with a 
s i z e - s e l e c t i v e membrane that retains the antibodies i n 
the sensor, but allows the small analyte molecules to 
enter or leave. The biosensor i s now ready to perform 
real-time, on-line monitoring of the selected analyte. 
In the absence of f r e e analyte molecules from the 
environment most of the antibodies are bound to the 
immobilized analyte. However, because the bond between 
the antibody and the analyte i s r e v e r s i b l e , there 
exists a state of dynamic equilibrium governed by mass 
a c t i o n law k i n e t i c s . The c a p a c i t o r s t r u c t u r e i s so 
engineered t h a t the bound ant i b o d i e s are w i t h i n the 
e l e c t i c f i e l d of the capacitor. When f r e e analyte 
enters the system, i t competes with the immobilized 
analyte for the antibodies, res u l t i n g i n a displacement 
of antibodies bound to the immobilized analyte. Since 
the antibodies have a low d i e l e c t r i c constant (3) r e l a 
t i v e to the d i e l e c t r i c constant of water, the change i n 
the d i e l e c t r i c constant between two c a p a c i t o r p l a t e s 
r e s u l t s i n a change i n capacitance. This change i n 
capacitance can be conveniently and precisely measured 
with a number of e l e c t r o n i c c i r c u i t s . Since the 
membrane prevents the loss of the antibodies, when the 
concentration of analyte decreases i n the aqueous 
environment, the antibodies r e t u r n to the sensor sur
face and the capacitance also returns to baseline. 

Materials and Methods 

Two types of sensors w i l l be described; one to hydro
cortisone and one to pentachlorophenol (PCP). 

Capacitor Substrate. The capacitors were produced by 
d e p o s i t i n g l a y e r s of chromium, copper and gold on an 
alumina wafer 2.54 cm on a side. The chromium, gold 
and i n i t i a l copper l a y e r s were deposited by vapor 
deposition techniques while the copper layer was b u i l t 
up t o i t s f i n a l t h i c kness by e l e c t r o p l a t i n g . The 
i n t e r d i g i t a t e d structure was produced using a standard 
p h o t o l i t h o g r a p h i c process employing a p o s t i v e photo
r e s i s t and s e l e c t i v e etching to leave the d e s i r e d 
structure. The hydrocortisone sensors were then passi-
vated with 2 micrometers of a polymeric m a t e r i a l 
p a r y l e n e C (a p o l y m e r i z e d x y l e n e ) , f o l l o w e d by 
150 nm of sputtered S i 0 2 which forms a c h e m i c a l l y 
reactive surface for immobilizing the analyte. The PCP 
sensor substrate was p a s s i v a t e d with a t h i n l a y e r of 
polydimethylsiloxane deposited from acetone and allowed 
to cure overnight at room temperature. 
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25. STANBRO ET AL. Applying Biotechnology and Microelectronics 335 

Binding Chemistry. The hydrocortisone sensor surface 
was created by r e a c t i n g 3-aminopropyltriethoxysilane 
(APTS) ( P e t r a r c h Sytems) w i t h the s u r f a c e i n dry 
toluene for two hours at room temperature followed by a 
30 minute cure at 60 degrees C. The PCP sensor was 
coated by dipping i n 95% ethanol containing 2% APTS for 
one minute and c u r i n g overnight at room temperature. 
In both cases the analytes were bound t o the amino 
f u n c t i o n a l group of the s i l a n e through the c a r b o d i -
i m i d e - c a t a l y z e d formation of an amide linkage. The 
PCP sensor used 2,6-dichlorophenol to which a butanoic 
a c i d group was bound at the 4 p o s i t i o n of the phenol 
and the 4 p o s i t i o n of the a c i d (Antech Consultants). 
This l e f t f r e e the carboxylate group of the a c i d f o r 
r e a c t i o n with the amine group. The hydrocortisone 
system used hydrocortisone hemisuccinate ( A l d r i c h 
Chemical Company), and the coupling r e a c t i o n was 
performed i n ethanol using l-ethyl-3-(3,3-dimethy-
aminopropyl)-carbodiimide (Aldrich Chemical Company). 

Antibodies. The anti-PCP were a f f i n i t y p u r i f i e d 
monoclonal antibodies obtained from Westinghouse Bio-
A n a l y t i c Systems Co., R o c k v i l l e , MD. The a n t i -
hydrocortisone was a commercially available polyclonal 
antibody purchased from Sigma Chemical Company, St. 
Louis, MO; and the anti-T-2 t o x i n a n tibodies a f f i n i t y 
p u r i f i e d monoclonals was obtained from the Uniformed 
S e r v i c e s U n i v e r s i t y of the Health Sciences, Bethesda, 
MD. 

Capacitance Measurement. Capacitance measurements were 
made on a GenRad Model 1657 RLC Digi b r i d g e . A l l mea
surements were made at 1000 Hz. 

Measurements of Capacitance Change. A l l measurements 
reported here were made i n 10 ml phosphate b u f f e r e d 
s a l i n e (pH 7.4) and the t e s t device had no s e l e c t i v e 
membrane. A l l experiments were conducted at room 
temperature. 

Results and Discussion. We w i l l present the results of 
two experiments to demonstrate the a b i l i t y of the 
sensor to respond to antib o d i e s binding to a sensor 
surface and being displaced by free analyte molecules. 
To i l l u s t r a t e the change i n capacitance as ant i b o d i e s 
bind to the sensor surface, we have chosen data from 
the anti-PCP system. The upper curve of Figure 3 shows 
the change i n capacitance ( p l o t t e d as the negative of 
the r e l a t i v e change i n parts per thousand) as anti-PCP 
a n t i b o d i e s bind to immobilized analyte on the sensor 
surface. The bottom curve shows a smal l change i n 
capacitance when an antibody s p e c i f i c to T-2 t o x i n i s 
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50 

0 50 100 150 200 250 

Antibody Concentration (pg/ml) 

Figure 3. Decrease i n capacitance on antibody 
binding to a pentachlorophenol capacitive a f f i n i t y 
sensor. 

20 

04 1 r 
0.0 0.5 1.0 L5 

Hydrocortisone Concentration ffjM) 

Figure 4. Increase i n capacitance when a hydro
cortisone capacitive a f f i n i t y sensor i s exposed to 
hydrocortisone. 
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25. STANBRO ET AL. Applying Biotechnology andMicroelectronics 337 

added to the PCP system. This provides a control for 
possible non-specific adsorption of antibodies to the 
sensor surface. The second control shows the effect of 
preincubating the anti-PCP antibodies with PCP for 
several minutes before addition to the sensor. The PCP 
to anti-PCP molar ra t io was 1.5 to 1. Here there i s a 
greatly reduced response which is consistent with the 
free PCP occupying antibody binding s i tes and thus 
reducing t h e i r a v a i l a b i l i t y to react with the 
immobilized analyte. 

Figure 4 i s an example of the sensor response when 
free hydrocortisone is added to a sensor preloaded with 
anti-hydrocortisone antibody. The sensor response is 
expressed as the relative change in the baseline capa
citance in parts per thousand. From the results 
presented here i t i s apparent that the capacit ive 
aff inity sensor is capable of detecting the reversible 
binding and displacement of antibodies on i t s surface. 
It is also apparent that the unbinding reaction can be 
brought about by the addition of free analyte. These 
results i l l u s t r a t e the general pr inc ip les of sensor 
operation. It should be possible to produce sensors 
for any analyte against which an antibody has been 
produced. This of course comprises an enormous array 
of di f ferent compounds, including many agrochemicals 
such as pesticides. The only components that must be 
changed in going from one chemical to another are the 
immobilized analyte and the anti-analyte antibody. In 
addition, the technologies used in producing the anti
bodies and microelectronics are well known and amenable 
to mass production. This means that the time from 
design to production phase should be rapid, and also 
suggests that the sensor and i t s related electronics 
should be quite inexpensive to manufacture. 

In conclusion, we have presented a concept for a 
generic sensor, the capacitive a f f i n i t y sensor, based 
on a marriage of antibodies and microelectronics. 
Development of this technology is continuing with the 
expectation of producing commercially v iable sensors 
for a wide variety of analytes in the near future. 
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Chapter 26 

I m m u n o c h e m i c a l Technology i n Indexing 
Propagative P l a n t Par t s for V i r u s e s 

a n d Bacter ia i n the Nether lands 

J. W. L. van Vuurde1, D. Z. Maat1, and A. A. J. M. Franken2 

1Research Institute for Plant Protection, P.O. Box 9060, 6700 GW 
Wageningen, Netherlands 

2Government Seed Testing Station, P.O. Box 9104, 6700 HE 
Wageningen, Netherlands 

Immunological methods, mainly ELISA, were used in the 
Netherlands during 1986 for c. 3.2 x 106 tests for 
quality indexing propagation material for viruses, 
viz: seed potatoes (46%), ornamentals (30%), bulbs 
(17%), vegetable seeds (3.5%) and fruit trees (3.5%). 
Tests are mostly done by inspection services under the 
supervision of the Ministry of Agriculture (78%). 
Indexing for plant pathogenic bacteria was done with 
ELISA for blackleg in seed potatoes (2.5 x 105 tests) 
and with immunofluorescence microscopy (IF) for 
bacteria in seeds and potted plants. Immuno-isolation 
and immunofluorescence colony staining, techniques 
which combine the advantages of serology and agar 
plating, show good prospects to overcome problems in 
the sensitivity and reliability of detection methods 
for plant pathogenic bacteria. 

Reliable and quick detection methods which can be applied to large 
series of samples at low costs are important tools for quality 
control of agricultural products and for ecological and environ
mental studies. Indexing of plant propagation materials for 
pathogens is an important aspect of the production of high-quality 
plant products in the Netherlands. This approach has been of great 
importance in restricting the economic damage caused by viruses and 
bacteria, pathogens which generally cannot be killed effectively in 
plants by chemicals or any other method. Quality indexing has also 
improved the marketing value of export plant propagation materials. 
Laboratory indexing in addition to field inspection will give extra 
guarantees with regard to propagative material contaminated with 
economically important pathogens and organisms mentioned in 
quarantine lists of importing countries (4). 

Serological techniques, such as latex agglutination and 
micro-precipitation, which were used for routine virus indexing in 

0097-6156/88/0379-0338$06.00/0 
c 1988 American Chemical Society 
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26. VAN VUURDE E T A L . Indexing Propagative Plant Parts 339 

the Nether lands have been r ep l aced s u c c e s s f u l l y by ELISA. The 
development o f s e n s i t i v e and r e l i a b l e s e r o l o g i c a l methods f o r f u n g i , 
nematodes, i n s e c t s and b a c t e r i a i s much more compl ica ted than f o r 
v i r u s e s . Th i s i s due to the presence of many n o n - t y p i c a l a n t i g e n i c 
s t r u c t u r e s i n these organisms which a l s o can be found i n non
pathogenic organisms and l e ad to f a l s e p o s i t i v e r e a c t i o n s . In s p i t e 
of these l i m i t a t i o n s , reasonably r e l i a b l e assays were developed to 
de t ec t some economica l ly important b a c t e r i a i n seed l o t s (18, 3 1 ) . 

The aim of t h i s paper i s to present the commonly used ELISA 
procedures f o r i ndex ing of p l a n t pathogens and t h e i r a p p l i c a t i o n i n 
the Ne ther lands . The schemes developed f o r the d e t e c t i o n of 
seed-borne v i r u s e s are used to i l l u s t r a t e how problems i n the 
r o u t i n e procedures can be s o l v e d . In a d d i t i o n , ways to overcome 
problems i n ELISA f o r o the r types o f p l a n t m a t e r i a l and the 
p o s s i b i l i t i e s f o r automating ELISA are d e s c r i b e d . F i n a l l y , the 
present s t a tu s and s t r a t e g i e s f o r improving the d e t e c t i o n of p l a n t 
pathogenic b a c t e r i a are p resen ted . 

A p p l i c a t i o n o f ELISA i n P l a n t Pathology 

Since i t s i n t r o d u c t i o n i n m e d i c a l r e sea rch i n 1971, v a r i o u s types o f 
enzyme immunoassays have been developed ( 2 1 ) . The double an t ibody 
sandwich ELISA (DAS-ELISA) i n t roduced i n p l an t pathology i n 1976 
(23) has become the major t e s t system f o r p l an t i n d e x i n g i n the 
Ne the r l ands . Th i s technique can be a p p l i e d to a wide range o f p l a n t 
pathogens. F i g u r e 1 shows the p r i n c i p l e f o r the complex an t igen 
s i t u a t i o n fo r d e t e c t i n g b a c t e r i a ( 2 5 ) . 

The major advantages o f c o a t i n g the s o l i d phase w i t h an t i b o d i e s 
over the d i r e c t c o a t i n g o f the t e s t sample onto the s o l i d phase are 
a s e l e c t i v e c o n c e n t r a t i o n of the an t igen from the sample onto the 
s o l i d phase and the washing away of the unbound sample m a t e r i a l . 
Sample compounds bound to the s o l i d phase may inc rease the 
background r e a c t i o n . V i r u s p a r t i c l e s are s t r o n g l y bound to the s o l i d 
phase by the c o a t i n g a n t i b o d i e s , but m i c r o s c o p i c a l i n v e s t i g a t i o n s a t 
the Research I n s t i t u t e f o r P l a n t P r o t e c t i o n has shown tha t the much 
l a r g e r b a c t e r i a l c e l l s a re washed out o f the w e l l s . Only s m a l l 
p a r t i c l e s such as f l a g e l l a e , c e l l w a l l p a r t i c l e s and s o l u b l e 
an t igens a re i n v o l v e d i n the r e a c t i o n . Enzymes l i k e a l k a l i n e 
phosphatase have l i n e a r r e a c t i o n k i n e t i c s , r e s u l t i n g i n a b e t t e r 
d i s c r i m i n a t i o n between a n t i g e n - c o n t a i n i n g and an t igen - f r ee samples 
when the background r e a c t i o n can be kept s u f f i c i e n t l y low ( 5 ) . 

V i r u s d e t e c t i o n w i t h the commonly used immunoglobulin G (IgG) 
type a n t i - v i r u s a n t i b o d i e s (MW c . 150,000) conjugated w i t h enzyme 
( e . g . a l k a l i n e phosphatase, MW 80,000-100,000) i s more s p e c i f i c than 
the i n d i r e c t procedure u s i n g non-conjugated a n t i - v i r u s IgG and 
a l k a l i n e phosphatase-conjugated second a n t i b o d i e s (12 , 13 ) . Th i s i s 
exp l a ined from s t e r i c hindrance of the ant ibody by the enzyme 
molecules which reduces the p o s s i b i l i t i e s f o r c o u p l i n g to p a r t l y 
homologous a n t i g e n i c de te rminants . The bes t an t ibody s p e c i f i c i t y can 
be expected from t e s t systems u s ing q u a l i f i e d monoclonal a n t i b o d i e s . 
However, i n i n d e x i n g p l an t m a t e r i a l f o r v i r u s e s i n the Ne the r l ands , 
none o f the monoclonal a n t i b o d i e s ob ta ined from v a r i o u s o r i g i n s gave 
b e t t e r o r even e q u a l l y good r e s u l t s so f a r when compared to t e s t i n g 
w i t h p o l y c l o n a l a n t i s e r a . 
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340 BIOTECHNOLOGY FOR CROP PROTECTION 

5 4 

Figure 1. Double antibody sandwich ELISA in a well of a microtitre plate (W, 
washing with PBS-Tween). 1. Solid-phase coating step: A , incubation with 
antibodies in high pH buffer, B, solid-phase bound antibodies. 2. Sample step: A , 
sample incubation in PBS-Tween; B, detail showing antigens trapped by 
homologous antibodies. 3. Enzyme conjugate step: binding of conjugate molecules 
to homologous antigens from the sample. 4. Substrate step: color change of the 
substrate due to enzyme activity of the antigen-bound enzyme conjugate in the 
case of a positive reaction. 5. Diagram of a bacterium showing various sources of 
antigen. (Reproduced with permission from ref. 25. Copyright 1988 Akademiai 
Kiado.) 
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26. VAN VUURDE E T A L . Indexing Propagative Plant Parts 341 

ELISA i n Rout ine Indexing* Table I summarizes the major types o f 
p l a n t m a t e r i a l s and pathogens f o r which r o u t i n e q u a l i t y i ndex ing 
w i t h ELISA i s done i n the Nether lands i n 1986. C i r c a 3.2 x 10° t e s t s 
are done f o r the d e t e c t i o n o f v i r u s e s , mos t ly i n seed po ta toes , 
ornamentals , and f lower b u l b s . The v a r i o u s v i r u s e s i n v o l v e d i n seed 
pota to i n d e x i n g comprise 46% o f these . In Table I I the v i r u s e s f o r 
seed potatoes are s p e c i f i e d . For b a c t e r i a , 0.25 x 10 t e s t s were 
done, and o n l y f o r seed po ta toes . The pota to b l a c k l e g organism 
( E r w i n i a ca ro tovpra subsp. a t r o s e p t i c a ) , i s the o n l y b a c t e r i a l 
pathogen f o r which ELISA i s a p p l i e d on a l a r g e s c a l e . A p p l i c a t i o n o f 
ELISA, however, has many l i m i t a t i o n s f o r i t s use i n phy to-
b a c t e r i o l o g y compared to o the r s e r o l o g i c a l techniques l i k e immuno
f luorescence microscopy and t r a d i t i o n a l p l a t i n g techniques ( 3 2 ) . 

Table I . Indexing propaga t ion m a t e r i a l w i t h ELISA 
i n the Nether lands i n 1986 

Crop Pathogen Tes ts per year* Percentage 

Seed potatoes V i r u s e s 1,465,000 42.5 
B a c t e r i a 250,000 7.2 

Bulbs V i r u s e s 550,000 15.9 
Ornamentals V i r u s e s 965,000 28.0 
Vegetable seeds V i r u s e s 110,000 3.2 
F r u i t t r ees V i r u s e s 110,000 3.2 

T o t a l number of t e s t s 3,450,000 

F igu res are es t imates based on the amounts o f a n t i s e r a s u p p l i e d . 

Table I I . Indexing seed potatoes f o r v i r u s e s 
and b a c t e r i a i n 1986 

Pathogen Tes ts per year* Percentage 

Pota to l e a f r o l l v i r u s 565,666 14.0 
v i r u s A 305,000 20.8 

" M 10,000 0.6 
- s 310,000 21.2 
M X 325,000 22.2 
M Y 310,000 21.2 

T o t a l number: 
V i r u s t e s t s 1 ,465,000 100.0 
B a c t e r i a l t e s t s ( b l a c k l e g ) 250,000 

F igu re s are es t imates based on the amounts of a n t i s e r a s u p p l i e d . 
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342 BIOTECHNOLOGY FOR CROP PROTECTION 

ELISA f o r t he ,De tec t Ion o f Seed-borne V i r u s e s 

Many aspects i n v o l v e d i n ELISA f o r i n d e x i n g p l an t m a t e r i a l s can be 
demonstrated from the procedures f o r seed t e s t i n g . For r e l i a b l e 
i n d e x i n g , proper sampling procedures are desc r ibed i n the handbook 
o f the I n t e r n a t i o n a l Seed T e s t i n g A s s o c i a t i o n ( 1 0 ) . F igu re 2 
presents two schemes which are developed a t the Government Seed 
T e s t i n g S t a t i o n f o r seed t e s t i n g on the base of exper ience w i t h 
v a r i o u s types o f seeds . The f i r s t scheme dea l s w i t h s m a l l seeds 
which can be e a s i l y germinated i n l a r g e q u a n t i t i e s i n a l i m i t e d 
space a t s tandard c o n d i t i o n s adapted from the ISTA handbook ( 1 0 ) . 
The second scheme dea l s w i t h l a r g e r t ypes , l i k e pea and bean seed, 
f o r which ge rmina t ion i s much more l a b o r i o u s and c r i t i c a l . For these 
seeds , dry homogenizat ion has shown to be most e f f i c i e n t . The 
f o l l o w i n g examples i l l u s t r a t e the procedures and problems i n t e s t i n g 
s m a l l seeds and l a r g e r seeds• 

Smal l Seeds. In the Ne ther lands , l e t t u c e seed l o t s are c e r t i f i e d 
w i t h regard to l e t t u c e mosaic v i r u s when 2,000 seeds are found free 
of the agent . ELISA was developed to overcome the sometimes 
i n s u f f i c i e n t r e l i a b i l i t y and the h i g h cos t s of the growing-on t e s t 
(17) and the Chenopodium t e s t (15) used e a r l i e r . Comparison of the 
r e s u l t s o f the growing-on t e s t performed under optimum c o n d i t i o n s 
w i t h those o f ELISA, u s ing subsamples c o n t a i n i n g i n c r e a s i n g numbers 
o f seeds , demonstrated tha t even one s l i g h t l y i n f e c t e d seed i n 99 
hea l thy seeds c o u l d be r e l i a b l y de tec ted w i t h ELISA ( 2 8 ) . There fo re , 
o f a seed l o t 20 subsamples o f 100 seeds each are t e s t ed i n ELISA. 
The subsamples are incubated fo r 4 days a t 20°C i n a ge rmina t ion box 
(20x15x2.5 cm) w i t h p l ea t ed wet f i l t e r paper . One subsample i s 
spread out i n one p l e a t , the maximum c a p a c i t y per box i s 40 sub-
samples. P r e c h i l l i n g f o r 2 days at 10°C i s used to break dormancy i n 
the seeds and to op t imize uni form g e r m i n a t i o n . At the end of the 
ge rmina t ion p e r i o d the roo t s o f the s e e d l i n g s are grown together and 
form a s t r i p which can be e a s i l y taken o f f the f i l t e r p a p e r . The 
e x t r a c t i o n of the subsample can be done i n about 15 seconds by 
g r i n d i n g the s t r i p w i t h a power d r i v e n c rusher ( P o l l & h n e , FRG). 
Dur ing p r e s s i n g , 0 .5 ml of e x t r a c t i o n bu f f e r i s added to the r o l l e r s 
o f the press and c 0.8 ml of e x t r a c t i s c o l l e c t e d i n a 1 ml p o l y 
propylene t e s t tube . The 20 subsample tubes are p laced i n a tube 
rack adapted to the use of an e i g h t - c h a n n e l p i p e t f o r r o u t i n e 
l o a d i n g o f m i c r o t i t r e p l a t e s . The Pol l&hne c rusher con ta in s a 
v igo rous washing system to c l e a n the press i n between subsamples i n 
s i x seconds. The DAS-ELISA i s performed acco rd ing to C l a r k and Adams 
( 6 ) , but 0.05 M phosphate i s used i n the b u f f e r f o r the e x t r a c t i o n 
o f the p l a n t sample and f o r the d i l u t i o n o f the a l k a l i n e phosphatase 
conjuga te . The o p t i c a l d e n s i t y (0D) o f the subs t r a t e s i s measured 
w i t h a photometer a t 405 nm. As shown i n F i g u r e 2 , the r e s u l t s f o r 
the t e s t sample are repor ted nega t ive i f a l l subsamples are 
n e g a t i v e . The percentage of i n f e c t e d seeds i n a p o s i t i v e sample can 
be es t imated w i t h a s t a t i s t i c a l t a b l e from the number o f p o s i t i v e 
subsamples out o f the 20 subsamples ( 2 8 ) . Th i s t e s t w i l l de tec t 
predominant ly seed- t ransmi t t ed v i r u s as i t i s c a r r i e d out on 
germinated seeds. When dry seeds are used , the e x t r a c t i o n o f the 
seeds i s l e s s c o n s i s t e n t , more l a b o r i o u s and f a l s e p o s i t i v e r e s u l t s 
may be ob ta ined w i t h regard to a c t u a l seed t r a n s m i s s i o n because 
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26. VAN VUURDE E T A L . Indexing Propagative Plant Parts 343 

S A M P L E 

SMALL SEEDS LARGE SEEDS 

Germinate 

Press 

e.g. LMV in 
lettuce seed 

20 subs.of 
100 seeds 

20 subs, of 
y 100 seedlings 

Dry 

Grind 

e.g. PEBV & PSbMV 
in pea seed 

1,600 seeds 

16 subs, of 
100 dry seeds 

I S E> M 

Report 
negative 

Report % seed-
transmission 

Report 
negative 

Germination 
*S ELISA (16x100) 
^ MPN I 

Y 
Report % Report % seed-
seed-borne transmission 

— — Standard procedure 
Optional confirmation procedure 

F i g u r e 2 . Genera l s t r a t e g i e s fo r ELISA r o u t i n e t e s t i n g o f seeds 
f o r v i r u s , i l l u s t r a t e d f o r l e t t u c e mosaic v i r u s (LMV) i n l e t t u c e 
and pea ea r l y -b rown ing v i r u s (PEBV) and pea seed-borne mosaic 
v i r u s (PSbMV) i n pea . Schemes i n c l u d e the e s t i m a t i o n o f the 
percentage o f i n f e c t e d seeds w i t h the most probable number (MPN) 
method, c o n f i r m a t i o n o f doub t fu l r e s u l t s by immunosorbent 
e l e c t r o n microscopy (ISEM) and check on a c t u a l seed t r a n s m i s s i o n 
of the v i r u s to s e e d l i n g s . 
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344 BIOTECHNOLOGY FOR CROP PROTECTION 

seed-borne v i r u s from non-embryonic pa r t s o f the ungerminated seed 
may be i n v o l v e d i n the r e a c t i o n ( 4 ) . 

Large Seeds. The d i f f i c u l t hand l ing and the more c r i t i c a l 
ge rmina t ion o f pea seeds has l e d to a t e s t system based on the 
g r i n d i n g of subsamples of 10 to 100 seeds i n t o a f i n e f l o u r (29)* 
Th i s method i s used to e l i m i n a t e the m a j o r i t y of the nega t ive 
samples i n the most e f f i c i e n t way* The t e s t i n g scheme f o r pea 
seed-borne mosaic v i r u s and f o r pea ea r ly -b rowning v i r u s i s g i v e n i n 
F igu re 2* In a seed l o t , 16 subsamples of 100 seeds are prepared 
u s i n g semi-automated equipment* Each subsample i s ground sepa ra t e ly 
i n a heavy cof fee m i l l w i t h exchangeable g r i n d e r par t* A subsample 
i s ground i n t o a f i n e f l o u r i n about 30 seconds* A one ml s y r i n g e 
w i t h a cut t i p i s used to sample c* 0*20 g o f f l o u r from the 
g r i n d i n g head by v e r t i c a l p r e s s i n g the cu t s y r i n g e i n t o the f l o u r , 
w i t h the p lunger f i x e d i n the r i g h t p o s i t i o n , u n t i l the c a v i t y i s 
f i l l e d and to t r a n s f e r the s y r i n g e i n t o a 1 ml po lypropylene tube . 
A f t e r a d d i t i o n of c . 0.7 ml o f 0*05 M phosphate e x t r a c t i o n bu f f e r 
w i t h 0*15% Tween 20 and thorough m i x i n g , the same ELISA procedures 
as used f o r s m a l l seeds are fo l lowed* Between a s e r i e s o f subsamples 
the g r i n d i n g pa r t s are cleaned* The s tandard technique can be 
improved however by combining sample and conjugate i n c u b a t i o n * Th i s 
m o d i f i c a t i o n not o n l y reduces the number o f s teps i n the t e s t , but 
a l s o inc reases the d i f f e r e n c e s between hea l t hy and v i r u s - c o n t a i n i n g 
samples by r educ ing the background r e a c t i o n (29)* P o s i t i v e samples 
i n t h i s s c reen ing can be fu r t he r i n v e s t i g a t e d f o r seed t r a n s m i s s i o n 
by t e s t i n g 1,600 s eed l i ngs i n ELISA* The s t r u c t u r e and the humid i ty 
o f the s o i l are ve ry c r i t i c a l to o b t a i n c o n s i s t e n t germinat ion* The 
s eed l i ngs are e x t r a c t e d i n subsamples o f 100 w i t h the Pol l&hne 
crusher and the sap d i l u t e d i n e x t r a c t i o n buf fe r (1 :5 ) and t e s t e d as 
de sc r i bed f o r l e t t u c e mosaic v i r u s * Pea seed-borne mosaic v i r u s 
almost has the s t a tu s o f a quarant ine d i sease and a l l p o s i t i v e 
samples i n the ELISA sc reen ing are r e j e c t e d as be ing p o t e n t i a l l y 
dangerous* In case f l o u r t e s t i n g g ives a very weak r e a c t i o n i n 
ELISA, c o n f i r m a t i o n i s needed e s p e c i a l l y fo r quaran t ine type 
d iseases l i k e pea seed-borne mosaic v i r u s * Immunosorbent e l e c t r o n 
microscopy proved to be a ve ry s e n s i t i v e t o o l f o r c o n f i r m a t i o n and 
enables to use the f l o u r o f the t e s t sample tha t gave a doub t fu l 
ELISA r e s u l t * The model f o r l a r g e seeds presented i n F igu re 2 was 
a l s o s u c c e s s f u l a t the Government Seed T e s t i n g S t a t i o n to de tec t 
squash mosaic v i r u s i n melon seeds* 

ELISA f o r V i r u s e s i n Vege t a t i ve P l a n t M a t e r i a l s 

In a d d i t i o n to seeds , o ther p l a n t pa r t s as l e a v e s , stems, ba rk , 
r o o t s , b u l b s , and tubers are tes ted* The ELISA procedures used f o r 
the va r ious products w i l l be ma in ly the same* However, sample 
p r e p a r a t i o n v a r i e s w i d e l y among p l a n t spec ies and p l a n t par ts* In 
the Ne the r l ands , the Pol l f lhne press i s the most popular t o o l to 
prepare e x t r a c t s * R e l a t i v e l y dry p l a n t p a r t s such as the leaves o f 
some f r u i t t r e e s , bark m a t e r i a l , r o o t s , bulbs and tubers are 
e x t r a c t e d by adding bu f f e r to the press j u s t above the sample du r ing 
g r i n d i n g . 

P l a n t m a t e r i a l s which g i v e very s l i m y e x t r a c t s , are p r o p e r l y 
d i l u t e d to o b t a i n good r e s u l t s . In case o f l i l y bu lb s c a l e s , the 
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26. VAN VUURDE E T A L . Indexing Propagative Plant Parts 345 

d e t e c t i o n of v i r u s e s i s enhanced remarkably when the e x t r a c t s are 
incuba ted w i t h enzymes ( e s p e c i a l l y h e m l c e l l u l a s e , 2 ) . 

N o n - s p e c i f i c r e a c t i o n s i n ELISA may be caused by a n t i b o d i e s 
b i n d i n g to normal p l a n t a n t i g e n s , or by non- immunological b i n d i n g o f 
enzyme. The l a t t e r can o f t en be i n h i b i t e d by proper sample d i l u t i o n 
and/or by adding r e l a t i v e l y h i g h concen t r a t ions o f Tween 20 (up to 
2%), p o l y v i n y l p y r r o l i d o n (up to 2%), crude egg a lbumin (0 .1 - 4%) o r 
skimmed m i l k powder (3%), o r combinat ions o f these compounds to the 
e x t r a c t i o n and/or conjugate b u f f e r . A l s o reduc ing agents are some
times a p p l i e d , e . g . sodium s u l p h i t e , 0.01 - 0 . 0 2 m o l / 1 , i s used i n 
buf fe rs f o r the t e s t i n g of l e t t u c e , pe largonium, and chrysanthemum. 
When t e s t i n g f lower bu lb m a t e r i a l s , n o n - s p e c i f i c r e a c t i o n s are 
reduced by i n c r e a s i n g the Tween c o n c e n t r a t i o n and by adding 1% 
normal horse serum to the e x t r a c t i o n bu f f e r ( 2 0 ) . Egg albumin or 
m i l k powder proved h e l p f u l i n reduc ing background r e a c t i o n s ob ta ined 
w i t h g a r l i c and s h a l l o t ( 7 ) , whereas egg albumin (1%) together w i t h 
an inc reased Tween c o n c e n t r a t i o n (1%) were necessary to r e l i a b l y 
t e s t l e e k (Research I n s t i t u t e f o r P l a n t P r o t e c t i o n ) . 

The r e l i a b i l i t y o f the t e s t i s In f luenced by the season, the 
p l a n t pa r t t e s t ed and i t s p h y s i o l o g i c a l s t a t e . There fo re , c e r t a i n 
t e s t s cannot be done r e l i a b l y i n summer ( e . g . c a rna t ions f o r 
c a r n a t i o n etched r i n g v i r u s ) . In dormant pota to t ube r s , f o r some 
v i r u s e s r e l i a b l e d e t e c t i o n i s p o s s i b l e o n l y a f t e r b reak ing of 
dormancy ( e . g . by r i n d i t e t reatment , 9 ) . V i r u s e s a l s o are not always 
evenly spread throughout the p l a n t , r e q u i r i n g c a r e f u l sampl ing . 

Equipment f o r Rout ine Handl ing and Automation of ELISA 

To f a c i l i t a t e and speed up ELISA procedures , bes ides the Po l lShne 
p r e s s , 8-channel p i p e t s and s p e c i a l tube racks mentioned a l r eady 
(F igu re 3 ) , o ther equipment i s used or under development. 

Based on commerc ia l ly a v a i l a b l e m u l t i c h a n n e l pumps, equipment 
has been developed to f i l l s e r i e s of m i c r o t i t r e p l a t e s w i t h c o a t i n g 
s o l u t i o n s , enzyme conjugates or s u b s t r a t e s . As i t i s o f t en d i f f i c u l t 
to comple te ly remove p l an t e x t r a c t s from the w e l l s , h igh-p ressu re 
washing dev ices have been c o n t r u c t e d . In many systems r e s u l t s are 
read w i t h the nake eye . However, more and more t h i s i s r ep laced by 
( semi- ) automatic r ead ing and r e c o r d i n g , f o r ins tance d i r e c t l y on 
sample a t t e s t a t i o n forms, by computerized photometers. 

Most hand l ings a re f a i r l y e a s i l y mechanized or automated. 
However, the p r e p a r a t i o n o f the sample demands an i n d i v i d u a l 
approach depending on the type o f p l an t m a t e r i a l to be t e s t e d . Major 
progress i n t h i s respec t has been made f o r the automat ic sample 
h a n d l i n g o f bu lb s c a l e s ( 2 0 ) . The scheme o f t h i s procedure i s g i v e n 
i n F i g u r e 4 . 

Indexing f o r P l a n t Pathogenic, B a c t e r i a 

Besides t h e i r s u i t a b i l i t y f o r r o u t i n e a p p l i c a t i o n , immuno
f luorescence ( I F ) and e s p e c i a l l y ELISA have some s t rong l i m i t a t i o n s 
f o r d e t e c t i n g b a c t e r i a (31 , 3 2 ) . The d e t e c t i o n l i m i t o f IF i s 1 0 J to 
10 c e l l s per m l , whereas ELISA needs even 10 to 100 t imes more 
c e l l s per ml ( 1 , 2 6 ) . Fur thermore, f a l s e p o s i t i v e r e s u l t s may be 
obta ined when s ap rophy t i c micro-organisms w i t h s i m i l a r a n t i g e n i c 
determinants a re present i n the t e s t samples. Compared to 
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346 BIOTECHNOLOGY FOR CROP PROTECTION 

Figure 3. Equipment for routine application of ELISA: extraction of plant 
material with a Pollahne press and transfer of samples from tubes to 
corresponding wells in an ELISA microtitre plate with an 8-channel pipet. 

1 TT 2 3 U 5 6 

Figure 4. Scheme of the Berleco automated extraction and microtitre plate loading 
equipment. 1. Filling plastic bag from a belt with plant material (bulb scale) and 
buffer. 2. Sealing. 3. Pressing. 4. Inversion of the belt. 5. Sampling with syringe 
through valve. 6. Loading well in microtitre plate. (Reproduced with permission 
from ref. 20. Copyright 1984 Hofetad Vakpers bv.) 
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26. VAN VUURDE E T A L . Indexing Propagative Plant Parts 347 

t r a d i t i o n a l i s o l a t i o n methods, the advantages of IF and ELISA are 
t h e i r c o n s i s t e n c y , s e n s i t i v i t y , speed and s u i t a b i l i t y f o r r o u t i n e 
a p p l i c a t i o n . The use o f a n t i s e r a , which are checked f o r s p e c i f i c i t y 
w i t h the a i d o f s e l e c t e d s t r a i n s o f saprophytes i s o l a t e d from the 
type of p l a n t m a t e r i a l to be t e s t e d , l i m i t s t h i s r i s k on f a l s e 
p o s i t i v e r e a c t i o n s ( 2 2 ) . I f the i n t e r f e r e n c e of saprophytes can be 
l i m i t e d , i s o l a t i o n on a s u i t a b l e medium i s an Important t o o l to 
conf i rm a s e r o l o g i c a l p o s i t i v e sample. 

Seed T e s t i n g w i t h I F . The f o l l o w i n g procedure f o r the d e t e c t i o n o f 
Pseudomonas sy r ingae pv . p h a s e o l i c o l a i n bean seed was s a t i s f a c t o r y 
f o r r o u t i n e i n d e x i n g and nas teen used a t the Government Seed 
Tes t i ng S t a t i o n i n the Nether lands s i n c e 1982 ( 2 6 ) . The t e s t sample 
i s d i v i d e d i n t o f i v e subsamples of 1,000 seeds . The subsamples are 
soaked i n s t e r i l e water i n a p l a s t i c bag a t 6 °C f o r 24 h . A 1 ml 
sample o f the soak ing s o l u t i o n i s taken from each subsample a f t e r 6 
h to prepare IF s l i d e s and the remaining par t i s s to red a t -18 ° C . A 
sample w i t h f i v e IF nega t ive subsamples i s repor ted ' n e g a t i v e ' 
(pathogen f ree o r l e s s than 10 c e l l s / m l ) . For IF p o s i t i v e 
subsamples, aga in 1 ml soaking so lven t i s taken 24 h a f t e r s t a r t i n g 
the i n c u b a t i o n and ana lyzed by IF and p l a t i n g on K i n g ' s medium B . 
Co lon i e s p roducing a b lue f l u o r e s c e n t pigment under U V - l i g h t are 
b i o c h e m i c a l l y t e s t ed and i n v e s t i g a t e d fo r p a t h o g e n i c i t y on bean 
s e e d l i n g s . Samples w i t h one o r more p o s i t i v e subsamples i n IF and 
from which the pathogen c o u l d be i s o l a t e d are repor ted as P . s . pv . 
p h a s e o l i c o l a contaminated. Samples p o s i t i v e by IF and negat ive by 
p l a t i n g a re r epor t ed as p o t e n t i a l l y dangerous when sap rophy t i c 
b a c t e r i a i n t e r f e r e d s e r i o u s l y i n p l a t i n g . 

S i m i l a r procedures are worked out f o r Xanthomonas campest r i s p v . 
campest r i s i n cabbage seeds (19) X . c . pv . p h a s e o l i (14, 2 6 ) , P . s . 
pv . plsi*TGovernment Seed T e s t i n g S t a t i o n ) and f o r C l a y i b a c t e r 
mich lganens i s subsp. sepedonicus f o r t e s t i n g seed potatoes i n the 
European Community ( i f , 16) • 

T e s t i n g Seed Po ta to Tubers w i t h ELISA. ELISA was f i r s t r epor ted f o r 
d e t e c t i n g E r w i n i a ca ro tovora subsp. a t r o s e p t l c a ( b l a c k l e g organism) 
i n seed potatoes (£4]) . S t a r t i n g i n l ^ t o w i t h l a rge s c a l e Index ing , 
2.5 x 10 t e s t s are now done per year f o r seed potatoes (Table I I ) 
by the Genera l Nether lands I n s p e c t i o n S e r v i c e fo r A g r i c u l t u r a l Seeds 
and Seed Pota toes (NAK). S ince 1987, seed potatoes are s i m u l t a 
neous ly t e s t e d f o r E . chrysanthemi . Reasonable c o r r e l a t i o n s were 
ob ta ined between l a f t e s t i n g / o r E_.c. subsp. a t r o s e p t l c a (50 tubers) 
and symptom development i n the NAK c o n t r o l f i e l d (400 p l a n t s ) i n 
s p i t e of the l i m i t a t i o n s o f ELISA ( 8 ) . 

New Approach i n Deitecting Bac t e r i a 

The s e n s i t i v i t y o f s e r o l o g i c a l t e s t s i s not i n f l uenced by the 
r e l a t i v e Inc idence o f saprophytes i n the sample un less they reac t 
w i t h the an t i s e rum. Major c r i t i c a l parameters of ELISA and IF f o r 
r e l i a b l e r i s k assessment o f p l a n t m a t e r i a l are the s p e c i f i c i t y o f 
the s e r o l o g i c a l r e a c t i o n and the s t a tus o f the b a c t e r i a l c e l l s , v i z . 
v i a b l e c e l l s , dead c e l l s and/or c e l l components o f the homologous 
organism. I s o l a t i o n o f the t a rge t organism i n p r i n c i p l e enables a 
100% r e l i a b l e i d e n t i f i c a t i o n , an<L,it a l l q w s p a t h o g e n i c i t y t e s t i n g . 

American Chemical SocieV 
Library 

1155 16th St, N.W. 
Washington, O.C. 20036 
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348 BIOTECHNOLOGY FOR CROP PROTECTION 

The i s o l a t i o n and i d e n t i f i c a t i o n procedures t h e o r e t i c a l l y enable the 
d e t e c t i o n o f one o r a few co lony- fo rming u n i t s i n the t o t a l t e s t 
sample i f the i n t e r f e r e n c e of s ap rophy t i c micro-organisms can be 
e l i m i n a t e d . For some pathogenic b a c t e r i a the v a r i a b l e s e n s i t i v i t y of 
the t r a d i t i o n a l I s o l a t i o n methods can be p a r t l y overcome by the use 
o f s e l e c t i v e media . 

Immuno- i so la t ion and immunofluorescence co lony s t a i n i n g , a re 
designed to combine the advantages o f s e ro logy v i z . s e l e c t i v e 
r e c o g n i t i o n o f the t a rge t organism among saprophytes , w i t h those of 
p l a t i n g on n u t r i e n t media v i z . the s e n s i t i v e i s o l a t i o n of the c a u s a l 
organism f o r optimum r e l i a b i l i t y (27 , 30 , 3 2 ) . 

Immuno- i so la t ion . Th i s technique i s based on : (a) the s e l e c t i v e 
t r app ing oi the t a rge t organism onto a s o l i d phase coated w i t h 
a n t i b o d i e s , (b) washing away unbound saprophytes and ( c ) i s o l a t i o n 
on a s u i t a b l e growth medium f o r i d e n t i f i c a t i o n . An t ibody-coa ted 
r o d s , beads, o r membranes can be used f o r t h i s purpose. The a n t i s e r a 
f o r immuno- i so l a t i on should be s e l e c t e d or s p e c i a l l y prepared 
aga ins t c e l l w a l l l i n k e d an t igens to improve the t r app ing e f f i c i e n c y 
and b i n d i n g s t r e n g t h o f homologous b a c t e r i a l c e l l s . S t rong s o l i d 
phase b i n d i n g a l s o makes p o s s i b l e s e l e c t i v e e l u t i o n o f n o n - s e l e c t i v e 
and weakly c r o s s - r e a c t i n g micro-organisms w i t h h i g h - m o l a r i t y 
b u f f e r s . 

Immunofluorescence Colony S t a i n i n g . Th i s technique i s based on : 
(a) m ix ing the t e s t sample through a s u i t a b l e agar medium, 
(b) i n c u b a t i o n o f the medium u n t i l m i c r o s c o p i c a l l y v i s i b l e c o l o n i e s 
a re formed, and ( c ) s t a i n i n g o f the homologous c o l o n i e s i n the agar 
w i t h f luo rochrome- l abe led a n t i b o d i e s f o r d e t e c t i o n w i t h i n c i d e n t UV 
l i g h t microscopy a t low m a g n i f i c a t i o n . 

Agar-mixed sample i n c u b a t i o n to o b t a i n m i c r o - c o l o n i e s g i v e s a 
100 to 1000 t imes h igher c a p a c i t y per p l a t e because o f the three 
d imens iona l space f o r co lony format ion and the reduced biomass 
p roduc t i on the a n t a g o n i s t i c i n t e r a c t i o n s between c o l o n i e s i s reduced 
i n comparison w i t h t r a d i t i o n a l agar sur face p l a t i n g . 

Immunofluorescence co lony s t a i n i n g enables the s p e c i f i c 
r e c o g n i t i o n o f the t a rge t c o l o n i e s . Less than 100 c e l l s o f E . 
chrysanthemi per ml can be de tec ted i n c a t t l e s l u r r y and pota to pee l 
e x t r a c t a t r a t i o s o f saprophyte to pathogen c o l o n i e s > 1 ,000:1 . 
I s o l a t i o n o f b a c t e r i a from I F - p o s i t i v e c o l o n i e s can be done w i t h a 
f i n e needle o r g l a s s c a p i l l a r y . The method w i l l be eva lua ted f o r 
o ther p l a n t pathogenic b a c t e r i a . 

Optimum s e n s i t i v i t y and s p e c i f i c i t y can be ob ta ined when 
immuno- i so l a t i on and immunofluorescence co lony s t a i n i n g are a p p l i e d 
i n combinat ion ( 3 2 ) . Immunofluorescence co lony s t a i n i n g can be 
adapted i n t o r o u t i n e procedures , e . g . , by u s ing w e l l s of t i s s u e 
c u l t u r e p l a t e s to r ep l ace p e t r i d i s h e s . Reading can be automated 
u s ing mic roprocessor c o n t r o l l e d v ideo scanning equipment. 

S t r a t e g i e s f o r Improvement, o f Ant i serum S p e c i f i c i t y f o r B a c t e r i a . 
flie p o s s i b i l l t y or i s o l a t i n g b a c t e r i a from IF- s t a inec l c o l o n i e s ' 
p rov ides a ve ry e f f i c i e n t t o o l fo r i n v e s t i g a t i n g the r i s k on f a l s e 
p o s i t i v e r e a c t i n g mic ro-organ i sms . T h i s i s done by t e s t i n g h e a l t h y 
m a t e r i a l o f v a r i o u s o r i g i n s f o r the presence of b a c t e r i a which form 
c o l o n i e s that c r o s s - r e a c t i n I F . I s o l a t i o n of these c r o s s - r e a c t i n g 
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26. VAN VUURDE ETAL. Indexing Propagative Plant Parts 349 

strains is of major importance to identify typical antigens in the 
target bacteria. The knowledge of these antigens will improve the 
production of more specific polyclonal antisera and of monoclonal 
antibodies for a more reliable serological detection and 
identification of bacteria, as was demonstrated for LPS antigens of 
Erwinia carotovora subsp. atroseptlca (3). 

Conclusions 

For viruses, over three million tests are done each year to index 
various types of plant propagative materials with ELISA in the 
Netherlands. Polyclonal antisera gave good results for all important 
viruses involved in the testing. The main problem in the development 
of a test was with optimizing the preparation of the plant sample 
extracts. In the future, attention will be given to improving the 
handling of large series by automated procedures. 

Compared to viruses, many problems are sti l l associated with the 
routine indexing of plant materials for pathogenic bacteria. ELISA 
is less sensitive than immunofluorescence microscopy and both 
methods involve a risk of false positive reactions due to 
cross-reacting saprophytic micro-organisms, particularly when 
antisera are not properly tested. 

New methods are presented based on combining immunotrapping, 
isolation, and Identification of colonies directly in agar media. Of 
these methods, immuno-isolation combined with immunofluorescence 
colony staining especially has good prospects for detecting low 
concentrations of the pathogen and for efficient isolation of 
cross-reacting organisms. 

The availability of a representative collection of cross-
reacting organisms for a certain type of sample material is a major 
requirement in the research for typical antigens of the target 
bacterium, in order to produce more specific monoclonal or 
polyclonal antisera. 
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Chapter 27 

M e t h o d s U s e d T o T r a c k Introduced 
Genet ical ly E n g i n e e r e d O r g a n i s m s 

Philip C. Kearney1 and James M. Tiedje2 

1Natural Resources Institute, U.S. Department of Agriculture, 
Beltsville, MD 20705 

2Departments of Crop and Soil Sciences and Departments of Microbiology 
and Public Health, Michigan State University, East Lansing, MI 48824 

Cultural, metabolic, genetic and immunological techniques 
that could be used to trace genetically engineered 
microorganisms released into the environment are reviewed. 
The advantages, disadvantages, and in several cases the 
sensitivity are considered for each method. Special 
attention is focused on gene probe technology, since 
this technique appears to hold considerable promise for 
monitoring released microorganisms. 

Many parallels exist between the current concerns about the 
intentional release of genetically engineered microorganisms (GEMs) 
into the environment and concerns expressed about the release of 
massive amounts of organic pesticides in the environment during the 
early 1960fs. The issues, however, are essentially the same, i.e, 
the stability, movement, and the safety of altered products. 
Concurrent with the environmental pressures mounted against the 
older chlorinated hydrocarbon insecticides was the emerging 
development of gas chromagraphic (glc) systems that offered 
increasing levels of sensitivity with a growing number of 
sophisticated detectors that provided highly specific compound 
recognition. Unfortunately, as we see in the following section, 
glc does not offer the selective, automated systems for the rapid 
or sensitive detection of the altered DNA molecule or the microbial 
vehicle harboring that DNA. The chlorinated hydrocarbons are 
stable, lipophilic structures possessing one or more halogens that 
greatly facilitated detection in the parts per millon range, while 
modern instrumentation permits even greater sensitivity. By 
contrast, the DNA molecule is a liable, polar substance in a 
fragile carrier. More troublesome is the ability of the carrier 
microorganism to mutate, conjugate, and poliferate in a diverse 
community. We are faced with a far more complex problem in 
attempting to monitor the elusive gene in a complex matrix than the 
stable pesticide with many more easily detectable markers. By 
comparison, we have only a limited number of methods to detect the 
specific fragment of DNA of interest in a rather facile delivery 
system. The object of this section of the symposium is to examine 

0097-6156/88/0379-0352S06.00/0 
• 1988 American Chemical Society 
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27. KEARNEY AND TIED J E Tracking Methods 353 

the methods now a v a i l a b l e to us and the s u i t a b i l i t y of those 
methods f o r p o t e n t i a l l y vas t mon i to r ing programs to a l l a y cu r ren t 
apprehensions about the r e a l or p rece ived damages of i n t e n t i o n a l 
r e l e a s e . 

CURRENT DETECTION SYSTEMS 

A rev iew of c u r r e n t l y a v a i l a b l e d e t e c t i o n methods f o r GEMs has been 
prepared by T ied je (1) and McCormick ( 2 ) . Th i s overview f o l l o w s 
these reviews c l o s e l y . The methods can be c o n v e n i e n t l y grouped 
under three major headings of c u l t u r e and metabo l i c t echn iques , 
gene t i c techniques and immunological t echn iques . A d e t a i l e d , 
i n - d e p t h d i s c u s s i o n of each of these op t ions i s beyond the scope of 
t h i s overview paper a l though gene probe techniques are cons idered 
i n g r ea t e r d e t a i l due to t h e i r promis ing r o l e i n mon i to r ing s t u d i e s . 
A few comments about the advantages and disadvantages of these 
methods i s a p p r o p r i a t e . 

CULTURE AND METABOLIC TECHNIQUES 

P l a t i n g 

Count ing organisms on agar p l a t e s i s a c l a s s i c a l technique used 
e x t e n s i v e l y by the m i c r o b i o l o g i s t s . The advantages are tha t the 
method i s easy, i n e x p e n s i v e , measures e x p r e s s i o n , i s subjec t to 
s t a t i s t i c a l a n a l y s i s and can be very s e n s i t i v e ( 1 ) . The 
disadvantages are tha t the organisms must be c u l t u r a b l e , i t must 
possess an i n s e r t e d marker ( e . g . , a n t i b i o t i c r e s i s t a n c e ) , tha t 
marker must be s t a b l e , and tha t marker must not d i s r u p t the 
metabolism or u l t i m a t e l y the s u r v i v a l of tha t microorganism. For 
example, r i f a m p i n r e s i s t a n c e i n d e n i t r i f i e r s t r a i n s has been shown 
to reduce maximum growth r a t e ( 3 ) . The l e v e l of s e n s i t i v i t y of 
p l a t i n g techniques i s i n the range of 10-100 c e l l s / g r a m of s o i l . 

C o l o r m e t r i c Media 

T h i s method i s based on an obvious c o l o r change i n the t a rge t 
organism. The advantages a re tha t i t i s very s p e c i f i c and a good 
sc reen ing t o o l . Drahos et a l . (4) have used t h i s method f o r 
mon i to r ing a recombinant Pseudomonas f luo rescens expres s ing the 
B a c i l l u s t h u r i n g e n i s i s e n d o t o x i n . JP . f l uo re scens i s a n a t u r a l l y 
o c c u r r i n g roo t i n h a b i t i n g microorganism tha t makes i t an i d e a l 
candida te as a d e l i v e r y v e h i c l e f o r n a t u r a l p e s t i c i d e s . They 
developed a s e n s i t i v e , s e l e c t a b l e marker i n P . f l uo re scens based on 
the i n a b i l i t y of most f l u o r e s c e n t Pseudomonas to use l a c t o s e as a 
s o l e source of ca rbon . The IS. c o l i l a c Y and Z genes were i n s e r t e d 
i n t o the engineered P .̂ f l uo re scens chromosome. The Z gene produces 
B - g a l a c t o s i d a s e and the l a c Y gene encodes f o r l a c t o s e permease. 
Thus the transformed b a c t e r i a can grow on x - g a l , a chromogenic 
s u b s t r a t e . Metabol ism produced a c h a r a c t e r i s t i c b lue -g reen c o l o n y , 
q u i t e d i s t i n c t from the pa le c o l o r of the untransformed c e l l s . In 
the f i n a l a n a l y s i s , three d i s c r e e t markers were used to de tec t the 
transformed JP. f l uo rescens i n s o i l s , i . e . , B - g a l a c t o s i d a s e , 
f l u o r e s c e n t pigments, and r i f a m p i c i n r e s i s t a n c e . These marker 
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354 BIOTECHNOLOGY FOR CROP PROTECTION 

systems enabled the d e t e c t i o n of lac+ t ransformants a t a 
s e n s i t i v i t y of 10 c e l l s / g r a m of s o i l . 

D i r e c t S t a i n i n g 

T h i s i s a refinement of the p l a t i n g technique tha t g i v e s a t o t a l 
count of l i v i n g organisms. I t overcomes the problem of 
n o n - c u l t u r a b i l i t y . The a d d i t i o n of n a l d i x i c a c i d t o a yeast 
e x t r a c t f o r t i f i e d agar p l a t e s produces an e longated c e l l which can 
be s t a i n e d w i t h , f o r example, a c r i d i n e orange s t a i n , concent ra ted 
on a f i l t e r d i s k and counted . F luorescen t monoclonal a n t i b o d i e s 
can a l s o be added to the p l a t e to g i v e a count of v i a b l e organisms 
s p e c i f i c to an engineered subgroup. 

Enr i ched Media 

The a d d i t i o n of s o i l p a r t i c l e s d i r e c t l y i n the media has the 
advantage of being a very c l a s s i c a l method f o r which the s o i l 
m i c r o b i o l o g i s t i s q u i t e f a m i l i a r . T h i s approach magni f ies the 
p o p u l a t i o n of i n t e r e s t , but i t s u f f e r s from a q u a n t i t a t i v e 
s t andpo in t , l a c k s accuracy , and r e q u i r e s a very s e n s i t i v e screen to 
be u s e f u l . 

Spent Media A n a l y s i s 

T h i s i s a system based on the i d e n t i f i c a t i o n of microorganisms by 
the a n a l y s i s of the c u l t u r e medium f o r unique byproducts of tha t 
s p e c i f i c group of organisms. The advantages of t h i s approach i s 
tha t the s e n s i t i v e , automated chemica l systems, l i k e g l c or h p l c , 
cou ld be used . The disadvantages to t h i s approach are obv ious , 
i . e . , tha t a tremendous database on the q u a l i t a t i v e p r o f i l e of 
those metabo l i c products would have to be a v a i l a b l e . Given the 
complex i ty of that a n a l y s i s , i t i s u n l i k e l y tha t t h i s i s a 
p r a c t i c a b l e s o l u t i o n . 

GLC and HPLC 

As d i scussed i n the i n t r o d u c t i o n , these t o o l s have a very l i m i t e d 
r o l e i n d i r e c t microorganism t r a c k i n g . They are used i n s i t u a t i o n s 
where microorganisms can be i d e n t i f i e d by d e t e c t i o n of 
c h a r a c t e r i s t i c p r o f i l e s of f a t t y a c i d s , l i p i d s and s t e r o i d 
l i n k a g e s . Th i s would a l s o r e q u i r e a huge database tha t does not 
e x i s t . 

P r o t e i n Product F i n g e r p r i n t i n g 

T h i s method i s based on the i d e n t i f i c a t i o n of microorganisms by 
a n a l y z i n g po lyac ry lamide g e l e l e c t r o p h o r e s i s pa t t e rns produced by 
r a d i o l a b e l e d p r o t e i n s . T h i s a ga in would r e q u i r e a d e t a i l e d 
knowledge of those p a t t e r n s . Th i s method i s best used to 
d i s t i n g u i s h between c l o s e l y r e l a t e d s t r a i n s . 
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GENETIC TECHNIQUES 

Gene Probes 

These techniques r e l y on the s p e c i f i c i t y p rov ided by the 
h y b r i d i z a t i o n between two complementary (o r n e a r l y so) sequences of 
n u c l e i c a c i d s . Sequences can be s e l e c t e d f o r p robing tha t are very 
common among organisms, f o r f u n c t i o n a l or phy logenic groups, or 
very s p e c i f i c f o r on ly one s t r a i n of an organism. 

The main advantages of t h i s methodology i n c l u d e s : (1) the 
a b i l i t y to de tec t organisms tha t cannot be c u l t u r e d because they 
are s t r e s sed or f a s t i d i o u s , which i s a common l i m i t a t i o n i n the 
study of the t o t a l m i c r o b i a l p o p u l a t i o n i n na tu re , (2) the a b i l i t y 
to de tec t organisms wi thout the n e c e s s i t y of having a s p e c i f i c 
s e l e c t a b l e marker, such as a n t i b i o t i c r e s i s t a n c e o r r e q u i r i n g the 
development of o ther s e l e c t i v e media, (3) the a b i l i t y to t r a c k the 
gene of i n t e r e s t r ega rd l e s s of whether i t i s expressed or 
t r a n s f e r r e d to another organism, and (4) the p o t e n t i a l f o r h ighe r 
s e n s i t i v i t y than i s p o s s i b l e by any o ther methods. The 
disadvantages of the gene probe method are tha t i t i s more complex 
which reduces the number of samples tha t can be processed , 
q u a n t i t a t i o n of the number of gene cop ie s per gram of sample i s 
s t i l l d i f f i c u l t and i m p r e c i s e . The use of the method i n m i c r o b i a l 
ecology i s s t i l l i n i t s i n f a n c y so tha t problems w i t h 
r e p r o d u c i b i l i t y , a d a p t a b i l i t y to d i f f e r e n t s o i l compos i t i on , 
d i f f e r e n t organisms and probes w i l l take t ime to r e s o l v e before the 
method can be used e f f e c t i v e l y . 

A number of research groups are now a c t i v e l y pursu ing the gene 
probe method f o r use lit the environment, and improvements i n i t s 
s e n s i t i v i t y and ease of use are expected i n the near f u t u r e . The 
d i r e c t i o n s taken by many of the U . S . workers have been reviewed by 
Holben and T i e d j e ( 5 ) , and the recent REGEM Conference Proceedings 
r e p o r t s the work of many i n t e r n a t i o n a l workers on t h i s subjec t ( 6 ) . 
The f o l l o w i n g i s a b r i e f summarizat ion of important fea tures and 
advances i n the use of gene probes f o r d e t e c t i n g microorganisms i n 
n a t u r e . 

S e l e c t i o n of Probes 

There are three b a s i c c l a s s e s of genes which have been used as 
probes . Each has been used s u c c e s s f u l l y , and at t h i s stage of 
knowledge, none can be argued to be g e n e r a l l y p r e f e r r e d . These 
c l a s s e s are probes t a rge ted f o r r ibosomal RNA (rRNA), f o r randomly 
c loned sequences of DNA unique to the organism of i n t e r e s t , and f o r 
the engineered sequence i t s e l f . I f one i s t r a c k i n g a g e n e t i c a l l y 
engineered microorganism (GEM) the l a t t e r i s u s u a l l y used because 
the probe i s a l r eady a v a i l a b l e and i t i s t h i s gene tha t i s of 
g r ea t e s t i n t e r e s t f o r GEMs. For non-GEMs, the f i r s t two probe 
types are more l i k e l y to be used . Focus ing on rRNA has the 
advantage of p o t e n t i a l l y p r o v i d i n g probes common f o r s e v e r a l groups 
or s p e c i f i c f o r one s t r a i n depending on whether one s e l e c t s a 
conserved or v a r i a b l e r e g i o n of the 16S rRNA. 

Ob ta in ing Sample DNA 

Three approaches have been used to recover DNA from n a t u r a l samples 
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356 BIOTECHNOLOGY FOR CROP PROTECTION 

f o r p r o b i n g . The f i r s t repor ted i n v o l v e d c e l l l y s i s and e x t r a c t i o n 
of t o t a l DNA i n sediment by SDS and a l k a l i n e treatment ( 7 ) . Th i s 
method has the advantage of a more q u a n t i t a t i v e recovery of DNA 
from the s o i l but has the disadvantage of r e q u i r i n g more c lean-up 
of the DNA s i n c e o ther problem contaminants are a l s o e x t r a c t e d . 

A second approach i s t o f i r s t e l u t e the m i c r o b i a l c e l l s from 
s o i l before l y s i s thereby p r o t e c t i n g the DNA from s o i l contaminants . 
T h i s method a l s o has the advantage i n tha t the DNA i s r e t a i n e d i n 
l a r g e mo lecu la r weight fragments (approximate ly 50 kb) so tha t 
r e s t r i c t i o n d i g e s t i o n , and g e l s e p a r a t i o n y i e l d s d i s c r e t e fragments 
tha t a l l o w a n a l y s i s by Southern b l o t s ( 8 ) . Both of the above 
methods g i v e more DNA than can be accounted f o r i n the p o p u l a t i o n 
de tec ted by p l a t e count ing i m p l y i n g tha t DNA from n o n - c u l t u r a b l e 
organisms i s a l s o being recovered . 

The t h i r d method i s to f i r s t f o s t e r growth o f the p o p u l a t i o n of 
i n t e r e s t , but a f t e r d i l u t i o n and s e p a r a t i o n by the most probable 
number (MPN) p r o t o c o l . The c u l t u r e d c e l l s i n w e l l s a re then l y s e d 
and probed w i t h the gene ( 9 ) . I n t h i s case the presence or absence 
of the t a rge t gene i s used w i t h a MPN t a b l e to es t imate the 
o r i g i n a l p o p u l a t i o n d e n s i t y of the organism. The advantage of t h i s 
method i s tha t the t a rge t DNA i s a m p l i f i e d and p u r i f i e d by growth. 
D e t e c t i o n l i m i t s of 10 to 100 organ isms/g , depending on the 
p a r t i c u l a r organisms growth response, were ob ta ined w i t h t h i s 
method. 

The Choice of D e t e c t i o n Method 

Once the probe and sample have been obta ined there are s e v e r a l 
cho ices f o r d e t e c t i o n based on the exper imenta l g o a l s . The 
d e t e c t i o n methods vary i n s e n s i t i v i t y , ease of use , s t a b i l i t y of 
probe, and whether i n f o r m a t i o n on gene l o c a t i o n i s d e s i r e d . The 
most common a n a l y s i s format i s by dot o r s l o t b l o t i n which the DNA 
i s f i x e d to a f i l t e r , the ^ ^ P - l a b e l e d probe added, n o n - h y b r i d i z e d 
DNA washed away and the amount of r a d i o a c t i v i t y remaining ana lyzed 
u s u a l l y by au torad iography . Using the format and the M13/**2p 
probe systems of Holben e t . a l . ( 8 ) , 1000 organisms/g s o i l were 
d e t e c t e d . More i n f o r m a t i o n i s ob t a ined , however, i f the DNA i s cu t 
by r e s t r i c t i o n enzymes, separated acco rd ing to l e n g t h i n g e l s , and 
the l o c a t i o n of the d i f f e r e n t s i z e d fragments de tec ted by 
autoradiography a f t e r Southern t r a n s f e r to b l o t s . M u l t i p l e 
popu la t i ons of organisms w i t h the same t a rge t can a l l be de tec ted 
i n one sample and any change i n gene p o s i t i o n e i t h e r w i t h i n i t s 
host o r i f t r a n s f e r r e d to o the r organisms can be de tec ted because 
the t a rge t gene would have d i f f e r e n t f l a n k i n g r eg ions and thus be 
i n d i f f e r e n t s i z e d fragments. Us ing the M13 probe, 10^ 
organisms/g c o u l d be de tec ted i n Southern b l o t s ( 8 ) . 

I f the g o a l f o r d e t e c t i o n i s s e n s i t i v i t y , the polymerase c h a i n 
r e a c t i o n (PCR) methodology o f f e r s e x c i t i n g new p o s s i b i l i t i e s . W i t h 
t h i s method a pr imer unique to the t a rge t i s added to the 
envi ronmenta l DNA sample, and through repeated c y c l e s of s y n t h e s i s 
of complementary s t rands and d e n a t u r a t i o n , the t a rge t i s g r e a t l y 
magni f ied thereby i n c r e a s i n g s e n s i t i v i t y . When S t e f f a n and A t l a s 
(10) added a known organism (and t a rge t gene) to sediment, they 
were a b l e to de tec t one organism/g . A very d i f f e r e n t approach i s 
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27. KEARNEY AND TIED J E Tracking Methods 357 

to de tec t the m i c r o b i a l c e l l i t s e l f i n a mic roscop ic f i e l d by us ing 
gene probes to i d e n t i f y the p a r t i c u l a r c e l l s of i n t e r e s t . Th i s 
method, developed by P a c e ' s group ( 1 1 ) , i s based on probes to the 
16S rRNA. Because c e l l s have many r ibosomes, there i s s u f f i c i e n t 
t a rge t i n an i n d i v i d u a l c e l l so tha t the s i g n a l can be e a s i l y 
recognized by microautoradiography (3^S Q r 32p) probes or 
v i s u a l l y by f l u o r e s c e n t probes . Th i s method preserves the 
i n f o r m a t i o n on c e l l morphology and perhaps l o c a t i o n i n a consor t ium 
or on sur faces i f tha t i n f o r m a t i o n i s impor tan t . 

A l l d e t e c t i o n so f a r i n m i c r o b i a l eco logy has been w i t h 
32p- l abe led probes . Because of the r a d i a t i o n exposure and shor t 
s h e l f - l i f e of these probes, n o n - r a d i o a c t i v e probes would be of 
great value< Such probes have been developed, e . g . , the 
b l o t i n - l a b e l e d r e s idues which y i e l d a c o l o r r e a c t i o n , but they have 
not ye t proved s e n s i t i v e o r s p e c i f i c enough to generate any 
i n t e r e s t by m i c r o b i a l e c o l o g i s t s . 

Gene Sequencing 

At t h i s t ime , gene sequencing can probably be d i smissed as a 
reasonable moni to r ing t o o l because of the h i g h l a b o r i n p u t , cos t 
and l a r g e database to i n t e r p r e t the r e s u l t s . 

IMMUNOLOGICAL TECHNIQUES 

Immunofluorescence 

T h i s procedure u t i l i z e s a s p e c i e s - s p e c i f i c a n t i s e r i u m and 
f l u o r e s c e n t dye . On examinat ion w i t h an e p i f l u o r e s c e n e microscope , 
s t a i n e d c e l l s appear as a p e r i p h e r a l green band v i s i b l e beneath the 
c e l l w a l l . The method has been used to study Rhizobium ecology and 
to moni tor the s u r v i v a l of pathogens i n an a q u a t i c environment 
( 1 2 ) . The advantages are speed, and i t de t ec t s organisms tha t do 
not grow. The disadvantages are the s m a l l s i z e of the sample 
ana lyzed , l a c k of s p e c i f i c i t y , and unknown gene t i c c o m p o s i t i o n . 
The s e n s i t i v i t y i s about 1000 c e l l s / g r a m of s o i l . I t i s not l i k e l y 
to be g e n e r a l l y u s e f u l f o r mon i to r ing GEMs because i t cannot 
d i s t i n g u i s h the GEM from i t s parent or c l o s e r e l a t i v e s i n na tu re . 

Immunoradiography 

The same p r i n c i p l e a p p l i e s here as w i t h immunofluorescence, except 
tha t the ant iserum i s coupled w i t h a l a b e l e d compound. 

Flow Cytometry 

T h i s i s a c e l l s o r t i n g technique tha t uses a l a s e r beam and 
f l u o r g e n i c s t a i n i n g techniques to measure c e l l s i z e , and c e l l u l a r 
components i n a s i n g l e c e l l i n a l a r g e p o p u l a t i o n . T h i s automated 
c e l l - b y - c e l l a n a l y t i c a l t o o l has had l i m i t e d envi ronmenta l 
mon i to r ing a p p l i c a t i o n . I t ' s advantages a re speed of a n a l y s i s and 
s e n s i t i v i t y . The disadvantages are expense and ease of o p e r a t i o n . 
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358 BIOTECHNOLOGY FOR CROP PROTECTION 

Affinity Concentration 

This is a method of concentrating low populations of released 
microorganisms from field samples. One option being considered is 
a selective immunobiological fixation on polystyrene beads or other 
supports coated with a suitable monoclonal antibody. 
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Chapter 28 

M o n i t o r i n g Bacil lus thuringiensis 
i n the E n v i r o n m e n t with E n z y m e - L i n k e d 

I m m u n o s o r b e n t Assay 

Peter Y. K. Cheung1 and Bruce D. Hammock2 

1Terrapin Diagnostics, 165 Eighth Street, Suite 306, 
San Francisco, CA 94103 

2Departments of Entomology and Environmental Toxicology, 
University of California, Davis, CA 95616 

Use of Bacillus thuringiensis (BT) in insect control 
in many ways exemplifies the advantages and problems 
with genetically engineered pesticides. Being 
biochemical and/or biological in nature, classical 
analytical procedures are often not applicable to the 
monitoring of these agents. A two step competitive 
enzyme linked immunosorbent assay (ELISA) procedure 
was developed to the BT israelensis δ-endotoxin. 
Application of the ELISA for monitoring the δ
-endotoxin was examined. A direct correlation between 
immunochemical assay and bioassay was determined 
under laboratory conditions. The ELISA procedure did 
not perform well under acidic conditions but worked 
well at alkaline pH's. Presence of bovine serum 
albumin improved the ELISA by reducing background. 
When water samples collected from the field were 
spiked with the δ-endotoxin and tested, sensitivity 
and precision of the ELISA procedure decreased 
regardless of the pH tested. Two procedures, anion 
exchange chromatography and dot-blotting, were 
explored for sample clean-up and concentration when 
sample work-up is needed. In addition, problems with 
assay development are also discussed. As more 
biochemical agents are introduced into the 
agricultural market, derived either from classical 
or molecular approaches, it is critical that 
analytical methods are in place for quality control 
and to monitor the presence of these agents in the 
environment. 

The introduction of molecular genetics into the field of pesticide 
chemistry, has in a few years, resulted in the development of a new 
class of pest control agents. These agents have presented a new 
challenge to the environmental chemist. In many situations, 
classical GLC and HPLC procedures are no longer applicable to the 
analyses of these complex biological and/or biochemical materials. 

0097-6156/88/0379-0359$06.00/0 
• 1988 American Chemical Society 
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360 BIOTECHNOLOGY FOR CROP PROTECTION 

Due to t h i s l a c k o f a n a l y t i c a l methods, b ioas says are o f t en the 
o n l y v i a b l e method f o r r e s idue a n a l y s i s . A good example are the 
l a r v i c i d a l t o x i n s o f Bacillus thuringiensis ( B T ) . 

The BT endotoxins are l a r g e pro te inaceous molecules w i t h 
e x c e l l e n t e f f i c a c y as w e l l as hos t s p e c i f i c i t i e s and are e a s i l y 
degraded i n the environment ( 1 - 8 ) . These i d e a l t r a i t s have made BT 
t o x i n s among the most i n t e n s e l y s t u d i e d b i o - c o n t r o l agents . 
Resources are a l s o devoted to improve the performance o f these 
t o x i n s by i n c r e a s e d e x p r e s s i o n and by e x p r e s s i o n i n a l t e r n a t e hos t s 
and p l a n t s (9 ,10 ; a l s o see papers i n t h i s volume by M. Veck and D. 
W i t t ) . I t i s apparent t h a t the next gene ra t i on o f b i o p e s t i c i d e s 
w i l l no t be e x c l u s i v e l y fe rmenta t ion p roduc t s , bu t g e n e t i c a l l y 
engineered " l i v e " m a t e r i a l s as w e l l . A l though these b i o c h e m i c a l 
p e s t i c i d e s w i l l l e s s l i k e l y be envi ronmenta l contaminants , i t i s o f 
g rea t concern to the e n v i r o n m e n t a l i s t and r e g u l a t o r y agencies t ha t 
we may be p o l l u t i n g the " w i l d " gene p o o l w i t h human-made g e n e t i c 
m a t e r i a l s . A t the same t ime , the development o f m o n i t o r i n g 
technology f o r the implementa t ion and r e g u l a t o r y s t r a t e g i e s o f 
these new agents are l a g g i n g . However, t h i s does not mean t ha t 
a n a l y t i c a l methods are not a v a i l a b l e . On the c o n t r a r y , 
s o p h i s t i c a t e d methods such as immunochemical assays and gene t i c 
probes are used r e g u l a r l y i n the r e s e a r c h , p r o d u c t i o n , and q u a l i t y 
c o n t r o l o f b io t echno logy p roduc t s . I t i s t he re fo re reasonable to 
adapt these a n a l y t i c a l techniques to a c t u a l r e s i d u e procedures . 
Immunoassays may w e l l be the bes t a n a l y t i c a l t o o l f o r m o n i t o r i n g 
these new p e s t i c i d e s as w e l l as f o r m o n i t o r i n g the a c t u a l 
e x p r e s s i o n o f these gene t i c m a t e r i a l s i n the environment . 

Enzyme l i n k e d immunosorbent assays (ELISA) have been 
s u c c e s s f u l l y developed f o r the d e t e c t i o n and q u a n t i t a t i o n o f the BT 
kurstaki and BT israelensis t o x i n s (11-14) . These ELISA are used 
r o u t i n e l y to supplement b ioas says i n m o n i t o r i n g the p r o d u c t i o n and 
q u a l i t y c o n t r o l d u r i n g fe rmenta t ion p roces s . Repor ted here are the 
l a b o r a t o r y s t u d i e s o f the a p p l i c a t i o n o f ELISA f o r m o n i t o r i n g the 
BT t o x i n i n envi ronmenta l samples. 

A n t i g e n P r e p a r a t i o n and Ant i se rum P r o d u c t i o n 

BT israelensis was i s o l a t e d from a commercial p r e p a r a t i o n p r o v i d e d 
by Sandoz I n c . Procedures f o r c r y s t a l p r o d u c t i o n , i s o l a t i o n , and 
d i s s o l u t i o n were as d e s c r i b e d p r e v i o u s l y ( 3 , 1 3 , 1 6 , 1 7 ) . The 
a l k a l i n e s o l u b i l i z e d S-endotoxin was d i a l y z e d a g a i n s t a 50 mM 
sodium ace ta te b u f f e r (pH 4 .5 ) u n t i l a p r e c i p i t a t e developed. The 
p r e c i p i t a t e was removed by c e n t r i f u g a t i o n and the supernatant was 
r ead jus t ed to pH 8.5 w i t h a 0 .1 M T r i s s o l u t i o n . T h i s t o x i n 
s o l u t i o n was then f r a c t i o n a t e d on a DEAE-anion exchange column (30 
ml bed volume; DE-52, Whatman) p r e - e q u i l i b r a t e d w i t h a 50 mM T r i s -
HC1 b u f f e r a t pH 8 .5 . E f f l u e n t s from the an ion exchange 
chromatography were b i o a s s y e d a g a i n s t 4 t h i n s t a r l a r v a e o f Aedes 
aegypti. T o x i c f r a c t i o n s were poo led and used i n the immuniza t ion 
o f New Zealand whi t e a l b i n o r a b b i t s (Ba t ton and Kingman, Fremont, 
C A ) . Rabb i t s were immunized w i t h three i n i t i a l i n j e c t i o n s ( sc ) i n 
F reund ' s Complete Adjuvant , and then three boos te r shots i n 
F reund ' s Incomplete Adjuvant a month l a t e r . Serum was c o l l e c t e d by 
exsangu ina t i on i n a s i n g l e b l e e d i n g . 
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28. CHEUNG AND H A M M O C K Monitoring B. thuringiensis with ELISA 361 

R e s u l t s o f DEAE-anion exchange chromatography are shown i n 
F i g u r e 1. P a r t i a l l y p u r i f i e d BT israelensis c r y s t a l p r o t e i n s (25 
to 28 k i l o d a l t o n pep t ides ) were used i n the immuniza t ion o f 
r a b b i t s . Western B l o t t i n g (F igu re 2) showed t ha t t h i s an t i se rum 
r e a c t e d s t r o n g l y w i t h the 25- to 28- kDa p e p t i d e s . Cross 
r e a c t i v i t y w i t h the o ther BT israelensis c r y s t a l p r o t e i n s and the 
BT kurstaki t o x i n was m i n i m a l . 

ELISA 

A two-step c o m p e t i t i v e ELISA was developed f o r q u a n t i t a t i n g the 
a l k a l i n e s o l u b i l i z e d BT israelensis 6-endotoxin. The ELISA 
procedure used was a m o d i f i c a t i o n o f methods d e s c r i b e d by V o l l e r e t 
a l (IS) and by Wie e t a l (11) . Samples o f d i s s o l v e d t o x i n were 
incuba ted ove rn igh t a t 25°C w i t h the a n t i - B T an t i se rum i n phosphate 
b u f f e r e d s a l i n e (PBS/Tween; 0.14 M sodium c h l o r i d e , 1.5 mM d i b a s i c 
potass ium phosphate, 8.3 mM monobasic sodium phosphate, 2.7 mM 
potass ium c h l o r i d e , 0.02% sodium a z i d e , 0.05% Tween-20, pH 7 . 2 ) . 
M i c r o t i t e r p l a t e s were coa ted ove rn igh t a t 4°C w i t h a t o x i n 
s o l u t i o n (1 / ig /ml , 2 0 0 / i l / w e l l ) . A f t e r ove rn igh t i n c u b a t i o n , the 
m i c r o t i t e r p l a t e s were washed 3X w i t h PBS/Tween, 200/ i l o f each 
r e a c t i o n mix tu re was t r a n s f e r r e d i n t o i n d i v i d u a l w e l l s and a l l owed 
to r e a c t f o r two hours a t room temperature. The m i c r o t i t e r p l a t e s 
were then washed 3X w i t h PBS/Tween, 200^1 o f a goat a n t i - r a b b i t IgG 
a l k a l i n e phosphatase conjugate (1:3000, M i l e s L a b o r a t o r i e s I n c . ) 
was added to each w e l l and a l l owed to r e a c t f o r an a d d i t i o n a l 2 
hou r s . A f t e r three more washings w i t h PBS/Tween, 200/ i l o f 
s u b s t r a t e s o l u t i o n (0.1% p - n i t r o p h e n o l phosphate i n 10% 
die thanolamine and 0.1% magnesium c h l o r i d e , pH 9.8) was added. 
Enzyme r e a c t i o n s were stopped a f t e r 30 min by a d d i t i o n o f 50 / i l o f a 
3N NaOH s o l u t i o n . The o p t i c a l d e n s i t y o f each r e a c t i o n was 
measured by a T i t e r t e k EIA reader (Flow L a b o r a t o r i e s I n c . ) . Data 
were c o l l e c t e d by the use o f a p e r s o n a l computer and a PC-EIA 
software package (Dor i an Software C o . , M a r y l a n d ) , then t r a n s f e r r e d 
w i t h a program developed i n house (19) and ana lyzed w i t h a Lotus 1-
2-3 software package (Lotus C o r p o r a t i o n ) . A s tandard ELISA 
t i t r a t i o n o f the BT israelensis S-endotoxin i s shown i n F i g u r e 3. 
The l i m i t s o f d e t e c t i o n by the ELISA procedure ranged from 15 ng/ml 
to 1000 n g / m l . No c ross r e a c t i v i t y w i t h BT kurstaki t o x i n was 
de t ec t ed . 

To t e s t the c o r r e l a t i o n between immunoassay and b i o a s s a y , 
f ou r t een BT israelensis f o rmula t ions (Biochem Produc t s , US 
D i v i s i o n ) w i t h known b i o l o g i c a l a c t i v i t i e s were assayed w i t h ELISA. 
P a r t i c u l a t e mat ter ( i n c l u d i n g c r y s t a l s ) from the fo rmu la t i ons were 
f i r s t c o l l e c t e d and washed w i t h d i s t i l l e d water by c e n t r i f u g a t i o n . 
The p e l l e t s were e x t r a c t e d ove rn igh t w i t h a 0.5% sodium carbonate 
p l u s 0.02% a z i d e s o l u t i o n a t 4 °C . A f t e r a l k a l i n e e x t r a c t i o n , the 
pH ' s o f the supernatants were ad jus ted to 7 . 5 - 8 . 0 . These e x t r a c t s 
were then d i l u t e d w i t h PBS/Tween and assayed by ELISA. 
C o n c e n t r a t i o n o f BT israelensis 6-endotoxin i n each e x t r a c t i o n was 
determined by comparing w i t h a s tandard curve ( F i g u r e 3 ) . R e s u l t s 
o f these comparisons are shown i n Table I . 
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362 BIOTECHNOLOGY FOR CROP PROTECTION 

24 30 40 50 60 70 
Fraction Number 

F i g u r e 1. Sepa ra t i on o f BT israelensis 6-endotoxin by DEAE-
an ion exchange chromatography. F r a c t i o n s 56 to 65 were 
c o l l e c t e d and poo led and used f o r immunizing r a b b i t s . 

F i g u r e 2 . Western B l o t o f BT israelensis and BT kurstaki 
5-endotox ins . A . SDS-PAGE s e p a r a t i o n o f c r y s t a l p r o t e i n s before 
t r a n s f e r onto n i t r o c e l l u l o s e membrane. Lane 1, BT israelensis 
p r o t e i n ; Lane 2 , P r o t e i n used f o r immuniza t ion; Lane 3, BT 
kurstaki t o x i n . B . Western B l o t t i n g o f the same p r o t e i n s u s i n g 
a r a b b i t an t i serum r a i s e d a g a i n s t p r o t e i n s i n lane 2 . 
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28. CHEUNG AND H A M M O C K Monitoring B. thuringiensis with ELISA 363 

ng Alkaline Dissolved B.t. Toxin / ml 

F i g u r e 3. I n d i r e c t ELISA i n h i b i t i o n s tandard curve u s i n g the 
r a b b i t an t i se rum to p a r t i a l l y p u r i f i e d BT israelensis t o x i n . 
• • israelensis p r o t e i n s ; • — • kurstaki p r o t e i n s . 
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364 BIOTECHNOLOGY FOR CROP PROTECTION 

Table I . Comparison o f ELISA and Bioassays o f 
Commercial Formula t ions 

L C 5 0 IPS/78 LCso fig ELISA/mg IU- / ig 
Formula t ions (mg per L) (mg per L) IU/mg F o r m u l a t i o n ELISA 

SWI 1 0.8581 0.3768 440 13.13 33.51 
SWI 2 10.8000 0.5000 46 8.45 5.44 
SWI 3 0.2736 0.2650 969 11.96 81.02 
SWI 4 0.2815 0.2650 942 / / 
SWI 5 0.3138 0.2650 844 11.41 73.92 
SWI 6 0.3820 0.2650 694 9.69 71.62 
SWI 7 0.6284 0.3998 648 10.10 73.16 
SWI 8 0.6193 0.3768 608 8.85 68.66 
SWI 9 0.7810 0.3814 488 5.35 91.20 
SWI 10 0.3932 0.2405 612 8.61 71.08 
SWI 11 0.4817 0.2405 499 8.44 59.08 
SWI 12 0.5876 0.3768 641 9.71 65.28 
SWI 13 0.6512 0.3274 503 9.82 51.22 
SWI 14 799 10.20 78.33 
SWI 15 799 9.61 83.14 

I f bo th assays are measuring the t o x i c element o f the 6-endotoxin, 
numbers i n the l a s t column shou ld be i d e n t i c a l f o r a l l 14 
f o r m u l a t i o n s . An average o f 69.3 ± 14.9 IU was found to be 
a s s o c i a t e d w i t h each microgram o f t o x i n de tec ted w i t h the ELISA 
procedure . 

As i n b i o a s s a y s , immunoassay i s a l s o a q u a n t i t a t i o n o f the 
t o x i c p r i n c i p l e ( s ) w i t h i n the BT israelensis c r y s t a l t o x i n . Thus 
i t i s p o s s i b l e to express immunochemical a c t i v i t i e s i n terms o f 
b i o l o g i c a l a c t i v i t i e s o r v i c e v e r s a ( i e . number o f i n t e r n a t i o n a l 
u n i t s (IU) per /xg o f ELISA de tec ted p r o t e i n , o r L C 5 0 - A*g o f ELISA 
de t ec t ed m a t e r i a l s ) . I n Table I , the b i o l o g i c a l a c t i v i t i e s o f the 
fo rmu la t i ons are expressed i n IU/mg f o r m u l a t i o n (column 4 ) , and the 
immunologica l a c t i v i t i e s are expressed i n /ig o f t o x i n de t ec t ed by 
ELISA per mg o f f o r m u l a t i o n (eg. column 5, /ig ELISA/mg 
f o r m u l a t i o n ) . A c o r r e l a t i o n between b i o a s s a y and immunoassay i s 
demonstrated when the b i o l o g i c a l a c t i v i t i e s are d i v i d e d i n t o the 
immunologica l a c t i v i t i e s f o r each f o r m u l a t i o n (column 6 ) . The 
r e s u l t i n g u n i t w i l l be IU/ / ig o f t o x i n de tec ted by ELISA (eg. I U / ^ g 
E L I S A ) . T h e o r e t i c a l l y , t h i s u n i t shou ld be i d e n t i c a l f o r a l l the 
fo rmula t ions when the same s t r a i n o f BT israelensis was used . For 
the 14 f o r m u l a t i o n s , an average o f 69.3 ± 14.9 IU was found to be 
a s s o c i a t e d w i t h each microgram o f t o x i n de tec ted u s i n g the ELISA 
procedure . The c o e f f i c i e n t o f v a r i a n c e f o r the ELISA procedure 
(21%) i s v e r y c l o s e to t ha t o f the b i o a s s a y . T o x i c i t y o f the 
IPS/78 s tandard powder has a 22% c o e f f i c i e n t o f v a r i a n c e ( L C 5 0 -

0.3585 ± 0.0815 mg/ml) . 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

02
8



28. CHEUNG AND H A M M O C K Monitoring B. thuringiensis with ELISA 365 

Envi ronmenta l Samples 

I t has been w i d e l y observed tha t f i e l d e f f i c a c y o f BT israelensis 
t o x i n i s s h o r t term ( Z , 8 , 9 , 2 3 ) . B i o d e g r a d a t i o n i s o f t e n suspected 
as one o f the major causes o f l o s t e f f i c a c y , because the 
p ro te inaceous c r y s t a l s are an e x c e l l e n t subs t r a t e f o r 
microorganisms . To examine how b i o d e g r a d a t i o n a f f e c t e d sample 
h a n d l i n g and sample work-up, commercial BT israelensis m a t e r i a l was 
suspended i n d i s t i l l e d water p l u s 0.02% sodium a z i d e , tap water , 
and water c o l l e c t e d from a road s i d e d i t c h . The b i o l o g i c a l and 
immunochemical a c t i v i t i e s were moni tored f o r s i x days . Samples 
were removed a t d i f f e r e n t t ime p o i n t s f o r b ioa s say a g a i n s t mosquito 
l a r v a e or f o r immunoassays a f t e r a l k a l i n e e x t r a c t i o n . The r e s u l t s 
are shown i n F i g u r e 7. Both b i o l o g i c a l and immunochemical 
a c t i v i t i e s d e t e r i o r a t e d r a p i d l y when an a n t i - m i c r o b i a l agent was 
not p re sen t . I t a l s o appeared tha t the immunochemical a c t i v i t y 
d e t e r i o r a t e d f a s t e r than the b i o l o g i c a l a c t i v i t y . However, 
presence o f immunoassay i n t e r f e r i n g substances c o u l d have 
c o n t r i b u t e d to t h i s o b s e r v a t i o n , r e s u l t i n g i n an apparent immediate 
disappearance o f immunochemical a c t i v i t y a t 1 h r . pos t i n o c u l a t i o n . 

S e v e r a l assay c o n d i t i o n s were a l s o t e s t e d to determine i f the 
ELISA i s a p p l i c a b l e to a n a l y s i s procedures f o r envi ronmenta l 
samples. The assay was performed a t pH ' s 5-9 and a l s o i n the 
presence o f 0.02 - 2.0% bovine serum a lbumin . I n a d d i t i o n , tap 
wate r , water c o l l e c t e d from a r i c e f i e l d , and e f f l u e n t water from a 
sewage treatment p l a n t were s p i k e d w i t h a l k a l i n e - d i s s o l v e d t o x i n 
and then assayed w i t h the ELISA. 

Per forming the assay a t pH ' s between 7.2 to 9 d i d not a f f e c t 
the dose responses o f the ELISA (F igu re 4 ) . I n a c i d i c c o n d i t i o n s , 
the r e l a t i o n s h i p between c o n c e n t r a t i o n and immunoac t iv i ty o f the 
assay became l e s s w e l l d e f i n e d . The upper d e t e c t i o n l i m i t a l s o was 
lower . Th i s e f f e c t i s p robab ly due to the t o x i n p r e c i p i t a t i n g a t 
a c i d i c p H ' s . Presence o f BSA (0.02-2.0%) reduced background c o l o r 
development and thus gave a b e t t e r c o r r e l a t i o n between 
c o n c e n t r a t i o n and immunoac t iv i ty (F igu re 5 ) . 

When water samples ( s p i k e d w i t h BT israelensis) were t i t r a t e d 
w i t h the ELISA procedure , the d e t e c t i o n l i m i t s were reduced to 
between 100-1000 n g / m l . T h i s was e s p e c i a l l y obvious w i t h the r i c e 
f i e l d water and the sewage e f f l u e n t water (F igu re 6 ) . A d j u s t i n g 
the pH ' s o f the water samples p r i o r to t e s t i n g d i d no t improve the 
assay . I t i s l i k e l y t ha t the presence o f o rgan ic mat ter and 
microorganisms i n these water samples i n t e r f e r e d w i t h the ELISA 
procedure . A d s o r p t i o n o f the a n t i g e n and an t ibody to o rgan ic 
mat ter would have a f f e c t e d the p r e c i s i o n and accuracy o f the assay. 
I n a d d i t i o n , b i o d e g r a d a t i o n by microbes and pro teases r e l e a s e d from 
these microorganisms would a l s o i n t e r f e r e w i t h the a n t i b o d y / a n t i g e n 
r e a c t i o n . 

These r e s u l t s i l l u s t r a t e two impor tant f a c t o r s i n work ing w i t h 
b i o l o g i c a l and b i o c h e m i c a l p e s t i c i d e s . F i r s t , sample c lean-up i s 
p robab ly needed before envi ronmenta l samples can be a p p l i e d to an 
immunoassay procedure . Second, to c o r r e l a t e f i e l d and l a b o r a t o r y 
da t a , samples shou ld be handled i n such a way as to min imize 
b i o d e g r a d a t i o n . 
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366 BIOTECHNOLOGY FOR CROP PROTECTION 

i 1 1 r 
0.591 0.892 1.194 1.495 1.796 2.097 2.398 2.699 3.000 3.301 

Log ng Btl crystal protein per ml 

F i g u r e 4 . T i t r a t i o n o f BT israelensis p r o t e i n s by ELISA a t pH 5 
, pH 6 , pH 7.4 , pH 8 - - A - - , and pH 9 
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28. CHEUNG AND HAMMOCK Monitoring B. thuringiensis with ELISA 367 

u -1 1 1 1 1 1 1 1 1 -1 
0.591 0.892 1.194 1.495 1.796 2.097 2.398 2.699 3.000 3.301 

Log ng Btl crystal protein per ml 
Figure 5. Titration of BT israelensis proteins by ELISA in the 
presence of 0.02% BSA , 0.2% BSA - - A - - , 2% BSA , 
and no BSA 
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368 BIOTECHNOLOGY FOR CROP PROTECTION 

0.892 1.193 1.495 1.796 2.097 2.398 2.699 3.000 3.301 3.602 
Log ng Bt? crystal protein per ml 

F i g u r e 6. T i t r a t i o n o f BT israelensis p r o t e i n s i n f i e l d 
c o l l e c t e d water samples; b u f f e r c o n t r o l - - T - - , tap water - - A - - , 
r i c e f i e l d water , and sewage p l a n t e f f l u e n t water  P
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28. CHEUNG AND H A M M O C K Monitoring B. thuringiensis with ELISA 369 

100 r 

50 

1 day 2 days 4 days 6 days 

100 r 

50 

-Oa 2 
1 hr 1 day 2 da 

b » I fa» 
2 days 4 days 

7B 

6 days 
Time Post Inoculation of Toxin 

F i g u r e 7. B i o d e g r a d a t i o n o f BT israelensis t o x i n . Commercial 
f o r m u l a t i o n o f t o x i n was suspended i n water samples. A t 
d i f f e r e n t t imes pos t i n o c u l a t i o n the b i o l o g i c a l a c t i v i t y (A) and 
the immunochemical a c t i v i t y (B) was determined and expressed as 
% o f a c t i v i t y a t time z e r o . Water samples i n c l u d e d : I H 
d i s t i l l e d water p l u s 0.04% sodium a z i d e ; l / / / / / 7 tap water ; 

water c o l l e c t e d from road s i d e d i t c h e s . 
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370 BIOTECHNOLOGY FOR CROP PROTECTION 

Sample Work-up 

Bioassays f o r BT t o x i n are s e n s i t i v e because the t e s t animals 
f u n c t i o n as a concen t r a to r and a de t ec to r s i m u l t a n e o u s l y . When 
exposed to v e r y low c o n c e n t r a t i o n s , the t o x i n i s accumulated as the 
an imal feeds over a p e r i o d o f days. Compared to immunoassays, 
b ioa s says f o r the BT t o x i n s are g e n e r a l l y 50-100 t imes more 
s e n s i t i v e (Table I I ) . As w i t h o ther r e s idue procedures , sample 
work-up can be employed to extend the d e t e c t i o n l i m i t s o f an enzyme 
immunoassay and to remove i n t e r f e r i n g m a t e r i a l s a t the same t ime . 
Such work up w i l l be e s s e n t i a l i f immunoassays are to be as 
s e n s i t i v e as b ioassays u s i n g f i l t e r f eed ing organisms. 

Table I I . Comparison o f s e n s i t i v i t i e s between b i o a s s a y and ELISA 
f o r the d e t e c t i o n o f BT israelensis S -endotox in 

BT t o x i n Bioassay L C 5 0 ELISA I C 8 o a 

BT israelensis < 1 n g / m l b 100-200 ng/ml 

BT 

a 

kurstaki 5, .5 - 8.5 ng/cm 2 c 10-20 ng/ml 

IC50, c o n c e n t r a t i o n a t which 50% i n h i b i t i o n o f ELISA a c t i v i t y 
•ccurred. 

° W i t h p u r i f i e d c r y s t a l s (2,6) 
c Wi th p u r i f i e d c r y s t a l s ( 2 , 2 2 ) ; t o x i c i t y o f BT kurstaki i s 
measured i n terms o f amount o f t o x i n per u n i t su r face area o f 
i n s e c t d i e t . 

Immuno-Blot t ing . Many a f f i n i t y membranes adsorb molecules such as 
p r o t e i n s , n u c l e i c a c i d s , carbohydra tes , e t c . The Immuno-Blot 
technique takes advantage o f the f a c t t ha t an t igens can be q u i c k l y 
i m m o b i l i z e d onto these membranes and then be ana lyzed w i t h an ELISA 
procedure . Sample work-up i s q u i c k l y ach ieved by repeated sample 
a p p l i c a t i o n s . Ant igens are concen t ra ted on the membrane, thus 
ex tend ing the l i m i t s o f d e t e c t i o n . Depending on the b i n d i n g 
c a p a c i t y o f the membrane used, the i nc rea se i n s e n s i t i v i t y can be 
q u a n t i t a t i v e . Wi th f i v e sample a p p l i c a t i o n s onto a pure 
n i t r o c e l l u l o s e membrane, we were ab le to extend the ELISA d e t e c t i o n 
l i m i t o f BT israelensis t o x i n from 22 ng/ml to 4 ng /ml (20) . I n 
a d d i t i o n , immunoblots can be run i n a 9 6 - w e l l format . A f t e r d r y i n g 
and c l a r i f y i n g the membrane, b l o t s can be read i n some s tandard 
r eade r s . I t remains to be seen i f problems w i t h p l a t e v a r i a b i l i t y 
can be avo ided w i t h the immunoblot format . 

S o l i d Phase E x t r a c t i o n . DEAE-anion exchange chromatography was 
employed to concent ra te BT israelensis t o x i n from a l a r g e volume o f 
v e r y d i l u t e d s o l u t i o n . A l i t e r o f r i c e f i e l d water was s p i k e d w i t h 
250 ng o f the t o x i n ( f i n a l c o n c e n t r a t i o n 250 p g / m l ) . Th i s s o l u t i o n 
was then passed through a 1 ml DEAE-column (Sephacel ; Pharmacia) . 
The t o x i n was e l u t e d w i t h 1 ml o f 0.15 M NaCl s o l u t i o n and then 
assayed w i t h the ELISA and the Immuno-Blot p rocedures . The assay, 
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28. CHEUNG AND HAMMOCK Monitoring B. thuringiensis with ELISA 371 

in combination with solid phase extraction, can measure BT toxin 
down to the 100 picogram/ml level. 

Conclusion 

Application of immunoassay to pesticide residue work has gained 
support due to its sensitivity, specificity, speed of analysis, and 
cost effectiveness (20-22). The preliminary data presented in this 
study address several potential problems when applying enzyme 
immunoassay to a residue procedure for BT israelensis toxin in 
specific and other biological pesticides in general. These large 
proteinaceous molecules are usually highly immunogenic and do not 
require hapten carrier conjugation for antibody production. 
Procedures for assay development and optimization are well 
established. However, because environmental samples often contain 
ELISA interfering materials, sample clean-up or exchanging into a 
different sample matrix is required to maintain the precision and 
accuracy of the EIA's. In addition, like many other biological and 
genetically engineered pesticides, BT israelensis toxin is very 
susceptible to biodegradation. Procedures are needed to deal with 
sample handling and sample work-up. 
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Chapter 29 

Phylogenetical ly B a s e d Studies 
o f M i c r o b i a l Ecosys tem P e r t u r b a t i o n 

David A. Stahl 

College of Veterinary Medicine, University of Illinois, Urbana, IL 61801 

The use of comparative ribosomal RNA sequencing for 
studies in microbial ecology and microbial evolution is 
discussed. A specific study, using the 16S ribosomal 
RNA to monitor the bovine rumen microbial community, is 
described. The response of this community to antibiotic 
addition was evaluated by hybridization of oligo
nucleotide probes to nucleic acid isolated from the 
rumen. The application of the ribosomal RNA based 
measure of microbial communities to general evaluations 
of community disruption, as might follow the release of 
genetically engineered microorganisms into the 
environment, is discussed. 

Current, concern over the pending and pilot release of genetically 
engineered microorganisms (GEMS) and viruses into the environment 
(1,2) is a reflection of our very limited understanding of natural 
microbial ecosystems. Recent advances in biotechnology have greatly 
expanded the repertoire of genetic constructions and so, the 
phenotypic variety available for commercial application. However, 
unlike other products, microorganisms are self-replicating. Their 
release must be treated as irreversible. This has served to fuel 
concern. 

Two opposing attitudes concerning "deliberate release*' prevail, 
or at least dominate attention. The conservative viewpoint would ask 
that, any novel organism (either the product of genetic engineering or 
more conventional genetic manipulations) be closely scrutinized (1). 
This position holds that we know very little about how microorganisms 
compete in nature, what constitutes a functionally stable microbial 
community and how buffered those communities are to insult... so it 
is essential to assess ecosystem effects. The alternative position 
claims that the products of recombinant technology differ little (if 
at all) from those arising from natural processes and those of more 
traditional genetic selections (2). This controversy has shown how 
poorly prepared the scientific community is to evaluate natural 
microbial communities and the impact of engineered microorganisms on 
these communities. Fortunately, the same technical revolution that 

0097-6156/88/0379-0373$06.00/0 
• 1988 American Chemical Society 
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374 BIOTECHNOLOGY FOR CROP PROTECTION 

spawned genetically engineered microorganisms has also served to 
provide new tools for the evaluation of natural microbial 
communities. This chapter describes the application of some of these 
techniques to the characterization of the most poorly characterized 
of natural communities. The foundation of this work is the analysis 
of ribosomal RNAs (rRNAs) or their genes i n the environment. 

Historical Impediments to the Study of Microbial Ecology 

There is l i t t le disagreement that the greatest handicap i n the study 
of microbial ecology is characterizing the members of microbial 
communities. This is a two part problem. The first part is the 
prerequisite pure culture isolation of the various microorganisms 
making up a natural community. The puVe culture description is the 
foundation of microbiology and is an essential prelude to the 
complete description (biochemical, physiological and genetic) of a 
microorganism. Yet, the greater part of many natural populations 
cannot readily be grown using standard techniques (3). This problem 
has often been cited as the greatest blind spot i n microbial ecology 
and i n measures of microbial diversity. 

The second part of the problem of characterization is 
nomenclature. Although the necessity of cultivation is perhaps the 
better appreciated limitation i n studies of microbial ecology, the 
more fundamental limitation is taxonomy. The phenotypic 
characteristics of a microorganism frequently do not adequately 
define it . Differences i n physiological attributes examined may 
belie an underlying genetic similarity. Alternatively, similar 
physiological and morphological attire may obscure genetic diversity 
(12) . There are many examples of each. Classification would 
therefore seem to be the blind spot i n studies of microbial ecology. 
The study of microbial ecology rests upon a correct and workable 
taxonomy. The later rests upon an understanding of microbial 
phylogeny. 

Microbial Phylogeny and the Use of Biopolymers as Historical 
Documents 

Historically, the classification of microorganisms has been driven by 
two considerations. These are the practical need for a useful 
determinative scheme for identification and, an ideal, that the 
classification reflect natural relationships. The drive toward a 
phylogejnetically correct taxonomy was early mired in technical and 
conceptual shortcomings. The ranking by morphology and physiology 
(e.g. photosynthetic, chemosynthetic and heterotrophic metabolisms) 
was ultimately shown to be arbitrary (4 ) . An added confusion 
concerned diversity within designated taxons. The "splitting" or 
"lumping" of classes of microorganisms often reflected the immediate 
needs (and resources) of the study, not a uniform classification. 
Insights into the natural relationships among microorganisms had to 
await the development of methods for studying their molecular 
architecture ( 5 ) . 

The genealogy of microorganisms is most clearly recorded i n 
their common biopolymers, the amino acid sequence of homologous 
proteins and the nucleotide sequence of homologous nucleic acids. 
When certain conditions are met (below), divergence of sequence can 
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29. STAHL Microbial Ecosystem Perturbation 375 

be related to evolutionary divergence of the organism. This can be 
inferred by several means. Methods commonly used include nucleic 
acid hybridization, antigenic relatedness, electron microscopy (e.g. 
of ribosomes), and sequencing. Among these, the least ambiguous is 
comparative sequencing. Unlike the other methods, sequencing 
generates a cumulative data collection that can be treated 
analytically. Thus, the recent revolution in nucleic acid sequencing 
technology has fostered comparative sequencing studies and is placing 
microbiology for the first time within an evolutionary framework. 
Comparative sequence analysis, most importantly of the ribosomal 
RNAs, has yielded the most complete understanding of microbial 
phylogeny (4,6). This, and a clear evolutionary perspective has 
served as the foundation for the explicit characterization of natural 
microbial communities (7,8,9,10). 

The ribosomal RNAs and the Universal Phylogeny 

The use of ribosomal RNAs to infer evolutionary relationships is now 
well documented (4). These ubiquitous biopolymers are ideally suited 
to studies of microbial phylogeny and to studies in microbial ecology 
for the following reasons. 

1. As integral elements of the protein-synthesizing machinery, they 
are functionally and evolutionarily homologous in al l organisms. 
Thus they can be used to infer a universal phylogeny of extant 
l ife. 

2. They are highly conserved in both sequence, size and higher-order 
structure. Consequently, the rRNAs (or their genes) can be 
identified in natural samples by both size and sequence. 

3. The conservation of nucleotide sequence across the length of the 
molecules is variable. Some regions of sequence (and structure) 
are invariant. These can be used to identify these molecules in 
the environment and also for the sequence alignment necessary for 
calculations of similarity. The more variable regions are used 
to infer evolutionary distance and to provide signatures of 
identify for individual species or strains of microorganisms. 

4. The rRNAs provide ample sequence information for statistically 
significant comparisons. 

5. The rRNA genes appear not to be transferred among different 
microorganisms. The phylogeny of the molecules therefore reflects 
the phylogeny of the parent organisms. 

There are three ribosomal RNAs in bacteria; 5S (ca 120 nucleotides), 
16S (ca 1600 nucleotides), and 23S (ca 3,000 nucleotides). The 
eukaryotic versions of the 16S and 23s rRNAs are somewhat larger. In 
addition, most eukaryotes have a fourth species, the 5.8S rRNA, that 
is homologous with the 5' end of the 23S rRNA. For historical 
reasons, most early analyses used the 5S and 16S species in 
comparative studies. The smaller species were focused upon mostly 
because the then-available sequencing technology was not adequate for 
sequencing the larger 23S rRNA. However, recent developments in 
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376 BIOTECHNOLOGY FOR CROP PROTECTION 

sequencing technology have now made all species equally accessible 
(11). Since the precision of comparative analysis grows with the 
amount information (sequence) analyzed, greater use of the 23S rRNA 
is anticipated for the study of both microbial evolution and 
microbial ecology. 

The first inclusive phylogeny (encompassing both eukaryotes and 
prokaryotes) was derived from the comparative sequencing of 16S rRNAs 
(6). This study was primarily the effort of Carl Woese and 
collaborators and has served as the foundation for the studies in 
microbial ecology discussed here. This earlier work relied upon the 
sequencing of oligonucleotides (RNA fragments from one to ca 20 
nucleotides in length) derived from ribonuclease T^ digestion of the 
16S rRNA. The collection (the catalogue) of oligonucleotide 
sequences comprises a partial, and discontinuous, sequence of the 
parent molecule. Similarity between organisms is inferred from the 
fraction of oligonucleotides common to both and from the limited 
application of signature sequences (6). The latter are relatively 
highly conserved oligonucleotides that define major lines of 
evolutionary descent. Although, much of the existing data collection 
of 16S rRNA sequence is in the form of oligonucleotide catalogues, 
the use of rRNA templated reverse transcriptase sequencing is rapidly 
expanding the collection of complete or nearly complete 16S rRNA 
sequences (11). Continuous sequences will soon replace the catalogue 
collection. 

It. was the analysis of the 16S rRNAs that first revealed the 
unique evolutionary position of the archaebacteria, and defined the 
primary evolutionary divisions of life on this planet (4,6). Figure 
1 shows an unrooted phylogenetic tree based upon complete 16S rRNA 
sequences of representatives of the three primary lines of 
evolutionary descent; the archaebacteria, the eubacteria and the 
eukaryotes. Within these primary lines of descent other major lines 
of descent have been delineated. Within the eubacteria, for example, 
some ten major divisions are now recognized. It has been suggested 
that these be given a systematic rank equivalent to phylum (12). 
However, this chapter will not elaborate upon the emerging 
phylogenetic description of life on this planet. The reader is 
referred to a recent review for a dedicated treatment, of this subject 
(4,12). 

Microbial Ecology and Microbial Phylogeny: Common Ground 

Full appreciation of microbial evolution must come from a complete 
knowledge of extant microbial diversity. As well, full appreciation 
of microbial diversity can only come from an understanding of their 
evolution. Although these studies generally have been treated 
independently, this is mostly because there has been no unifying 
conceptual and technical framework. The ribosomal RNAs now provide 
the framework. They therefore offer the criteria to explicitly 
characterize any organism on this planet and to place it in a 
phylogenetic context. They can be used to characterize natural 
communities without the requirements of cultivation or previous 
pure-culture descriptions of the community members (7,10). 

Two general technical approaches to using the ribosomal RNAs for 
the characterization of natural microbial communities have so far 
been evaluated (8). The method first explored used the 5S rRNAs to 
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29. STAHL Microbial Ecosystem Perturbation 377 

ARCHAEBACTERIA 

0.1 fixed i 
per sequence position 

Homo sapiens 

Sutfolobus solfataricus 
Thermoproteus tenax 

Halobacterium volcanii 
Methanospiriltum hungatei 
Methanobacterium formidcum 

Methanococcus vannfefff 

EUKARYOTES EUBACTERIA 
Figure 1. Universal phylogenetic tree based on comparative 16S 
rRNA sequencing showing the relationship of representatives of the 
three primary lines of evolutionary descent. Sequence differences 
through regions of unambiguous alignment: (about 950 nucleotides) 
were corrected for multiple nucleotide substitutions per site and 
these estimates of sequence divergence (mutations fixed per 
sequence position) used to infer the phylogenetic tree as 
previously described (26). (Reproduced with permission from 
Ref. 23. Copyright 1986 Cell Press.) 
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378 BIOTECHNOLOGY FOR CROP PROTECTION 

c h a r a c t e r i z e n a t u r a l communities of l i m i t e d complex i ty ( 9 , 1 3 ) . In 
t h i s approach 5S rRNAs are d i r e c t l y i s o l a t e d from a v a i l a b l e biomass, 
separated on h i g h - r e s o l u t i o n acry lamide g e l s , and sequenced. The 
number of unique 5S rRNAs def ines p o p u l a t i o n complex i t y . Each 
community member i s c h a r a c t e r i z e d by a unique sequence tha t can be 
r e l a t e d to a re ference c o l l e c t i o n of 5S rRNAs from organisms i n pure 
c u l t u r e . An i d e n t i c a l sequence i n the reference c o l l e c t i o n i s not 
r e q u i r e d , s i nce the reference organism rRNA sequence most c l o s e l y 
r e l a t e d to the env i ronmen ta l ly d e r i v e d sequence i s always known. 
Because t h i s approach i s dependent upon the a n a l y t i c a l f r a c t i o n a t i o n 
of s i m i l a r molecu les , i t can not e a s i l y r e s o l v e the m i c r o b i a l 
components of very complex communities (> 10-20 s p e c i e s ) . Th i s i s 
the g rea tes t l i m i t a t i o n of the a n a l y s i s . A l s o , the 5S rRNA i s 
r e l a t i v e l y sma l l (ca 120 n u c l e o t i d e s ) and does not p rov ide enough 
in fo rma t ion to d i s c r i m i n a t e between very c l o s e l y r e l a t e d organisms or 
f o r de te rmin ing meaningful es t imates of g rea te r phy logene t i c 
d i s t a n c e s , as separate the va r ious e u b a c t e r i a l p h y l a . 

The second approach i s not so l i m i t e d by p o p u l a t i o n complex i ty or 
i n fo rma t ion conten t . Here 16S rRNA genes are "shotgun c loned" u s ing 
DNA p u r i f i e d from a v a i l a b l e biomass ( 7 , 8 ) . In t h i s case, the 
o r i g i n a t i n g p o p u l a t i o n complex i ty does not matter s i n c e the rRNA 
genes are c l o n a l l y i s o l a t e d from a recombinant l i b r a r y of DNA 
d i r e c t l y d e r i v e d from the n a t u r a l m i c r o b i a l community. The d i f f e r e n t 
c lones are so r t ed and sequenced u s i n g r a p i d sequencing techniques . 
The reader i s r e f e r r e d to p rev ious review a r t i c l e s on the e c o l o g i c a l 
use of rRNAs f o r d e t a i l s of the 5S rRNA based a n a l y s i s and the c l o n a l 
i s o l a t i o n of rRNA genes from n a t u r a l samples ( 8 , 9 , 1 3 ) . 

The i n t e r p r e t a t i o n of rRNAs i d e n t i f i e d i n the environment i s 
dependent upon the completeness of the reference c o l l e c t i o n of 
sequences. Al though there w i l l not soon be a reference c o l l e c t i o n 
complete enough to a s s i g n exact i d e n t i t i e s , t h i s should not be 
pe rce ived as too great a l i m i t a t i o n of t echnique . The more immediate 
change t h i s new technology w i l l b r i n g i s i n mindset . Pure c u l t u r e 
i s o l a t i o n has so long been a necessary pre lude to s t ud i e s i n 
m i c r o b i a l ecology that t h i s has n e a r l y become an accepted l i m i t a t i o n . 
Now the pure c u l t u r e r e p r e s e n t a t i o n of a community can be compared to 
a n e x p l i c i t measure of community compos i t ion ; rRNA sequences. Th i s 
a lone should g r e a t l y a l t e r how n a t u r a l systems are c h a r a c t e r i z e d . 
R e c o g n i t i o n of a dominant community member by sequence but not by 
c u l t u r e serves as powerful i n c e n t i v e to pursue the more e l u s i v e 
community member. 

A second change t h i s molecular approach b r ings to s tud i e s of 
m i c r o b i a l ecology i s more d i f f i c u l t to s u c c i n c t l y s t a t e . Th i s 
d e r i v e s from unders tanding e v o l u t i o n a r y r e l a t i o n s h i p s and the va lue 
of a phy logene t i c framework i n d e s i g n i n g s t ud i e s of n a t u r a l systems. 
As should become apparent, a phy logene t i c framework forces i n t e g r a t e d 
s t u d i e s of n a t u r a l systems. The b a s i s for the phy logene t i c framework 
(rRNA sequence) p rov ides e x p l i c i t c h a r a c t e r i s t i c s ( s igna tu re 
sequences) for mon i to r ing microorganisms i n any s e t t i n g . The same 
measure i s a p p l i e d to every system. For the f i r s t t ime, m i c r o b i a l 
e c o l o g i s t s working w i t h d i f f e r e n t m i c r o b i a l systems can c r o s s - t a l k , 
u s i n g the r ibosomal RNAs as a common tongue. To more c l e a r l y 
i l l u s t r a t e the couple between phylogeny and eco logy , a s p e c i f i c s tudy 
w i l l be d i s c u s s e d . Th i s i s par t of an ongoing study of ruminal 
m i c r o b i a l ecology (14) . 
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29. STAHL Microbial Ecosystem Perturbation 

The Rumen as a Model Microbial Ecosystem 

379 

The rumen is the modified stomach region of herbivores responsible 
for fiber digestion. (15,16,17). Having a volume of about 30 gallons 
in cattle, the rumen is an anaerobic environment harboring large 
numbers of obligately anaerobic bacteria and eukaryotes. Total 
microbial numbers average 109 to 10 1 0 cells/ml. These microbes are 
the principal agents of fiber breakdown, converting it to the protein 
and energy sources (primarily volatile fatty acids) used by the 
animal. The animal is therefore entirely dependent upon these 
microbial symbionts. We have elected to use this microbial ecosystem 
for developing some of the molecular techniques described in this 
chapter. 

Why the Rumen? 

There are a number of reasons for using the rumen microbial community 
as a model system. 

1. The rumen offers an abundant and complex microbial 
population. It is composed of representatives of al l the 
primary kingdoms (archaebacteria, eubacteria, and 
eukaryotes), including anaerobic fungi and protozoa in 
addition to the better described bacteria. 

2. It is well characterized bacteriologically, and therefore 
offers a basis for judging the fidelity of these molecular 
descriptions. Although the resident bacteria are quite well 
described biochemically and physiologically, there has been 
relatively l i t t le work on the ecological relationships 
between the different groups. 

3. It is quite analogous to other systems of anaerobic 
decomposition (e.g. sediments and sewage digesters), except 
that fatty acids and lowly substituted benzenoids are not 
completely degraded (18). 

4. It is a contained and easily sampled population. Exogenous 
microorganisms are easily introduced into the system and the 
system as a whole readily perturbed, for example, by altering 
diet, introducing exogenous organisms, or administering 
antibiotics. 

The last point is of particular interest from the standpoint of 
assessing the risk of releasing genetically engineered microorganisms 
(GEMS) into the environment. One principal concern of GEM release is 
their impact on existing microbial communities. But there is l i t t le 
understanding of what constitutes a stable microbial community. 
Measures of normal population variation and functional redundancy 
among natural community members are virtually absent in the 
literature. Yet these must be done to predict risk or to evaluate 
the ecosystem effects of GEM release. Community perturbation must be 
defined relative to normal variation in community composition. To 
more clearly establish these baseline criteria for risk assessment, 
the rumen stands as a very useful model. 
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We have initiated a comparative sequencing survey of dominant 
rumen microbial flora (Montgomery, L . ; Flesher, B.; Stahl, D.A. 
Submitted to Int. J . Syst. Bacterid.). The goal is to define each 
organism by 16S rRNA sequence. There are two components to the 
sequence characterization, with current effort directed to the first. 
The first is the comparative sequence analysis of rumen 
microorganisms now in pure culture. This provides a molecular 
signature (16S sequence) for each and also validates or serves as a 
basis for restructuring the existing taxonomy. Regions of variable 
sequence are used to determine phylogenetic relationships and are 
also used as hybridization targets for synthetic oligonucleotides. 
The relative amount of hybridization of specific or general 
oligonucleotide probes to rRNA isolated from the environment offers a 
rapid and quantitative measure of organism abundance without need for 
cultivation. 

The second component of the characterization is the comparative 
sequencing of 16S rRNA genes cloned from DNA isolated from total 
rumen contents. The comparative sequencing of 16S rRNA genes 
clonally isolated from naturally available DNA offers the most 
unbiased measure of rumen microbial content. Yet, as already 
discussed, the clonal analysis of the population cannot stand alone. 
It must be related to the existing culture collection of rumen 
microflora and their corresponding 16S rRNA sequences. Although a 
reference collection large enough to adequately cover the microbial 
diversity of this planet is not attainable in the foreseeable future, 
the rumen bacterial community is possibly well enough circumscribed 
to be reasonably well-defined by both the pure culture and 16S rRNA 
sequence criteria. 

Use of rRNA-Targeted Hybridization Probes for Studies of Microbial 
Ecology 

This section will cover two aspects of the use of DNA 
oligonucleotides as hybridization probes to monitor environmental 
populations of microorganisms. The first will discuss the 
nuts-and-bolts of technique. The second is more conceptual and 
addresses the design of these probes within a phylogenetic framework. 

Overview of Methodology. 

An unbiased assessment of microbial makeup based upon nucleic acid 
hybridization necessitates an unbiased recovery of nucleic acid from 
the various organisms represented in the environment. This is not 
straightforward. Cells greatly vary in susceptibility to breakage by 
enzymatic, chemical and mechanical disruption. In general, however, 
mechanical disruption offers the most uniform breakage of different 
cell types. Although mechanical disruption cannot be used to recover 
high molecular weight DNA, it can be used to recover intact DNA and 
rRNA suitable for oligonucleotide probe hybridization. In our 
experience, disruption with glass beads in a reciprocating shaker 
offers excellent recovery of nucleic acid from a great, variety of 
organisms (Stahl, D.A., unpublished observations). Even the more 
recalcitrant types (e.g. Gram-positive cocci, mycobacteria) are 
efficiently broken (unpublished observations). 
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29. STAHL Microbial Ecosystem Perturbation 381 

For the rumen p e r t u r b a t i o n s tudy, t o t a l n u c l e i c a c i d was 
recovered from u n f r a c t i o n a t e d rumen contents by mechanical d i s r u p t i o n 
(Min i -beadbea te r , Biospec Produc t s , B a r t l e s v i l l e , OK) w i t h g l a s s 
beads (150-200 microns) and phenol . Phenol was present to minimize 
the degrada t ion of n u c l e i c a c i d s by nuc leases . F o l l o w i n g a d d i t i o n a l 
e x t r a c t i o n s w i t h pheno l /CHCl3 , t o t a l n u c l e i c a c i d ( p r i m a r i l y rRNA) 
was recovered by e thanol p r e c i p i t a t i o n , denatured w i t h 1.5% 
g l u t a r a l d e h y d e , and spo t ted on ny lon membranes (19) . S ince there are 
u s u a l l y 10,000 to 20,000 cop ies of the r ibosomal RNAs per c e l l , 
rRNA-targe ted h y b r i d i z a t i o n i s a much more s e n s i t i v e measure of 
organism abundance than h y b r i d i z a t i o n to DNA sequences. DNA 
o l i g o n u c l e o t i d e probes were l a b e l e d w i t h 32p us ing p o l y n u c l e o t i d e 
k inase and gamma-labeled ATP (19) . H y b r i d i z a t i o n c o n d i t i o n s were 
o p t i m i z e d fo r s e n s i t i v i t y and s p e c i f i c i t y r e l a t i v e to t o t a l n u c l e i c 
a c i d i s o l a t e d from v a r i o u s o ther rumen and non-rumen microorganisms 
(19 ,20 ) . 

For these s t u d i e s we have used r a d i o a c t i v e probes . Th i s at 
present remains the most s e n s i t i v e d e t e c t i o n system. N o n - r a d i o a c t i v e 
s i g n a l l i n g systems ( e . g . b i o t i n and a l k a l i n e phosphatase tagged 
o l i g o n u c l e o t i d e s ) have yet to demonstrate comparable or be t t e r 
s e n s i t i v i t y . Th i s should change, but d i s c u s s i o n of these 
a l t e r n a t i v e s i s beyond the scope of t h i s chapter . For the rumen 
p e r t u r b a t i o n s tudy , h y b r i d i z a t i o n of the v a r i o u s o l i g o n u c l e o t i d e 
probes was measured by dens i tometry of f i l m exposed to the ny lon 
support membrane f o l l o w i n g h y b r i d i z a t i o n . F i l m response throughout 
the range of exposures used was l i n e a r . F igu re 2 i s an example of 
one h y b r i d i z a t i o n s e r i e s taken from our rumen s tudy. 

Design of H y b r i d i z a t i o n Probes and t h e i r A p p l i c a t i o n to M o n i t o r i n g 
M i c r o b i a l Communities 

I t i s the c a p a c i t y to de f ine rRNA ta rge ted probe s p e c i f i c i t y w i t h i n a 
phy logene t i c framework tha t lends such v e r s a t i l i t y to these s t u d i e s . 
F i g u r e 3 d i s p l a y s a 16S rRNA fo lded i n t o a consensus secondary 
s t r u c t u r e w i t h p o s i t i o n s shaded acco rd ing to r e l a t i v e e v o l u t i o n a r y 
conse rva t ion among t h i r t y d i f f e r e n t e u b a c t e r i a l s p e c i e s . Darker 
shading corresponds to h igher c o n s e r v a t i o n . As d i s p l a y e d by t h i s 
f i g u r e , the molecule i s a patchwork of r e l a t i v e e v o l u t i o n a r y 
c o n s e r v a t i o n . Some p o s i t i o n s and l o c a l e s are i n v a r i a n t ; o thers are 
common to a g iven kingdom but vary between kingdoms; more v a r i a b l e 
reg ions c o n t a i n s igna tu res for the va r ious e u b a c t e r i a l p h y l a . The 
most v a r i a b l e domains can be used to d i s c r i m i n a t e between spec ies or 
even subspecies of b a c t e r i a . Thus the spectrum of organisms 
addressed by a s i n g l e h y b r i d i z a t i o n probe v a r i e s accord ing to the 
r eg ion of the molecule s e l e c t e d as the h y b r i d i z a t i o n t a r g e t . The net 
cas t by a g iven h y b r i d i z a t i o n probe i s def ined by the needs of the 
s tudy . The c a s t i n g of wide or narrow nets i n s tud i e s of m i c r o b i a l 
ecology i s best i l l u s t r a t e d by example. O l i g o n u c l e o t i d e probes of 
"nested" s p e c i f i c i t y have been used by us to monitor popu la t ions of 
one of the more important c e l l u l o l y t i c b a c t e r i a i n the rumen, 
Bac te ro ides succinogenes . 

P r i o r to our c h a r a c t e r i z a t i o n of va r i ous s t r a i n s of t h i s rumen 
bac te r ium, i t was viewed as a coherent s p e c i e s . Now, based upon the 
marked divergence among the 16S rRNA sequences of s t r a i n s of t h i s 
" s p e c i e s " , i t i s now recognized to be made up of a c o l l e c t i o n of 
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382 BIOTECHNOLOGY FOR CROP PROTECTION 

Figure 2. Representative hybridization of the runtinal probe (2A) and 
cecal probe (2B) to nucleic acid extracted from daily rumen fluid 
samples and spotted to a nylon membrane. The oligonucleotide probes 
listed were used in the complete study. The following are 
complementary to positions 207 226 in the Escherichia coli 16S rRNA 
numbering: Lachnospira multiparus -specific, CTTATACCACCGGAGTTTTTCA; 
Bacteroides succinogenes strains NR9- and DR7-specific (cecal probe) 
CCGCATCGATGAATCTTTCGT ; and B. succinogenes strains S85- and 
A3e-specific (rumjnal probe) CCATACCGATAAATCTCTAGT. The B. 
succinogenes signature probe AATCGGACGCAAGCTCATCCC is complementary to 
positions 225 245 in the E. coli numbering. Total 16S rRNA was 
estimated by hybridization to an oligonucleotide ACGGGCGGTGTGTRC 
complementary to a region (near position 1400, E. coli numbering) of 
virtually all 16S-like rRNAs so far characterized (17). Bound probe 
was quantitated by densitometry relative to reference standards after 
autoradiography with preflashed film exposed at -85o C. Arrows mark 
the addition to, arid removal from, the feed of the ionophore 
antibiotic monensin. 
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29. STAHL Microbial Ecosystem Perturbation 383 

Secondary Structure of eubacterial 16S Ribosomal RNA 

Figu re 3 . P o s i t i o n a l n u c l e o t i d e conse rva t i on i n 27 d i v e r s e 
e u b a c t e r i a l 16S r ibosomal RNA sequences. Shading i n t e n s i t y 
inc reases i n p r o p o r t i o n w i t h c o n s e r v a t i o n . I n v a r i a n t p o s i t i o n s 
w i t h i n t h i s sequence set are b l a c k . Wi th the excep t ion of the 
u n i v e r s a l probe, the o l i g o n u c l e o t i d e probes used i n t h i s s tudy 
h y b r i d i z e w i t h i n the boxed r e g i o n of the 16S rRNA sequence. 
(Reproduced w i t h pe rmiss ion from Ref . 10. Copyr igh t 1986 Nature 
P u b l i s h i n g Co. ) 
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384 BIOTECHNOLOGY FOR CROP PROTECTION 

g e n e t i c a l l y d i s t i n c t b a c t e r i a (Montgomery, L . ; F l e s h e r , B . ; S t a h l , 
D . A . Submitted to I n t . J . S y s t . B a c t e r i o l . ) . Al though the 
assemblage of s t r a i n s i s p h y l o g e n e t i c a l l y coherent , to the e x c l u s i o n 
of o ther c h a r a c t e r i z e d b a c t e r i a , the phy logene t i c depth among them 
(ca 90% s i m i l a r i t y ) i s g rea te r than tha t which separates Proteus 
v u l g a r i s from E s c h e r i c h i a c o l i (ca 93% s i m i l a r i t y ) . The phy logene t i c 
depth among r e p r e s e n t a t i v e s t r a i n s of B. succinogenes i s best 
i l l u s t r a t e d by the phy logene t i c t r ee ( f i g . 4) i n f e r r e d from 16S rRNA 
sequence s i m i l a r i t y . The depth s epa ra t i ng the two major l i n e s of 
descent w i t h B . succinogenes i s deep enough to d i v i d e the c o l l e c t i o n 
i n t o d i f f e r e n t spec ies or genera, but there a re , as y e t , no 
s a t i s f y i n g phenotypic c r i t e r i a to base such a d i v i s i o n upon; the 
v a r i o u s s t r a i n s are now d i s t i n g u i s h e d main ly by v i t a m i n requirements 
and v a r i a t i o n s i n morphology. As we cont inue to b u i l d our re ference 
c o l l e c t i o n c r y p t i c d i v e r s i t y i s a common theme. A s i n g l e s t r a i n 
cannot be assumed r e p r e s e n t a t i v e of a s p e c i e s . These obse rva t ions 
h i g h l i g h t the l i m i t a t i o n s of t r a d i t i o n a l i d e n t i f i c a t i o n schemes fo r 
s t u d i e s i n m i c r o b i a l eco logy . 

To monitor popu la t ions of B. succinogenes i n the rumen over 
t ime , three d i f f e r e n t o l i g o n u c l e o t i d e probes were s y n t h e s i z e d . The 
t a rge t reg ions w i t h i n the 16S rRNA are i n d i c a t e d i n f i g u r e 3 . The 
" s igna tu re" probe i s complementary to the 16S rRNA of a l l but one 
s t r a i n o f B. succinogenes (DR7, S85, HM2, REH9-1, and A3c but not 
NR9) so f a r c h a r a c t e r i z e d by comparative sequencing. S t r a i n NR9 
d i f f e r s i n a s i n g l e A to G t r a n s i t i o n . The other probes i d e n t i f y 
e i t h e r of two n a t u r a l groups w i t h i n the l a r g e r assemblage. One group 
( ruminal type) i s represented by rumen s t r a i n s S85 and A3c; the 
second group (ceca l type) i s represented by s t r a i n s NR9 and DR7 
i s o l a t e d from ra t and p i g ceca , r e s p e c t i v e l y . These probes the re fo re 
are of nested s p e c i f i c i t y . A f o u r t h o l i g o n u c l e o t i d e probe i d e n t i f i e d 
Lachnosp i ra m u l t i p a r u s , a Gram-pos i t i ve p e c t i n o l y t i c rumen bac te r ium. 
One a d d i t i o n a l o l i g o n u c l e o t i d e was used to measure the t o t a l 16S rRNA 
content of each n u c l e i c a c i d sample a p p l i e d to ny lon membranes. Th i s 
probe i s complementary to a sequence element present i n a l l sma l l 
subuni t r ibosomal RNAs so f a r c h a r a c t e r i z e d ( e u k a r y o t i c and 
p r o k a r y o t i c ) (11) . H y b r i d i z a t i o n to t h i s probe was used to normal ize 
h y b r i d i z a t i o n of each s p e c i f i c probe. Abundance i s expressed as the 
t a rge t -g roup f r a c t i o n of the t o t a l 16S rRNAs i n the sample. 

P e r t u r b a t i o n of the Rumen M i c r o b i a l Ecology by Monensin 

Monensin i s a sodium ionophore a n t i b i o t i c tha t i s r o u t i n e l y i n c l u d e d 
i n c a t t l e f eed lo t d i e t s to improve feed u t i l i z a t i o n e f f i c i e n c y (21) . 
Increased propionate p r o d u c t i o n , decreased methane p r o d u c t i o n and a 
p r o t e i n s p a r i n g e f f e c t have been suggested to be i n pa r t r e s p o n s i b l e 
f o r improved feed convers ion (21) . Y e t , i t remains unreso lved 
whether a l t e r a t i o n of the rumen p o p u l a t i o n or a l t e r a t i o n of the 
phys io logy of a r e l a t i v e l y unchanged p o p u l a t i o n c o n t r i b u t e s most to 
these e f f e c t s . . Po lye the r a n t i b i o t i c s , such as monensin and l a s a l o c i d , 
are g e n e r a l l y cons idered to be most a c t i v e aga ins t Gram-pos i t i ve 
organisms, such as Lachnospi ra spp. and Ruminococcus s p p . , whereas 
organisms w i t h Gram-negative c e l l w a l l s ( e . g . Selenomonas and 
Bac te ro ides spp . ) are cons idered to be r e l a t i v e l y r e s i s t a n t (22) . 

In t h i s study we have used monensin p r i m a r i l y as a means to 
per turb t h i s ecosystem i n order to eva lua te our methods for measuring 
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Bacteroides fragilis 

Flavobacterium heparinum 

Bacteroides succinogenes 

S85 
REH9-1 ruminal type 

HM2 I 

V*7 J cecal type 

Arthrobacter globiformis 
Mycobacterium flavescens 

Bacillus subtls 

Pseudomonas testosteroni 

• Proteus vulgaris 
Escherichia coE 

F i g u r e 4. Phy logene t i c t r ee i n f e r r e d by comparative a n a l y s i s of 
16S rRNAs of va r ious s t r a i n s of Bac te ro ides succinogenes and the 
most c l o s e l y r e l a t e d e u b a c t e r i a l spec ies (see F i g . 1 and Ref . 20 
for d e s c r i p t i o n s of method). 
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386 BIOTECHNOLOGY FOR CROP PROTECTION 

change i n community compos i t i on . The exper imenta l animal was a 
r u m i n a l l y cannula ted , n o n - l a c t a t i n g H o l s t e i n cow (ca 12 y r s ) fed a 
maintenance d i e t o f 1.8 Kg g r a i n mix and 1.8 Kg a l f a l f a hay at 8 AM 
and 4 PM each day. The cow was adapted to the d i e t f o r 20 days 
before sampl ing . The rumen contents were sampled d a i l y for 77 days 
a t 2 PM from the mid rumen r e g i o n . Monensin was added a t 35 mg per 
Kg of feed from sampling day 16 to day 62, comparable to l e v e l s used 
i n feed l o t d i e t s . T o t a l n u c l e i c a c i d s were e x t r a c t e d from about 1 
mL of each d a i l y sample and h y b r i d i z e d to each of the va r ious 
o l i g o n u c l e o t i d e probes de sc r i bed above. The r e s u l t s of t h i s s tudy 
are i n f i g u r e 5. 

The two groups of B . succinogenes responded very d i f f e r e n t l y to 
a d d i t i o n of the a n t i b i o t i c . The p r o p o r t i o n (as a percentage of t o t a l 
1 6 S - l i k e rRNAs) o f rumina l - type B . succinogenes inc reased about 
f i v e - f o l d ( r e l a t i v e to the b a s e l i n e pe r iod) immediately a f t e r 
a d d i t i o n , whereas the p r o p o r t i o n of c e c a l - t y p e B . succinogenes was 
depressed. The ruminal type remained e l eva t ed (account ing 
t r a n s i e n t l y f o r about 1% o f t o t a l ribosome numbers) fo r seve ra l days 
before d ropp ing , over the next two week p e r i o d , to below b a s e l i n e 
p r o p o r t i o n s . At tha t time the ceca l type gained r e l a t i v e dominance, 
a l though present i n much lower l e v e l s than the e a r l i e r peak of the 
ruminal type . Over the next three week p e r i o d the ruminal type 
predominated, showing two c l e a r peaks of s e v e r a l days d u r a t i o n each. 
Upon wi thdrawal o f monensin, the c eca l types reached t h e i r h ighes t 
l e v e l s (0.4%), t r a n s i e n t l y e q u a l l i n g the p r o p o r t i o n of the 
rumina l - type before again dropping to e a r l i e r l e v e l s (<0.1%). The 
numbers of mul t ipa rus were expected to f a l l w i t h a d d i t i o n of 
monensin, based on i t s Gram-pos i t ive w a l l s t r u c t u r e and s e n s i t i v i t y 
to monensin. Al though r e l a t i v e numbers i n the two to three week 
p e r i o d a f t e r a d d i t i o n were g e n e r a l l y about h a l f of those fo r the 
b a s e l i n e p e r i o d , the response was not immediate, nor was i t 
s u s t a i n e d . The c l e a r e s t p o p u l a t i o n response fo l l owed removal o f the 
a n t i b i o t i c from the a n i m a l ' s d i e t , at which time L . mul t ipa rus 
t r a n s i e n t l y exceeded 1% of t o t a l ribosome numbers. 

Th i s work has demonstrated that these techniques are s u i t a b l e fo r 
mon i to r i ng these microorganisms i n t h e i r n a t u r a l s e t t i n g . However, 
more i m p o r t a n t l y , i t has demonstrated the va lue of f o r m u l a t i n g the 
a n a l y s i s w i t h i n the phy logene t i c framework. Th i s i s i l l u s t r a t e d i n 
the comparison of the group and s igna tu re probe h y b r i d i z a t i o n to the 
v a r i o u s s t r a i n s o f B . succinogenes. H y b r i d i z a t i o n to the s i gna tu re 
o l i g o n u c l e o t i d e probe, which de tec ts most s t r a i n s of B . succinogenes 
so f a r c h a r a c t e r i z e d by comparative sequencing, was g e n e r a l l y 
c o n s i s t e n t w i t h the trends shown by the g r o u p - s p e c i f i c probes. There 
was one no tab le e x c e p t i o n . Between days 24 and 30, the s igna tu re 
probe response g r e a t l y exceeded the sum of the r u m i n a l - and 
c e c a l - t y p e s . Thus, a r e l a t i v e l y l a rge p r o p o r t i o n of B . 
succ inogenes -1 ike organisms were unaccounted for by the 
g r o u p - s p e c i f i c probes, sugges t ing the presence of another assemblage 
of B . succinogenes-1 ike microorganisms tha t had not been 
c h a r a c t e r i z e d . Thus the a n a l y s i s has l i k e l y i d e n t i f i e d a p r e v i o u s l y 
unrecognized group of B. succ inogenes-1 ike b a c t e r i a . An i n t e g r a t i v e 
a n a l y s i s o f t h i s k i n d i s e s s e n t i a l f o r s o r t i n g out the c o m p l e x i t i e s 
of n a t u r a l m i c r o b i a l ecosystems. 
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388 BIOTECHNOLOGY FOR CROP PROTECTION 

The B i g P i c t u r e : More General Assessments of M i c r o b i a l Ecosystem 
P e r t u r b a t i o n 

An expansion of nested h y b r i d i z a t i o n i s the i n c l u s i o n of phylum 
s p e c i f i c and kingdom s p e c i f i c probes i n genera l environmental 
assessments. Probes are now a v a i l a b l e tha t s p e c i f i c a l l y h y b r i d i z e 
w i t h the 16S rRNA of v i r t u a l l y a l l members of each of the pr imary 
kingdoms (Giovannoni , S . J . , Delong, E ; O l s e n , G . J . ; Pace, N . R . J . 
B a c t e r i o l . , i n p r e s s ) . A l s o , a l though not yet s y s t e m a t i c a l l y 
examined, the v a r i o u s major l i n e s of descent w i t h i n the pr imary 
kingdoms (phyla) can be de f ined by v a r i o u s s igna tu re p o s i t i o n s ( 4 ) . 
Thus the v a r i o u s m i c r o b i a l phy l a should a l s o be amenable to 
i d e n t i f i c a t i o n by one or s e v e r a l s igna tu re sequences. We have i n our 
resea rch i d e n t i f i e d s eve ra l 16S rRNA t a rge t sequences tha t encompass 
most s u l f a t e - r e d u c i n g b a c t e r i a a v a i l a b l e i n pure c u l t u r e 
(unpub l i shed) . A b a t t e r y of p h y l u m - s p e c i f i c probes c o u l d be used to 
e s t a b l i s h d i v e r s i t y i n d i c e s fo r n a t u r a l p o p u l a t i o n s . Change i n a 
genera l d i v e r s i t y index cou ld prove to be a use fu l measure of 
m i c r o b i a l ecosystem p e r t u r b a t i o n , as might f o l l o w the re lease of 
g e n e t i c a l l y engineered microorganisms i n t o the environment. We are 
c u r r e n t l y deve lop ing a c o l l e c t i o n of genera l probes fo r use i n 
a s s e s s i n g genera l changes i n m i c r o b i a l ecosystems. 

General Caveats o f O l i g o n u c l e o t i d e Probe-based I d e n t i f i c a t i o n 

A concern r ega rd ing microorganism i d e n t i f i c a t i o n by n u c l e i c a c i d 
h y b r i d i z a t i o n i s t a rge t group s p e c i f i c i t y , which u l t i m a t e l y must be 
e m p i r i c a l l y t e s t e d . Y e t , g iven tha t most n a t u r a l systems remain 
p o o r l y c h a r a c t e r i z e d , t h i s g e n e r a l l y i s not p o s s i b l e . However, by 
framing the ques t ion of s p e c i f i c i t y i n a phy logene t i c con tex t , 
s p e c i f i c i t y can be eva lua ted and the ecosystem can be b e t t e r d e f i n e d . 
For example, the " p h y l o g e n e t i c a l l y - n e s t e d " h y b r i d i z a t i o n probes f o r 
B- succinogenes eva lua te s p e c i f i c i t y . Cons i s tency between genera l 
probe and group- or s t r a i n - s p e c i f i c probe h y b r i d i z a t i o n inc reases 
conf idence i n t a rge t group s e l e c t i v i t y . Al though obse rva t ions of 
i n c o n s i s t e n c y , as observed between the B. succinogenes s i g n a t u r e - and 
g r o u p - s p e c i f i c probes between days 24 and 30, might i n d i c a t e a 
problem w i t h probe s p e c i f i c i t y , i t i s a l s o sugges t ive of unrecognized 
d i v e r s i t y w i t h i n the l a r g e r assemblage. Thus, the use of probes 
hav ing nested s p e c i f i c i t y serves to a f f i r m t a rge t group s e l e c t i v i t y 
as w e l l as po in t to unrecognized d i v e r s i t y w i t h i n the l a r g e r 
assemblage. 

Summary 

S tud ies i n m i c r o b i a l ecology must begin w i t h an unders tanding of 
n a t u r a l d i v e r s i t y . T r a d i t i o n a l d i f f i c u l t i e s of a s s e s s i n g t h i s 
d i v e r s i t y have l i m i t e d most s t u d i e s of n a t u r a l systems. The 
l i m i t a t i o n s of c u l t u r i n g are g e n e r a l l y w e l l a p p r e c i a t e d . 
Neve r the l e s s , t r a d i t i o n a l c l a s s i f i c a t i o n schemes probably are the 
more s e r i ous c o n s t r a i n t . A v a i l a b l e phenotypic c r i t e r i a of ten obscure 
d i v e r s i t y or miss s p e c i f i c r e l a t i o n s h i p s . Comparative sequencing of 
the r ibosomal RNAs now prov ides the c r i t e r i a necessary to e x p l i c i t l y 
c h a r a c t e r i z e microorganisms and p h y l o g e n e t i c a l l y r e l a t e them. The 
r ibosomal RNAs the re fore o f f e r the means to assess ex tan t m i c r o b i a l 
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29. STAHL Microbial Ecosystem Perturbation 389 

diversity, both within the pure culture collection and the 
environment. Thus, studies in microbial ecology and microbial 
evolution are closely allied. And, only through both can there be 
detailed understanding of general microbial ecosystems and change 
within those systems, as might follow the introduction of engineered 
microorganisms. 
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Chapter 30 

Biotechnology Regula t ion 

An Environmentalist's View 

Jack Doyle 

Environmental Policy Institute, 218 D Street, SE, Washington, DC 20003 

Environmentalists do not intend to be the enemy of 
the biotechnology industry. Rather, they recognize 
the great potentials and desire to help move bio
technology forward without unduly endangering the 
environment. Environmentalists contend that regula
tion of the release of genetically-altered organisms 
must be given to EPA. They cite illegal release 
incidents and problems with the management within 
the coordinated framwork. They believe new legis
lation is needed to clarify the present situation 
legally, to protect the environment, and to insure 
a "local playing field" for all participants. 

Despite what many have heard, or are inclined to believe, 
environmentalists are not shutting down the biotechnology 
industry. One need only look as far as Wall Street and the 
recent public offerings by biotechnology companies to know that 
this industry is robust indeed. Investors continue to be 
interested, even though the pay-off is years away in many 
cases, Agracetus has tested genetically engineered tobacco 
plants in the field; Ciba-Geigy has field tested herbicide 
tolerant plants; Advanced Genetic Sciences has tested "ice 
minus" in the field, as has University of California researcher 
Steven Lindow, 

Secondly, it is important to mention the fact that some 
environmentalists think a great deal about economic impacts as 
well as ecological concerns. Too often, it seems, 
environmentalists are thought of as only concerned with the 
picture-book environment, with the cosmetic side of the 
outdoors, derisively referred to as "bugs and bunny" people or 
"tree buggers". However, most environmentalists are very 
concerned with economic health and, particularly, economic 
opportunity, fair pricing, and genuine competition in the 
marketplace, 

And third, The Environmental Policy Institute (EPI) does 
not oppose biotechnology, but rather we believe that these are 

0097-6156/88/0379-0394$06.00/0 
« 1988 American Chemical Society 
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e x c i t i n g t imes for b i o l o g i c a l r e sea rch . The r e v o l u t i o n tha t 
i s o c c u r r i n g i n the b i o l o g i c a l sc iences a t the c e l l u l a r and 
molecu la r l e v e l s i s awesome and i t i s as tounding . The con
cerns w i t h b io technology have more to do wi th how t h i s new 
knowledge w i l l be used, what knowledge w i l l be pursued and 
c a p i t a l i z e d , and the economic as w e l l as environmental 
consequences of us ing b io technology merely to cont inue o l d and 
damaging p a c t i c e s . 

B io techno logy As A Knowledge Oppor tuni ty 

Bio technology needs to be approached as a knowledge o p p o r t u n i t y , 
not s imply as a manufacturing o p p o r t u n i t y . What i s happening 
today i n the b i o l o g i c a l sc iences a t the molecular and c e l l u l a r 
l e v e l s i s t r u l y as tounding . We are on the verge of 
unders tanding the b i o l o g i c a l realm i n fundamentally new ways; i n 
ways tha t should he lp a g r i c u l t u r e become p r o f i t a b l e as w e l l as 
env i ronmen ta l ly r e s p o n s i b l e . 

But i f t h i s new b i o l o g y i s used on ly to d i v i d e up the 
n a t u r a l wor ld i n t o i t s s m a l l e s t p o s s i b l e commercial p a r t s , 
r a the r than improve our a b i l i t y to work w i t h the b i o l o g i c a l 
r ea lm, the r e s u l t may be fu r the r economic and environmental 
problems fo r the f u t u r e . 

Government's Role In Bio technology 

Government's r o l e i n b io technology i s a m u l t i f a c e t e d r o l e , one 
tha t i s compl ica ted by d i f f e r e n t t asks and d i f f e r e n t 
c o n s t i t u e n c i e s . There are a t l e a s t three d i s t i n c t r o l e s — and 
they are of ten found at the s t a te l e v e l as w e l l . F i r s t , there 
i s one r o l e tha t i n c l u d e s being a funder of b io technology 
r e s e a r c h , a t s e v e r a l l e v e l s , such as through the N a t i o n a l 
I n s t i t u t e s of H e a l t h , the N a t i o n a l Science Foundat ion , the USDA, 
and the l and grant u n i v e r s i t i e s . Second, there i s another r o l e 
t ha t i n c l u d e s being a booster and promoter of b io technology fo r 
the o s t e n s i b l e purpose of ma in t a in ing a compe t i t i ve advantage, 
o r i n the case of the s t a t e s , to a t t r a c t new i n d u s t r y . And 
t h i r d , there i s the r o l e of r e g u l a t o r fo r reasons of p u b l i c 
h e a l t h and s a f e t y , product e f f i c a c y , and environmental 
p r o t e c t i o n . 

I t i s p o s s i b l e tha t these three government r o l e s — 
fund ing , promotion and r e g u l a t i o n — may not always r e c e i v e 
equal a t t e n t i o n by government agenc ies , and may i n f ac t come 
i n t o c o n f l i c t w i t h one another . 

EPI i s i n favor of new l e g i s l a t i o n fo r r e g u l a t i n g the 
envi ronmenta l r e l ea se of g e n e t i c a l l y - a l t e r e d organisms. The 
cu r r en t r e g u l a t o r y framework i s inadequate , and probably over 
the l ong run , unworkable and fraught w i t h l e g a l p i t f a l l s . 

On a p u r e l y environmental l e v e l — wi th respec t to d e l i b 
e ra te r e l ease — the r e g u l a t o r y p rocess , as c u r r e n t l y c r a f t e d , 
i s lodged i n a l l the wrong p l a c e s , w i t h the excep t ion of some of 
EPA's a u t h o r i t i e s . B io t echno logy -de r ived products w i l l be used 
f o r a l l k inds of purposes i n the environment i n the years ahead; 
fo r t o x i c waste c l ean -up , fo r enhanced o i l r ecove r , f o r c l e a n i n g 
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396 BIOTECHNOLOGY FOR CROP PROTECTION 

up o i l s p i l l s , f o r a p p l i c a t i o n s i n f o r e s t r y , fo r sewage waste 
t reatment , and fo r a range of uses i n a g r i c u l t u r e . 

I t seems reasonable then , when c o n s i d e r i n g the p o t e n t i a l 
envi ronmenta l e f f e c t s tha t engineered organisms cou ld have when 
r e l ea sed i n t o the a i r , water and s o i l , tha t environmental 
sc ience and environmental p r o t e c t i o n be the paramount 
c o n s i d e r a t i o n i n any r e g u l a t o r y scheme. But tha t i s not the 
case w i t h the present r e g u l a t o r y framework. 

As e a r l y as 1982, concern about, and c o n t r o l ove r , the 
r e g u l a t i o n of environmental b io technology began to emerge i n the 
White House O f f i c e of Science & Technology P o l i c y (OSTP). Th i s 
began i n i t i a l l y as an i n q u i r y i n t o the U . S. b io technology 
i n d u s t r y ' s compe t i t ive i n t e r n a t i o n a l p o s i t i o n , and soon i n c l u d e d 
a l ong l i s t o f concerns r e l a t e d to the A d m i n i s t r a t i o n ' s i n t e r e s t 
i n compe t i t i venes s . In a d d i t i o n to OSTP, o ther agenc ies , 
i n c l u d i n g the S ta te and Commerce departments, and l a t e r 0MB, 
a l s o became i n v o l v e d i n the q u e s t i o n . Indus t ry r e p r e s e n t a t i v e s 
were brought i n t o the A d m i n i s t r a t i o n ' s process e a r l y on . A f t e r 
the comple t ion of t h i s review of the new b io technology i n d u s t r y , 
the s t a t ed i n t e n t i o n of the A d m i n i s t r a t i o n became c l e a r : 
maximize the U . S. compe t i t i ve p o s i t i o n i n b io t echno logy , 
minimize r e g u l a t i o n , and deregula te any e x i s t i n g laws thought to 
encumber the progress o f h igh technology g e n e r a l l y — from drug 
expor t laws to a n t i t r u s t l a w s . 

I n October 1982, the White House O f f i c e o f Science and 
Technology P o l i c y (OSTP), under the d i r e c t i o n o f George 
Keyworth, commissioned an i n q u i r y i n t o the compet i t iveness of 
the U . S. b io technology i n d u s t r y . That e f f o r t was organized as 
a working group headed by W i l l i a m J . Walsh of the S ta te 
Department. In A p r i l 1983, a smal le r group of i n d i v i d u a l s 
i n v o l v e d w i t h the study met w i t h nine key r ep re sen t a t i ve s of 
b io t echno logy companies and major co rpo ra t i ons a t a V i r g i n i a 
r e t r e a t fo r two days to f i n a l i z e the r e p o r t ' s recommendations. 
Walsh de sc r ibed tha t d ra f t—which was submitted to OSTP on May 
27, 1983— as "a data base w i t h suggest ions on how government 
agencies should change t h e i r ways i n such areas as pa ten ts , 
l i c e n s e s , expor t c o n t r o l s and FDA r e g u l a t i o n s , so as not to l end 
themselves to s e l l i n g out s t a t e - o f - t h e a r t cheap ly , and to 
unshackle i n d u s t r y i n p u r s u i t of b io t echno logy" . The r epo r t 
recommended, fo r example, removing c e r t a i n d i s i n c e n t i v e s to 
b io techno logy i n the t a x , pa ten t , and a n t i t r u s t a r e a . "The 
c u r r e n t s i t u a t i o n " , wrote Walsh i n h i s l e t t e r to Keyworth 
t r a n s m i t t i n g the s tudy , "does not warrant more r e s t r i c t i v e 
c o n t r o l measures, which c o u l d be c o u n t e r - p r o d u c t i v e " . 

Then i n June 1983, there came the f i r s t s igns of government 
i n t e r e s t i n the r e g u l a t i o n of g e n e t i c a l l y engineered organisms 
proposed fo r r e l ease i n t o the environment. At tha t t ime , EPA' s 
A s s i s t a n t A d m i n i s t r a t o r Don C l a y , then appearing before Rep. 
A l b e r t Gore ' s House Science & Technology subcommittee, a s se r t ed 
tha t EPA had a u t h o r i t y to r egu la te c e r t a i n products o f 
b io t echno logy under FIFRA and TSCA. 

C l a y ' s test imony a l s o r a i s e d the f i r s t o f f i c i a l s igns of 
u n c e r t a i n t y w i t h regard to the a v a i l a b l e p r e d i c t i v e c a p a b i l i t i e s 
and data base needed fo r a ssess ing the r i s k of g e n e t i c a l l y 
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engineered organisms i n the environment. In h i s t es t imony. C lay 
po in ted to the t e c h n i c a l problems of s c i e n t i f i c a l l y gear ing up 
to do environmental assessments of g e n e t i c a l l y - e n g i n e e r e d 
organisms. "There are almost no accepted methodologies fo r 
e v a l u a t i n g the safe ty of g e n e t i c a l l y - e n g i n e e r e d p roduc t s" , he 
e x p l a i n e d , adding tha t the r i sk-assessment t o o l s and data used 
f o r chemica l substances cou ld not apply i n the case of 
organisms. Clay then exp la ined that the EPA needed to develop 
methodologies to eva lua te environmental f a t e , human exposure, 
and the p o t e n t i a l environmental and h e a l t h hazards of 
g e n e t i c a l l y - e n g i n e e r e d organisms, but tha t such t e s t s were 
" s t i l l s e v e r a l years away". 

In e a r l y 1984, a f t e r EPA had c i r c u l a t e d a d r a f t 
b io technology r e g u l a t i o n fo r p u b l i c a t i o n i n the Fede ra l R e g i s t e r 
w i t h regard to i t s pe rce ived r e s p o n s i b i l i t i e s under FIFRA and 
TSCA, Chr i s topher DeMuth, an 0MB o f f i c i a l , o b j e c t e d . In a March 
12 th , 1984 memo dra f ted fo r the Cabinet C o u n c i l on Economic 
A f f a i r s , DeMuth argued tha t the c o u n c i l , not EPA, should decide 
how to regu la te b io t echno logy . In the memo, DeMuth r e f e r r e d to 
EPA's p roposa l as a "gambit", and vo iced concerns tha t too much 
r e g u l a t i o n would hur t b io technology companies, which he viewed 
as " e x t r a o r d i n a r i l y i n n o v a t i v e " but "unusua l ly s e n s i t i v e to 
r e g u l a t o r y cos t s and d e l a y s " . He a l s o o u t l i n e d s e v e r a l o p t i o n s : 
doing no th ing , a sk ing the N a t i o n a l Academy of Sciences to study 
the mat ter , and keeping the s ta tus quo i n t a c t under NIH, among 
o t h e r s . One repor t a t the time charged tha t 0MB and DeMuth were 
under pressure from the Department of Commerce and Commerce 
Secre ta ry Malcolm B a l d r i d g e , who was concerned tha t EPA 
r e g u l a t i o n would h inder U . S . b io technology companies i n 
compe t i t i on w i t h Japan. 

Meanwhile, w i t h i n the White House Domestic C o u n c i l , a l l of 
t h i s a g i t a t i n g over EPA's move to r egu l a t e b io t echno logy , l e d to 
the demise of EPA's and W i l l i a m Ruckelshaus ' l e ad on 
b io technology i s s u e . On A p r i l 30, 1984, the Working Group on 
Bio technology o f the Cabinet C o u n c i l on N a t u r a l Resouces was 
c rea t ed under the chairmanship of OSTP's George Keyworth. On 
May 9 t h , t h i s newly c o n s t i t u t e d group h e l d i t s f i r s t meet ing, 
w i t h Keyworth as chairman. Accord ing to EPA's Jack Moore, a t 
l e a s t par t of Keyworth ' s message was: " L e t ' s ma in t a in our 
compe t i t i venes s . Don ' t u n w i t t i n g l y do anyth ing to s t i f l e the 
t echno logy" . I t was t h i s OSTP-led working group tha t formulated 
the f i r s t coord ina ted framework approach to f e d e r a l 
b io technology r e g u l a t i o n , f i r s t pub l i shed i n the Fede ra l 
R e g i s t e r December 31. 1984. 

Throughout e a r l y 1985, the r e g u l a t o r y framwork was 
c r i t i c i z e d on a number of f r o n t s , and the i s sue of environmental 
r i s k con t ined to be d i s c u s s e d . 

In February 1985, the C o r n e l l U n i v e r s i t y Ecosystems 
Research Center i s sued one of the f i r s t comprehensive overviews 
o f what was p o s s i b l e and what was l a c k i n g to adequately assess 
the environmental r i s k s of new b io technology p roduc t s . The 
f i n d i n g s of tha t r epor t are s t i l l q u i t e remarkable , and 
underscore how l i t t l e we know about microorganisms—how they 
s u r v i v e , how they are d i spe r sed i n the environment, why some 
grow r a p i d l y , and why o thers do n o t . 
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398 BIOTECHNOLOGY FOR CROP PROTECTION 

The most important c o n c l u s i o n of the C o r n e l l study i s what 
i t s a i d about the a b i l i t y to make p r e d i c t i o n s about the behavior 
of organisms i n the environment: "Methods fo r p r e d i c t i n g the 
l i k e l i h o o d of s u r v i a l and p r o l i f e r a t i o n of a g i v e n organism i n 
the environment are c r u d e . . . Methods are a v a i l a b l e fo r a ssess ing 
some p o t e n t i a l e f f e c t s , but there are many d e f i c i e n c i e s i n 
cu r ren t knowledge and theory . G e n e r a l l y , we l a c k any t rue data 
base aga ins t which to compare t e s t r e s u l t s or p r e d i c t 
environmenta l consequences." 

In June 1985, f o l l o w i n g the C o r n e l l s tudy , i n P h i l a d e l p h i a , 
molecu la r b i o l o g i s t s and e c o l o g i s t s gathered fo r the f i r s t time 
i n a p u b l i c formum to d i s c u s s some of the ques t ions surrounding 
d e l i b e r a t e r e l e a s e . Not much agreement was reached at tha t 
meet ing, but more e c o l o g i s t s d i d become i n v o l v e d . 

In November 1985, the Bio technology Science C oor d i na t i ng 
Committee was formed to he lp guide and coord ina te the r e g u l a t o r y 
process among f e d e r a l agenc ies . By t h i s time EPA had announced 
the approva l of Advanced Genet ic Sc i ences ' (AGS) f i e l d t e s t fo r 
" i c e minus" . Then i n December 1985, Senator Durenberger 
in t roduced S.1967. The B i o s a f e t y A c t , aimed at amending TSCA to 
r e q u i r e tha t EPA review and approve g e n e t i c a l l y engineered 
microorganisms before they cou ld be r e l eased i n t o the 
environment . Hearings were never h e l d , and the b i l l d i ed i n the 
l a s t Congress . 

The f i r s t quar ter of 1986 was not a good p e r i o d f o r the 
b io techno logy i n d u s t r y . On February 11th , the Monterey County 
( C a l i f o r n i a ) Board passed a moratorium on the r e l e a s e of 
g e n e t i c a l l y engineered organisms w i t h i n tha t l o c a l j u r i s d i c t i o n . 
Monterey County was the s i t e chosen by AGS to f i e l d t e s t i c e 
minus. 

On February 26 th , i t was revea led i n news accounts that AGS 
had i l l e g a l l y t e s t ed ice-minus i n the open a i r a year e a r l i e r 
wi thout in fo rming EPA. A month l a t e r , EPA f i n e d AGS $20,000 and 
suspended t h e i r permit to t e s t i c e minus, which the agency had 
approved j u s t four months e a r l i e r . 

Less than three weeks a f t e r the r e v e l a t i o n s about AGS' 
i l l e g a l a c t i v i t i e s , i t was subsequently r evea led tha t USDA had 
approved a g e n e t i c a l l y engineered vacc ine wi thout the review of 
i t s own R A C USDA then suspended the l i c e n s e i t i s sued fo r the 
vacc ine and began an environmental r ev i ew . 

Meanwhile, back i n Congress, the Fuqua/Volkmer b i l l — T h e 
Bio technology Science C o o r d i n a t i o n Act of 1986— was in t roduced 
i n March 1986. This b i l l took a more comprehensive approach 
than d i d the Durenberger b i l l , but i t d i ed t oo . One hear ing was 
h e l d . 

In June 1986, the f i n a l r e v i s i o n o f the A d m i n i s t r a t i o n ' s 
Coordinated framework fo r the r e g u l a t i o n of Bio technology was 
pub l i shed i n the Federa l R e g i s t e r . Th i s now c o n s t i t u t e s the 
g u i d e l i n e s but they l a c k adequate or agreed upon d e f i n i t i o n s of 
some very important t h r e sho ld terms, such as " re lease i n t o the 
environment" and "pathogen". 

With t h i s new package o f r e g u l a t i o n s concern ing 
b i o t e c h n o l o g y , there arose some con t roversy surrounding some 
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exemptions of g e n e t i c a l l y a l t e r e d organisms the A d m i n i s t r a t i o n 
had proposed. For example, one p roposa l o f fe red to exempt 
g e n e t i c a l l y engineered organisms tha t had a gene or genes 
d e l e t e d . Some s c i e n t i s t s immediately objec ted to t h i s 
exemption. For example, MIT b i o l o g i s t Jonathan King s t a t e d : 
" I t i s a medieval s c i e n t i f i c view tha t a d e l e t i o n i s 
a u t o m a t i c a l l y l e s s r i s k y " . The d e l e t i o n of a gene, he s a i d , can 
have a wide range of e f f e c t s . S i m i l a r l y , C o r n e l l U n i v e r s i t y 
b iochemis t L iebe C a v a l i e r i s t a t ed tha t the d e l e t i o n of DNA 
segments does not n e c e s s a r i l y mean tha t you have changed j u s t 
one c h a r a c t e r i s t i c . The A d m i n i s t r a t i o n a l s o proposed exempting 
organisms tha t had on ly changes i n r e g u l a t o r y genes; tha t i s , 
genes tha t r egu la t e or c o n t r o l the a c t i v i t y of o ther genes. 
Some e c o l o g i s t s objec ted on t h i s po in t too because the 
a l t e r n a t i o n of r e g u l a t o r y sequences can a f f e c t the 
c h a r a c t e r i s t i c s o f organisms i n ways tha t a f f e c t t h e i r s u r v i v a l , 
r e p r o d u c t i o n and e f f e c t s on e c o l o g i c a l systems. Stated E l l i o t t 
Norse , then rep resen t ing the E c o l o g i c a l S o c i e t y of America : 
Regula to ry sequences tha t change growth or r ep roduc t ive ra tes by 
j u s t a few percent cou ld d r a m a t i c a l l y a l t e r compe t i t i ve balances 
among microorganisms, p l a n t s , o r animals i n na tu re . In f a c t , 
s t a t ed Norse , "exempting any of the processes of a l t e r i n g 
genomes tha t have developed i n the l a s t 10-15 years from 
r i g o r o u s review seems premature". 

In December 1986, the "Volkmer r epor t " was i s sued by the 
House Science & Technology Committee's Overs ight and 
I n v e s t i g a t i o n s Subcommittee, e n t i t l e d : "Issues i n the Federa l 
R e g u l a t i o n of B io t echno logy : From Research to Re lease" . Th i s 
r e p o r t t r acked the hand l ing of the i l l e g a l AGS and USDA re l ease 
i n c i d e n t s , and a l s o exp lo red the problems apparent w i th the 
management of the Coordinated Framework. 

From an e n v i r o n m e n t a l i s t ' s p r e s p e c t i v e , there are a number 
of important problems to be cons ide red . F i r s t and foremost i s 
the ques t ion of l e g a l a u t h o r i t y . Is the Coordinated Regula tory 
Framework f o r Bio technology l e g a l l y sound? Does i t p rovide 
c l e a r l e g a l a u t h o r i t y ? Secondly , there i s a l s o the c r i t i c a l 
matter of d e f i n i t i o n s . I t seems tha t a se t of b a s i c , o p e r a t i v e , 
and s c i e n t i f i c a l l y sound d e f i n i t i o n s must be i n p lace before a 
r e g u l a t o r y system can be e s t a b l i s h e d . Y e t , the A d m i n i s t r a t i o n ' s 
Coordinated framework i s j u s t the r e v e r s e . C u r r e n t l y , we are 
b a c k - t r a c k i n g on d e f i n i t i o n s where they e x i s t at a l l ; t r y i n g to 
make them f i t the package. In EPA, some key ru le-makings needed 
to make t h e i r par t of the package work under TSCA are dependent 
on d e f i n i t i o n s such as those for "pathogen", " re lease i n t o the 
environment", and "containment", none of which yet e x i s t . 

T h i r d l y , the i s sue of de termining r i s k to the environment 
from g e n e t i c a l l y a l t e r e d organisms i s a matter fo r environmental 
s c i e n t i s t s and e c o l o g i s t s , not molecular b i o l o g i s t s and medica l 
s c i e n t i s t s . Yet the p r i n c i p a l a r c h i t e c t s o f the cu r ren t 
framework have been the molecular b i o l o g i s t s , medica l 
s c i e n t i s t s , and i n d u s t r i a l b i o t e c h n o l o g i s t s . E c o l o g i s t s , f o r 
the most p a r t , have been excluded from t h i s p rocess . 

As the r e g u l a t o r y framwork has emerged under the guidance 
of the BSCC, there has been a c l e a r b i a s toward the medical 
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sc iences i n t r y i n g to def ine the environmental and e c o l o g i c a l 
r i s k s faced w i t h b io t echno logy . EPI does not b e l i e v e , fo r 
example, tha t c o n s u l t i n g w i t h i n f e c t i o u s c o n t r o l o f f i c e r s a t 
h o s p i t a l s , the N a t i o n a l L i b r a r y of M e d i c i n e , o r us ing the 
TOXLINE and MEDLINE data bases w i l l he lp s i g n i f i c a n t l y wi th 
p r e d i c t i n g e c o l o g i c a l consequences of g e n e t i c a l l y engineered 
v i r u s e s , b a c t e r i a , and i n s e c t s des t ined fo r use i n the 
environment. There may be some p a r a l l e l s , and these data bases 
may be somewhat h e l p f u l , but i n the main, d isease 
e t i o l o g y / e p i d e m i o l o g y and environmenmtal ecology are d i f f e r e n t 
phenomena, w i t h d i f f e r e n t th resho lds and consequences. So there 
needs to be much more a t t e n t i o n pa id to the sc ience of ecology 
i n the a d m i n i s t r a t i o n of r e g u l a t i o n . 

Yet another ques t ion i s to whether there w i l l be more or 
l e s s l i t i g a t i o n . Based on the in t r a -agency tug-of-war i n the 
hand l ing of b io technology r e g u l a t i o n so f a r , i t i s probable tha t 
we w i l l see over the next few yea r s , a never ending tang le of 
new d e f i n i t i o n s , amended d e f i n i t i o n s , ad-hoc ru le -makings , BSCC 
subcommittee meet ings, s c i e n t i f i c adv i so ry committee meetings, 
exemption l i s t i n g s and d e - l i s t i n g s , appea ls , and f i n a l l y , 
l i t i g a t i o n . Some o f t h i s l i t i g a t i o n w i l l be based on p rocedura l 
f laws tha t are guaranteed to come w i t h a process tha t attempts 
to cover f i v e agenc ies ; i t c a n ' t he lp but make more gray areas 
as i t moves forward . And some of t h i s l i t i g a t i o n may w e l l come 
from environmenta l o r g a n i z a t i o n s or consumer groups . But some 
may a l s o come from i n d u s t r i e s f r u s t r a t e d wi th the p rocess . 

EPI supports the view tha t new l e g i s l a t i o n i s needed to 
c l a r i f y the present s i t u a t i o n l e g a l l y , to p ro t ec t the 
environment, and to i n su re a l e v e l p l a y i n g f i e l d fo r a l l 
p a r t i c i p a n t s . Th i s i s i n i n d u s t r y ' s i n t e r e s t t oo , because i t 
w i l l s t r eaml ine the review p rocess . For both env i ronmen ta l i s t s 
and businessmen, there i s a need to s t r a i g h t e n out t h i s 
convolu ted framework i n order to avo id unnecessary bureaucracy 
and l i t i g a t i o n i n the years ahead. 

EPI has c a l l e d on Congress to review and eva lua te the 
present r e g u l a t o r y s i t u a t i o n , and to c l e a r l y a r t i c u l a t e what 
laws should app ly , whether those be o l d laws c l a r i f i e d w i th new 
amendments, o r the c r a f t i n g of an e n t i r e l y new p iece of 
l e g i s l a t i o n . From time to time i n the pas t , o thers have a l s o 
c a l l e d fo r Congress to become i n v o l v e d l e g i s l a t i v e l y . Others 
have recommended l e g i s l a t i o n on the d e l i b e r a t e r e l ea se s i t u a t i o n 
as e a r l y as 1981. New l e g i s l a t i o n was one of the op t ions 
o u t l i n e d by OTA i n i t s 1981 repor t Impact of A p p l i e d G e n e t i c s : 
Micro-Organisms , P l a n t s , and Animal s : 

Congress cou ld pass l e g i s l a t i o n r e g u l a t i n g a l l types and 
phases of gene t i c eng ineer ing from research through commercial 
p r o d u c t i o n . Th i s o p t i o n would dea l comprehensively and d i r e c t l y 
w i t h the r i s k s of nove l molecu la r gene t i c t e c h n i q i u e s . A 
s p e c i f i c s t a tu t e would e l i m i n a t e the u n c e r t a i n t i e s over the 
ex tent to which present law covers p a r t i c u l a r a p p l i c a t i o n s . 

Rep. John D i n g e l l c a l l e d f o r new l e g i s l a t i o n i n a September 
1985 l e t t e r to the e d i t o r o f Issues i n Science & Technology. 
"New s t a t u t o r y p r o v i s i o n s seem e s s e n t i a l ^ t o p rov ide a s e n s i b l e 
and f a i r set of r u l e s fo r a l l aspects o f t h i s new f i e l d " , he 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

03
0



30. DOYLE Biotechnology Regulation 401 

wrote . And i n 1986, the background paper fo r Brook ings ' Second 
Annual Conference on Bio technology i n c l u d e d an o p t i o n fo r "a new 
i n t e g r a t e d law to r egu la t e b io t echno logy" . 

In Congress iona l tes t imony i n June 1987, and i n comments to 
the BSCC i n September 1986, EPI advocated tha t Congress g i v e EPA 
the l e ad i n r ev iewing a l l proposed re l eases of g e n e t i c a l l y -
a l t e r e d organisms, whether fo r academic t e s t - p l o t experiments o r 
f u l l - b l o w n commercial r e l e a s e s . I t was proposed tha t a 
Bio technology review Board be crea ted w i t h i n EPA charged w i t h 
r ev i ewing and approving a l l a p p l i c a t i o n s f o r outdoor t e s t i n g . 
A d d i t i o n a l l y , a permit system was proposed as an i n t e g r a l par t 
of t h i s system, w i t h EPA having f i n a l a u t h o r i t y fo r approving or 
v e t o i n g i n d i v i d u a l a p p l i c a t i o n s fo r r e l ease on the ba s i s o f 
e c o l o g i c a l and/or p u b l i c h e a l t h r i s k s . Some l e g i s l a t o r s are now 
t a l k i n g more s e r i o u s l y about the need fo r l e g i s l a t i o n . 

R e c e n t l y , Senator A l b e r t Gore, i n a May 19, 1987 speech 
before the Keystone Center Forum on Bio technology he ld i n 
Washington, D. C , i s sued the f o l l o w i n g excerpted statement: 

Looking back over the past f i v e years s ince I he ld my f i r s t 
hea r ing on b io t echno logy , I 'm a f r a i d tha t many of the ques t ions 
r a i s e d remain u n r e s o l v e d . . • 

Back i n 1983, fo r example, the Subcommittee on 
I n v e s t i g a t i o n s and Overs igh t concluded tha t one of the major 
r i s k s a s soc i a t ed wi th the r e l ease of g e n e t i c a l l y a l t e r e d 
organisms was not n e c e s s a r i l y the r e l eases themselves, but our 
i n a b i l i t y and f a i l u r e to make r i s k assessments. Four years 
l a t e r , we s t i l l haven ' t developed adequate standards for r i s k 
a ssessment . . . 

. . . I have always f e l t tha t government should encourage t h i s 
new s c i e n c e , not stand i n i t s way. But we d i d see the need fo r 
new inpu t and c a l l e d fo r development of a " p r e d i c t i v e ecology" 
t o he lp shed l i g h t on some of the nagging u n c e r t a i n t i e s . Yet 
those u n c e r t a i n t i e s have on l y m u l t i p l i e d . • • 

I t i s the job of government and the Congress not on ly to 
reduce r i s k , but to reduce f e a r . Bio technology w i l l not r e a l i z e 
i t s promise u n t i l we have a b io technology i n d u s t r y tha t t r u s t s 
our governmental process and i s w i l l i n g to s i t down w i t h the 
e l e c t e d r ep re sen t a t i ve s of the p u b l i c , the Congress, t o d r a f t 
comprehensive l e g i s l a t i o n to d i s p e l the p u b l i c ' s fears and thus , 
i n s u r e a s o l i d foundat ion fo r i t s f u t u r e . 

I do not understand the r e luc t ance (of i n d u s t r y t o do 
t h i s ) . I t was Congress tha t passed the Drug Export B i l l , the 
Patent Terra R e s t o r a t i o n B i l l , and the r e sea rch and development 
s e c t i o n s of Superfund. Y e t , desp i t e t h i s t r a c k r eco rd of 
suppor t , i n d u s t r y cont inues to reac t w i t h fear whenever t a l k of 
b io techno logy l e g i s l a t i o n a r i s e s . 

I ' v e been t o l d i t ' s fear o f the unknown tha t leads i n d u s t r y 
to oppose new b i o t e c h l e g i s l a t i o n . But the i n d u s t r y must 
r e a l i z e tha t a f u l l , v igorous p u b l i c debate now, when th ings are 
going w e l l , w i l l on ly he lp i n the l o n g - r u n . Nothing i s more 
dangerous to the future of b io technology than to pospone the 
debate u n t i l a c r i s i s o c c u r s . . . 

EPI p r e d i c t s that more members of Congress w i l l c a l l f o r 
l e g i s l a t i o n to c l a r i f y the s i t u a t i o n . 
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Another development o c c u r r i n g on the r e g u l a t o r y f ron t i s 
the a c t i v i t y a t the s t a t e and l o c a l l e v e l . New Je r sey , Texas 
C a l i f o r n i a , Wiscons in , and North C a r o l i n a have a l l cons idered 
new or s p e c i a l approaches to b io technology r e g u l a t i o n , some w i t h 
new l e g i s l a t i o n . In New Je r s ey , a moratorium measure was 
in t roduced i n 1986, which l a t e r , as a compromise b i l l 
i n c o r p o r a t i n g a review commission, passed unanimously i n the 
s t a t e Senate. That b i l l i s s t i l l w a i t i n g a vote i n the New 
Je r sey assembly. 

I t i s l i k e l y tha t as more and more f i e l d t e s t s occur i n 
more and more s t a t e s , there w i l l be more concern i n s t a t e 
l e g i s l a t u r e s . I t should be i n the s t a t e s ' i n t e r e s t to begin 
assembling t h e i r r e g u l a t o r y and e c o l o g i c a l e x p e r t i s e i n these 
a r ea s , and not to r e l y on Washington or assume that the cu r ren t 
r e g u l a t o r y framwork i s going to s u r v i v e . 

I t appears that a f i n a l r e s o l u t i o n w i l l not be soon i n 
coming. In many ways, the debate i s j u s t beg inn ing , both around 
the count ry and i n the U . S. Congress. The advent of 
b io techno logy may prov ide a fundamental oppor tun i ty to phase out 
chemica l p e s t i c i d e use i n a g r i c u l t u r e . I t may be an oppor tun i ty 
whose time has come, and there fore i t needs to be pushed ha rd , 
and e l eva t ed to a n a t i o n a l g o a l . 

Consider fo r a moment some of the op in ions and a c t i v i t i e s 
i n t h i s count ry w i t h regard to p e s t i c i d e s : 

P u b l i c O p i n i o n . A January 1984 consumer survey conducted 
by the Food Marke t ing I n s t i t u t e , 77 percent of those p o l l e d 
expressed concern over p e s t i c i d e and h e r b i c i d e res idues i n food, 
i n d i c a t i n g the problem to be a " se r ious haza rd" . (Hammonds, 
1984) . 

P u b l i c O p i n i o n . A September 1986 Pes Moines R e g i s t e r p o l l 
taken i n Iowa shows tha t 58% of those surveyed b e l i e v e farm 
chemicals are the b igges t th rea t to water q u a l i t y , and tha t 78% 
favor l i m i t s on farm chemica l s . 

Consumer P ressu re . In May 1986, the center fo r Science i n 
the P u b l i c I n t e r e s t began a n a t i o n a l campaign c a l l e d "Americans 
f o r Safe Food", w i t h a 5 -po in t p l an of a c t i o n tha t c a l l e d f o r , 
among o ther t h i n g s : laws tha t r e q u i r e d i s c l o s u r e of p e s t i c i d e s , 
d rugs , and other chemicals used i n the p roduc t ion of foods; a 
ban on p e s t i c i d e s and animal drugs known to pose a s e r ious r i s k 
t o consumers; and n a t i o n a l standards fo r " o r g a n i c " , " n a t u r a l " , 
and " p e s t i c i d e - f r e e " foods . 

Business R e a c t i o n . In J u l y 1986, Safeway S t o r e s , I n c . , the 
n a t i o n ' s l a r g e s t g rocery c h a i n , announced tha t i t would stop 
buying apples t r e a t ed w i t h the chemica l growth r e g u l a t o r A l a r , 
d e s p i t e EPA's d e c i s i o n i n January to a l l o w i t s use whi l e fu r the r 
s t u d i e s are done. In a d d i t i o n , the s t a t e of Maine proposed a 
non-de tec tab le s tandard fo r daminozide to be reached t h i s year , 
and the s t a t e of Massachusetts has enacted r e g u l a t i o n to reduce 
A l a r i n baby foods and heat -processed foods to a non-
de t ec t ab l e l e v e l by 1988. (Wal l S t r ee t J o u r n a l , 1986). 

Business R e a c t i o n . In November 1986, the H . J . Heinz Co. 
announced tha t i t was p l ann ing to r e s t r i c t the purchase of crops 
used i n the manufacture of baby foods tha t had been t r ea t ed wi th 
c e r t a i n p e s t i c i d e s . Heinz l i s t e d 12 chemica l s : a l a c h l o r , 
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a l d i c a r b , captan , c a p t a f o l , carbofuran , carbon t e t r a c h l o r i d e , 
cyanaz ine , daminozide, d inocap , e thylene o x i d e , l i n u r o n , and 
TPTH. Heinz t o l d farmers tha t i t would l i k e l y t e s t crops fo r 
the absence of these chemicals — a l l o f which were then s t i l l 
l e g a l , but under review by EPA as p o s s i b l e h e a l t h hazards . 
( M e i e r , 1986). 

Farmworker H e a l t h . In May 1986, Uni ted Farmworkers l e a d e r , 
Caesar Chavez sent out a mass m a i l i n g appeal to Americans 
na t ionwide , announcing a new grape boycot t aimed at e l i m i n a t i n g 
f i v e p e s t i c i d e s tha t endanger farmworker h e a l t h . In h i s appea l , 
Chavez asked consumers not to buy f r e sh C a l i f o r n i a t a b l e grapes 
u n t i l growers agree to ban the f i v e most dangerous p e s t i c i d e s 
used i n grape p roduc t ion — captan , d inoseb , p a r a t h i o n , 
p h o s d r i n , and methyl bromide. (Chavez, 1986). 

Farmer & Farm Family Exposure. Las t year , the U . S. 
Environmenta l P r o t e c t i o n Agency warned women of c h i l d b e a r i n g age 
to avo id farm f i e l d s r e c e n t l y t r ea t ed w i t h the h e r b i c i d e dinoseb 
because the chemica l might cause b i r t h d e f e c t s . Another s tudy , 
conducted by a team of medica l s c i e n t i s t s , found tha t Kansas 
farmers exposed to a wide ly-used corn and wheat h e r b i c i d e fo r 20 
days or more a year had a s i x f o l d inc rease i n a c e r t a i n k i n d o f 
lymph cancers compared to non-farmers. And a t h i r d study from 
Wiscons in noted p o s s i b l e immune-system suppress ion due to 
a l d i c a r b exposure. 

With b io t echno logy , i t may be conce ivab le to begin a 
n a t i o n a l research program that has as i t s g o a l the phasing out 
o f p e s t i c i d e s i n a g r i c u l t u r e . At the very l e a s t , i t should be 
p o s s i b l e to d r a s t i c a l l y reduce the use of p e s t i c i d e s by 
" b u i l d i n g i n " d isease and i n s e c t r e s i s t a n c e i n t o crops and 
l i v e s t o c k , and making tha t a major p r i o r i t y i n USDA and the l and 
gran t system. 

I n - f a c t , such a program cou ld be ta rge ted as a n a t i o n a l 
goa l—a goa l no l e s s important than p u t t i n g a man on the moon, 
or NIH's war on cancer . C e r t a i n l y , e l i m i n a t i n g the source o f 
one of our g rea tes t p u b l i c h e a l t h t h r e a t s , as w e l l as a 
c o n t i n u i n g source of groundwater p o l l u t i o n , and a pr imary source 
o f farmer, and farmworker poisonings—would be a laudable 
n a t i o n a l g o a l . 

Such a program would e l i c i t widespread support and 
accompl ish s e v e r a l th ings s imu l t aneous ly . F i r s t , i t would 
reduce p u b l i c , farmer, and farmworker exposure to p e s t i c i d e s . 
Second, i t would reduce the cos t of p roduc t ion fo r farmers and 
thereby improve farm income and p r o f i t a b i l i t y . Farmers 
c u r r e n t l y spend an est imated $18 b i l l i o n annua l ly fo r purchased 
feed , $7.4 b i l l i o n fo r f e r t i l i z e r , $4 b i l l i o n fo r p e s t i c i d e s and 
$4 b i l l i o n fo r seed. That adds up to n a t i o n a l c o s t - o f -
p roduc t ion b i l l of at l e a s t $33 b i l l i o n , wi thout i n c l u d i n g o ther 
r e l a t e d inpu t c o s t s . Any r e d u c t i o n i n these cos t s would 
c e r t a i n l y improve farm income, and presumably, U . S. 
a g r i c u l t u r a l compe t i t i veness . Moreover, the p u b l i c h e a l t h and 
environmental cos t s of us ing many of these farm inpu t s are a l s o 
h i g h , and cou ld be decreased a c c o r d i n g l y wi th a r e d u c t i o n i n 
use . 

T h i r d , i t should improve consumer f a i t h i n the a g r i c u l t u r a l 
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404 BIOTECHNOLOGY FOR CROP PROTECTION 

system and p o s s i b l y reduce p r i c e s once a l l a s soc i a t ed " p e s t i c i d e 
c o s t s " were reduced throughout the system. And f o u r t h , i t cou ld 
p rov ide a powerful bas i s fo r r e juvena t ing the l and grant 
u n i v e r s i t i e s and a g r i c u l t u r a l experiment s t a t i o n s . In f a c t , i t 
should be the USDA, the l and grant u n i v e r s i t i e s , and the 
a g r i c u l t u r a l experiment s t a t i o n s tha t are charged w i t h pursu ing 
and a c h i e v i n g t h i s n a t i o n a l g o a l . 

The i dea here i s not to exclude the p r i v a t e s e c t o r , but fo r 
the p u b l i c s ec to r to "prime and pump", to take l e a d e r s h i p i n , 
and absorb the r i s k s o f , a major r e o r i e n t a t i o n i n a g r i c u l t u r a l 
p roduc t ion research tha t p o t e n t i a l l y cou ld have wide p u b l i c 
b e n e f i t . 

However, w i t h such a program, the d e f i n i t i o n o f 
b io techno logy and what i s pursued i n the name of non-chemical 
and/or b i o l o g i c a l a l t e r n a t i v e s w i l l be a b s o l u t e l y c r u c i a l . What 
i s needed i s a b io technology tha t embraces "common sense 
b i o l o g y " and "common sense g e n e t i c s " , yet eschews the gene t i c 
eng inee r ing of organisms s imply fo r the sake of making new 
p roduc t s . What t h i s means, however, i s that gene s p l i c i n g and 
o ther b io technology techniques should be used, w i t h i n reason, 
but tha t what we a l ready know should not be d i s r ega red or 
ove r looked . 

There i s a l ready a l o t of good b i o l o g y 'on the s h e l f " , so 
to speak. And there i s a l o t o f good, i n n o v a t i v e work going on 
throughout the country by researchers a t our l and grant 
u n i v e r s i t i e s and a g r i c u l t u r a l experiment s t a t i o n s . For example, 
Donald Barnes , a p l an t breeder at USDA's research center a t the 
U n i v e r s i t y of Minnesota , has developed a new v a r i e t y of a l f a l f a 
c a l l e d N i t r o tha t produces good l i v e s t o c k fodder and puts h i g h 
amounts o f n i t r o g e n back i n t o the s o i l . When plowed back i n t o 
the s o i l , N i t r o puts 94 l b s . of n i t r o g e n i n t o the ground 
compared w i t h 59 l b s . f o r the top standard v a r i e t y . N i t r o 
represen ts the k i n d of gene t i c improvement i n a g r i c u l t u r e tha t 
can save growers money on the inpu t s ide of t h e i r o p e r a t i o n , and 
thus , i nc rease t h e i r p r o f i t a b i l i t y . Ex tens ive i n fo rma t ion i s 
a v a i l a b l e about s o i l t i l t h , p l a n t b reed ing , crop r o t a t i o n s , 
i n t e r c r o p p i n g , m u l t i l i n i n g , i n s e c t a d a p t a b i l i t y , a g r i c u l t u r a l 
d i v e r s i f i c a t i o n , and other f i e l d s — a l l of which has a p p l i c a t i o n 
today. However, we should not become so enamored of 
b io techno logy tha t we go out of our way fo r a h i g h - t e c h s o l u t i o n 
when a common-sense a l t e r n a t i v e i s r i g h t i n f ron t o f us . 

I f b io technology i s used o n l y to d i v i d e up the n a t u r a l 
wor ld i n t o i t s most numerous product p o s s i b i l i t i e s , r a the r than 
us ing i t to improve our a b i l i t y to work w i t h the b i o l o g i c a l 
r ea lm, fu r t he r economic and environmental problems f o r the 
fu ture w i l l s u r e l y be c r ea t ed , and a t r u l y golden oppor tun i ty 
f o r r i g h t i n g some of the mistakes of the past w i l l be missed . 

R E C E I V E D June 7,1988 
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Chapter 31 

Genet ical ly E n g i n e e r e d V i r a l Insecticides 

Practical Considerations 

David W. Miller 

Genetics Institute, Inc., 87 Cambridge Park Drive, Cambridge, MA 02140 
Baculoviruses play a central role in the natural 
control of insect pest populations, chiefly 
Lepidoptera. This has sustained an interest in 
the commercial potential of these as larvicides 
in several pest control situations; however, 
performance drawbacks have limited their general 
usefulness. Modification of the viruses through 
genetic engineering is anticipated to greatly 
increase their effectiveness. How this may be 
accomplished wil l be discussed. The effect 
modifications may have on the well-established 
safety of these agents as well as their 
perceived safety wil l also be covered. 
Pertinent examples from our work and that of 
others are discussed. 

The need to find effective alternatives to chemical 
insecticides has kept alive an interest in the use of 
naturally occurring insect pathogens as control agents. 
With the advent of genetic engineering technology, an 
opportunity has emerged for alleviating the commercial 
shortcomings of these pathogens and fostering the creation 
of a new generation of products. Our desire to enter this 
challenging f ield led us to select insect viruses, 
specifically a baculovirus, as our model system. Their 
suitability to the techniques of genetic engineering and 
their well-chronicled safety and natural efficacy make them 

0097-6156/88/0379-0405$06.00A) 
© 1988 American Chemical Society 
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406 BIOTECHNOLOGY FOR CROP PROTECTION 

an obvious c h o i c e . E q u a l l y important i n our commercial 
s e t t i n g was the opport u n i t y t o develop a w e l l d e f i n e d 
r e s e a r c h g o a l and t o design and, as d e s c r i b e d here, 
s u c c e s s f u l l y demonstrate a b i o l o g i c a l containment f e a t u r e . 

Background and Biology 

B a c u l o v i r u s e s are a f a m i l y of rod-shaped, DNA v i r u s e s found 
e x c l u s i v e l y w i t h i n the Arthropods and c h i e f l y w i t h i n the 
l a r v a e , i . e . c a t e r p i l l a r s and worms, of the economically 
important Lepidoptera (For reviews that cover most of the 
general p o i n t s r a i s e d h e r e i n see: l r 2 f 3.). T h e i r 
a s s o c i a t i o n with n a t u r a l disease epidemics, or e p i z o o t i c s , 
suggests t h e i r use as n a t u r a l i n s e c t i c i d e s . Nuclear 
p o l y h e d r o s i s v i r u s e s (NPVs) are the b a c u l o v i r u s group that 
i s r e c e i v i n g the most i n t e r e s t as t a r g e t s f o r change by DNA 
eng i n e e r i n g techniques. The nucleocapsids of these v i r u s e s 
e x i s t i n two d i s t i n c t morphological forms: a plasma 
membrane-budded, non-occluded v i r u s (NOV), and an 
i n t r a n u c l e a r l y occluded form i n which many nucleocapsids 
are c o l l e c t e d together i n a p r o t e i n n e a r - c r y s t a l , the 
p o l y h e d r a l i n c l u s i o n body (PIB). 

The n a t u r a l i n f e c t i o n c y c l e begins when a l e a f - f e e d i n g 
c a t e r p i l l a r i n g e s t s a PIB. A l k a l i n e c o n d i t i o n s i n the 
midgut l e a d t o the d i s s o l u t i o n of the PIB, r e l e a s i n g the 
nucleocapsids t o fuse with the midgut c e l l s and i n i t i a t e 
the i n f e c t i o n . Progeny v i r u s produced i n these i n i t i a l l y 
i n f e c t e d c e l l s appear t o be e x c l u s i v e l y NOVs, a c q u i r i n g a 
membrane as they e x i t through the plasma membrane of the 
c e l l . I t i s t h i s form of the nu c l e o c a p s i d t h a t spreads the 
i n f e c t i o n throughout the l a r v a e . Subsequently i n f e c t e d 
t i s s u e s produce a d d i t i o n a l NOV and a l s o produce PIBs. At 
the time of death, the l a r v a e i s completely packed with 
PIBs. 

The model NPV system i s an i s o l a t e from the a l f a l f a 
looper, Autographa californica and, i n co n j u n c t i o n with 
Lepidopteran c e l l c u l t u r e , makes an e x c e l l e n t l a b o r a t o r y 
system. In c e l l c u l t u r e , the NOV i s ;he e x c l u s i v e 
i n f e c t i o u s form; PIBs p l a y no r o l e . A f t e r i n f e c t i o n , the 
nuc l e o c a p s i d makes i t s way t o the nucleus, where 
r e p l i c a t i o n begins. The i n i t i a l steps i n the v i r a l 
r e p l i c a t i o n c y c l e are performed by c e l l u l a r f a c t o r s , 
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31. MILLER Genetically Engineered Viral Insecticides 407 

l e a d i n g t o a cascade o f v i r a l gene expression d r i v i n g the 
subsequent r e p l i c a t i o n steps. From about 12 - 18 hours 
p o s t - i n f e c t i o n , progeny nucleocapsids form i n the nucleus. 
These bud through c e l l u l a r membranes t o y i e l d e x t r a c e l l u l a r 
NOVs which spread the i n f e c t i o n t o other c e l l s i n the 
c u l t u r e . 

In the stages post-18 hours, progeny nucleocapsids do 
not leave the nucleus. A l a t e v i r a l gene product, the 
p r o t e i n p o l y h e d r i n , commences expression as gene ex p r e s s i o n 
r e l a t e d t o the pro d u c t i o n of NOVs winds down. By ca 18 
hours p o s t - i n f e c t i o n , p o l y h e d r i n begins t o c r y s t a l l i z e i n 
the c e l l nucleus. The nucleocapsids present here are 
caught, or occluded, i n the growing c r y s t a l , the PIB. 
There can be s e v e r a l hundred PIBs per nucleus. This 
process continues u n t i l the c e l l e v e n t u a l l y d i e s , ca 72 hr 
p o s t - i n f e c t i o n . The PIBs produced i n c u l t u r e are not 
i n f e c t i o u s t o c u l t u r e d c e l l s . They are p e r f e c t l y 
i n f e c t i o u s t o c a t e r p i l l a r s . 

S e v e r a l f e a t u r e s of b a c u l o v i r u s b i o l o g y have l e d t o an 
im p r e s s i v e l y r a p i d i n c r e a s e i n our understanding of t h e i r 
r e p l i c a t i o n at the molecular l e v e l . The nucl e a r 
p o l y h e d r o s i s v i r u s e s grow i n c e l l c u l t u r e , and, as 
de s c r i b e d above, c a r r y out a l l known aspects of the 
r e p l i c a t i o n c y c l e . Furthermore, b a c u l o v i r u s e s have double 
stranded DNA genomes making them amenable t o a l l n u c l e i c 
a c i d t e c h n o l o g i e s a p p l i e d t o mammalian v i r a l systems. 
F i n a l l y , t h e r e are the pragmatic f o r c e s d r i v i n g the use of 
the v i r u s as a p e s t i c i d e and as an expression v e c t o r f o r 
heterologous p r o t e i n s of experimental or commercial 
i n t e r e s t . 

As mentioned, NPVs d i r e c t the c e l l t o produce l a r g e 
numbers of PIBs. The PIB may be as much as 95% p o l y h e d r i n . 
The l e v e l of sy n t h e s i s needed t o s u s t a i n t h i s leads t o 
f a n t a s t i c amounts of p o l y h e d r i n being produced i n l a t e -
stage i n f e c t e d c e l l s . Estimates of the amount of 
po l y h e d r i n p r o t e i n exceed 25%. One i m p l i c a t i o n of t h i s 
l a r g e amount of m a t e r i a l i s that a very a c t i v e promoter i s 
d r i v i n g the expression of the p o l y h e d r i n gene, and i t i s 
now c l e a r t h a t very l a r g e amounts of p o l y h e d r i n RNA are 
produced i n these c e l l s . In such a case, a gen e t i c 
engineer would be i n c l i n e d t o take advantage of the 
promoter and, l e v e r a g i n g i t with other presumed u s e f u l 
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408 BIOTECHNOLOGY FOR CROP PROTECTION 

f e a t u r e s o f t h e s y s t e m , e m p l o y i t i n a n e x p r e s s i o n v e c t o r 
f o r h e t e r o l o g o u s g e n e s i n s e r t e d u n d e r t h e c o n t r o l o f t h a t 
p r o m o t e r . T h i s h a s b e e n t h e c a s e f o r t h e NPV p o l y h e d r i n 
p r o m o t e r . The f e a t u r e s o f t h i s s y s t e m h a v e b e e n e l a b o r a t e d 
i n r e c e n t r e v i e w a r t i c l e s ( 4 . 5 , 6) . The o n l y r o l e 
f o r p o l y h e d r i n a p p e a r s t o be P I B f o r m a t i o n , w h i c h i s 
i r r e l e v a n t t o t h e p r o d u c t i o n o f in vitro i n f e c t i v e N O V s . 
G e n e s c a n t h e r e f o r e b e i n s e r t e d i n p l a c e o f t h e p o l y h e d r i n 
g e n e , e l i m i n a t i n g i t s f u n c t i o n . The r e s u l t i n g v i r a l genome 
w i l l i n i t i a l l y d i r e c t t h e p r o d u c t i o n o f NOVs t h e n , w i t h t h e 
t i m e c o u r s e o f p o l y h e d r i n p r o t e i n gene e x p r e s s i o n , go o n t o 
p r o d u c e p r o d u c t a s d i r e c t e d b y t h e i n s e r t e d D N A . 

E x p e r i m e n t a l l y , DNA i s i n t r o d u c e d i n t o t h e v i r a l 
ch romosome a s f o l l o w s ( d e s c r i b e d i n d e t a i l w i t h e x a m p l e s i n 
4 , 6 ) : To f a c i l i t a t e w o r k i n g w i t h t h e p o l y h e d r i n g e n e , a 
s m a l l p o r t i o n o f t h e l a r g e v i r a l c h r o m o s o m e , c o n t a i n i n g t h e 
g e n e a n d i t s f l a n k i n g r e g i o n s , a r e c l o n e d i n t o a b a c t e r i a l 
p l a s m i d . The p o l y h e d r i n c o d i n g r e g i o n s c a n ( b u t do n o t 
h a v e t o ) b e r e m o v e d i n t h e p r o c e s s o f i n t r o d u c i n g u s e f u l 
r e s t r i c t i o n enzyme s i t e s i n t h e v i c i n i t y o f t h e i n i t i a t i n g 
A T G . Once c o n s t r u c t e d , f o r e i g n DNA c a n be i n t r o d u c e d i n t o 
t h e p l a s m i d a t one o f t h e s e s i t e s , p l a c i n g i t d o w n s t r e a m o f 
t h e p r e s u m p t i v e p r o m o t e r r e g i o n . A s a n a s i d e , t h e e x a c t 
n a t u r e o f t h e p o l y h e d r i n p r o m o t e r a n d i t s a b i l i t y t o 
p r o d u c e l a r g e a m o u n t s o f RNA a r e o n l y now b e i n g e s t a b l i s h e d 
(2 a n d r e f e r e n c e s c o n t a i n e d t h e r e i n ) . I t i s a f a c t t h a t 
g e n e s e x p r e s s e d f r o m s u c h c o n s t r u c t s p r o d u c e f a r l e s s 
p r o t e i n t h a n i s p r o d u c e d b y t h e n a t u r a l p o l y h e d r i n g e n e . 
The r e a s o n s f o r t h i s d i s c r e p a n c y h a v e n o t b e e n f u l l y 
e l u c i d a t e d ( s ee a b o v e r e f e r e n c e s f o r d i s c u s s i o n ) . 

Once c o n s t r u c t e d , t h e p l a s m i d s e q u e n c e s a r e i n t r o d u c e d 
i n t o t h e v i r u s ch romosome b y c o - t r a n s f e c t i o n o f t h e p l a s m i d 
w i t h n a k e d w i l d t y p e v i r a l D N A . R e c o m b i n a t i o n o c c u r s a t a 
l o w b u t u s e f u l f r e q u e n c y b e t w e e n t h e s e DNAs a t t h e i r 
h o m o l o g o u s r e g i o n s , f l a n k i n g t h e p o l y h e d r i n g e n e . The 
p r o g e n y v i r u s f r o m t h e c o - t r a n s f e c t i o n a r e p l a q u e d , a n d t h e 
p l a q u e s a r e s c o r e d f o r t y p e . U n d e r a d i s s e c t i n g 
m i c r o s c o p e , t h e r e c o m b i n a n t s c a n b e s e l e c t e d f r o m t h e w i l d 
t y p e s b a s e d o n t h e i r d i s t i n c t i v e p l a q u e m o r p h o l o g y due t o a 
l a c k o f P I B s . Once s e l e c t e d a n d a s t o c k p r e p a r e d , one h a s 
a v i r u s w h i c h o n i n f e c t i o n o f c e l l s w i l l d i r e c t t h e 
p r o d u c t i o n o f b o t h a d d i t i o n a l v i r u s a n d t h e p r o d u c t o f t h e 
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31. MILLER Genetically Engineered Viral Insecticides 409 

i n s e r t e d gene. T h i s system i s now widely employed f o r the 
lab s c a l e production of a v a r i e t y of p r o t e i n s from a l l 
v a r i e t i e s of organisms. Rarely does one encounter a gene 
which i s not expressed i n t h i s system. T y p i c a l l y , 1 t o 
lOO^lg per ml w i l l be obtained. Maeda and coworkers have 
c l e a r l y demonstrated t h a t the v i r u s w i l l d i r e c t f o r e i g n 
gene expression i n i n t a c t c a t e r p i l l a r s , as w e l l (& and 
reference s contained t h e r e i n ) . 

B a c u l o v i r u s e s as I n s e c t i c i d e s 

In our plan n i n g f o r the m o d i f i c a t i o n of an i n s e c t pathogen, 
we found that NPVs met many of the c r i t e r i a i n our mental 
check l i s t : they have reasonable a c t i v i t y i n t h e i r 
u n a l t e r e d s t a t e , they have already r e c e i v e d some commercial 
use and, as a r e s u l t , have e s t a b l i s h e d a good s a f e t y r e c o r d 
and r e g u l a t o r y h i s t o r y , they can be manipulated at the 
molecular l e v e l , and we co u l d devise a r e a l i s t i c s c e n a r i o 
f o r a l t e r a t i o n , which we a n t i c i p a t e w i l l i n c r e a s e t h e i r 
e f f i c a c y . L a s t l y , an unavoidable concern i n t h i s arena i s 
ob t a i n i n g permission f o r the experimental f i e l d a p p l i c a t i o n 
of such a product. A very d e f i n i t e p l u s i n our s e l e c t i o n 
of t h i s group was that we coul d devise a b i o l o g i c a l 
containment scheme th a t would a c t u a l l y l e a d t o a l o s s of 
the recombinant v i r u s as i t grew i n i t s hosts and prevent 
i t s unchecked growth. This approach w i l l be d i s c u s s e d i n 
d e t a i l below. 

The c r i t i c a l p o i n t i n using the v i r u s as an i n s e c t i c i d e 
r e l a t i v e t o i t s use as an expression v e c t o r i s summarized 
as f o l l o w s : A f o r e i g n gene, from any source, can be p l a c e d 
i n t o the b a c u l o v i r u s chromosome so that upon i n f e c t i o n of a 
c a t e r p i l l a r c e l l a gene product, perhaps never expressed, 
or never expressed at t h i s time, or never expressed i n t h i s 
amount, i s now expressed. One has the oppo r t u n i t y then t o 
introduce novel gene products i n t o a n a t u r a l p o p u l a t i o n of 
c a t e r p i l l a r s v i a the v i r u s and augment t h e i r c o n t r o l over 
and above th a t of the v i r u s alone and perhaps i n ways th a t 
cannot be supplanted by standard a g r i c u l t u r a l chemicals. 
This makes f o r some very e x c i t i n g p o s s i b i l i t i e s . 

B a c u l o v i r u s e s have been commercially l i m i t e d because of 
shortcomings r e l a t i v e t o t h e i r chemical competition: Any 
one b a c u l o v i r u s i s a c t i v e against only a l i m i t e d number of 
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410 BIOTECHNOLOGY FOR CROP PROTECTION 

c a t e r p i l l a r s p ecies, which at one p o i n t i n time was a 
f e a t u r e thought t o be an a s s e t . However, i n a c o n t r o l 
s i t u a t i o n , there can be c a t e r p i l l a r s present which are 
o u t s i d e the host range, c o m p l i c a t i n g the usage d e c i s i o n . 
C a t e r p i l l a r s which are s u s c e p t i b l e take a number of days t o 
d i e a f t e r e a t i n g a l e t h a l dose, and l a t e r i n s t a r s can be 
q u i t e r e f r a c t o r y t o i n f e c t i o n . B a c u l o v i r u s e s are r a t h e r 
environmentally unstable, as w e l l . They are p a r t i c u l a r l y 
s e n s i t i v e t o u l t r a v i o l e t l i g h t , which decreases t h e i r 
e f f e c t i v e l i f e t i m e on the l e a f s u r f a c e . To o b t a i n 
commercial q u a n t i t i e s of m a t e r i a l , b a c u l o v i r u s e s must be 
produced i n l a r v a e , which i s p e r c e i v e d as a cumbersome 
re t r o - t e c h n o l o g y . T h i s p e r c e p t i o n i s i n f a c t a 
misconception. While c e r t a i n l y not a standard way o f 
producing an i n s e c t i c i d e , i t i s a t e c h n i c a l l y demanding but 
very workable process. 

Before e l a b o r a t i n g on the ways i n which g e n e t i c 
e n g i n e e r i n g can a l l e v i a t e some of these problems, i t i s 
worth r e s t a t i n g some of the well-known s a f e t y 
c h a r a c t e r i s t i c s of u n a l t e r e d b a c u l o v i r u s e s , a l l of which we 
a n t i c i p a t e w i l l be maintained with an engineered v i r u s . 
Baculo — meaning rod-shaped — v i r u s e s have no known 
counterparts i n v e r t e b r a t e v i r u s e s , yet they are widely 
d i s t r i b u t e d i n nature. During e p i z o o t i c s i n s u s c e p t i b l e 
Lepidoptera, f o r example the gypsy moth, they are present 
i n u n b e l i e v a b l y high numbers and d e n s i t i e s with no adverse 
environmental e f f e c t s observed other than t o the host 
l a r v a e . 

The animal s a f e t y t e s t i n g of b a c u l o v i r u s e s has been very 
e x t e n s i v e . Simply summarized, there have been no 
unexpected adverse e f f e c t s on any v e r t e b r a t e and no e f f e c t s 
on any i n v e r t e b r a t e which i s not p a r t of the host range 
(fo r review see ^ ) . Baculoviruses have no p h y t o t o x i c i t y . 

S e v e r a l n a t u r a l l y - o c c u r r i n g b a c u l o v i r u s e s have now been 
r e g i s t e r e d i n the United States f o r use as i n s e c t i c i d e s on 
f o r e s t r y and food crops. The current r e g u l a t o r y framework 
w i l l subject the f i r s t engineered b a c u l o v i r u s p e s t i c i d e to 
a h i g h l e v e l of s c r u t i n y . Questions of t o x i c i t y a s i d e (as 
t h i s w i l l be handled on a case-by-case b a s i s ) , an i s s u e of 
general and prime concern w i l l be the g e n e t i c s t a b i l i t y of 
a l t e r e d v i r u s e s . Going hand-in-hand with a rod-shaped 
n u c l e o c a p s i d i s the a b i l i t y of the v i r u s t o accommodate 
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31. MILLER Genetically Engineered Viral Insecticides 411 

g a i n s o r l o s s e s o f DNA b y s i m p l y e x p a n d i n g o r s h r i n k i n g t h e 
p a r t i c l e . F o r e x a m p l e , i n n a t u r a l p o p u l a t i o n s , 
b a c u l o v i r u s e s seem t o b e p r o n e t o a c q u i r i n g h o s t DNA 
s e q u e n c e s , w h i c h i n s e v e r a l c a s e s e x a m i n e d a p p e a r t o b e 
t r a n s p o s a b l e e l e m e n t s ( f o r r e v i e w s e e 1 & ) . W i t h t h i s i n 
m i n d , t h e f o l l o w i n g q u e s t i o n s a r e o f r e l e v a n c e t o t h e f i e l d 
t e s t i n g o f g e n e t i c a l l y a l t e r e d v i r u s e s : To wha t e x t e n t do 
i n t r o d u c e d s e q u e n c e s c h a n g e t h e o v e r a l l d y n a m i c s o f t h e 
genome a n d a r e t h e i n t r o d u c e d s e q u e n c e s , i n p a r t i c u l a r , 
more l i k e l y t o b e i n v o l v e d i n u n t o w a r d e v e n t s ? H a v i n g 
d e a l t e x t e n s i v e l y w i t h e n g i n e e r e d v i r u s e s b o t h in vivo a n d 
in vitro, we h a v e o b s e r v e d no u n e x p e c t e d i n s t a b i l i t y o f 
t h e genome o v e r e i t h e r t h e e n t i r e chromosome o r t h e 
i n s e r t e d g e n e . N e i t h e r h a v e we d e t e c t e d a n y u n u s u a l 
r e c o m b i n a t i o n e v e n t s i n v o l v i n g e n g i n e e r e d v i r u s e s . A n 
a d d i t i o n a l s a f e t y f e a t u r e o f t h e e n g i n e e r e d p r o d u c t we a r e 
d e v e l o p i n g i s a b i o l o g i c a l c o n t a i n m e n t f e a t u r e w h i c h w i l l 
m i n i m i z e t h e s p r e a d , b y g r o w t h , o f t h e p r o d u c t f r o m t h e 
a p p l i c a t i o n s i t e , a n d i n t h i s s e n s e , make t h e a l t e r e d v i r u s 
more " s a f e " t h a n t h e w i l d t y p e . 

T h e r e a r e a number o f t e c h n i c a l means u n d e r 
c o n s i d e r a t i o n f o r a l l e v i a t i n g t h e s h o r t c o m i n g s o f 
b a c u l o v i r u s e s a s i n s e c t i c i d e s . O f t h e s e v e r a l p r o b l e m s , 
p e r h a p s t h e m o s t r e a d i l y a p p r o a c h a b l e t h r o u g h e n g i n e e r i n g 
i s i m p r o v i n g t h e s p e e d o f k i l l . S h o r t e n i n g t h i s t o a s 
l i t t l e a s one d a y w o u l d make a r a d i c a l d i f f e r e n c e i n t h e 
c o m m e r c i a l u t i l i t y a n d a c c e p t a n c e o f t h e s e a g e n t s . I t i s 
c u r r e n t l y a s s u m e d t h a t i n f e c t e d l a r v a e d i e b e c a u s e t h e y a r e 
o v e r w h e l m e d b y t h e c o u r s e o f t h e i n f e c t i o n , a n d i t t a k e s 
s e v e r a l d a y s f o r t h i s t o o c c u r . H o w e v e r , e m p l o y i n g t h e 
v i r u s a s a n e x p r e s s i o n v e c t o r t o d e l i v e r some d e l e t e r i o u s 
gene p r o d u c t i n t o t h e l a r v a e c o u l d g r e a t l y i n c r e a s e t h e 
s p e e d o f k i l l . I t s h o u l d be n o t e d t h a t J i i l l a s u s e d h e r e 
r e a l l y r e f e r s t o a d i s a b l i n g o r i n a c t i v a t i o n o f t h e l a r v a e 
s u c h t h a t f e e d i n g c e a s e s a n d , i d e a l l y , a f a r m e r c a n 
v i s u a l l y a s s e s s t h e c o n t r o l he i s a c h i e v i n g . 

M o s t g e n e s c h o s e n f o r i n t r o d u c t i o n w i l l c o d e f o r a 
p r o t e i n t h a t f a l l s i n t o a n y o f s e v e r a l d i f f e r i n g c l a s s e s 
w h i c h m i g h t f u l f i l l t h e s e c r i t e r i a . T h i s c o n c e p t h a s b e e n 
e l a b o r a t e d i n l l r 1 2 . T h e r e a r e a number o f p r o t e i n a c e o u s 
t o x i n s p r o d u c e d i n l i v i n g s y s t e m s . A r t h r o p o d s p r o d u c e a 
g r e a t v a r i e t y ; h o w e v e r , t h e s e a r e g e n e r a l l y q u i t e p o o r l y 
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412 BIOTECHNOLOGY FOR CROP PROTECTION 

c h a r a c t e r i z e d ( f o r reviews see 13. 14). Perhaps the best 
known and most c h a r a c t e r i z e d c a t e r p i l l a r - s p e c i f i c t o x i n i s 
t h a t produced by the s e v e r a l v a r i e t i e s of Bacillus 
thuringiensis. A d d i t i o n a l l y , there are a number of 
enzymes, such as proteases and c h i t i n a s e s , as w e l l as 
enzymatic i n h i b i t o r s which might be examined. E x c i t i n g t o 
contemplate are i n s e c t neurohormones. T h e i r expression at 
high l e v e l s c o u l d l e a d t o p r o v o c a t i v e phenomenon w i t h i n the 
l a r v a e and perhaps w i t h i n the pest p o p u l a t i o n . In t h i n k i n g 
through a p l a n f o r modifying the v i r u s by gene i n s e r t i o n , 
i t must be kept i n mind that the i d e a l s e l e c t i o n would not 
have a c t i v i t y much ou t s i d e the t a r g e t range. Furthermore, 
i t should be compatible with producing the v i r u s product 
commercially i n l a r v a e . T h i s loose grouping of candidate 
p r o t e i n s w i l l h e r e a f t e r be r e f e r r e d t o as t o x i n s . 

It i s i r o n i c t h a t the i n i t i a l focus on b a c u l o v i r u s e s as 
i n s e c t i c i d e s stemmed from t h e i r h i g h degree of s p e c i f i c i t y 
f o r a l i m i t e d number of Lepidopteran l a r v a e and consequent 
lessened environmental concern. T h i s has i n p a r t been 
t h e i r undoing and mechanisms are now being contemplated f o r 
e n l a r g i n g the host range. As adopted i n b a c u l o v i r o l o g y , 
the concept of host range t r e a t s a permissive i n f e c t i o n as 
one i n which the l a r v a e i s f u l l y s u s c e p t i b l e t o the v i r u s , 
l e a d i n g i n the case of NPVs t o the production of PIBs and 
ending i n the death of the l a r v a e . Within t h i s , i t i s now 
a p p r e c i a t e d t h a t there are a l s o a wide range and probably 
high frequency of semi-permissive i n f e c t i o n s i n which some 
aspect of the v i r a l l i f e c y c l e (as measured against some 
reference) i s c u r t a i l e d . There are a l s o non-permissive 
i n f e c t i o n s . 

There are two approaches t o improving the host range of 
b a c u l o v i r u s e s . There i s the c o n f r o n t a t i o n a l approach of 
c l e a r l y d e l i n e a t i n g i n some p a r t i c u l a r case of v i r u s t o 
host where the host range r e s t r i c t i o n ( s ) l i e s . T h i s i s 
l i k e l y t o be a c o n s i d e r a b l e undertaking f o r even j u s t one 
case. The problem with t h i s approach as i t r e l a t e s t o 
developing a b e t t e r p e s t i c i d e i s t h a t the answer i s l i k e l y 
t o be case s p e c i f i c ; t hat i s , the d e f i c i e n c y i n a v i r u s ' 
i n t e r a c t i o n with a p a r t i c u l a r host w i l l be unique and 
knowing the answer w i l l not t e l l us how t o make tha t 
p a r t i c u l a r v i r u s i n t e r a c t b e t t e r with the next d e s i r a b l e 
t a r g e t t h a t i s not p a r t of i t s host range. 
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31. MILLER Genetically Engineered Viral Insecticides 413 

A b e t t e r approach would be t o a c t u a l l y ignore the 
s p e c i f i c s of host range determination and i n s t e a d develop a 
method th a t allows an end-run around v i r a l - h o s t i n t e r a c t i o n 
d e f i c i e n c i e s and permits the v i r u s t o ( i f perhaps not c a r r y 
out a f u l l r e p l i c a t i o n cycle) act as an expression v e c t o r 
and d e l i v e r t o the host a t o x i n gene t h a t w i l l be expressed 
and d i s p a t c h the pest. The idea here i s that the c o r r e c t 
promoter d r i v i n g the expression of a t o x i n gene du r i n g a 
weak or inapparent i n f e c t i o n or perhaps no r e p l i c a t i o n at 
a l l would nonetheless allow s u f f i c i e n t expression of the 
gene t o achieve the d e s i r e d r e s u l t . 

An example of how t h i s might work has been e l e g a n t l y 
demonstrated by L o i s M i l l e r ' s l a b o r a t o r y (15 r 16). By 
employing the technology d e s c r i b e d above, C a r b o n e l l e t . a l . 
c o n s t r u c t e d an Autographa californica NPV which contained 
two f o r e i g n genes, each under the c o n t r o l of a d i f f e r e n t 
promoter (15.) . The p o l y h e d r i n promoter was used t o express 
a f u s i o n of the N-terminal region of the p o l y h e d r i n p r o t e i n 
t o E. coli p - g a l a c t o s i d a s e . The v i r u s a l s o contained, 
a d j a c e n t l y l o c a t e d , the chloramphenicol a c e t y l t r a n s f e r a s e 
gene under the t r a n s c r i p t i o n a l c o n t r o l of the long t e r m i n a l 
repeat (LTR) of the Rous sarcoma v i r u s (RSV). The RSV LTR 
had p r e v i o u s l y been c h a r a c t e r i z e d as a promoter c a s s e t t e 
which would f u n c t i o n i n a wide v a r i e t y o f c e l l types, 
i n c l u d i n g Drosophila and mammalian c e l l l i n e s . I t was of 
i n t e r e s t t o determine i f t h i s arrangement would allow 
expression of e i t h e r of these e a s i l y - a s s a y e d r e p o r t e r genes 
when the v i r u s was introduced i n t o novel hosts. 

When the v i r u s was used t o i n f e c t a known, f u l l y 
p e r m issive c e l l l i n e from Spodoptera frugiperda, both 
genes were expressed. CAT a c t i v i t y was detected e a r l y i n 
the i n f e c t i o n at about s i x hours, a not s u r p r i s i n g r e s u l t 
s i n c e the RSV LTR contains an RNA polymerase II promoter 
and t h i s enzymatic a c t i v i t y , p r e - e x i s t i n g i n the c e l l , 
should be amongst the f i r s t t o act on the v i r a l chromosome. 
Late i n the i n f e c t i o n , at the time t h a t the p o l y h e d r i n 
promoter i s known t o become a c t i v e , |3-galactosidase 
a c t i v i t y was detected. 

The NOV form of the v i r u s was a l s o used t o i n f e c t a 
Drosophila c e l l l i n e in vitro. F l i e s are not p a r t o f the 
host range of t h i s p a r t i c u l a r b a c u l o v i r u s and no progeny 
v i r u s were a n t i c i p a t e d . The s i t u a t i o n with regard t o gene 
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414 BIOTECHNOLOGY FOR CROP PROTECTION 

expression as d r i v e n by these two very d i f f e r e n t promoters 
was not known. As i t turned out, s t a r t i n g at about 12 
hours p o s t - a p p l i c a t i o n , CAT a c t i v i t y was detected and 
continued t o r i s e f o r a number of hours. P o l y h e d r i n 
promoter a c t i v i t y , as reported by P-galactosidase, was 
never detected. 

The authors were able t o detect what they f e l t was a 
very low l e v e l of DNA r e p l i c a t i o n i n Drosophila. The 
important p o i n t i s that the d e t e c t i o n of CAT a c t i v i t y i n 
Drosophila demonstrates that the v i r u s i s e n t e r i n g the 
c e l l s and i s being uncoated to f r e e the genome f o r 
t r a n s c r i p t i o n a l a c t i v i t y . The presumptive reason f o r lack 
of P-galactosidase a c t i v i t y i s the absence of c e l l u l a r or 
v i r a l products necessary f o r p o l y h e d r i n promoter a c t i v i t y . 

A l o g i c a l experimental extension of t h i s work i s a l s o 
presented by these authors. The v i r u s , as NOVs, i s 
administered to mosquito a d u l t s by (of a l l things) enema. 
The authors were able t o detect CAT a c t i v i t y i n mosquito 
midgut. T h i s i l l u s t r a t e s the p o i n t r a i s e d above: I t may 
be p o s s i b l e t o e f f e c t i v e l y i n c r e a s e the host range of the 
v i r u s by employing i t as a d e l i v e r y v e h i c l e f o r a t o x i n 
gene. Presumably, had the CAT gene been r e p l a c e d by a gene 
whose product was t o x i c t o mosquitoes, i t would have 
" k i l l e d " the mosquito a d u l t s . 

This k i n d of c o n s t r u c t w i l l be very u s e f u l i n 
determining the s a f e t y of engineered v i r u s e s t o non-target 
organisms. When the two-gene v i r u s i s a p p l i e d t o mouse 
c e l l s , no a c t i v i t y i s detected from e i t h e r promoter (1£) . 
Since i t i s known that the RSV LTR i s a c t i v e i n mouse 
c e l l s , the lack of a c t i v i t y i s thought t o i n d i c a t e t h a t the 
v i r u s i s not being uncoated i n s i d e these c e l l s . T h i s very 
important o b s e r v a t i o n had an immediately p o s i t i v e e f f e c t on 
our thoughts regarding the s a f e t y of b a c u l o v i r a l 
p e s t i c i d e s . I t a l s o provides some guidance i n designing 
v i r a l m o d i f i c a t i o n s . Given the p o t e n t i a l f o r a c t i v i t y i n 
non-Lepidopteran hosts, one would i d e a l l y choose a t o x i n 
gene t h a t was as L e p i d o p t e r a n - s p e c i f i c as p o s s i b l e and a 
mode of expressing t h i s gene, which i f at a l l p o s s i b l e , 
added another l a y e r of s a f e t y . These options e x i s t and i n 
c o n j u n c t i o n with our b i o l o g i c a l containment f e a t u r e 
(described below) have allowed us to become comfortable 
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31. MILLER Genetically Engineered Viral Insecticides 415 

with the i d e a of developing and f i e l d t e s t i n g a g e n e t i c a l l y 
m o d i f i e d b a c u l o v i r u s i n s e c t i c i d e . 

Other opinions do enter i n t o such a d e c i s i o n . The 
Environmental P r o t e c t i o n Agency has j u r i s d i c t i o n over the 
f i e l d t e s t i n g of p e s t i c i d e s . T h e i r most recent p o l i c y 
statement i n d i c a t e s t h a t a l l g e n e t i c a l l y modified organisms 
w i l l be subject t o review before any f i e l d t e s t i n g begins 
(12). M o d i f i c a t i o n s such as those i m p l i c i t here f t h a t i s , 
the a d d i t i o n of n o n - v i r a l DNA t o the v i r u s chromosome, w i l l 
get the maximum l e v e l of s c r u t i n y . L i k e l y t o be of 
p a r t i c u l a r i n t e r e s t are questions of environmental 
p e r s i s t e n c e , genomic s t a b i l i t y and s a f e t y of the s p e c i f i c 
c o n s t r u c t t o non-target organisms. 

What can be s a i d about the ecology of b a c u l o v i r u s e s ? As 
with a l l v i r u s e s , they are o b l i g a t e c e l l u l a r p a r a s i t e s , 
r e l y i n g on t h e i r hosts f o r r e p l i c a t i o n machinery. T h i s has 
some important i m p l i c a t i o n s f o r f i e l d monitoring and should 
serve t o r e s t r i c t i n t e r e s t t o r e p l i c a t i o n p r o f i c i e n t v i r u s 
and v i r u s t h a t has the opportunity t o get i n t o a host. 
(See 1 £ f o r a thorough d i s c u s s i o n of these i s s u e s . ) . A 
f a c t o r such as s u n l i g h t w i l l i n a c t i v a t e the great m a j o r i t y 
of a p p l i e d v i r u s over a short p e r i o d of time. The 
i n a c t i v a t e d v i r u s , while perhaps d e t e c t a b l e by some 
antigen-based assay, i s of no i n t e r e s t i n terms of s a f e t y . 
To assess the l e v e l of a c t i v e v i r u s w i l l r e q u i r e d i r e c t 
assay i n t h e i r host, c a t e r p i l l a r s . These assays are very 
s e n s i t i v e because l i v e v i r u s i s very i n f e c t i v e . 

Many workers have noted the s e n s i t i v i t y of b a c u l o v i r u s e s 
t o the u l t r a v i o l e t l i g h t component of s u n l i g h t (For a 
recent review of a l l aspects of v i r u s environmental 
s t a b i l i t y see 12..) . Unformulated and unprotected v i r u s 
a p p l i e d t o a crop l o s e s much of i t s b i o l o g i c a l a c t i v i t y 
with r a t e s approaching 50% a day. This i s presumably due 
to genomic damage. V i r u s which su r v i v e s t h i s and makes i t s 
way t o the s o i l has a much b e t t e r chance. B a c u l o v i r u s e s , 
perhaps due t o t h e i r p o l y h e d r i n covering, are very l o n g -
l i v e d when sequestered i n the s o i l , with a time frame 
measured i n years. I t i s c u r r e n t l y thought t h a t t h i s 
r e s e r v o i r provides the inoculum f o r most of the n a t u r a l l y 
induced v i r a l e p i z o o t i c s . The s t a b i l i t y of the v i r u s i n 
s o i l i s something that must be a n t i c i p a t e d and accepted by 
both the p e s t i c i d e developer and the r e g u l a t o r y agencies. 
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416 BIOTECHNOLOGY FOR CROP PROTECTION 

A g e n e t i c a l l y engineered v i r u s a p p l i e d t o a f i e l d w i l l 
s t i l l be d e t e c t a b l e s e v e r a l years l a t e r . 

As p a r t of our development e f f o r t , we have conducted a 
survey of the s t a b i l i t y of the v i r a l genome. The c l e a r 
summation of t h i s work i s t h a t an engineered v i r u s i s no 
l e s s s t a b l e than a wild-type v i r u s , when examined both over 
the e n t i r e chromosome and when r e s t r i c t e d t o the a l t e r e d 
p o r t i o n . For example, we have c o n s t r u c t s i n which we have 
u t i l i z e d v a r i o u s LTRs as promoters f o r (5-galactosidase i n 
p l a c e of the p o l y h e d r i n promoter and gene. In another 
case, we have l e f t the p o l y h e d r i n promoter as i s but 
r e p l a c e d the gene with P-galactosidase. N e i t h e r of these 
v i r u s types i s capable of producing PIBs and must t h e r e f o r e 
be passaged i n c e l l c u l t u r e or i n c a t e r p i l l a r s by 
i n j e c t i o n . T h i s has been done and many progeny plaques 
have been screened f o r the p a r e n t a l a b i l i t y t o convert the 
i n d i c a t o r x-gal t o i t s blue form. We have never observed a 
d e f i c i e n t plaque. 

We have a l s o t r i e d t o f o r c e the v i r u s t o undergo unusual 
recombination events. In t h i s set of experiments, c u l t u r e d 
c e l l s were simultaneously i n f e c t e d with two v i r u s types. 
One, w i l d type v i r u s (PIB +, c l e a r plaque) and, two, a 
recombinant i n which the p o l y h e d r i n promoter i s d r i v i n g 
P-galactosidase expression (PIB -, blue plaque). The 
progeny of t h i s i n f e c t i o n were plaqued and screened f o r any 
t h a t were p o t e n t i a l recombinants (PIB +, blue plaque). In 
f a c t , we have c o n s i s t e n t l y found q u i t e a high percentage of 
these. T h i s work needs f u r t h e r development, but i t i s our 
f e e l i n g based on the a n a l y s i s of a number of these plaques 
t h a t they are not novel recombinants. Rather, we t h i n k 
they are e i t h e r : genomic c o i n t e g r a t e s ( a n t i c i p a t e d t o be 
u n s t a b l e ) , nucleocapsids with m u l t i p l e independent genomes 
encapsidated, or nucleocapsids which have aggregated and 
consequently y i e l d an impure plaque that i n i t i a l l y appears 
t o be pure. None of our analyzed plaques y i e l d e d a pure 
recombinant phenotype a f t e r s e v e r a l replaquings, arguing 
ag a i n s t s t a b l e novel recombinants but c o n s i s t e n t with the 
above i n t e r p r e t a t i o n s . 

B i o l o g i c a l Containment The s a f e t y h i s t o r y of non-
engineered b a c u l o v i r u s e s and the nature of the a n t i c i p a t e d 
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31. MILLER Genetically Engineered Viral Insecticides 417 

m o d i f i c a t i o n work leads us t o f e e l c o n f i d e n t about the 
s a f e t y of our eventual product. Recent h i s t o r y has shown 
that there w i l l be those who are not so sanguine. In an 
e f f o r t t o in c r e a s e t h e i r comfort l e v e l we have devised and 
t e s t e d a b i o l o g i c a l containment scheme f o r a mo d i f i e d 
v i r u s . Our scheme takes i n t o account the f o l l o w i n g : the 
engineered v i r u s , having had i t s p o l y h e d r i n gene r e p l a c e d 
by a t o x i n gene, w i l l i n general not be able t o produce 
PIBs , PIBs are d e s i r a b l e f o r production, formulation, and 
a p p l i c a t i o n purposes, the v i r u s i s very s t a b l e once 
r e s e r v o i r e d i n the s o i l , and the v i r u s r e q u i r e s an i n s e c t 
c e l l i n which t o grow. 

To i n i t i a t e the scheme, c e l l s i n c u l t u r e are 
simultaneously i n f e c t e d with a w i l d type v i r u s and the 
recombinant, p o l y h e d r i n d e f i c i e n t v i r u s . Inside the c e l l 
nucleus, an i n f e c t i o n i s e s t a b l i s h e d by both v i r u s types. 
The recombinant i s as r e p l i c a t i o n p r o f i c i e n t as the w i l d 
type, except f o r i t s i n a b i l i t y t o produce PIBs. T h i s 
f u n c t i o n i s c a r r i e d out by the w i l d type. The PIBs that 
form i n the nucleus occlude nucleocapsids of both the w i l d 
type and the recombinant v i r u s , as they are 
i n d i s t i n g u i s h a b l e at t h i s p o i n t . We r e f e r t o such PIBs as 
mixed-composition PIBs (MC-PIB). 

The multitude of PIBs produced during t h i s process are 
composed of both types of input nucleocapsids. These 
progeny PIBs can be f e d t o c a t e r p i l l a r s , i n i t i a t i n g an 
i n f e c t i o n of both v i r u s types. The nature of the growth 
dynamics between the v i r u s types can be fo l l o w e d i n two 
ways. The PIBs themselves can be d i s s o l v e d and t h e i r 
n u c l e o c a p s i d components analyzed by DNA r e s t r i c t i o n enzyme 
d i g e s t i o n and subsequent f i l t e r h y b r i d i z a t i o n a n a l y s i s . 
T h is allows an assessment of the pr o p o r t i o n s of w i l d type 
t o recombinant v i r u s i n the MC-PIB. Also, the f r e e NOVs 
present i n an i n f e c t e d c a t e r p i l l a r can be c o l l e c t e d and 
analyzed by plaq u i n g i n c e l l c u l t u r e . T h i s provides an 
assessment of the frequency of w i l d type t o recombinant 
v i r u s f r e e i n the host. 

The combination of these two techniques allows one t o 
f o l l o w the f a t e of a recombinant v i r u s as i t i s passaged 
v i a the MC-PIB technique through succeeding c a t e r p i l l a r s . 
We have now gone through the c r e a t i o n and t r a c k i n g of 
s e v e r a l d i f f e r e n t MC-PIBs, and i t i s c l e a r from t h i s t h a t 
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418 BIOTECHNOLOGY FOR CROP PROTECTION 

t h e t e c h n i q u e c o n t r i b u t e s t o t h e s o l u t i o n o f s e v e r a l 
p r o b l e m s . F i r s t , i t a l l o w s t h e n a t u r a l d e l i v e r y o f a 
r e c o m b i n a n t , p o l y h e d r i n d e f i c i e n t v i r u s t o a p e s t 
p o p u l a t i o n i n t h e f i e l d . S e c o n d , i t p r o v i d e s a n e c o n o m i c a l 
means f o r mass p r o d u c i n g a r e c o m b i n a n t v i r u s i n 
a g r i c u l t u r a l l y r e l e v a n t a m o u n t s b y a l l o w i n g t h e p r o d u c t i o n 
t o p r o c e e d v i a c a t e r p i l l a r s i n f e c t e d t h r o u g h t h e i r d i e t . 
F i n a l l y , i t p r o v i d e s a means o f b i o l o g i c a l c o n t a i n m e n t . 

I t i s o u r o b s e r v a t i o n t h a t i f a n M C - P I B o f g i v e n r a t i o 
o f w i l d t y p e t o r e c o m b i n a n t v i r u s i s f e d t o a c a t e r p i l l a r , 
a n d t h e p r o g e n y P I B s a r e f e d t o a n o t h e r c a t e r p i l l a r a n d s o 
o n , e a c h g e n e r a t i o n w i l l s e e t h e f r e q u e n c y o f r e c o m b i n a n t 
v i r u s d e c r e a s e . A t some p o i n t s e v e r a l p a s s a g e s h e n c e , t h e 
r e c o m b i n a n t v i r u s h a s b e e n d i l u t e d o u t b y t h e more 
a p p r o p r i a t e g r o w t h o f t h e w i l d t y p e v i r u s . A t t h i s p o i n t , 
t h e r e c o m b i n a n t v i r u s h a s e s s e n t i a l l y g r o w n i t s e l f o u t o f 
e x i s t e n c e a n d h a s b e e n w h o l l y r e p l a c e d b y t h e w i l d t y p e i n 
t h e P I B s . 

H 1 0 : 1 

* 1 0 : 1 0 

0 1 2 3 4 5 

P a s s a g e Number 

F i g u r e 1 . T h e r a t i o o f r e c o m b i n a n t t o w i l d - t y p e v i r u s 
c h a n g e s w i t h e a c h g e n e r a t i o n u n t i l o n l y t h e w i l d 
t y p e r e m a i n s . 

The number of passages the recombinant virus survives is 
influenced by the initial ratio of recombinant to wild type 
virus used to infect the tissue culture cells. This is 
illustrated in Figure 1. Cells in culture were 
infected with either a multiplicity of infection of 10:1 or 
10:10, recombinant: wild type, plaque forming units. 
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31. MILLER Genetically Engineered Viral Insecticides 419 

Passage 0 i s the percentage of recombinant plaques obtained 
when the progeny v i r u s i n the c e l l c u l t u r e f l a s k were 
plaqued. Passage 1 r e f e r s t o the percentage obtained from 
the f i r s t c a t e r p i l l a r s (Heliothis virescens, f o u r t h 
i n s t a r ) f e d PIBs from the t i s s u e c u l t u r e c e l l s . As can be 
seen, the recombinant p e r s i s t s at higher percentages f o r a 
longer p e r i o d of time when the i n i t i a l MC-PIB composition 
i s skewed towards the recombinant. 

In t h i s example, the c a t e r p i l l a r s were i n f e c t e d with the 
v i r u s by p l a c i n g 10 5 MC-PIBs on the surface of t h e i r d i e t . 
I f t h i s i s r a i s e d t o 10^ MC-PIBs, the p e r s i s t e n c e of the 
recombinant i s extended out at l e a s t one more generation. 
This s e n s i t i v i t y t o inoculum l e v e l s i s probably due t o the 
requirement f o r a c e l l t o be c o i n c i d e n t a l l y i n f e c t e d with 
both a w i l d type and a recombinant v i r u s t o o b t a i n an MC-
PIB. The l i k e l i h o o d o f t h i s o c c u r r i n g should be s e n s i t i v e 
t o the i n i t i a l number of v i r u s e s introduced i n t o the 
c a t e r p i l l a r s . 

The MC-PIB phenomenon d e s c r i b e d provides b i o l o g i c a l 
containment f o r an engineered b a c u l o v i r u s . B a c u l o v i r u s e s 
r e q u i r e the packaging of a PIB t o insure t h e i r s u r v i v a l i n 
nature between i n f e c t i o n s . The p r o v i s i o n of PIB-packaging 
f o r a P I B - d e f i c i e n t recombinant v i r u s by c o i n f e c t i o n with a 
w i l d type v i r u s accomplishes t h i s . This could have been 
counter t o the s a f e t y i s s u e , but f o r t u n a t e l y i n t h i s case, 
the packaging mechanism i s not f o o l p r o o f and with 
succeeding i n f e c t i o n s , the recombinant f i n d s i t s way l e s s 
f r e q u e n t l y i n t o the PIB and i s g r a d u a l l y l o s t . Whenever a 
MC-PIB harbored i n the s o i l e x i t s v i a the i n f e c t i o n 
process, i t w i l l have c o n t r i b u t e d t o a decrease i n the 
pr o p o r t i o n of recombinants. This w i l l i n s u r e that the 
recombinant does not spread through the environment by 
unchecked growth a f t e r i t s a p p l i c a t i o n . 

In t h i s paper, we have d i s c u s s e d b a c u l o v i r u s e s , i n s e c t 
pathogens which we f e e l have great p o t e n t i a l as i n s e c t 
c o n t r o l agents. The shortcomings that have been t h e i r 
problem i n the past may be e l i m i n a t e d by employing v i r a l 
b i o l o g y i n the s e r v i c e of ge n e t i c engineering t e c h n o l o g i e s . 
We have presented scenarios i n which t h e i r e f f e c t i v e n e s s 
can be improved while t h e i r s a f e t y features are maintained 
and, i n a sense, a c t u a l l y improved. 
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Considerations for Laboratory Experiments and Field Release 

Richard M. Parry, Jr., and Jerome P. Miksche 

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

Biotechnology research supported by the U.S. 
Department of Agriculture must comply with 
principles and conditions contained in the NIH 
Research Guidelines. NIH is currently reviewing its 
existing Guidelines to include new appendices for 
large animal and greenhouse containment. USDA 
research projects are reviewed and approved 
according to the Recombinant DNA Advisory Committee 
(RAC) procedures. The biotechnology regulations 
being developed by other Federal Agencies will also 
effect the conduct of recombinant DNA research. A 
procedure to review modified organisms is presented 
which could be employed to predict environnental 
behavior. The two stage procedure used by APHIS to 
conduct environmental release studies of geneti
cally engineered veterinary biologics, which may be 
applicable to releases of other organisms is also 
discussed. 

The debate about biotechnology research and its products is 
indicative of an evolving system which can have broad impact on 
science, the economy and the public. As biotechnology projects 
begin to reach implementation stage, the public has become aoca 
involved in the ethical issues surrounding the transfer of DNA 
between different species which has led to questions about 
regulation of these new products. The establishment of a system 
to review research and to regulate new products is necessary to 
ensure that the benefits of biotechnology are to be realized by 
society. The public participation in the review of biotechnology 
work provides a unique opportunity for scientists to demonstrate 
that there is sufficient knowledge of relevant principles to 
evaluate projects and also that adequate precautions are being 
used to prevent any potential adverse effects to man and the 
environment. 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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32. PARRY AND MIKSCHE Research Guidelines 423 

The N a t i o n a l I n s t i t u t e s of Hea l th (NIH) have proposed amendments to 
t h e i r Recombinant DNA Research G u i d e l i n e s to i nc lude containment 
procedures i n v o l v i n g organisms of i n t e r e s t to a g r i c u l t u r e . The 
amendments are based upon an ex tens ive knowledge base developed 
over s e v e r a l decades of research wi th organisms that are 
p o t e n t i a l l y pathogenic to humans, p l an t s and an ima l s . The research 
procedures used fo r s a f e l y hand l ing pathogens have benef i ted 
a g r i c u l t u r e through the development of new methods to c o n t r o l 
pathogens that p o t e n t i a l l y th rea ten the Uni ted States food 
p roduc t ion system, and i n some cases , have provided other coun t r i e s 
w i t h the t o o l s to c o n t r o l d e b i l i t a t i n g d iseases that ravage crops 
and an ima l s . 

B io techno logy Research G u i d e l i n e s 

The Fede ra l Government sponsored a conference i n the e a r l y 1970s to 
exp lo re the r i s k s and b e n e f i t s of recombinant DNA r e s e a r c h . This 
l e d to the es tabl ishment of the Recombinant DNA Adv i so ry Committee 
(RAC) by the NIH and i n 1976 NIH pub l i shed G u i d e l i n e s for Research 
I n v o l v i n g Recombinant DNA M o l e c u l e s . The G u i d e l i n e s were updated 
i n 1986 (1_) • These G u i d e l i n e s set f o r t h procedures which 
s c i e n t i s t s should f o l l o w when c a r r y i n g out research wi th 
recombinant DNA m a t e r i a l s used i n b io technology s t u d i e s . The 
G u i d e l i n e s desc r ibe the precaut ions which are necessary for 
h a n d l i n g l a b o r a t o r y organisms i n containment, the r o l e of the 
I n s t i t u t i o n a l B i o s a f e t y Committee ( I B C ) , and the ove r s igh t f unc t i on 
c a r r i e d out by the NIH RAC. The procedures recommended i n the 
G u i d e l i n e s to prevent adverse e f f ec t s f o l l o w the p r i n c i p l e s 
developed for c l a s s i f y i n g and containment of pathogens which are 
desc r ibed i n the CDC/NIH bookle t " B i o s a f e t y i n M i c r o b i o l o g i c a l and 
B iomed ica l L a b o r a t o r i e s " (2). These b i o s a f e t y procedures have 
become an i n t e r n a t i o n a l l y accepted guide for handl ing pathogens i n 
the l a b o r a t o r y and have proven to be e f f e c t i v e for safe 
expe r imen ta t i on . 

The NIH g u i d e l i n e s were o r i g i n a l l y developed to cover 
m i c r o b i o l o g i c a l research c a r r i e d out i n a l a b o r a t o r y environment. 
As progress has been made i n b io technology techniques , many 
s c i e n t i s t s saw the need to expand the research g u i d e l i n e s to 
i n c l u d e research on p lan t s and an imals . A Federa l in te ragency 
working group was formed under the White House Cabinet C o u n c i l on 
N a t u r a l Resources and the Environment to coord ina te t h i s process 
(3). The working group was charged to develop a framework to 
p rov ide adequate g u i d e l i n e s for a l l b io technology research as w e l l 
as c o o r d i n a t i o n of r e g u l a t i o n s being cons idered for new p roduc t s . 
Th i s p roposa l was f i n a l i z e d wi th the p u b l i c a t i o n of a Federa l 
R e g i s t e r document on June 26, 1986 (U) and the Bio technology 
Science Coord ina t i ng Committee (BSCC) was e s t a b l i s h e d . 

The June 26 document requested p u b l i c comments on the 
Department of A g r i c u l t u r e ' s process for ammending the NIH research 
g u i d e l i n e s to cover research undertaken on a g r i c u l t u r a l 
b io t echno logy p r o j e c t s (see _4 pages 23367 through 23393). A f t e r 
c o n s i d e r i n g the comments r e c e i v e d , the USDA advised the BSCC tha t 
i t would provide NIH in fo rmat ion on containment of l a rge animals 
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424 BIOTECHNOLOGY FOR CROP PROTECTION 

and p l a n t s i n greenhouses tha t cou ld be i n c l u d e d as annexes to the 
Recombinant DNA Research G u i d e l i n e s . These proposed amendments to 
the NIH G u i d e l i n e s were r e c e n t l y pub l i shed i n the Federa l R e g i s t e r 
(5) and are to be f i n a l i z e d i n e a r l y 1988. 

The procedures fo r animal and p l a n t containment c u r r e n t l y 
be ing cons idered by the NIH/RAC f o l l o w the s c i e n t i f i c p r i n c i p l e s 
tha t have been p r a c t i c e d fo r research on pathogens e x o t i c to the 
U . S . They are designed to prevent escape of a g e n e t i c a l l y 
engineered organism and four b i o s a f e t y containment l e v e l s are 
desc r ibed fo r pathogens of p l a n t s and of l a rge an ima l s , depending 
on the p a t h o g e n i c i t y of the microorganism. For example, 
containment a t l e v e l s 1 or 2 would cover experiments where 
g e n e t i c a l l y modi f i ed p l a n t s or animals are being s t u d i e d ; h igher 
l e v e l s o f containment would be r equ i r ed fo r s tud ies i n v o l v i n g 
p l a n t s or animals which have been i n o c u l a t e d w i t h g e n e t i c a l l y 
engineered pathogens tha t r e q u i r e h i g h containment p r e c a u t i o n s . 

Table I summarizes the p r a c t i c e s necessary fo r four b i o s a f e t y 
l e v e l s of containment o f p l a n t s . B i o s a f e t y l e v e l 1 would be 
s i m i l a r to a s tandard greenhouse, w i t h the containment p recau t ions 
becoming more s t r i c t at h igher l e v e l s . The IBC would recommend 
the appropr i a t e containment l e v e l f o r each experiment and w i l l be 
r e s p o n s i b l e fo r a s su r ing tha t the p r i n c i p a l i n v e s t i g a t o r adheres 
to the approved p r a c t i c e s fo r tha t p r o j e c t . 

Table I. Proposed P r a c t i c e s f o r Greenhouse Containment 
(X=mandatory; R«recommended) 

B i o s a f e t y L e v e l 
D e s c r i p t i o n 1 2 3 4_ 

P r a c t i c e s Manual X X X X 
M a t e r i a l s Rendered I n a c t i v e X X X X 
Windows & Vents Screened R X X X 
Only Persons Required May Enter X X X 
P r o t o c o l Adopted X X X 
Coats , Gowns, Smocks, Bootees R X X 
A l l B i o l o g i c a l M a t e r i a l Autoc laved X X 
En t ry Through Two Sets of Doors X X 
Windows Closed and Sealed X X 
A i r Through HEPA* F i l t e r s X X 
Locked Access Doors X X 
Double Doored Autoc lave R X 
Decontaminat ion Showers X 
C e n t r a l Sewage Decontamination X 

• H i g h E f f i c i e n c y P a r t i c u l a t e A i r (HEPA) F i l t e r . 

The containment procedures have been developed us ing the 
exper ience gained through ope ra t ion of the s p e c i a l p l a n t 
quarant ine f a c i l i t y o f the USDA's A g r i c u l t u r a l Research Se rv ice 
(ARS) at F r e d e r i c k , MD ( 6 K Since p l an t pathogens e x o t i c to the 
U . S . are s t ud i ed t h e r e , the f a c i l i t y operates under the ove r s igh t 
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32. PARRY AND MIKSCHE Research Guidelines 425 

of the Animal and P l a n t Hea l th In spec t ion Se rv i ce (APHIS) . Thus 
the b a s i c p r i n c i p l e s o f the proposed greenhouse b i o s a f e t y 
procedures have been t e s t ed under a c t u a l l a b o r a t o r y c o n d i t i o n s and 
have been shown to prevent r e l ea se of pathogenic organisms i n t o 
the environment . 

The development of research g u i d e l i n e s fo r procedures to 
conduct experiments w i t h a g e n e t i c a l l y engineered organism 
re l eased from containment are s t i l l be ing c o n s i d e r e d . The i n i t i a l 
environmental r e l ea se experiments have undergone in tense s c r u t i n y 
by r e g u l a t o r y agencies before g r a n t i n g a p p r o v a l . As s c i e n t i s t s 
g a i n more exper ience w i t h p r e d i c t i n g the fa te and behavior o f 
g e n e t i c a l l y engineered organisms r e l eased i n t o the environment, 
the approva l process should become l e s s onerous and time 
consuming. C l e a r l y there i s a need fo r procedures to s a f e l y 
conduct s tud ies o f modi f i ed organisms ou t s ide of containment , 
s ince s o c i e t y w i l l not b e n e f i t from the new products un less they 
can be p r o p e r l y t e s t ed and then put to some p r a c t i c a l u se . The 
C o u n c i l o f the N a t i o n a l Academy o f Sciences convened a s p e c i a l 
committee to review the planned i n t r o d u c t i o n i n t o the environment 
o f organisms g e n e t i c a l l y engineered us ing recombinant DNA 
techniques (7^• The committee found there i s no evidence tha t 
unique hazards e x i s t e i t h e r i n the use of recombinant DNA 
techniques or i n the t r a n s f e r o f genes between un re l a t ed 
organisms. Furthermore the r i s k s a s soc i a t ed w i t h the i n t r o d u c t i o n 
of engineered organisms are the same as those a s soc i a t ed w i t h the 
i n t r o d u c t i o n i n t o the environment of unmodified organisms or 
organisms modi f ied by other gene t i c t echn iques . 

ARS assembled a group of exper ts to cons ide r s e v e r a l aspects 
o f b io techno logy w i t h re levance to resea rch and product 
e v a l u a t i o n . One of the i s sues s tud ied was the i n f o r ma t io n needed 
to i d e n t i f y any p o t e n t i a l r i s k s i n the r e l ease of a g e n e t i c a l l y 
modi f i ed organism i n t o the environment. Table I I presents a 
l i s t i n g of the p r o p e r t i e s of a microorganism which should be known 
i n order to be able to p r e d i c t i t s behavior ou t s ide of containment 
and to avo id p o t e n t i a l adverse environmental e f f e c t s . By t h i s 
procedure c h a r a c t e r i s t i c s o f the modi f ied organism are compared to 
those of the " w i l d - t y p e " organism i n order to determine i f the 
modi f i ed organism i s of more concern than i t s n a t u r a l l y o c c u r r i n g 
pa ren t . In t h i s p a r t i c u l a r c a se , each c h a r a c t e r i s t i c was g i v e n a 
numer ica l va lue of 1, 2 or 3 accord ing to whether the Observed 
E f f e c t L e v e l o f the modi f ied organism i s p o t e n t i a l l y l e s s , the 
same, or more than the w i l d - t y p e , r e s p e c t i v e l y . The va lue was 
m u l t i p l i e d by a we igh t ing f a c t o r , s ince the b i o l o g i c a l 
s i g n i f i c a n c e of some of the c h a r a c t e r i s t i c s o b v i o u s l y w i l l be 
g rea t e r than o t h e r s . The c o n t r o l p o t e n t i a l o f the organism i s a 
d e s i r a b l e p roper ty and thus was g iven a negat ive s c o r e . A mutant 
s t r a i n of S c l e r o t i n i a s c l e r o t i o r u m (a p l an t pathogen under 
c o n s i d e r a t i o n fo r weed c o n t r o l ) i n the example used was more 
respons ive to decontaminat ion cleanup than i t s n a t u r a l parent 
organism and was g iven a h igher nega t ive s c o r e . 

Using a comparison method to eva lua te the sa fe ty of r e l e a s i n g 
g e n e t i c a l l y engineered organisms i n t o the environment, such as the 
example presented he re , one can i d e n t i f y areas of p o t e n t i a l 
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426 BIOTECHNOLOGY FOR CROP PROTECTION 

Table I I . EVALUATION OF A MODIFIED MICROORGANISM 
FOR ENVIRONMENTAL RELEASE 

• P r o j e c t D e s c r i p t i o n : E v a l u a t i o n of a weed b i o l o g i c a l c o n t r o l agent 
us ing a d e l e t i o n mutant of the fungal pathogen S c l e r o t i n i a . 

Observed Ef fec t L e v e l * * 
l e s s same more 

C h a r a c t e r i z a t i o n 1 2 3 Weight Score 
Microorganism C l a s s i f i c a t i o n 

(a) P a t h o g e n i c i t y 2X 4 

(b) Host Range _± IX 1 

(c) T o x i c i t y 

to animals _+ 2X 4 

to p l an t s _+ 2X 6 

to workers Jr_ 2X 4 

(d) C h a r a c t e r i z a t i o n of 

gene t i c a l t e r a t i o n _+ IX 2 

(e) Mode of A c t i o n Jh IX 2 

B i o l o g i c a l / E c o l o g i c a l P r o f i l e 

(a) L o n g e v i t y / P e r s i s t e n c e + 2X 2 

(b) M o b i l i t y (Organismal , 
gene t i c t r a n s f e r a b i l i t y ) _+ 2X 4 
(c) C o n t r o l P o t e n t i a l 
S u i c i d e gene, decontaminat ion 
(negat ive score) _+ 3X -9 
(d) Dose /Popu la t ion needed 
to have e f f e c t h IX 3 

TOTAL SCORE 23 

• In format ion on the organism and s c o r i n g adapted from a p re sen ta t ion 
by R. J . Cook and R. Linderman June 2, 1987, made at an A g r i c u l t u r a l 
Research Se rv ice workshop on b io t echno logy he ld at B e l t s v i l l e , MD. 

••Observed E f f e c t L e v e l of the modi f ied microorganism compared to 
the " w i l d - t y p e " pa ren t . The t o t a l score fo r the w i l d - t y p e s t r a i n of 
S c l e r o t i n i a s c l e r o t i o r u m i s 26. 
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32. PARRY AND MIKSCHE Research Guidelines 427 

concern and b r i n g to bear o b j e c t i v e assessment procedures where 
none c u r r e n t l y e x i s t . Th is procedure cou ld be employed by an 
I n s t i t u t i o n a l B i o s a f e t y Committee or by a r e gu l a t o r y agency when 
e v a l u a t i n g requests to r e l ease organisms i n t o the environment. 

B io techno logy Regu la t ions 

The Federa l R e g i s t e r document of June 26, 1986 (4) desc r ibed 
r e g u l a t o r y proposals from the Environmental P r o t e c t i o n Agency 
(EPA) , the Food and Drug A d m i n i s t r a t i o n (FDA) and the Department 
of A g r i c u l t u r e ' s Food Safety In spec t ion Se rv i ce (FSIS) and APHIS. 
The proposed procedures fo r r e g u l a t i n g b io technology products were 
developed us ing e x i s t i n g s t a t u t o r y a u t h o r i t y adminis tered by these 
agencies and coord ina ted through the BSCC. The document generated 
cons ide rab l e p u b l i c comment. A common obse rva t ion was that the 
r e g u l a t i o n s were ove r l app ing and d u p l i c a t i v e between agenc ies . 

EPA has proposed r e g u l a t i n g g e n e t i c a l l y engineered 
microorganisms under the Fede ra l I n s e c t i c i d e , Fungic ide and 
Roden t i c ide Act (FIFRA) f o r p e s t i c i d e products and under the Toxic 
Substances C o n t r o l Act (TSCA) for a l l o ther uses . The 
A d m i n i s t r a t o r of EPA recognized that there i s a l a c k of s c i e n t i f i c 
consensus on the d e f i n i t i o n of pathogen, environmental r e l ea se and 
greenhouse containment and appointed a Bio technology Science 
A d v i s o r y Committee (BSAC) to e s t a b l i s h a s c i e n t i f i c consensus on 
the d e f i n i t i o n of these terms. Although the BSAC cont inues i n 
i t s d e l i b e r a t i o n s of these terms, i t should be noted that the 
greenhouse containment p r o v i s i o n s g iven i n Table I c l o s e l y 
p a r a l l e l the BSAC cur ren t p r o p o s a l s . Thus, i f the NIH Research 
G u i d e l i n e s were amended to i n c l u d e greenhouse containment 
p r o v i s i o n s , t h i s might serve to adequately address the concerns of 
EPA. 

APHIS i s the f i r s t agency to p u b l i s h f i n a l r e g u l a t i o n s on 
b io techno logy products (8) u s ing the a u t h o r i t y i t has under the 
P l a n t Pest A c t . Th i s r u l e has great s i g n i f i c a n c e for a g r i c u l t u r e 
research i n that a l i s t i n g of p lan t pests subject to r e g u l a t i o n i s 
g i v e n and procedures are set f o r t h to o b t a i n permits for t h e i r 
r e l ea se i n t o the environment or for t r a n s p o r t i n g them to new 
l o c a t i o n s . The r e g u l a t i o n s t i p u l a t e s that no person s h a l l 
i n t roduce an organism that has been a l t e r e d or produced through 
gene t i c e n g i n e e r i n g , i f de r ived from a p lan t pes t , without f i r s t 
o b t a i n i n g a permit from APHIS. Thus the APHIS ru l e r egu la tes 
c e r t a i n g e n e t i c a l l y engineered organisms and products that present 
p l an t pest r i s k s , and does not regu la te an a r t i c l e merely because 
of the process by which i t was produced. The agency has adopted a 
f l e x i b l e approach to r e g u l a t i n g b io t echno logy , which w i l l a l l o w 
m o d i f i c a t i o n of i t s procedures as new s c i e n t i f i c evidence becomes 
a v a i l a b l e on p lan t p e s t s . I t should a l s o be noted that APHIS 
meets r e g u l a r l y w i t h EPA to d i scuss p e t i t i o n s for r e l ease permits 
tha t are being rev iewed, thereby a v o i d i n g d u p l i c a t i o n of e f f o r t by 
the two agenc ies . 

APHIS has approved the re lease of s e v e r a l v e t e r i n a r y b i o l o g i e s 
u s ing g e n e t i c a l l y engineered m a t e r i a l s . The V e t e r i n a r y Se rv i ces 
D i v s i o n has developed a two stage procedure to conduct f i e l d 
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428 BIOTECHNOLOGY FOR CROP PROTECTION 

testing of the products prior to licensing as a biologic (9). 
After a biologic has been developed and tested in a containment 
laboratory, the company or institution will then submit a request 
for approval to APHIS to evaluate the material in a quarantined 
facility, which will allow larger numbers of animals to be 
exposed. The quarantine test will allow the development of 
critical information about the biologic, but takes precaution 
against uncontrolled environmental spread of the organism. These 
results are examined in an Environmental Assessment as required by 
the National Environmental Policy Act. If no significant impact 
is found from the test in the quarantined facility, approval is 
then given to conduct a restricted field trial involving larger 
numbers of animals at several locations. Should the material prove 
to be safe and effective in this expanded test, a final 
Environmental Assessment is prepared and a product license is 
issued. The two stage process for evaluation of genetically 
engineered materials prior to wide scale use will permit adequate 
safety testing and should be considered for other products of 
biotechnology. 

Conclusions 

Biotechnology offers significant opportunities to solve many 
otherwise intractable problems that confront agriculture but which 
may never be conquered using traditional approaches. Public 
concern about the environmental safety of using genetically 
engineered organisms has led to the development of research 
guidelines and regulations for handling and using the materials. 
The NIH Research Guidelines for handling recombinant DNA organisms 
have played an important role in allowing this research to move 
forward and have become mandatory for scientists receiving funding 
from the U.S. Government. 

The NIH Research Guidelines are currently being amended to 
include containment procedures for both large animals and for 
higher plants in greenhouses. Various regulatory agencies are 
also developing protocols for the registration or licensing of new 
products. However, additional work is needed to develop a 
procedure for testing products outside of containment. Through 
application of biological principles currently used to handle 
pathogenic organisms, it is possible to conduct field release 
studies that will safeguard the environment. The development of 
data which allow for a comparison of the characteristics of the 
modified organism to the wild-type parent will permit a reviewing 
agency or committee to make a sound determination of the 
biological safety of a modified organism. Also, the two stage 
environmental release procedure used by APHIS to test biologies 
appears to be a rational process to allow field testing and 
virtually eliminate risk to man and the environment. 
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Chapter 33 

B i o r a t i o n a l C o n t r o l o f C r o p Pests 
by M a t i n g D i s r u p t i o n 

Residue Analyses of Z-9-Dodecen-1-yl Acetate 
and Z-11-Tetradecen-1-yl Acetate in Grapes 

Terry D. Spittler1, Harrison C. Leichtweis1, and Timothy J. Dennehy2 

1Analytical Laboratories, New York State Agricultural Experiment Station, 
Cornell University, Geneva, NY 14456 

2Department of Entomology, New York State Agricultural Experiment 
Station, Cornell University, Geneva, NY 14456-0462 

Z-9-dodecen-1-yl acetate (Z-9-DDA) and Z-11-
tetradecen-1-yl acetate(Z-11-TDA), primary components 
of grape berry moth pheromone, were applied in 
vineyards via tie-on dispensers for the entire grow
ing season. Mature grapes (100G) were blended and 
extracted with acetone; following the addition of 
water, the analytes were extracted into hexane which, 
after evaporation, was adsorbed onto a Florisil Sep
pak. Elution was with 10% acetone-hexane. 
Chromatography (H-P Model #5890) was on a Supelcowax 
10 capillary column, 30M x 0.25 mM I.D. x 0.25 µM 
coating. Temperature program: 80°C - 130°C @ 
5 ° / m i n , 130°C - 200°C at 4°/min, hold 9 min. 
Detection by HP-MSD Model #5970B was in the selective 
ion mode at 166 M/E and 194 M/E for Z-9-DDA and Z-11-
TDA, respectively. Corresponding retention times 
were 17.7 and 22.7 min. Sensitivity was <5 ppb for 
both materials at 80% recovery. Insect control by 
this biotechnical approach was good, and it 
eliminated the use of traditional chemical pesticides 
against grape berry moth. 

As an alternative to the elimination of insect pests by the 
repeated application of chemical pesticides to crop acreage, much 
effort has been directed at developing technology to uti l ize 
biological substances inherent to the commodity or pest as safer, 
more environmentally tolerable, control agents. Macroorganisms 
have been introduced as predators and microorganisms are being used 
against a variety of destructive pests. In addition to these 
biological measures, investigations at the subcellular and 
molecular level have suggested other biotechnical approaches. 

0097-6156/88/0379-0430$06.00/0 
c 1988 American Chemical Society 
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33. SPITTLER ET AL. Biorational Control ofPests 431 

The r o l e of i n s e c t sex a t t r a c t a n t s , or pheromones, has been 
s t u d i e d f o r sometime; the cor responding en tomolog ica l l i t e r a t u r e i s 
e x t e n s i v e ( 1 , 2 ) . Advances i n a n a l y t i c a l t e c h n i q u e s and an i n 
c r e a s e d u n d e r s t a n d i n g of the s t r u c t u r a l r e l a t i o n s h i p s between 
pheromone components has f a v o r e d q u a l i t a t i v e and q u a n t i t a t i v e 
e l u c i d a t i o n of many i n s e c t s p e c i e ' s pheromone c o m p o s i t i o n and 
a l l o w e d f o r the s y n t h e t i c r e c o n s t r u c t i o n of these i n q u a n t i t i e s 
adequate f o r r esea rch and c o m m e r c i a l i z a t i o n ( 3 , 4 , 5 ) . The i n i t i a l 
c o n t r o l a p p l i c a t i o n was, of course , a d i r e c t offshoot of one of the 
pr imary means used to v e r i f y t h e i r components and c o m p o s i t i o n — 
t h e i r use as t rap a t t r a c t a n t s ( 6 , 7 ) . However, s ince the pheromone 
source was a d i spenser i n the t rap and on ly the v o l a t i l e components 
d i s p e r s e d over the study area i n m i n i s c u l e q u a n t i t i e s , t h e i r l e g a l 
s t a tu s was that of a non-app l i ed m a t e r i a l . As s u c h , i t was c o n 
s i d e r e d t h a t the c o m m o d i t i e s and the environment d i d not come i n 
con tac t w i t h the exper imenta l m a t e r i a l s and t h a t t hey were s a f e l y 
conf ined t o , and d isposed w i t h , the assessment / t rapping device ( 8 ) . 

When i t became appa ren t t h a t pheromone a p p l i c a t i o n c o u l d 
c o n f u s e and d i s r u p t the mating c y c l e s of c e r t a i n i n s e c t pests and 
thus b i o l o g i c a l l y m i n i m i z e the p o p u l a t i o n of s u c c e s s i v e g e n e r 
a t i o n s , the l a r g e r amounts of m a t e r i a l and w i d e r d i s t r i b u t i o n 
necessary to do t h i s caused the r e g u l a t o r y a g e n c i e s t o v i e w these 
b i o r a t i o n a l c o n t r o l agents as chemical p e s t i c i d e s . While s p e c i a l 
c o n s i d e r a t i o n has been g i v e n to the amounts and type of t o x i c o l o g i 
c a l d a t a t h a t may be r e q u i r e d fo r r e g i s t r a t i o n , there i s s t i l l a 
requirement that res idue data f o r the components of the pheromone 
on the raw a g r i c u l t u r a l commodity be submit ted i n support of p e t i 
t i o n s f o r e x p e r i m e n t a l use p e r m i t s , p e s t i c i d e r e g i s t r a t i o n , 
t o l e r a n c e s , and exemptions from to le rance (90 . 

B i o t e c h n i c a l c o n t r o l sys tems a re b e g i n n i n g to make t h e i r 
appea rance i n the agrochemical marke tp lace . One p o t e n t i a l commer
c i a l a p p l i c a t i o n of a pheromone i n s e c t c o n t r o l agent i s that of the 
g r ape b e r r y moth pheromone produced by S h i n - E t s u Chemical Company 
and i n v e s t i g a t e d i n the f i e l d by Dennehy and R o e l o f s ( 1 0 , 1 1 ) . 
B e f o r e p e t i t i o n s cou ld be f i l e d , i t was necessary that an a n a l y t i 
c a l method fo r the two components Z - 9 - d o d e c e n - l - y l a c e t a t e and Z -
1 1 - t e t r a d e c e n - l - y l ace ta te (Z-9-DDA and Z - l l - T D A ) i n and on grapes 
be developed, and f u r t h e r , tha t res idue de te rmina t ions be conducted 
on samples from the c i t e d f i e l d s tudy . 

Sample P r o d u c t i o n 

Pheromone was a p p l i e d i n h o l l o w , p o l y e t h y l e n e t i e - o n d ispensers 
p l aced at r e g u l a r i n t e r v a l s throughout the v i n e y a r d a t the r a t e s 
and t i m i n g shown i n Table I . I n i t i a l l y , each d i spenser conta ined 
88 mG of pheromone, a 10:1 mixture of Z-9-DDA and Z - l l - T D A , w h i c h 
s l o w l y d i f f u s e d t h r o u g h the p l a s t i c w a l l s and permeated the 
v i n e y a r d . Ten kG samples were h a r v e s t e d f r o m e a c h p l o t and 
t r a n s p o r t e d to the l a b o r a t o r y f o r subsampling, s p i k i n g , and f rozen 
s to r age . 
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432 BIOTECHNOLOGY FOR CROP PROTECTION 

Table I . Vineyards Se l ec t ed fo r Treatment — 1986 

RATE 
VINEYARD SAMPLE// TIES/A (G/A) APPLICATION DATES HARVESTED 

Hayward 4329-4332 400 (35 .2) 5/15 10/1 
Hayward 4333-4336 400 (35.2x2) 5/15 & 7/15 10/1 
Hayward 4337-4340 0 (0) — 10/1 

F r a n c i s 4341-4344 400 (35 .2) 5/15 10/1 
F r a n c i s 4345-4348 200 (17 .6) 5/15 10/1 
F r a n c i s 4349-4352 0 (0) — 10/1 

D e G o l i e r 4353-4356 800 (70.4x2) 5/15 & 7/15 10/1 
D e G o l i e r 4357-4360 400 (35 .2) 5/15 — 10/1 
DeGol i e r 4361-4364 0 (0) — — 10/1 

Sample P r e p a r a t i o n 

Grape b e r r i e s (100G) p lus 5G H y f l o - S u p e r c e l and 100 mL of a ce tone 
w e r e b l e n d e d f o r two m i n . The r e s u l t a n t s l u r r y was f i l t e r e d 
through a s i n t e r e d g l a s s f u n n e l , and the pad r i n s e d w i t h a c e t o n e . 
To the f i l t r a t e i n a separa tory funnel was added 300 mL H 2 0 , 30 mL 
sa tu ra t ed NaCl and 100 mL n-hexane. A f t e r mix ing and l a y e r sepa ra 
t i o n the hexane phase was r e t a i n e d , w h i l e the aqueous phase was 
e x t r a c t e d two more t imes w i t h 100 mL p o r t i o n s of n - h e x a n e . The 
c o m b i n e d o r g a n i c p o r t i o n g were d r i e d o v e r sodium s u l f a t e and 
evaporated under vacuum (35 C) t o 5 mL. Waxy p r e c i p i t a t e s were 
c e n t r i f u g e d and a 1.0 mL a l i q u o t was p laced on a F l o r i s i l Sep-pak 
(Waters A s s o c . ) . The Sep-pak was washed w i t h 5 .0 mL of hexane 
( d i s c a r d e d ) then e l u t e d w i t h 2.0 mL of 10% acet one -hexane. Volume 
was reduced under dry N^ to 1.0 mL. 

Chromat ography 

Samples (1 .0 yL) were i n j e c t e d on a H e w l e t t - P a c k a r d Mode l 5890 
C a p i l l a r y Gas Chromatograph u t i l i z i n g a s p l i t - s p l i t l e s s i n j e c t o r at 
245°C. Column was a Supelcowax 10, 30M x 0 .25 mM I . D . x 0 .25 y M 
c o a t i n g w i t h a He c a r r i e r v e l o c i t y of 30 c m / s e c . Tempera ture 
program: 80°C, ho ld 1.0 min ; 80°C t o 130°C @ 1 0 ° C / m i n ; 130°C to 
2 0 0 ° C @ 4 ° C / m i n , h o l d 9 . 0 m i n ; 2 0 0 ° C t o 250 C @ 3 0 ° C / m i n , 
h o l d / r e c y c l e . T r a n s f e r l i n e t o the d e t e c t o r was v i a a b u t t 
connec tor / guard column mainta ined at 280 C . 

D e t e c t i o n 

Q u a n t i t a t i o n was w i t h a Hewle t t -Packard Model 5970B Mass S e l e c t i v e 
De tec to r run i n the SIM ( S e l e c t i v e I o n Mode) a t the major u n i q u e 
M / E f o r each compound. R e t e n t i o n t imes of 17.7 min and 22.7 min 
were r e c o r d e d f o r Z - 9 - D D A (M.W. 198) and Z - l l - T D A (M.W. 2 5 4 ) , 
r e s p e c t i v e l y . Recover ies and s e n s i t i v i t i e s are found i n Table I I . 
F igu re 1 i l l u s t r a t e s the SIM response f o r s tandard m a t e r i a l s , w h i l e 
F i g u r e s 2 and 3 a re of a check m a t e r i a l , and a check sp iked w i t h 
pheromone at the 5 ppb l e v e l . F igu re 4 demonstrates the absence of 
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Figure 2 . CHECK #4361. 
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Figure 4 . SAMPLE #4354 (800 T I E S / A ) . 
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33. SPITTLERETAL. Biorational Control of Pests 435 

any detectable pheromone for a typical sample from the plots that 
received the heaviest application. 

Table II. Recovery and Sensitivity 

PPB Z-9-DDA (M/E 166) Z-ll-TDA (M/E 194) 

10 85% 92% 
10 94% 98% 87% 90% 
10 115% 92% 

5 80% 80% 

2 DETECTED BUT NOT QUANTITATED (2X BASELINE) 

Results 

Grape berry moth control was excellent at all rates, with infesta
tions well below the acceptable 2% damage threshold (11) • A total 
of 36 samples was analyzed: none registered above the 5 ppb quan
titation cutoff, or were detectable at the 2 ppb level. The GC-MSD 
methods described should be useful, with minor variations, for 
determining similar pheromone residues in other agricultural com
modities. We were originally supplied a method developed by the 
manufacturer for Z-ll-TDA determinations in tea but the 
extraction/cleanup was inadequate to handle the matrix obtained 
from blended grapes, and the GC sensitivity was limited by the 
flame ionization detector employed (Kinya Ogawa, private 
communication). 

The absence of any detectable residues of Z-9-DDA and Z-ll-TDA 
increases the data base for pheromone registrations and reinforces 
the argument that similar applications will leave to no detectable 
residues in other crops. It may eventually be recognized that 
exemptions from tolerance for pheromone use registrations are 
warranted. Because of the unique pheromone composition for each 
insect species, and because every combination would require a 
separate registration package for each commodity, the potential 
return on investment for many of these biorational systems is poor. 
Consequently, the adoption of an exemption policy would greatly 
increase the interest and feasibility of biotechnical insect con
trol with pheromones by minimizing an expensive and time consuming 
step in the regulatory process. 
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Chapter 34 

Genet ical ly E n g i n e e r e d M i c r o b i a l Pesticides 

Regulatory Program of the Environmental Protection Agency 
and a Scientific Risk Assessment Case History 

Frederick S. Betz 

U.S. Environmental Protection Agency, (TS-769C), 401 M Street, SW, 
Washington, DC 20460 

Existing EPA regulations and guidelines for microbial 
pesticides are applicable to genetically engineered 
products. Additional review procedures and require
ments have been developed to address questions about 
the nature and stability of the genetic alteration 
and whether the resulting microorganisms will have 
adverse effects on non-target organisms when applied 
in the environment. Two small scale field trials 
recently were initiated in California to evaluate 
the use of genetically engineered microbial 
pesticides to inhibit colonization of ice nucleating 
bacteria on plants. EPA scientists developed risk 
assessments which were the basis for the Agency's 
determination that the proposed field trials posed 
no foreseeable human health and environmental risks 
and could therefore proceed. 

The Environmental Protection Agency (EPA) regulates pesticide 
products under the authority of the Federal Insecticide Fungicide 
and Rodenticide Act (FIFRA) (1). Section 6 of FIFRA requires that 
pesticides be registered by EPA before they may be sold or dis
tributed, and section 5 gives the Agency authority to issue an 
experimental use permit (EUP) before an unregistered pesticide 
may be used on an experimental basis. EPA may grant a registration 
(2) or an EUP (3), provided that it has sufficient data and infor
mation about the pesticide product (4) to support a determination 
that benefits derived from the product will outweigh any risks that 
may be associated with its use. It is the responsibility of the 
applicant to provide the data to support this determination (5). 

Greater than 99 percent of the registered pesticides contain 
chemicals as their active ingredients. The remainder contain 
bacteria, fungi, viruses or protozoans as their active components 
and are commonly referred to as microbial pesticides. Microbial-
based products achieve their pesticidal activity by pathogenic 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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438 BIOTECHNOLOGY FOR CROP PROTECTION 

or toxic modes of action or by indirect activity such as competitive 
displacement of the target pest. In order to f u l f i l l their function 
safely, both microbial and chemical pesticides must k i l l , repel or 
otherwise reduce the destructive activity of their target pest while 
having no or minimal adverse effects on human health or the 
environment. 

Microbial pesticides have been registered for use since the 
late 1940s. Yet today, there are s t i l l only 14 registered microbial 
active ingredients which are formulated into just a few hundred 
products. Several factors contribute to the limited growth of this 
group of products. Their spectrum of activity is usually narrow, 
their action in controlling the target pest is often slow, and their 
effective field life is generally short due to susceptibility to 
environmental factors such as temperature, humidity and ultraviolet 
radiation. As a result, microbial pesticides historically have not 
been commercially competitive with traditional chemical products 
even though experience to date has demonstrated no significant human 
health or environmental problems associated with their use. 

This situation appears to be changing. Advances in molecular 
biology and genetic manipulation techniques over the past fifteen 
years have prompted a renewed interest in microbial pesticides. 
Genetic engineering techniques are being used to overcome some of 
the problems that have hindered the success of microbial pesticides. 
A few of these new products are now at the stage where they are ready7 

for small scale field testing. This chapter summarizes EPA's current 
regulatory program for genetically engineered microbial pesticides 
and presents a case history for one of the experimental products 
the Agency has evaluated. 

EPA Regulatory Program 

The potential for human and environmental exposure to a pesticide 
product usually increases in a stepwise fashion as the product pro
ceeds from discovery to commercial use. As pesticide exposure 
increases, so does the risk of adverse human health or environmental 
effects. Therefore, EPA1s pesticide regulations are phased in as 
pesticide exposure, and potential risks, increase (Figure 1). 
For example, there is usually no EPA oversight of early product 
development activity in the laboratory, greenhouse or growth chamber 
since such activities can be expected to result in minimal environ
mental exposure. The next stage of product development usually 
entails small scale outdoor applications to evaluate product 
performance in the field. When naturally occurring indigenous 
microbial pesticides are tested in small scale situations, survival 
and dissemination are usually kept in check by natural environmental 
and biological control mechanisms. EPA does not generally regulate 
these limited and controlled microbial pesticide uses unless the 
treated crop is to be used for human consumption or domestic animal 
feed. 

Large scale experimental applications of microbial pesticides 
are usually undertaken prior to registration in order to further 
evaluate product efficacy or to develop other data necesary to 
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440 BIOTECHNOLOGY FOR CROP PROTECTION 

support product registration. Such uses may pose greater risk 
concerns since they involve more widespread, repeated or intensive 
exposure of non-target organisms, including humans. As a result, 
EPA regulates a l l microbial and chemical pesticides when they are 
applied in a widespread manner either for experimental purposes or as 
commercial products. Generally* large scale outdoor experiments are 
subject to EPA oversight if the pesticide is to be applied on greater 
than 10 acres of land or on greater than one acre of water. 

Genetic Manipulation. As discussed above, genetic manipulation of 
microbial pesticides is usually undertaken to improve the pesticidal 
qualities of the microorganism. Donor and/or recipient micro
organisms well-adapted for survival in the environment are usually 
selected in order to maximize survival potential of the final 
product. Genetic manipulations may be accomplished by, for example, 
imparting a new toxin producing capability, increasing an existing 
toxin producing capability, expanding host range, and/or increasing 
microorganism survival or competitive capabilities. In considering 
the potential consequences of these kinds of manipulations, one can 
not take for granted that natural control mechanisms will prevent 
establishment of the engineered microorganism in a new environmental 
niche or that the toxin-producing genes would not transfer to 
organisms that would otherwise not possess such genes. 

Interim Policy. Because of these concerns, EPA determined that i t 
was necessary to scrutinize certain microbial pesticides before 
they were applied in the environment. As a result, EPA issued an 
interim policy in 1984 (6) requiring that the Agency be notified at 
least 90 days before conducting a small scale outdoor test with a 
genetically altered microbial pesticide. (The policy also required 
notification before small scale testing of nonindigenous microbial 
pesticides because such tests could involve the introduction of 
microorganisms into an environment where they did not exist before 
and therefore might not be subject to natural control mechanisms.) 
During this 90 day period, EPA would review the submission and 
determine whether an EUP would be required. 

The policy also contained guidance on the kinds of data and 
information that should be provided to enable the Agency to evaluate 
the submitted request to conduct a small scale field test. This 
policy statement was reiterated in a proposed interagency policy 
statement issued December 31, 1984 (7) and was subsequently revised 
and set forth on June 26, 1986 as part of a final interagency policy 
statement (8). Under the June 26, 1986 policy statement, EPA reviews 
a l l genetically engineered microbial pesticides before they may be 
legally applied in the environment. 

EPA Scientific Risk Assessment - Case History 

Risk assessment for a nrcrobial pesticide is the systematic 
scientific evaluation of hazard and exposure data, followed by the 
formulation of conclusions about the potential for human health or 
environmental risks as a result of using the pesticide. Such an 
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34. BETZ Genetically Engineered Microbial Pesticides 441 

assessment is based on the relationship between hazard, exposure and 
risk. Hazard is expressed in terms of an adverse effect such as 
death of a non-target organism due to a microbial toxin or other 
pathogenic action. Exposure of non-target organisms may be direct at 
the time of pesticide application, or may be indirect as a result of 
microorganism reproduction and dispersal. Before a non-target 
organism may be at risk, i t must be exposed to the microorganism and 
the microorganism must have an adverse effect on the non-target 
organism (Hazard x Exposure = Risk). 

In accordance with EPA's interim policy (6), the Advanced Genetic 
Sciences Company (9) and Dr. Stephen Lindow (10), University of 
California, Berkeley each notified EPA, in late 1984, of their intent 
to conduct small scale field trials with genetically engineered 
strains of Pseudomonas syringae and/or P̂ . f luorescens. Both groups 
sought to evaluate, under actual field conditions, the usefulness of 
the engineered strains as frost protection agents on crops such as 
strawberries and potatoes. Using recombinant DNA techniques, 
Advanced Genetic Sciences (AGS) and Dr. Lindow deleted a portion of a 
gene from their parental strains and with i t , the ability to nucleate 
ice crystals at high subfreezing temperatures. The resulting non 
ice-nucleating (INA") deletion mutants were to be applied to crops at 
a time that would allow the INA" bacteria to colonize the plant 
surface before significant populations of indigenous ice nucleating 
bacteria (INA+) are established. If the tests were successful, the 
INA" bacteria would inhibit colonization of INA+ bacteria on the 
plant, thereby imparting protection against formation of frost. 
INA" bacteria are considered to be a pesticide when used in this 
manner because they are applied for the purpose of controlling pest 
organisms (i.e. , INA+ bacteria that cause frost damage). 

EPA conducted its init ial review of the AGS and Lindow proposals 
under the 1984 notification policy (6) and determined that EUPs 
would be required. Both applicants subsequently submitted EUP 
applications that were reviewed and granted by EPA. As a first step 
in its review. Agency scientists with the relevant disciplinary 
expertise reviewed the submitted data and developed a risk assessment 
for each notification and EUP application. The EPA review process 
for these proposals was extensive (Figure 2) and included 
opportunities for the public to obtain copies of the EUP applications 
and to comment on the EPA risk assessment. EPA personnel also 
inspected the proposed test sites, inspected the applicants1 books 
and records that supported their data, and participated in public 
meetings to discuss the Agency's analysis of the proposed field 
trials. In addition, the EPA risk assessment was subjected to 
rigorous peer review by scientists in other Federal Agencies and by a 
group of outside independent scientists convened by EPA as a subpanel 
of its FIFRA Scientific Advisory Panel (SAP). 

Over 30 months elapsed between the time AGS and Lindow notified 
EPA and the tests were conducted. The EPA review process for the 
notifications and EUP applications consumed about six months, and the 
applicants spent four to six months developing additional data 
requested by EPA. The remaining 18 to 20 months were consumed by 
efforts to resolve legal challenges mounted against both EPA and the 
applicants in an effort to prevent the field trials. Table I 
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442 BIOTECHNOLOGY FOR CROP PROTECTION 

Office of Pesticide Programs 

Staff Scientists review proposal 
and supporting data; develop 
risk assessment 

Preliminary scientific position 

Intra-Agency Review Offices 
° Toxic Substances 
° Research and 

Development 
° Policy Planning and 

Evaluation 
° General Counsel 

Inter-Agency Review 
° USDA 
° NIH 
° FDA 

Science Advisory Panel 
° Microbiologist 
° Microbial ecologist 
° Soil microbiologist 
° Meteorologist 
° Plant pathologist 
° Community ecologist 

Additional data 
provided by Applicants 

Public comment 

Final scientific position 

Figure 2 EPA Review Process for the Advanced Genetic Sciences 
and University of California (Dr. Lindow) 

Experimental Use Permit Application. 
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34. BETZ Genetically Engineered Microbial Pesticides 443 

Table I 

Chronological Summary of events in EPA review 
of Advanced Genetic Sciences' and Dr. Lindow's 
proposals to conduct field tests with genetically 
engineered microbial pesticides 

Advanced Genetic Sciences 

°November 1984 - EPA received Notification 

°January 1985 - EPA completed preliminary risk assessment, 
PIFRA Scientific Advisory Panel (SAP) met 
to review submission and EPA risk assessment. 

°February 1985 - EPA responded to AGS requesting additional 
information and an EUP. 

°July 1985 - EPA received EUP applications. 

°August 1985 - EPA announced receipt of EUPs in Federal 
Register and began 30 day comment period. 

°September 1985 - Received public comments on EUP 

°September/ 
October 1985 - Received SAP and intra-agency review of public 

comments• 

°November 1985 - EPA granted EUPs. 

°November 1985 - EPA sued by Foundation on Economic Trends. 

°February 1986 - AGS' outdoor (rooftop) testing of INA" bacteria 
disclosed. 

°March 1986 - EPA audited AGS and suspended EUPs; plant 
pathogenicity testing to be repeated. 

°July 1986 - EPA reviewed and approved AGS plant patho
genicity retest. 

°December 1986 - AGS submitted proposed test sites. 

°February 1987 - EPA approved test site<* »nd reinstated EUPs. 

°April 1987 - AGS sued and injunction requested in state 
court. Request denied; strawberry plot 
vandalized. 

°April 24, 1987 - AGS applied INA~ bacteria at test site in 
Contra Costa County, California. EPA and 
State conducted monitoring. 

Continued on next page 
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444 BIOTECHNOLOGY FOR CROP PROTECTION 

9 June 1987 

Table I—Continued 

Test concluded; AGS monitoring continued. 

^August 1987 

3September 1987 

AGS submitted summary of results of Spring 
1987 testing. 

AGS submitted amended EUP application to 
conduct 2nd small test at same location in 
California. 

°November 1987 - EPA approved AGS amended EUP. 

°December 1987 - AGS began 2nd field test (fall and spring 
applications)• 

°February 1988 

°December 1984 

°February 1985 

•March 1985 

- 2nd application of INA" bacteria made. 

- EPA Received Notification. 

- FIFRA SAP provided written comments. 

- EPA responded to Dr. Lindow, requesting 
additonal information and an EUP. 

"December 1985 - EPA received EUP application. 

°May 1986 - EPA inspected test site, participated in public 
meeting, conducted books and record check. 

°June 1986 - EPA granted EUPs - for multiple tests conducted 
over 3 year period. 

°August 1986 - Dr. Lindow (U. California) and State sued by 
Foundation on Economic Trends et. a l . , experiment 
postponed pending development of further 
information. 

°May 28, 1987 - Test plot was vandalized; spray appication of 
INA" bacteria made; EPA conducted aerial monitoring. 

°August 1987 - INA" treated potato seed pieces planted for second 
test. 

°September-
December 1987 

°May 1988 

- Dr. Lindow submitted results of field testing. 

- Further testing to begin. 
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34. BETZ Genetically Engineered Microbial Pesticides 445 

summarizes the chronology of events that took place from the time the 
notification was received by the Agency until the actual field test 
took place. 

EPA's risk assessment of the AGS and Lindow proposals consisted 
of a four step analysis: (1) identification of key risk issues, 
(2) development of a reasonable worst-case risk scenario, (3) appli
cation of data and information to address the key risk issues, and 
(4) formulation of conclusions with respect to likelihood of signif
icant human health or environmental risks. 

Risk Assessment. Identification of potential risks (step one) was 
based on an analysis of the taxonomic and ecological characteristics 
of the parental organisms, the functional changes in the micro
organisms brought about by the genetic alteration, the mechanism 
of pesticidal action, and the nature and scope of the proposed field 
trials. Evaluation of these four areas was the basis for identi
fication of potential hazards and mechanisms for exposure, which in 
turn were used to formulate the risk issues. 

The parental strains (P. syringae and P. fluorescens), are 
plant surface colonizers (epiphytes) and a l l have the ability to 
nucleate ice crystals at high subfreezing temperatures. Based on 
experience and available information, none of the strains is from a 
species known to be pathogenic to humans or other mammals. However, 
certain strains of IP. syringae are agriculturally important plant 
pathogens • 

The engineered strains (INA" deletion mutants) contained no 
new or additional genetic material. Phenotypically, they would 
resemble the naturally occurring non-ice nucleating bacteria 
(NON-INA) that are often the numerically dominant plant surface 
colonizers. No new function was imparted to the engineered strains. 
Instead, their pesticidal activity would be achieved by giving the 
engineered epiphytes the opportunity to colonize plant surfaces 
before indigenous INA+ bacteria are able to do so. Frost protection 
would be achieved by using the INA" deletion mutants as competitive 
inhibitors of the indigenous INA+ strains. Since the INA" deletion 
mutants were derived from natural INA+ epiphytes, the engineered 
strains would be put back into the habitat for which they are 
adapted to survive, and thus should be ideal candidates for 
competitive exclusion of the pest strains (INA+ bacteria). The 
proposed field trials would involve the outdoor foliar application 
of INA" deletion mutants to blossoming strawberries and emerging 
potato plants. The application would be on small test plots 
(< 0.5 acres) using hand-held sprayers. 

Potential mechanisms for pesticide dispersal and exposure 
of nontarget species would include direct contact of treated plants 
by animals (e.g., insects) entering the test plot with subsequent 
animal-borne dispersal of INA" bacteria, aerial drift from the test 
plot at time of application, and post application movement of INA" 
bacteria into the atmosphere with subsequent deposition in habitats 
that may favor bacterial colonization on plants, or movement into the 
upper atmosphere. 

Based on the available and provided information on the parental 
strains, details concerning the genetic alteration, and parameters of 
the field trials, i t was then possible to identify the specific 
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446 BIOTECHNOLOGY FOR CROP PROTECTION 

issues that needed to be addressed in the risk assessment. These 
issues included non-target plant pathogenicity, possible alteration 
of geographic range and distribution of frost sensitive or frost 
tolerant plants and insects, and possible adverse effects on climatic 
patterns due to reduction of INA+ bacteria in the atmosphere. 

Risk Scenario. Although there was no indication that the latter two 
risk concerns were likely to be significant issues for the proposed 
test, EPA assessed the potential impacts in the unlikely event that 
one or more of these effects occurred. Therefore, in step two, EPA 
scientists addressed a l l of the identified issues in a systematic 
fashion. This was accomplished by developing a risk scenario and 
asking: what series of events must take place in order for these 
risks to materialize? It was determined that a sequence of three 
events must occur: (1) INA" deletion mutants must be dispersed 
outside the test plot; (2) INA- bacteria must colonize a wide 
variety of plant species over a large geographic region; and 
(3) INA" bacteria must displace INA+ bacteria on a wide variety of 
plants over a large geographic region. In other words, beginning 
from a small inoculation, the INA" deletion mutants must be able to 
outcompete indigenous bacteria in habitats outside the test plot. 
If any one or more of these events did not occur, then no significant 
risks would result from the proposed use. 

Addressing Risk Issues. Step three in EPA's evaluation was to apply 
the available data to address the risk issues and to determine 
whether the data were sufficient to negate the risk concerns. This 
effort focused on dissemination, colonization, competitiveness, and 
plant pathogenicity the INA- deletion mutants as well as the field 
test parameters. 

Dissemination of applied INA" deletion mutants. In its 
assessment, EPA scientists assumed that, given the nature of the 
proposed experiments and the ecological characteristics of 
epiphytic bacteria such as those to be applied, the INA" bacteria 
could not be contained within the boundaries of the test plot. 
However, field studies conducted with the INA+ parental strains 
suggested that dispersal of the applied bacteria from the test 
site would probably be minimal. 

Colonization of INA" deletion mutants on non-target plants. 
AGS and Dr. Lindow conducted greenhouse and laboratory tests 
with a wide variety of agronomically and ecologically important 
plant species to evaluate the ability of the INA" bacteria to 
colonize other species. These tests indicated moderate host 
specificity of the INA" strains. 

Competitiveness of INA" deletion mutants. Greenhouse 
tests had been conducted to evaluate the competitiveness of the 
INA" strains compared to their naturally occurring parental 
strains as well as other epiphytic strains. Results indicated 
that the INA" strains are competitive equals with naturally 
occurring NON-INA and INA+ strains. Application of equally low 
or high dosages of INA+ and INA" bacteria resulted in co-existance 
without either population predominating. When unequal dosages 
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34. BETZ Genetically Engineered Microbial Pesticides 447 

were applied, the microorganisms applied at the higher level 
always predominated while the other was present at low levels* 

Plant Pathogenicity. Over 100 plant species had been 
tested "sing a variety of inoculation methods. The INA- bacteria 
were not pathogenic for any plants tested. Results of in vitro 
biochemical and diagnostic tests also suggested that the INA" 
bacteria lacked plant pathogenic potential. 

Parameters of Field Tests. The scope of the test and 
the manner in which i t was to be conducted »nd monitored was 
considered along with the supporting data on INA" strains in 
order to evaluate potential environmental impacts. Factors 
considered included: 
* small plot of land to be treated, 
* single test to be conducted, 
* INA" bacteria to be applied by hand held sprayer to 

minimize drift , 
* test plots to be surrounded by bare soil buffer zone 
* INA" populations to be monitored post application 

on plants, soi l , insects and in air both within and 
outside of the test plot, 

* Contingency plan - biocide to be applied i f INA" 
bacteria observed to colonize plants outside the 
treatment area. 

Having evaluated a l l available data in the light of the 
actual field tests being proposed, EPA then completed the 
fourth and final step in its risk assessment; to develop con
clusions concerning the likelihood of risks to human health and 
the environment. Collectively, the data provided by AGS and 
Dr. Lindow supported the following conclusions: (1) low numbers 
of INA" deletion mutants applied on a small test plot 
(< 0.5 acres) wil l disseminate beyond the borders of the 
test plot; (2) the number of INA" deletion mutants drifting on 
to plants outside the test plot (if any) will be much lower 
than the indigenous INA+ and NON-INA bacteria already present 
on these plants; (3) plants outside the test area will probably 
be inoculated, by insects, with mixed populations of INA" and 
indigenous bacteria; (4) INA" deletion mutants were not pathogenic 
to the plants tested; (5) INA" deletion mutants have a restricted 
host range; they cannot survive at a detectable level on a l l 
non-target plants; and (6) INA" deletion mutants will not have 
a competitive advantage over indigenous bacteria on plants 
outside the test area. 

Considered in the context of the above described EPA risk 
scenario, these conclusions mean that limited dispersal and 
colonization of INA" deletion mutants outside the test plots 
will occur. However, the extensive experimental data on 
competitiveness developed by AGS and Dr. Lindow demonstrate that 
INA" deletion mutants disseminating from the test plots would 
not outcompete and displace INA+ bacteria. Thus, the risk 
scenario would not be realized. 

Based on these findings, EPA scientists were then able to 
conclude that the proposed small scale applications of INA-
bacteria would pose no foreseeable risks to humans or the 

American Chemical Society, 
Library 

1155 16th St., N.W. 
Washington. D.C. 20036 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

22
, 1

98
8 

| d
oi

: 1
0.

10
21

/b
k-

19
88

-0
37

9.
ch

03
4



448 BIOTECHNOLOGY FOR CROP PROTECTION 

environment. Hypothetical adverse effects on precipitation 
patterns or on the survival and geographic range of plants and 
insects would not be realized. 

Summary 

(1) EPA's regulatory program and review mechanism for genetically 
engineered microbial pesticides is in place. 

(2) Risk assessment for genetically engineered microbial 
pesticides is based on an evaluation of potential hazards 
and exposure of the pesticide. 

(3) The assessment process consists of four steps: 
* identify key risk issues, 
* develop potential risk senario, 
* apply data and information to address key risk 

issues, 
* formulate conclusions with respect to likelihood 

of significant human health or environmental risks. 
(4) Genetically engineered products are reviewed on a case-by-case 

basis to address any special questions that may arise. Most 
risk assessment considerations and methods for data 
development are similar to those established for naturally 
occurring microbial pesticide products. 

(5) Individual small scale field test proposals have been reviewed. 
The Agency's regulatory decisions have withstood legal 
challenge and two field trials have been conducted. 

(6) The Agency expects to refine and streamline its review 
process as additional data and experience are gained, 
and the public becomes more comfortable with the outdoor 
application of genetically engineered pesticides. 
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Chemical pesticides 
alternatives, 261 
insect resistance, 134 

Chimeric genes 
constructs, 141-144 
sex-specific selection, 135-146 
sex-specifically expressed, 137 
transferred to plants, 280 

Chitinases, inhibitors of fungal 
growth, 180 

Chloroplast 
antioxidant defense mechanism, 15 
incubation of the preEPSPS, 41 
inherited resistance, 17 
plant gene product, 249 
primary mechanism for tolerating 

paraquat, 17 
transit peptide, 28 

Chloroplast EPSPS, tolerance to 
Roundup, 43-44 

Chlortoluron catabohsm, tetcyclasis 
inhibition, 13f 

Chorion, 163 
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Cloned gene, insect toxicity, 285 
Clones hydridized with transcripts, 89 
Cloning-expression vectors, for 

neurohormone genes, 149,153 
Cloning and characterization, ALS 

genes, 26-30 
Coating with antibodies, 339 
Cocoons 

cuticular tanning, 176 
major organic components, 176/ 
silk components, 163 

Colormetric media, 353 
Community perturbation, 379 
Comparative ribosomal RNA sequencing, 

373-390 
Competitive inhibitors, 445 
Complementarity, 7 
Complex genes in B. thuringiensis, 26Sjf 
Conjugal transfer, 271 
Conjugate formation, 8 
Conjugation 

to carriers, 321 
verification, 321 

Consumer pressure, 402 
Contamination rates, 318319/ 
Control applications, 275 
Control potential, 425 
Coordinated Regulatory Framework for 

Biotechnology, 399 
Copper chelators, 2 
Corn 
Fusarium graminearum, 117-129 

Corn—Continued 
Trichoderma, 53 
trichothecenes, 55 

Cornell University Ecosystems Research 
Center, 397-398 

Cost of farm production, 403 
Crop pests, biorational control, 430-436 
Cross tolerances to oxidative 

stresses, 18r 
Cultivars, resistant and susceptible, 59 
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techniques, 353 
Cuticle 

amino acid composition, 169r,174 
bonds between protein and chitin, 174 
characteristics, 161 
chemical assignments of 

resonances, 167/ 
components, 163,169f,173 
composition and developmental 

stage, 169-177 
covalent bond formation, 174 
cross-link between protein and 

chitin, 175/ 
cyromazine, 181 
environmental hazards, 177-180 
function and composition, 181-182 
genetic control, 180 
juvenile hormone analogs, 180 
major biochemical 

constituents, 165-172 
major components of Manduca 

sexto, nit, nit 
major components of sclerotized and 

mineralized, 168/ 
major elements, 164/ 
mechanical control devices, 180 
mineralized, 164 
NMR spectra, 170/ 
physical and mechanical 

properties, 165/ 
pigment, 174-176 
postembryonic development, 163-164 
sclerotized, 164 
selective control of insect pests, 180 

Cuticle structure 
analytical instrumentation, 162 
chemical and kinetic procedures to 

study, 162 
chemical composition, 162-163 
degradation, 160 

Cutinase 
fungal culture, 51 
role in pathogenesis, 51 

Cyclodepsipeptides, insecticidal 
properties, 114 
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Cytoplasmic microtubules, 90 

D 

Damage caused by weeds, 2 
DDT, 199-214 
Deletion of a gene, 399 
Deliberate release, opposing 

attitudes, 373 
Deoxynivalenol, 61/ 
Detection methods, 352-358 
Development strategies, 270 
Differentiation-specific clones 

grouped into classes, 89 
homology, 89 

Differentiation, time scale, 87* 
Differentiation signal 

cytoskeleton, 90 
lip of stomatal guard cett, 86 
ridges, 86 

Diphenol composition of outer forewing 
cuticle, 173 

Direct staining, 354 
Direct transposition, limitations, 290 
Disease resistance 

crops, 117 
immunological approaches, 307 

Disease resistance genes 
cloned and sequenced, 308 
identification, 308 

Disease symptoms, 120 
Dissemination of recombinant 

organisms, 275-276 
Diuron, 32kDa protein, 249 
DNA oligonucleotides, 380 
DNA probe, 453 
DNA strands, reversing the polarity, 143 
Dot blot quantitation, 387/ 
Dot or slot blot, 356 
Dothistromin 

biological activity, 166 
hemolysis tests, 107 
photoactivity, K)6-107 
phytotoxfcity, 106 

Double antibody sandwich 
ELISA, 339,340/ 

2,4-DP 
cotton, 12 
maize, 12 

Drosophila metanogaster 
insecticide resistance in wild 

populations, 207 
mechanisms of immunity, 186-198 
research on, 132-134 
resistance to DDT and 

pyrethroids, 204-207 

Egg capsules, 163 
Electrolytic leakage, 70 
Elicitors, 119 
ELISA 

comparison with bioassays, 364* 
detection of seed-borne 

viruses, 342-344 
detection procedure, 361-364 
equipment for routine 

application, 346/ 
equipment for routine handling and 

automation, 345 
in plant pathology, 339 
in routine indexing, 341 
indexing plant propagation 

material, 338-347 
limitations for detecting 

bacteria, 345-347 
monitoring Bacillus 

thuringiensis, 359-372 
pesticide immunoassay, 326 
seed potato tubers, 347 
use in Europe, 300 
variations, 299 
viruses in vegetative plant 

materials, 344-345 
Embryo injection procedures, 138 
Embryonic excision assay, 135 
Endocrine-regulated physiological 

processes, 151 
Endocrine events, susceptible to 

manipulation, 152 
Endocrine imbalance 

insect pest control, 148 
laboratory experiments, 148-149 

Endospores, 266 
^-Endotoxin, 285 
Engineered microorganisms, in the 

environment, 453 
Engineering herbicide resistance, 

commercial implications, 45 
Enniatins 

analysis, 112-114 
antibiotic activity, 114 
composition, 113 
incorporated into the insect diet, 113 
lepidopteran species, 114 
phytotoxicity, 114 
toxic effects, 113 

Enriched media, 354 
Environmental awareness groups, 275 
Environmental hazard 

industry response, 261 
Silent Spring 261 
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Enzyme-linked immunosorbent assay, 326 
Enzyme assays 

acetylcholinesterase, 223 
in vivo, 224 
juvenile hormone esterase 

inhibition, 222-224 
malathionase, 223 

Enzyme binding sites, 43 
Enzyme immunoassay, 326 
Enzyme inhibition, 38,225 
Enzymes 

copper-containing, 17 
Halliwell-Asada pathway, 15-17 
zinc-containing, 17 

EPA 
jurisdiction over field testing, 415 
oversight, 4S9f 
regulatory program, 437-449 
review process, 442/;443/ 

EPSPS-catalyzed reaction, 39/ 
EPSPS 

enzymes and properties, 38 
glyphosate tolerance, 40 
overproduction, 40 
shikimate pathway enzyme, 37-48 

EPSPS genes 
chloroplast transit sequences, 44/ 
nucleotide sequences, 41 

EPSPS sequences, comparison of, 41 
Ergosterol peroxide, toxicity, 114 
Evolution, microbial, 374-376 
Evolutionary divergence, 375 
Excision assay 

functionality, 140-141 
in insect embryos, 137-141 
method comparison, 141 

Exoskeleton 
enzymatic and endocrine processes, 162 
function, 161 

Extrachromosomal plasmids, 268 

F 

Farmer and farm family exposure, 403 
Farmworker health, 403 
Federal Insecticide, Fungicide and 

Rodenticide Act, 427 
Feed utilization efficiency, 384-386 
Female-specific promoter, chimeric gene 

constructs, 142 
Field application, permission, 409 
Field efficacy, B. thuringiensis israelensis 

toxin, 365 
Field test 

application and review, 441-445 
legal challenges, 441-445 
of recombinant organisms, 275-276 

Field test—Continued 
parameters, 447 
policy, 440 
risk assessment, 441-446 
two-stage procedure, 427-428 

Flavonoids and furanocoumarins, 59-60 
Flow cytometry, 357 
Free energy changes, 220/" 
Frost protection agents 

potatoes, 441-448 
strawberries, 441-448 

Fungal development, corrective 
mechanism, 87 

Fungal growth pattern, in vivo, 121 
Fungal pathogens 

mechanisms, 50 
metabolites, 94-109,117-129 
mutation rate, 118 
plant resistance, 117-129 

Fungal toxins, primary or secondary 
metabolites, 120 

Fungus germling sensing mechanism 
cytoskeleton, 90 
extracellular matrix, 90 
transmembrane signaling, 91 

Fusarium avenaceum 
colonize insects, 111 
insecticidal metabolites, 110-116 

Fusarium graminearum 
on susceptible and resistant 

wheat, 122 
secondary metabolites, 118 
wheat and corn diseases, 117-129 

Fusarium graminearum metabolites 
NMR spectrum, 127/ 
structures, 124/ 

Fusarium graminearum mycotoxins, 
inhibition of wheat coleoptile 

tissues, 123/ 
Fusarium head blight resistance, 126/ 
Fusarium tolerance, basis for, 126 
Fusarium toxins, modification, 122 

G 

Gene amplification, 40 
Gene dosage compensation mechanisms, 271 
Gene expression 

during embryogenesis, 240-246 
patterns, 243/ 
regulation mechanisms, 240 
sunflower embryo, 240-247 

Gene hybridization, 26 
Gene probes, 355,357 
Gene regulation, during 

embryogenesis, 240 
Gene selection and isolation, 285 
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Gene sequence conservation, 28 
Gene sequencing, 357 
Gene structure, limitations of 

studies, 308 
Gene transcription rates, 245/ 
Genealogy of microorganisms, 374 
Generalist pathogens, 126 
Genes 

activity dependent upon bacterial 
infection, 192 

control antibacterial proteins, 194 
families of related sequences, 275 
injected into the germline cells, 132 
specifying antibacterial protein 

structure, 187-188 
to survive a bacterial 

infection, 192-194 
Genetic alteration, Drosophila 

melanogaster, 132-134 
Genetic detection technologies, 355 
Genetic engineering, 2-3 
Genetic engineering mechanisms, 40 
Genetic exchange 

microbial pesticide to other 
organisms, 292 

other methods, 294 
Genetic manipulation, 440 
Genetic rescue, 137 
Genetic sexing 

chemical sensitivity, 142 
procedures, 136-137 
schemes, 141-144 

Genetic variants 
antibacterial protein structure, 188 
isoelectric focusing, 19Qf,191/ 

Genetically engineered microorganisms 
assessing the risk of release, 379 
intentional release, 352 
release into the environment, 373 

Genetically engineered organisms 
evaluation of characteristics, 425 
hazards, 425 
problems of environmental 

assessment, 397 
release from containment, 425 

Genetically engineered 
sterilization, 133 

Genotypes, 2 
Genus and species specificity, 

trichothecenes, 54-55 
Germline transformation, 137-138 
Germplasm, containing biodegradable 

herbicide, 66 
GLCandHPLC,354 
Glutathione-5-transferase, 8 
Glutathione conjugation, 11/ 
Glycoproteins, carriers, 309 

Glyphosate 
action, 9r 
activity, 37-48 
growth inhibition, 38 
sprayed on plants, 42 

Glyphosate tolerance, E. coli mutant 
EPSPS, 43 

Granal membranes, 251 
Grape berry moth pheromone 
detectable residues, 435 
level of control, 435 
production, 431 
recovery and sensitivity, 435/ 
vineyards selected for treatment, 432/ 

Grass, tridiphane-atrazine, 7 
Greenhouse containment, 424/ 
Ground water, herbicide, 6 
Growth regulation, benzimidazole 

derivatives, 181 

H 

Halliwell-Asada pathway 
active oxygen detoxification, 16f 
and herbicide cross tolerances, 18/ 
paraquat, 15-17 
suppression, 17 

Haptens 
definition, 299 
immunochemical methods, 317 
synthesis, 320-321 

Haustorial mother cells, 83 
Herbicide 

environmentally safe, 3 
limitations, 2 
modes of action, 5 
photosystem II inhibiting, 5 

Herbicide resistance 
evolution of, 7 
field evaluation, 32 
in crop plants, 26 
introduced into plants, 2-3,5 

Herbicide synergists, biorational, 4 
Herbicides, market-competitive, 7 
Heterologous genes, 287 
Homologous recombination 

advantages, 294 
fragments of Tn5, 294 
integration of B. thuringiensis gene, 290-292 

Homology, 275 
Hormone analogs, 153 
Hormone antagonists, 155 
Hormones, structural differences, 150 
Host—pathogen interactions, 

genetics, 308 
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464 BIOTECHNOLOGY FOR CROP PROTECTION 

Host range 
baculoviruses, 412-413 
restriction, 412 

Host responses to infection, 91 
Host specificity, 120 
Housefly 

resistance factor, 201 
target-site sensitivity, 201-204 

Human interferon gene, 154 
Humoral encapsulation reaction, 186 
Humoral subsystem, antibacterial 

proteins, 196 
Hybrid petunia/E. coli mutant gene, 44 
Hybrid protein, in chloroplasts of 

transgenic plants, 45 
Hybridization probe 

ALS genes, 28 
design, 381-384 
monitoring microbial 

communities, 381-384 
phylogeneticalry-nested, 388 
RNA-targeted, 380 
tobacco ALS gene, 29 
yeast gene, 26-28 

Hydrocortisone, 335-337 
Hyperstimulation of sensitive 

physiological processes, 154 

Ice-nucleating bacteria, 441-448 
Ice minus, 398 
Immune-specific probes, 

oligonucleotides, 192 
Immune-specific RNA 
Drosophila larvae, 193/ 
gene expression, 192 
in fat body cells, 196 

Immune-specific transcript, 
oligonucleotide, 193/ 

Immune system, model for action, 197 
Immunity, mechanisms, 186-198 
Immunization 

antigen, 316-317 
fly mutations, 194 
in vitro, 313 

Immunoassay 
application, 322-323 
costs, 320 
crop protection, 298 
detection of genetically engineered 

materials, 301 
formats, 326 
fundamental research and product 

discovery, 301-302 
implementation, 326-327 
methods, 318 
new formats, 302 

Immunoassay—Continued 
optimization, 322 
pesticide residue analysis, 300 
plant diagnostics, 299-300 
quantitative, 317 
resources required, 318-320 
validation, 323 

Immunoblotting, 370 
Immunochemical technology 

commercial kits, 327 
definition, 299 
future use, 327-328 
market size, 327 
pesticide residue analysis, 316-330 
plant disease resistance, 307 
present use, 327 
probes, 302 
reasons for applying to 

pesticides, 317-318 
Immunochemistry 

applications, 298-305 
commercial exploitation, 304 
problems, 303 

Immunodiagnostics, 300 
Immunodominance, 311 
Immunofluorescence 

evaluation, 357 
limitations for detecting 

bacteria, 345-347 
seed testing, 347 

Immunofluorescence colony staining, 348 
Immunofluorescence microscopy, 345-349 
Immunoglobulin G type antivirus 

antibodies, 339 
Immunoisolation, 348 
Immunological approaches, 

deficiencies, 311 
Immunoradiography, 357 
Immunosuppression 

general, 312 
specific, 313 

Indexing 
plant pathogenic bacteria, 345-347 
plant propagation materials, 338-350 
propagation material with ELISA, 341/ 
seed potatoes for viruses and 

bacteria, 341/ 
viruses and bacteria, 338-350 

Infection structure development 
differentiation, 83 
inhibition, 91 
morphology, 83 
orientation, 83 
protein synthesis, 89 

Inhibition of enzymes, hormone synthesis 
or degradation, 155-156 

Inhibition of esterases, 223/ 
Inhibitor assays, inhibition rate, 222 
Inoculum levels, sensitivity, 419 
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INDEX 465 

Insect 
cellular defense reactions, 186 
humoral immunity, 186 
immune system, 186,196 
nervous system, 199 

Insect and vertebrate neurohormones 
common functions, 149 
peptide structures, 149-150 

Insect baculoviruses, 153-154 
Insect cuticle structure and 

metabolism, 160-185 
Insect embryos 

neuronal development, 453 
P-element excision, 137-141,140f 

Insect neuroendocrinology, 147-159 
Insect pathogen, 409 
Insect resistance trait, 

inheritance, 281 
Insect sex attractants, 431 
Insecticidal ^-endotoxin 

proteins, 276 
Insecticidal genes 

combinations, 273 
selection, 281-283 
sources, 271 
toxin, 268 

Insecticidal protein 
determination, 268 
genetically produced, 284 

Insecticidal spectra, 283 
Insecticide resistance 

mechanisms, 199-200 
selection for, 199 

Insertion sequences, 289 
Integration by homologous 

recombination, 293/ 
Integration into the bacterial 

chromosome, 291/ 
Integument, 161 
Interferon, 154 
Isoelectric focusing variants, 187-188 

Juvenile hormone 
degradation and inactivation, 216 
ester hydrolysis, 217 
exposure at metamorphosis, 148 
insect development, 216 

Juvenile hormone esterase 
cloning, 216 
inhibition, 222-224 
inihibition by transition state 

analogs, 215-227 
purification, 216 

Knockdown resistance, 201 

Label, immunoassay, 299 
Land grant universities, 404 
Large seeds, testing, 344 
Larval paralysis bioassay, 

responses, 203/ 
Legal authority, 399 
Legislation 

environmental, 400 
release of genetically altered 

organisms, 395-396 
state and local level, 402 

Lepidoptera, 405-421 
Lepidopteran-active B. thuringiensis toxins, 283 
Lepidopteran larvae, 268,280 
Lettuce, trichothecenes, 54 
Lettuce seed, lettuce mosaic virus, 342 
Levels of B. thuringiensis protein 

produced, 289r 
Light-dependent degradation, 252 
Litigation, 400 

Lymphocytes, clones of hydridomas, 310 

M 
Maize, tridiphane, 8 
Mating disruption, 430-436 
Mechanical disruption, 380 
Mediterranean fruit flies, 186-198 
Membrane trigger hypothesis, 251 
Metabolic inactivation, tolerance to, 3 
Metabolic studies, 5 
Metabolism, 160 
Microbial biocontrol agents, genetically 

engineered, 284-296 
Microbial biocontrol system, 

components, 285 
Microbial ecology 

diversity, 376-378 
historical impediments to study, 374 

Microbial ecosystem perturbation 
general assessment, 388 
phylogenetically based 

studies, 373-390 
Microbial infection, insect 

defenses, 134 
Microbial pesticide 

EPA review process, 443 
genetically engineered, 452 
limited growth, 438 
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466 

Microbial pesticide—Continued 
outdoor test notification, 440 
stages of development, 43Sjf 

Microelectronics, for environmental 
analysis, 331-337 

Microfilament cytoskeleton, 90 
Mineralization, inorganic salts, 163 
Mixed composition PIBS, 417 
Modified microorganism, 

evaluation, 426/ 
Moisture loss, 77-78 
Molecular biology, techniques, 273 
Molecular genetic studies, commercial 

applications, 132-134 
Molinate 

ELISA standard curves, 325/ 
extracton and analysis, 324/ 

Molluscicides, 107 
Molting cycle, 161 
Monensin, 384-386 
Monitoring 

Bacillus thuringiensis in the 
environment, 359-372 

genetic engineering products in the 
environment, 352-358 

Monoclonal antibody library, avirulence 
genes, 310 

Monospecific polyclonal antisera, 
attempts to produce, 310 

Monoxygenase inhibitors 
as synergists, 12-14 
herbicide action, 11/ 
herbicide detoxification, 4 
herbicide synergisms, 13/ 
plant and insect, 10-14 

Morning glory, trichothecenes, 58 
Morphological changes, 58 
Motor nerve output, central nervous 

system stimulation, 206 
Motor nerve stimulation, responses, 203/ 
mRNA level, 245 
Multiresistances in weeds, 12-14 
Murine hydridomas, monoclonal 

antibodies, 310 
Muskmelon, Myrothecium roridum, 60-62 
Mutagen, treated seeds, 58 
Mutant ALS genes 
Arabidopsis gene, 30 
cloning and characterization, 29-30 
engineering of new, 32-33 
future prospects, 33-35 
in vitro modification, 32 
introduction into plants, 30-32 
site-directed mutagenesis, 32 
tobacco gene, 30 

Mutant enzymes, to engineer glyphosate 
tolerance, 42-43 

Mutant EPSPS enzymes, glyphosate-tolerant, 40 

BIOTECHNOLOGY FOR CROP PROTECTION 

Mutant gene, progeny plants, 32 
Mutants 

colonization on nontarget plants, 446 
competitiveness, 446 
dissemination, 446 
ice-nucleating deletion, 441—448 
pharmacological properties, 206 
temperature-sensitive 

paralytic, 204-207 
Mutations 

bacteria-sensitive lethal, 192-194 
herbicide resistance, 29-35 
sex-determination genes, 136 

Mycotoxins, 118 
Myrothecium roridum, role in 

predisposing tissue to 
infection, 126 

N 

Necrosis, 62 
Needle phylloplane fungi, 111 
Neonatal tolerization, 314 
Neosolaniol and isoneosolaniol, 

structure-activity relationship, 57/ 
Nerve conduction block, 204 
Nerve insensitivity resistance, 200 
Nervous system, resistance 

mechanism, 201 
Nested specificity, 381-384 
Neuroendocrine-based pest insect 

control, objections, 149-153 
Neuroendocrine imbalance, effect on 

insects, 148 
Neuroendocrine research, application to 

insect control, 147-159 
Neurohormone analogs, 156 
Neurohormones 

distribution among insect species, 150 
maintaining body water, 151 
master regulators for physiological 

processes, 148 
molting and metamorphosis, 151 
muscle contraction, 151 
peptide nature, 149 
problems in field application, 149 
regulatory, 147 
release of lipids and 

carbohydrates, 151 
steps in the reproductive process, 151 
tanning of soft cuticle, 151 
universality among animals, 149-150 

Neuronal sensitivity 
fluidity of the nerve 

membrane, 202-204 
reduction in sodium channel 

number, 202 
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INDEX 

Neuronal sensitivity—Continued 
structural changes in sodium channel 

molecule, 204 
Neuropeptides, structural 

similarities, 150 
Neurosecretion, 152,155 
Neurotoxin resistance, 206 
Nitro, 404 
Nomenclature, limitation in studies of 

microbial ecology, 374 
Nonoccluded virus 

arthropods, 406-407 
Drosophila cell line, 413 
mosquito adults, 414 

Nuclear polyhedrosis viruses 
arthropods, 406-409 
carrying foreign genes, 154 
replication at the molecular 

level, 407 
Nucleic acid hybridization, 380 
Nucleotide sequence, 375 

O 

Obtaining sample DNA, 355-356 
Office of Science and Technology 

Policy, 396 
Oligonucleotide pool, 18& 
Oligonucleotide probe-based 

identification, general caveats, 388 
Oligonucleotide probes, 381-386 
Oligonucleotide sequences, 376 
Outdoor testing, 401 
Overlap of control range, 7 
Overproduction of EPSPS, engineering of 

glyphosate tolerance, 42 
Oxygen detoxification pathway 

inhibitors, 14 
Oxygen detoxification system, 14,16/" 

P 

P-element 
D. melanogaster, 137-141 
inactivation of the gene, 138 

P-element activity, various insects, 141 
P-element excision, insect embryos, 140/ 
P-element excision assay, in embryonic 

soma, 139/ 
Palmitoylation, 252 
Paralysis, 267 
Paraquat, 4,16/,18f 
Paraquat tolerance, 15-17 
Parasporal crystal, 266,285 
Pathogen 

resistance, 62,117 
translocation, 62 

Pathogen detection, 307-308 
Pathogen establishment, leaf surface 

structures, 52 

Pathogenesis 
physical invasion, 51-54 
species-dependent, 62 

Pathogenicity factors, 119 
PCP system, 335-337 
Pea 

early-browning virus, 344 
F. solanipisi spores, 51-52 
seed-borne mosaic virus, 344 
trichothecenes, 54 

Peanut 
aflatoxin contamination, 73-81 
culture and treatment, 75 
phytoalexins, 73 
sampling, 75 
treatment and kernel moisture, 77-78 

Pectinase activity, 51-52 
Peptide analogs, 149 
Peptidyl transferases, 70 
PEST regions, 252-254 
Pesticide 

active ingredients, 437 
reduced use, 403 
resistance, 263 
toxicity, 261 

Pesticide immunoassays, steps in 
development, 320-323 

Pesticide residue analysis, 
immunochemical methods, 316-330 

Petunia cell line 
in vitro synthesis of EPSPS mRNA, 41 
overproducing EPSPS, 40 
plastid-localized EPSPS, 41 

Pheromone insect control agent, 
commercial application, 431 

Pheromones, disrupt mating cycles, 431 
Phosphatidic acid, 91 
Photogeneration of active oxgen 

species, 14 
Photosynthesis inhibition, 15 
Photosystem II herbicide binding 

protein, molecular dynamics, 248-257 
Photosystem II reaction center 

protein, 253/ 
Phylogenetic depth, 384 
Phylogenetic framework, 378 
Phylogenetic tree, 377/385/ 
Phylogeny 

microbial, 374-378 
universal, 375-376 

Physicoenzyme theory, 51 
Phytoalexin-producing potential, 

evaluation, 77 
Phytoalexin production 

aflatoxin contamination, 76,79 
by pathogens, 119 
drought stress, 78-79 

Phytoalexins 
development conditions, 75 
fungistatic metabolites, 59 
plant-produced, 73 
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468 BIOTECHNOLOGY FOR CROP PROTECTION 

Phytotoxic metabolites, 50,94 
Phytotoxins 

and plant disease, 117 
detection in infected plant 

tissue, 122 
host specificity, 120 
in infected plants, 120 
induction of typical disease 

symptoms, 120 
nonspecific, 94 
role in pathogenesis, 119-122 

Planar capacitor, 332 
Plant-colonizing microorganisms 

host for insecticidal gene, 285 
identification, 286 

Plant-growth inhibitor, 59 
Plant ALS genes 

expressed in bacteria, 34f 
expression in microorganisms, 33 

Plant diagnostics, 300 
Plant disease resistance, immunological 

approaches, 307-315 
Plant infection, general scheme, 51 
Plant metabolism, effect of 

glyphosate, 45 
Plant pathogen, Myrothecium 

roridum, 60—62 
Plant pathogenesis, resistance, 58-62 
Plant pathogenicity, 447 
Plant Pest Act 

genetically engineered organisms, 427 
list of plant pests subject to 

regulation, 427 
Plant quarantine facility, 424-425 
Plant resistance, 59 
Plant resistance genes, transgenic crop 

plants, 309 
Plant tolerance mechanisms, 

suppression, 4 
Plant transformation vectors, 30 
Plaque morphology, 408 
Plasmid curing, 271 
Plasmid sequences, 408 
Plasmid stability, 292-294 
Plating, 353 
Polyclonal antisera, 339349 
Polyhedral inclusion body, 406-409 
Polyhedrin, 407-408 
Polymerase chain reaction, 356 
Population complexity, 378 
Positional nucleotide conservation, 383/ 
Postemergent herbicides, 3 
Potato, methanolic extracts, 325/ 
PreEPSPS synthase 

activity, 41 
conformational changes, 41 

Probe 
D N A 453 

Probe—Continued 
hybridization, 381-384388 
oligonucleotide, 381-386 
radioactive, 381 
selection of, 355 

yeast ALS gene, 26-28 
Product development, stages, 438 
Progeny seeds, tolerance to 

herbicides, 30-32 
Prohormones, 152 
Promoter 

cassette, 413 
polyhedrin, 407-408,413,414 

Propanil, rice, 14 
Protein 

autoradiograms, 88f 
overproduction, 40 

32kDa Protein 
degradation, 252-255,254f 
membrane integration, 251 
mimicking in vivo degradation, 255 
possible signals for 

translocation, 252-252 
precursor processing, 251 
synthesis, 249 

Protein product fingerprinting, 354 
Protein synthesis 

codon recognition, 68f 
distinct phases, 66 
elongation, 69f 
initiation, 67/ 
termination, 69f 

Pseudomonas fluorescens 
nontoxic, 292 
rapid root colonization, 286 

Public opinion, 402 
Puparial exuviae, NMR spectra, 166f 
Pyrethroids 

and DDT, reduced sensitivity, 201 
resistance, 199-214 

Q 

Quarantine test, 428 

R 

Radiation doses for sterilization, 136 
Radioactive probes, 381 
Radioimmunoassay, 326 
Recombinant DNA biotechnology, 153 
Recombinant DNA research guidelines, 423 
Recombinant virus, 417-419,41^ 
Recombination events, 416 
Recombination with foreign genes, 154 
Reference collection of sequences, 378 
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INDEX 469 

Registration standard for B. thuringiensis 
insecticides, 277* 

Regulations, 427 
Regulatory considerations, 392-393 
Regulatory genes, 399 
Regulatory system, 399 
Reporter genes, 413 
Research overview 

animal production, 236 
animal protection, 236-237 
cotton, 239 
dairy material conversion, 238 
industrial products from agricultural 

commodities, 237 
novel crops, 238 
plant production, 234 
plant protection, 234 
starch conversion, 237-238 
vegetable oils and animal fats, 238 
water quality, 234 
wool and leather, 238 

Residue analysis, immunochemical 
technology, 317-318 

Resistance, transfer to offspring, 66 
Resistance gene products, function, 308 
Resistance genes, 118-119,287 
Resistance mechanism, genetic 

isolation, 207 
Resistance to herbicides, weeds, 5 
Restriction fragment length 

polymorphisms, 452 
Resveratrol, 74/" 
Ribosomal RNA 

and evolutionary 
relationships, 375-378 

archaebacteria, 376 
bacteria, 375 
clones, 378 

Risk assessment 
EPA, 440-448 
research, 455 
standards needed, 401 
taxonomic and ecological 

characteristics, 445 
Risk scenario, 446 
Risk to the environment, 399 
Robotic systems, residue laboratory, 318 
Roundup 

genetic engineering of tolerance, 38 
nonselective herbicide, 37-48 
petunia plant tolerance, 42 
resistance to, 3 
tobacco plants, 43 
transgenic tomato plants, 45 

Rumen, model microbial 
ecosystem, 379-386 

Rumen microbial ecology, 
perturbation, 384-388 

Ruminal probe, hybridization, 382/* 
Rust fungus, preinfection changes in 

germlings, 82-93 

S 

Safeners, 2 
Saprophytes, 53,347-348 
Scientific Advisory Panel, role, 452 
Scientific risk assessment, 437-449 
Sclerotization 

chemical changes, 172-177 
cross-linking agent, 177 
fungal pathogens, 177 
major components of Manduca 

sexta, 173* 
organic components, 163 
pathway of phenol metabolism, 175/ 

Second-generation products, strategies 
for developing, 273-276 

Second messenger system, 91 
Secondary metabolite 

in vitro production, 121 
nutrient limitation, 121 

Seed potatoes, blackleg 
organism, 341347 

Seed storage protein genes, 241-246 
Selection of probes, 355 
Selection pressure, 7 
Selectivity, 2 
Sensing mechanism, 90 
Sensitivity, comparison of bioassay and 

ELISA, 370* 
Sensor theory, 332-334 
Sequence characterization, dominant 

rumen microbial flora, 380 
Sequencing, 375 
Serological tests, 347-348 
Sex-specific selection, 135-146 
Shikimate pathway enzyme, 38,40 
Site-directed mutagenesis, plant EPSPS 

genes, 43 
Small seeds, testing, 342-344 
Sodium-channel-directed neurotoxins, 204 
Sodium channel 

blockers, 209 
molecular properties, 208-209 
mRNAs, 209 

Sodium channel protein 
binding sites for neurotoxins, 202 
neurotoxin recognition properties, 209 
primary structure, 208-209 

Soil isolate, 287 
Solid-phase extraction, 370 
Soybean,3 
Species-dependent chemical 

pathogenesis, 65 
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470 BIOTECHNOLOGY FOR CROP PROTECTION 

Specific application and formulation 
procedures, 150 

Specific monoclonal antibodies, 283 
Spent media analysis, 354 
Spore activity, 51 
Spore target area, 51 
Spores, pectinase production, 52 
Sporulating cells, 266 
Spruce budworm, population 

cycle, 110-116 
Sterile insect release, 133,135-146 
Sterol biosynthesis inhibitors, 

fungicidal, 12 
Strain construction, 271 
Strain improvement 

conjugal transfer, 274/* 
plasmid curing, 272/" 

Stromal membranes, 251 
Structure-activity response, 55 
Sulfonylurea herbicides 

application rate, 6,25 
mammalian toxicity, 25 
molecular biology of resistance, 25-36 
resistance to, 3 
tolerance toward, 26 

Sunflower embryo, gene 
expression, 240-247 

Superagonists, hyperstimulation, 156-157 
Superoxide dismutase, 15 
Susceptibility genes, 118-119 
Symptoms, visual, 120 
Synergism of inhibition of wheat 

growth, 11/ 
Synergistic adjuvants, 10 
Synergistic combinations 

glyphosate-imidazolinone mixtures, 10 
herbicide-herbicide, 7 
tridiphane-atrazine, 7 
tridiphane-glutathione conjugate, 8 

Synergistic gene-toxin interactions, 273 
Synergists 

advantages, 6 
biochemical limitations, 6 
identification, 5 
lower herbicide rates, 6 
prevention of herbicide degradation, 6 
sales, 6-7 

T 

Target group specificity, 388 
Target-site resistance 

cloning of genes, 210 
DDT and pyrethroids, 201-207 
mechanisms, 210 
molecular genetic approach, 199-214 
molecular mechanisms, 211 
structural changes, 200 

Testing of seeds for virus, 343/ 
Tetcyclasis 

cotton, 12 
maize, 12 

Tetracycline-resistant 
transconjugants, 292 

Thigmotropic response 
DNA replication and mitosis, 87 
early response period, 87 
morphogenetic pause, 89 
protein synthesis and gene 

expression, 89 
time scale of response, 86 

Thiotrifluoropropanones, ligands and 
eluting agents, 221 

Thylakoid protein, 248 
Thylakoids, 255 
Tobacco 
Arabidopsis ALS genes, 31/ 
field tests of transformed, 34f 
methanolic extracts, 325/ 
mutants, 29 
stunted growth, 53 
tobacco ALS gene, 31/ 
Trichoderma, 53 
trichothecenes, 55 

Tolerance, 311 
Total RNA from staged embryos, 244f 
Toxicity 

deltamethrin, 205/ 
enniatins, 113 
Fusarium graminearum metabolites, 122 
mammalian, 10 

Toxin-encoding genes, 268 
Toxin-encoding plasmids, 273 
Toxin production, 120 
Transconjugant, 273 
Transduction mechanism, 332 
Transformation vector, 30 
Transformed flies, 132 
Transformer genes, female development as 

sterile male, 143 
Transgenic plants 

engineering, 32-33 
greenhouse experiments, 281 
insect-killing activity, 282/ 
modified genes, 281 
potato, 281 
resistant to insects, 280-283 
tobacco, 281 
tomato, 281 

Transit peptide, 28 
Transition-state analog inhibitors, 215 
Transition-state complex, 217 
Transition-state mimics 

enzymatic reaction inhibitors, 217 
hypothetical reaction, 22Qf 
trifluoromethyl ketones, 219-221 
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INDEX 471 

Transition-state theory, 215-216 
Translocation, mechanism, 251 
Transmissibility, toxin-encoding 

plasmids, 270 
Transport of insect neurohormones, 152 
Transposable P-element vector 

system, 137 
Transposase, potential for gene 

movement, 294 
Transposase functions, elimination, 289 
Transposon activity, 141 
Transposon Tn5, map of, 288/* 
Trap attractants, 431 
Traversianal 

biological activity, 106 
biosynthetic route, 105/ 
biosynthetic studies, 97 
hemolysis tests, 107 
isolation and structure, 95 
phytotoxicity, 106 
stereochemistry and biosynthetic 

origin, 102 
toxicity to snails, 107 

Trichoderma 
inhibitor of plant growth, 53 
tobacco, 53 
wheat, 53 

Trichodermadienediol, 63/ 
Trichodermin 

sprayed on plants, 53 
through roots in aqueous solution, 54 

Trichothecenes 
degradation, 60 
direct chemical action, 54-58 
etiology of plant diseases, 50 
exogenously applied, 55-58 
expression of plant disease, 50-72 
high specific activity, 50 
in female plants following 

pollination, 65 
macromolecular sites of 

activity, 66-70 
production, 65 
resistance experiments, 126 
simple, 56/ 
synthetic modifications, 58 
toxicity, 60 
virulence factor, 62 

Trichothecin, selective action, 55 
Tridiphane 

biorational synergist development, 8 
blockage, 9/ 
corn, 8 

Tridiphane-glutathione conjugate, 8 
Tridiphane 

pesticide degradation, 8 
tolerance suppressor, 4 

Trifluoromethyl ketones 
research results, 225 
transition-state analog 

inhibitors, 215 
transition-state mimics, 217 

Triparental matings, 287 
Truncated genes, 280 
Trypsin digestion patterns, 253/ 
Trypsinization, 251 

U 

Unifying concept, herbicide protection 
and synergy, 10 

Uredospore germlings 
changes induced by host contact, 82-93 
development, S4f 
infection structures, 85/ 

Uredospores, differentiation, 83-86 

V 

Viral genome, 408,416 
Viral insecticides, genetically 

engineered, 405-421 
Viral replication cycle, 406-407 
Virulence tests, 126 
Virus detection, 339-345 

W 

Weed control 
cost-effective, 6 
metabolism and toxicology studies, 5 
new horizons, 2 

Wheat 
chlorsulfuron, 6 
Fusarium graminearum, 117-129 
Fusarium graminearum Schwabe, 59 
gross degradation studies, 60 

Wild-type virus, 418/" 
Wild plants, resistance, 118 
Winter tares, trichothecenes, 54 

X 

Xenobiotics, 16/ 

Y 

Y chromosome, marker for selecting 
males, 136 

Yeast ALS gene, hybridization 
probe, 26-28 
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