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Foreword

The ACS Symposium Series was first published in 1974 to provide a
mechanism for publishing symposia quickly in book form. The purpose
of the series is to publish timely, comprehensive books developed from
ACS sponsored symposia based on current scientific research.
Occasionally, books are developed from symposia sponsored by other
organizations when the topic is of keen interest to the chemistry
audience.

Before agreeing to publish a book, the proposed table of contents is
reviewed for appropriate and comprehensive coverage and for interest to
the audience. Some papers may be excluded in order to better focus the
book; others may be added to provide comprehensiveness. When
appropriate, overview or introductory chapters are added. Drafts of
chapters are peer-reviewed prior to final acceptance or rejection, and
manuscripts are prepared in camera-ready format.

As arule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previously published
papers are not accepted.

ACS Books Department
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Dedication

This book is posthumously dedicated to Dr. Richard H. Shimabukuro,
Research Plant Physiologist of the Agricultural Research Service, U.S. Depart-
ment of Agriculture, who dedicated his career to understanding the metabolism
of pesticides in plants. His pioneering research has been an inspiration to
students and colleagues and has provided fundamental pathways.
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Preface

The basis for selectivity of plants and microorganisms to xenobiotics has
been extensively studied during the past 40 years and is the basis of a multi-
billion dollar pesticide business. Fortuitously, plant enzymatic systems involved
in metabolic and cometabolic processes can also detoxify pesticides. Microor-
ganisms have similar processes and an intrinsic nature for rapid genetic adapta-
tion to chemicals in the environment. The detoxification and degradation poten-
tial of individual microorganisms are being exploited for remediation of soil and
water contaminated with pollutants of diverse chemical nature. One particular
strategy for remediation of contaminated soils and water is phytoremediation,
a process by which plants and their associated microorganisms collectively
degrade, detoxify, and/or remove pollutants from these matrices. Microbial
genes that encode for pesticide detoxification—degradation pathways have be-
come pivotal for transforming plants into herbicide resistant crops. Many detox-
ification mechanisms are common to both higher plants and prokaryotic organ-
isms. However, unique mechanisms for xenobiotic transformation are continu-
ally being elucidated in microbes, and novel xenobiotics and natural products
with new chemistries are also being discovered.

This American Chemical Society (ACS) Symposium Series volume book
is based on a symposium that took place at the 218th National Meeting of the
ACS in New Orleans, Louisiana, August 22-26, 1999. This book provides an
accumulation of some of the most recent research on enzymes from plants
and microorganisms that catalyze pesticide metabolism. The purpose of this
symposium and book on plant and microbial enzymes involved in pesticide
transformation was to bring together scientists from a variety of disciplines:
biochemistry, microbiology, plant physiology, and toxicology to present, sum-
marize, review, and update information on xenobiotic metabolism. Specific
enzymes and processes included the following: hydrolytic enzymes, glutathione
and other conjugation mechanisms, cytochrome P-450 oxidases, peroxidases,
nitroaromatic transformations, reductive dehalogenation, and so on.

It is hoped that this book will serve as a valuable information source for
researchers involved in studies on the biotransformation, metabolism, and fate
of pesticides. It is particularly hoped that this book will motivate researchers
to become involved in these developing areas of plant and microbial enzyme
research. The answer to many current questions that will improve our knowl-
edge and technology can be found in understanding enzyme mechanisms,
specificity, stability, regulation, and expression. This knowledge will promote
an understanding for the safe and economical use of pesticides in the biosphere.

X1
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Chapter 1

Pesticide Metabolism in Plants and
Microorganisms: An Overview

R. E. Hoagland', R. M. Zablotowicz!, and J. C. HalP

Southern Weed Science Research Unit, Agricultural Research

Service, U.S. Department of Agriculture, Stoneville, MS 38776

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

Understanding pesticide metabolism in plants and microorganisms
is a key component for the development, the safe and efficient
utilization of these compounds, and for bioremediation of these
chemicals in contaminated soil and water. Selective metabolism of
pesticides in non-target species (e.g., crop plants) and sensitivity in
target species (e.g. weeds, insects and pathogen pests), is the basis
of chemical pest control. Pesticide biotransformations may occur
via metabolism or co-metabolism. Metabolism of a given pesticide
in plants and microorganisms is generally a multi-step process.
Individual components of such degradation/detoxification pathways
include: oxidation, reduction, hydrolysis and conjugation. Pathway
diversity depends on the chemical structure of the xenobiotic
compound, the organism, environmental conditions, and metabolic
factors regulating expression of these biochemical pathways.
Knowledge of these enzymatic processes, especially concepts
related to mechanism of action, resistance, selectivity, tolerance,
and environmental fate has advanced pesticide science. One
example is the development of herbicide tolerant crops. Advances
in pesticide metabolism have also been facilitated by use of
improved analytical techniques, molecular biological approaches,
and immunological tools.

The inception of synthetic organic compounds for control of insect, microbial, and
weed pests began over sixty years ago. Pesticides have transformed agricultural
production to provide the quality and quantity of food and fiber necessary for an
exponentially increasing world population. Since that time, millions of tons of

2 © 2001 American Chemical Society
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synthetic xenobiotic compounds have been used as pesticides, and the bulk of these
compounds applied to the environment have been degraded via plant or microbial
enzymes. Although most of these compounds have been developed, tested, and found
safe to use according to label specifications, there is still some concern about the
environmental risks associated with their use. Some of the older compounds initially
introduced, e.g., DDT, [2,2-bis(4-chlorophenyl)-1,1,1-trichloroethane], aldrin [1,2,3,
4,10,10,hexachloro-1,4,4a,5,8,8a-hexahydro-1,4:5,8dimethanonaphthalene],

chlordane [1,2,4,5,6,7,8,8-octachlor-2,3,3a,4,7,7a-hexahydro-4,7-methanodiane], etc.,
were highly persistent and bioaccumulated in food chains. However in most
countries, their use has been curtailed, upon learning of their environmental hazards.
Generally, pesticides are applied to soil, plants growing on soil, or aquatic areas. Off-
target movement of pesticides can occur via leaching, runoff, volatilization, drift,
excessive application, and accidental spills.

It is highly probable that chemical technology will remain the core strategy for
controlling pests in crop and non-crop land in the future. Increasing concern about
environmental impact of pesticides has resulted in a governmental regulatory climate
requiring more extensive knowledge of environmental fate, toxicology, and
persistence of pesticides, as well as their metabolite residue levels in foods. These
factors necessitate further study of degradation pathways, enzyme activities, enzyme
regulation and expression, and genetics; especially as new chemicals are developed as
pesticides.

Most pesticides are subject to extensive degradation in plants and the
environment. Some degradation is due to chemical and physical transformations such
as photolysis, autolysis, oxidation, reduction, rearrangements, and inactivation due to
binding processes (i.e., to soils and macromolecules). However, enzymatic
transformation is by far the major route of detoxification. This book encompasses the
enzymatic transformations of a wide variety of pesticides, and presents the
mechanisms, biochemistry, genetics and regulation of these processes in plants and
microorganisms. This overview focuses on the broad aspects of pesticide metabolism
in plants and microorganisms, and examines the importance of these biochemical
pathways for pesticide development and environmental stewardship. New
methodologies that are broadening our knowledge of pesticide metabolism are
discussed.

Enzymatic Basis of Pesticide Transformation

Many transformations of pesticides in plants and microorganisms occur via a process
called co-metabolism. Co-metabolism can be defined as the biotransformation of an
organic compound that is not used as an energy source, or as a constitutive element of
the organism (/). Initial co-metabolic transformations may render pesticides less toxic
to target and non-target organisms, and also may enhance pesticide vulnerability to

In Pesticide Biotransformation in Plants and Microorganisms; Hall, J., et al.;
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other biological, chemical, or physical degradative transformations. Enzymes
involved in initial co-metabolic transformation include: hydrolytic enzymes (esterases,
amidases, nitrilases, etc.), transferases (glutathione S-transferase, glucosyl
transferases, etc.), oxidases (cytochrome P-450s, peroxidases, etc.), and reductases
(nitroreductases, reductive dehalogenases, etc.). For complete degradation of a
pesticide, several metabolic and or co-metabolic processes are usually required (2,3).

Many of the enzymes and detoxification/metabolic pathways of pesticides and
xenobiotics are similar in plants and microorganisms. However, several fundamental
differences exist among microorganisms and plants that affect xenobiotic metabolism
(Table I).

Table I. Fundamental Differences Between Plant and Microbial Metabolism

Characteristic Microorganisms Plants

Nutrition Typically heterotrophs; some Typically photoautotrophs
chemoautrophs /photoautotrophs

Aromatic ring Numerous mechanisms for Aromatic metabolites
cleavage aerobic/anaerobic ring cleavage  prone to conjugation /
lignification

Terminal electron Various: O,, NO5, NO,, Fe*™*,  Limited to O,
acceptors Mn**, SO~

Metabolic sites Degradative enzymes in Compartmentation of
periplasmic space, cytoplasm, or  detoxification processes in
excreted extracellularly vacuoles

Genetic regulation ~ Degradative genes typically Transcriptionally regulated

arranged in operons

There is a major distinction between plant and microbial metabolism with regard
to carbon nutrition. Plants are typically photoautotrophs, acquiring energy from light,
and carbon from CO, fixation. However, most microorganisms (except certain
chemoautotrophs (nitrifying bacteria) and photoautotrophs (blue green algae) are
dependent on organic compounds for their energy and carbonaceous cellular
compounds. Cellular maintenance based on a heterotrophic existence, however, has
provided adaptive processes for the development of metabolic pathways that utilize a
wide range of organic compounds as energy sources. Soil microorganisms, such as
various species of Arthrobacter, Burkholderia, Pseudomonas, Sphingomonas, can
utilize a wide range of aliphatic, aromatic, and heterocyclic compounds.
Basidiomycetes or “white rot fungi”, produce lignin degrading enzymes (lignin
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peroxidase and manganese peroxidase) that degrade natural polymers and certain
recalcitrant xenobiotics (4).

Mineralization

Some microorganisms, especially bacteria and fungi, can completely metabolize a
pesticide to CO,, H,O, inorganic nitrogen and other inorganic components via a
process called mineralization (/). Mineralization is a multi-step process wherein
initial catabolism occurs via hydrolytic or reductive reactions, and oxidation of
aromatic ring components is also usually required. In individual bacterial species,
mineralization of pesticides is not widespread, and this process rarely occurs in plants.
Some selective examples of mineralization of herbicides, insecticides and fungicides
by pure cultures of bacteria and fungi (5-1/), are summarized in Table IL
Historically, the phenoxy herbicides 2,4-D (2,4-dichlorophenoxyacetic acid) and
2,4,5-T (2,4,5-trichlorophenoxyacetic acid) are examples of pesticides mineralized by
pure cultures of bacteria (e.g., Alcaligines, Arthrobacter, Flavobacterium, and

Table II. Selected Examples of Pesticide Mineralization by Pure Cultures of
Bacteria and Fungi

Pesticide Organism Citation
Herbicides
Atrazine Pseudomonas sp. ADP 5
2,45-T Phanerochaete chrysosporium 6
Dicamba (3,6-dichloro-2- Pseudomonas sp.; Moraxella sp. 7
methoxybenzoic acid)
Paraquat Lipomyces starkei 8
Insecticides
Carbofuran (2,3-dihydro-2,2- Arthrobacter sp. 9
dimethyl-7-benzofuranyl N-
methylcarbamate)
Lindane (y-hexachlorocyclo- Sphingomonas paucimobilis 10
hexane)
Fungicides
Pentachlorophenol Sphingomonas sp. 11

Pseudomonas) (12). Some herbicides mineralized to CO, serve as a primary nitrogen
source rather than a carbon source, e.g., atrazine [6-chloro-N-ethyl-N'-(1-methylethyl)-
1,3,5-triazine-2,4-diamine] for Pseudomonas sp. ADP (5) and the bipyridilium
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herbicide paraquat (1,1'-dimethyl-4,4'-bipyridinium ion) for the yeast, Lipomyces
starkeyi (8).

An essential metabolic factor in the mineralization of most aromatic pesticides is
ring cleavage. Many organic pesticides contain one or more aromatic rings with
multiple and diverse substitutions (halide, amino, nitro, alkyl moieties, etc.) that
present barriers to enzymatic ring cleavage. Aerobic ring cleavage by bacteria requires
dihydroxylation, most often catalyzed by dioxygenases (/3). There are two general
classes of dioxygenases, one catalyzes ortho (intra-diol), the other meta (extradiol)
fission of catechol, thereby forming cis-muconic acid or 2-hydroxymuconic acid,
respectively. Hydroxylation of aromatic rings may also be catalyzed by cytochrome P-
450 monooxygenases and mixed function monooxygenases, in which only one of the
oxygen atoms is incorporated into the substrate molecule, and the other is
incorporated into water (/4).

In soil and plant rhizospheres, microbial communities contain some microbial
species that complement the metabolic or co-metabolic capabilities of individual
species, thereby facilitating complete xenobiotic mineralization. For example, the
complete mineralization of parathion was facilitated by a consortium of two bacterial
species, a Pseudomonas stutzeri and a Pseudomonas aeuriginosa (15). The P.
stutzeri strain initiated hydrolysis, but was unable to mineralize p-nitrophenol. The P.
aeuriginosa strain mineralized p-nitrophenol, which also provided growth factors for
the P. stutzeri strain. Other bacterial consortia are involved in degradation of
pesticides such as propachlor [2-chloro-N-(1-methylethyl)-N-phenylacetamide](/6)
and coumaphos [phosphorothioic acid O-(3-chloro-4-methyl-2-oxo-2H-1-benzopyran-
7-yl) 0,0,-diethyl ether] (/7).

By comparison, oxidative metabolism of aromatic compounds in plants is usually
catalyzed by cytochrome P-450 enzymes, peroxidases, or mixed function oxidases
(see chapter by Mougin et al., this volume). Hydroxylated metabolites generated from
these processes are usually conjugated or incorporated into lignin (see chapters by
Hall et al., and Sandermann et al.). Dioxygenases occur in plants and have important
functions in various biosynthetic pathways. However, their role in pesticide
metabolism has not been critically examined. For example, p-hydroxy-
phenylpyruvate dioxygenase (HPPD), a key enzyme in tocopherol and plastoquinone
synthesis, catalyzes the formation of homogentisic acid. Triketone herbicides, e.g.,
sulcotrione {2-[2-chloro-(4-methylsulfonyl)benzoyl] cyclohexane-1-3dione},
resemble the endogenous substrate structure and inhibit HPPD (/8). Recently the
genes for HPPD were cloned from Arabidopsis and over-expressed in the same plant
species (/9). Such transformed plants are resistant to the triketone herbicides, at
concentrations 5- to 10-fold higher than the wild type can tolerate.

Many microorganisms are capable of aerobic metabolism under anoxic conditions
by using alternate terminal electron acceptors in lieu of oxygen, e.g., NO;, NO;, and
MnO,. Anaerobic microorganisms may use NOj, NO;, S0,*, CO, and other
acceptors (20). Under aerobic conditions, the organic substrates are transformed to
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CO,, while under anaerobic respiration the product is either CO, or CHy. Certain
microorganisms possess anaerobic or facultative anaerobic metabolism, thus enabling
pesticide biotransformation under anoxic conditions. This concept is examined in
other chapters on reductive dehalogenation and halorespiration by rhizosphere
microorganisms (Barkovski), and microbial nitroaromatic metabolism (Zablotowicz et
al.).

Integration of Metabolic Pathways

In general, plants metabolize a pesticide by a series of multi-phase processes with a
wide range of metabolic diversity among various species (2/). The primary
detoxification step usually involves hydrolysis or oxidation, producing functional
groups that are subject to secondary enzymatic conjugation to endogenous compounds
such as glutathione (GSH), sugars, or organic acids. Further processing of the
conjugated derivatives can occur by formation of bound residues, additional
conjugation reactions, compartmentation into vacuoles, and/or extracellular
deposition.

A key component in the regulation of plant metabolism is the transport of
metabolites such as GSH- or glucosyl-conjugates, from the cytoplasm by specific
ATPase-conjugate pumps. For example, in plants, initial detoxification of a
chloroacetamide herbicide via GSH conjugation takes place in the cytoplasm.
Peptidase hydrolysis of the y-glutamyl and glycine moieties occurs in the vacuole
(22). By contrast, GSH conjugation in bacteria occurs either in the cytoplasm, or the
periplasmic space (23), with y-glutamyl transpeptidase activity found in the cytoplasm
(24). Certain bacterial GSTs function in the basal metabolism of compounds such as
dichloromethane, pentachlorophenol, and y-hexachlorocyclo-hexane, thus these
compounds can serve as nutritional sources (see chapter by Vuilleumier).

Certain enzymes involved in xenobiotic metabolism in plants and microorganisms
may be constitutively expressed, whereas, many pesticide degrading/detoxifying
enzymes are inducible in plants and microbes. Genetic regulation of plant enzyme
expression differs from that in bacteria. In prokaryotic organisms, genes responsible
for biotransformation pathways are typically organized in operons. In an operon,
genes governing various enzymes in a pathway are often closely linked as a cluster in
the genome. Thus, expression of all enzymes in a metablolic pathway can be induced
or repressed by the same effector. This is not the case in eukaryotic systems such as
plants and animals. In these cases, a single gene is regulated by its own specific
promoter. In these systems, a myriad of proteins influence expression, i.e., specific
cytoplasmic proteins (WD proteins) regulate expression affecting transcription,
although they never enter the nucleus (25). Complete understanding of plant
regulation of plant gene expression is not fully understood.

In Pesticide Biotransformation in Plants and Microorganisms; Hall, J., et al.;
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Metabolism and Pesticide Development

Site of Action

Enzymes are often the actual target sites of many pesticides, e.g., protox inhibitors
(herbicides), ergosterol synthesis inhibitors (fungicides), and acetylcholinesterase
(insecticides). Toxicity of a pesticide is usually due to the inhibition of a target
enzyme, or in some cases toxicity is caused by over-expression or over-stimulation of
the target enzyme. Unfortunately some pesticides also interfere with enzymes in non-
target organisms, e.g., the insecticide carbaryl (1-naphthyl N-methylcarbamate), a
potent acetylcholinesterase inhibitor, can inhibit esterases and amidases in plants (26)
and microorganisms (27, 28).

Pesticide Selectivity

Pesticide selectivity is dependent on factors including absorption, translocation to
active sites, and metabolism. Generally, the most important herbicide selectivity
mechanism in plants (crops and weeds) is differential metabolism. This can occur via
activation (transformation of the parent molecule to a biologically active metabolite)
or via detoxification. Detoxification is a mechanism by which an individual organism
can render itself tolerant or resistant to the toxicological nature of a xenobiotic.
Specific examples of plant selectivity based upon detoxification, include B-oxidation
of phenoxybutyric acids (29), hydrolytic de-esterification of diclofop-methyl {(x)-2-
[4-(dichlorophenoxy)phenoxylpropanoic  acid} (30), and sulfoxidation of
thiocarbamate herbicides (31). Plants have diverse pathways for herbicide
metabolism that can be highly substrate specific, both within and among species. This
enzymatic specificity has resulted in the discovery and utilization of numerous
herbicides that are differentially metabolized in weed and crop species (32). The rate
of metabolism of a pesticide by crops and weeds is also an important consideration
related to selectivity.

Most pesticides have been developed through synthesis and screening programs,
or by serendipitous discovery. Development of pesticides in the future will
increasingly rely on rationally designed molecules that deliver biological activity to
target species, with minimal effects on non-target species. A greater understanding of
structure, function and regulation of detoxifying/activating enzymes will enable and
promote rational design in pesticide development.

In Pesticide Biotransformation in Plants and Microorganisms; Hall, J., et al.;
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Managing Herbicide Resistance in Weeds

Understanding pesticide detoxification mechanisms in crops and weeds is pivotal to
the development of herbicide resistant weed management programs. Ideally, crop
rotation and alternating the usage of herbicides with different modes of action are
implemented in weed management strategies to minimize the evolution of resistant
weed biotypes. There are many weeds that have evolved resistance to one or more
herbicides (33). Studies of weed resistance to herbicides have indicated several
mechanisms for resistance (19, 34-39) (Table III). The most common mechanism for
resistance is modification of target sites, while increased metabolism is much less
frequent (40). Resistance mechanisms to several herbicides, based upon development
of mutations in target enzyme active sites, have been assessed, e.g., acetyl-CoA
carboxylase (ACCase), and acetolactate synthase (ALS) inhibitors (47) photosystem II
inhibition due to mutations in the D1 protein (34).

Table ITI. Mechanisms of Herbicide Resistance

Mechanism Herbicide - plant: specific mechanism Citation

Target site resistance Triazines - numerous: mutation in D1 34
protein

Target site over-expression  Sulcotrione - Arabidopsis: HPPD 19

Metabolic detoxification Atrazine - velvetieaf: GSH conjugation 35
Simazine - rigid ryegrass: N-dealkylation 36
Chlortoluron - rigid ryegrass: N-dealkyl- 37
ation

Reduced activation Triallate (proherbicide) - wild oat (Avena 38

fatua): altered oxidase

Multiple resistance Many herbicides - rigid ryegrass: several 39
mechanisms

Propanil  [N-(3,4-dichlorophenyl)propionate] resistance in barnyardgrass
(Echinochloa crus-galliy and junglerice (Echinochloa colona) has been attributed to
increased metabolism via enhancement of aryl acylamidase activity (42, 43). A
population of atrazine resistant velvetleaf (Abutilon theophrasti) plants developed
resistance by acquiring a new GST isozyme specific for the triazines (35).
Simultaneous resistance to both simazine (6-chloro-N-N-diethyl-1,3,5-triazine-2,4-
diamine) and chlortoluron  [N’-(3-chloro-4-methylphenyl)-N-N-dimethylurea]
developed in rigid ryegrass (Lolium rigidum) via enhanced N-dealkylation (36, 37). A
specific biotype of rigid ryegrass VLR69 was subsequently found that exhibited
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multiple resistance to nine classes of herbicides, 21 years after exposure to five
herbicide classes (39). In this case, resistance may be conferred by several
mechanisms including, decreased target-site sensitivity and increased metabolism. In
areas where resistant weed populations already exist, the use of herbicide
combinations or herbicide synergists may be useful to suppress resistant weeds.

Herbicide Resistant Crops

Herbicides generally act by inhibiting a specific enzyme of a major plant biochemical
or physiological process. Recent biotechnological advances have led to the
production of transgenic crop plants with resistance to specific herbicides. Prior to
the advent of this biotechnology, conventional breeding was used to selectively define
the traits of a crop genotype. This relatively slow process has resulted in the
development of only one commercial crop cultivar, metribuzin [4-amino-6-(1,1-
dimethylethyl)-3-(methylthio)-1,2,4-triazin-5(4H)-one] resistant soybean [Glycine
max (L.) Merr.] (44). Tissue culture techniques have been used to select cell lines
tolerant to various herbicides including; 2,4-D, picloram (4-amino-3,5,6-trichloro-2-
pyridinecarboxylic acid), paraquat, chlorsulfuron {2-chloro-N-[[(4-methoxy-6-methyl-
1,3,5-triazin-2-yl)amino]carbonyl]benzenesulfonamide}, and imazaquin {2-[4,5-
dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-imidazol-2-y1]-3-quinolinecarboxylic
acid}(44). In many cases, herbicide tolerance derived via selection from tissue
culture, is either unstable or non-inheritable.

Today, nearly all herbicide-resistant crops are being commercially developed for
resistance using cloned genes and molecular transformation techniques. Transgenic
crops expressing foreign genes for detoxification have been developed, thereby
conferring resistance to several herbicides. Two similar genes, bar (45) and pat (46,
47) confer resistance to glufosinate [2-amino-4-(hydroxymethylphosphinyl)butanoic
acid] via a bacterial acetyl transferase gene, while resistance is imparted to
bromoxynil (3,5-dibromo-4-hydroxybenzonitrile) and phenmedipham {3-[(methoxy-
carbonylamino]phenyl (3-methylphenyl)carbamate} via bacterial genes for nitrilase
(bxn) (48) and carbamate hydrolase (49), respectively. Discussions on these
mechanisms are found elsewhere in this volume (e.g., chapters by Feng; Shaner and
Techle; and Hoagland and Zablotowicz).

Pesticide Safeners, Antagonists and Synergists

The selectivity and tolerance of a particular herbicide may be improved by the use of
other non-pesticidal compounds called safeners (50). Although many compounds
have been discovered that can protect plants from phytotoxic compounds, their mode
of action is not always fully understood. Generally, such safeners act by elevating the
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metabolism of the herbicide, or by altering herbicide translocation in the protected
species. Many safeners may elicit a variety of effects in plants, depending on species.
This multiplicity of biochemical effects, and the finding that many weeds are generally
not safened, has lead to some controversy. The role of safeners on enhancing GST
and cytochrome P-450’s is well documented. New and improved safeners may be
developed when compounds that stimulate other detoxification mechanisms are
discovered, and the factors influencing enzyme expression and regulation are
elucidated. The use of safeners to induce metabolic detoxification of herbicides is
examined in detail by Ramsey et al. in this volume. Specific information on the
effects of safeners on expression of plant GST’s is addressed later by Hatzios.

Microorganisms capable of rapidly degrading pesticides may also be applied to
seed or soil and serve as a biosafeners. This concept has been demonstrated using
bacterial inoculants for the herbicides dicamba (57), and chlorsulfuron (52), and the
fungicide pentachlorophenol (53).

Early in the development of synthetic pesticides, combinations of certain
agrochemicals were found to enhance or antagonize the action of a given pesticide. It
is also common for growers to apply mixtures of pesticides, thus other interactions
were discovered. Hatzios and Penner (54) summarized over 250 examples of
herbicide interactions with herbicides, fungicides, insecticides and other
agrochemicals; selected examples (55-64) are summarized in Table IV.

The insecticide carbaryl and other organophosphorous insecticides can synergize
propanil phytotoxicity via aryl acylamidase inhibition in rice (Oryza sativa) causing
injury to the crop (26). Aryl acylamidase is responsible for the hydrolytic
detoxification of propanil, which renders the rice tolerant to this compound. Other
compounds have been discovered to act synergistically with propanil and may be
useful to control propanil-resistant barnyardgrass (65, 66).

Monooxygenases are important in pesticide detoxification by plants (Mougin et
al., this volume). There is abundant evidence demonstrating synergistic effects of
cytochrome P-450 inhibitors with various herbicides. A commonly used cytochrome
P-450 inhibitor, piperonyl butoxide (PBO), can also enhance herbicidal activity of
atrazine and terbutryn (2-(tert-butylamino)-4-(ethylamino)-6-(methylthio-s-triazine) in
corn (67). PBO enhanced the effectiveness of thiazopyr [methyl 2-(difluoromethyl)-5-
(4,5-dihydro-2-thiazolyl)-4-(2-methylpropyl)-6-(trifluromethyl)-3-pyrdinecarboxylate]
in barnyardgrass, grain sorghum (Sorghum vulgare), and redroot pigweed
(Amaranthus retroflexus) (68) by inhibiting thiazopyr detoxification in these species.

Grass species that are moderately tolerant (wheat, Triticum aestivum) and
moderately susceptible (barley, Hordeum vulgare) to fenoxaprop-ethyl (FE) {(£)-2-
[4-[(6-chloro-2-benzoxazolyl)oxy]phenoxy]propanoic acid ethyl ester} have higher
amounts of GSH than species that are highly susceptible to FE, e.g., wild oat,
barnyardgrass, smooth crabgrass (Digitaria ischaemum), and yellow foxtail (Setaria
glauca) (69). FE is rapidly hydrolyzed to fenoxaprop (F) in all these species. In
wheat and barley, the phenyl group of F is rapidly displaced by GSH and/or cysteine,
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Table IV. Examples of Herbicide/Pesticide Interactions in Plants

Herbicide Pesticide Interaction  Plant species Citation
Alachlor Atrazine (H) Antagonism  Oat (Avena sativa) 55
Alachlor Atrazine (H) Synergism Barnyardgrass 56
Atrazine Fenaminosulf (F)  Antagonism  Cucumber 57
(Cucumis sativus)
Atrazine Diazinon (I) Antagonism  Soybean 58
Diclofop- 2,4-D (H) Antagonism  Oat 59
methyl
EPTC Carboxin (F) Antagonism  Corn (Zea mays) 60
Picloram  Mecoprop (H) Synergism Bean (Phaseolus 61
vulgaris)
Propanil Carbofuran (I) Synergism Tomato 62
(Lycopersicon
esculentum)
Trifluralin  PCNB (F) Synergism Cotton (Gossypium 63
hirsutum)
Trifluralin ~ Aldicarb (I) Synergism Cotton 64

Note: F= fungicide, H=herbicide, I=insecticide.
Source: Adapted from Hatzios and Penner (54).

Note: Alachlor = 2-chloro-N(2,6-diethylphenyl)-N-(methoxymethyl)acetamide; Aldicarb = 2-
methyl-2-(methylthio)propionaldehyde O-(methylcarbamaryl)oxime; Carboxin = 5,6-dihydro-
2-methyl-N-phenyl-1,4-oxathiin-3-carboxamide; Diazinon = phosphorothioic acid 0,0-diethyl
O-[6-methyl-2-(1-methylethyl)-4-pyrimidinyl] ester; EPTC = S-ethyl dipropyl carbamothioate;
Fenaminosulf = sodium [4-(dimethylamine)phenyl] diazenesulfonate; Mecoprop = ()-2-(4-
chloro-2-methylphenoxy)propionic acid; PCNB = pentachloronitrobenzene; Trifluralin = 2,6-
dinitro-N,N-dipropyl-4-(trifluoromethyl)benzenamine.

resulting in  formation of a GSH or cysteine conjugate, and
4-hydroxyphenoxypropanoic acid (69-73), with only low conjugation of F in the
susceptible species. The triazole, fenchlorazole-ethyl (FCE), acts as a safener against
the phytotoxic action of FE in wheat and barley, and as a synergist for the herbicide in
barnyardgrass, smooth crabgrass or yellow foxtail (74). However, FCE has no
synergistic or safening effect on FE toxicity to wild oat. This phenomenon is
explained as follows. In the presence or absence of FCE, FE is rapidly converted to
the toxophore F in the susceptible species, with little subsequent metabolism.
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Synergism in barnyardgrass and yellow foxtail results from enhanced de-esterification
of FE to phytotoxic F as a result of FCE (70, 75). This does not happen in oat or wild
oat since FCE is rapidly metabolized to water-soluble metabolites before it can
mediate enhanced FE de-esterification. In wheat and barley, FCE stimulates both the
de-esterification of FE to F, and its subsequent degradation and conjugation to non-
phytotoxic products. This phenomenon makes FCE unique in that it is an effective
safener for a herbicide on certain crops, but can act as a synergist for the same
herbicide on important monocot weeds.

Environmental Effects on Pesticide Metabolism in Plants

Various environmental parameters effect the efficacy and metabolism of many
pesticides.  Global change (elevated CO,, air pollution, ozone, increased UV
irradiation, etc.) appears to be a phenomenon that should be evaluated with regard to
plant metabolic activities on xenobiotic compounds. Certain plant detoxification
enzymes and cofactors, e.g., GST and GSH are involved in defense mechanisms
triggered by environmental stress (76). Since glutathione conjugation is a major
pathway of xenobiotic detoxification/deactivation, the relationship between elevated
activity of such enzymes and pesticide metabolism should be investigated. Specific
oxidases, such as superoxide dismutase, are elevated in response to ozone and may
also play a role in enzymatic pesticide detoxification. Higher UV irradiation may lead
to photolysis, activation/inactivation of xenobiotics, and formation of free radicals. A
recent study evaluated tolerance to the herbicide glyphosate in two weed species;
redroot pigweed (a C-4 plant) and Chenopodium album (common lambsquarters, a C-
3 plant) (77). Results indicated that tolerance to glyphosate [N-(phosphono-
methyl)glycine] increased in the C-3 plant as CO, concentrations were elevated.
Thus, mechanisms of plant tolerance and susceptibility to pesticides may be altered in
a detrimental manner in such a changing global environment.

Pesticide Fate in the Environment

Understanding pesticide fate is important for developing chemicals that have little or
no impact on non-target organisms, and for defining their optimal dose and
application method. Although the environmental fate of many pesticides is affected
by chemical and physical processes, such as sorption/desorption and sequestration,
knowledge of biological transformation pathways is a prerequisite to understand what
metabolites may be present in the environment. This is important since certain
pesticide metabolites possess greater plant or mammalian toxicity compared to the
parent compound. The possibility of long-term exposure and chronic effects of these
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metabolites also necessitates a need for their identification and study (see chapter by
Shocken). :

It is important to understand the major pathways of xenobiotic degradation in
aquatic and terrestrial environments, and to determine the major groups of
microorganisms responsible for such biotransformations. This has been accomplished
for many of the common pesticides, and in many cases the metabolic pathways and
enzymes responsible for pesticide metabolism have been characterized. The genes
encoding several pesticide-degrading enzymes have been cloned and sequenced, and
their genetic regulation has been elucidated, e.g., atrazine (see chapter by Sadowsky
and Wackett).

Accelerated Biodegradation

Continued use of some soil-applied pesticides has resulted in reduced efficacy due to
metabolic adaptation of microbial populations, and subsequent enhanced
biodegradation potential in the exposed soil. This phenomenon has been observed
with several insecticides (e.g., aldicarb and diazinon), herbicides (e.g., 2,4-D, EPTC,
butylate [S-ethyl bis(2-methylpropyl)carbamothioate], and vernolate (S-propyl
dipropyl carbamothioate), and fungicides (benomyl and ipridione [3-(3,5-dichloro-
phenyl)-N-isopropyl-2,4-dioxoimidazolidine-1-carboxamide]) (78). A microbial
population may also be cross-conditioned for accelerated degradation by exposure to
related compounds, e.g., a soil repeatedly treated with the thiocarbamate EPTC was
adapted for rapid EPTC degradation, as well as vernolate and butylate (78). These
relatively rapid microbial adaptations severely limit the effective use of such
pesticides in these situations. However, such induced selection pressure could
provide new biotypes of microbial strains useful for remediation of sites contaminated
with certain pesticides.

Transfer of genes for pesticide degradation among bacterial populations can
occur via several mechanisms. Some of the these genes are readily exchanged among
members of the soil microbial community, especially those encoded on plasmids.
Specific examples of plasmid-borne degradation genes include the Achromobacter sp.
carbofuran hydrolase that hydrolyzes EPTC (79), the Klebsiella pneumoniae nitrilase
that hydrolyzes bromoxynil (80), and a series of genes in Pseudomonas sp. ADP
encoding enzymes for atrazine degradation (see chapter by Sadowsky and Wackett).
Degradative traits that are encoded on plasmids may be lost, especially in the absence
of selection pressure. Other pesticide transformation genes are flanked by repeated
DNA sequences that resemble insertion sequences or transposons. Specific examples
of insertion sequences include, the 2,4,5-T degrading genes of P. cepacia (81), and
the atrazine-degrading genes in Pseudomonas strain ADP (see Sadowsky and
Wackett, chapter this volume). Transfer of genes via insertion sequences may
facilitate evolution of novel degradation pathways that are more stable than plasmid
encoded genes. Optimal management of pesticide use depends upon knowledge of the
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microbial pathways for degradation, and the potential for transfer of these degradative
traits among members of the microbial community.

Bioremediation

The majority of pesticides are transformed to nontoxic metabolites via enzymatic
processes. Pesticides applied at recommended doses have minimal impact on the
environment due to uptake and metabolism by plants and microbes. However, in
some cases, pesticide concentrations unacceptable to human, animal, or ecosystem
health, occur via non-point (leaching, runoff, etc.), or point source contamination
(accidental spills, misuse, etc.). In these cases, selection of bioremediation strategies
based upon microbial and plant enzymatic processes may be appropriate for
reclamation.

Bioremediation of pesticide-contaminated soils and water may be achieved ex situ
(removal of the contaminated matrix and treatment in a bioreactor), or more desirably,
via in situ remediation. Contaminated groundwater and other aqueous systems are
suitable for treatment in a bioreactor system, especially when immobilized cells of
degrading organisms are used. When a propachlor-degrading bacterial strain
(Pseudomonas sp. GCH1), was used in such a bioreactor system, 98% of a propachlor
sample (0.5 mM) was removed during a 3-h retention time (82).

Several strategies may be utilized for in situ bioremediation of pesticide-
contaminated soils, e.g., bioaugmentation, biostimulation, and intrinsic remediation.
Bioaugmentation involves inoculation of the contaminated matrix with a
microorganism or a microbial consortium possessing the desired degradation
characteristics. This approach may be useful when the microbial population capable
of degrading the chemical is either lacking, or very low. A useful technique for
enhancing the co-metabolic potential of indigenous microorganisms is biostimulation
(83). In this approach, the contaminated matrix is amended with a limiting factor
(typically a carbon or nitrogen source) that elicits either a generic or specific
stimulation of microbial activity. One successful example for remediating soil
contaminated with the herbicide dinoseb (2-sec-butyl-2,4-dinitrophenol) consists of
amending soil with a carbon source (potato starch), and allowing the development of
anaerobic conditions, which facilitates aromatic nitroreduction and development of
other populations capable of anaerobic ring cleavage (84). Intrinisic remediation
assumes that there is an inherent potential in native microorganisms to degrade a given
compound, and that during a certain time period, their biodegradative potential will be
expressed. Intrinsic remediation may use processes such as biosparging with oxygen,
or tillage to provide a more suitable environment for degradation.
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Phytoremediation

Phytoremediation is a relatively new technology using living plants for the removal
and metabolism of contaminants from polluted soil and water (85, 86). Plants can
remove environmental contaminants due to their ability to extract water and solutes
from the soil/water matrix. The root zone of plants is also an important ecological
niche for accelerated biodegradation of contaminants, primarily due to the
proliferation of microorganisms in the soil:root interface known as the rhizosphere.
Although phytoremediation is an emerging technology, an understanding of the
mechanisms of xenobiotic metabolism in plants and microorganisms, as well as the
ecology of plant-microbial interactions for optimizing contaminant removal is rapidly
developing (87).

A recent study indicated that use of a 2,4,6-trinitrotoluene (TNT) -cometabolizing
Pseudomonas sp. (strain 14), together with an appropriate plant species (meadow
brome, Bromus erectus Huds.) was effective in removing TNT from contaminated soil
(88). However, planting contaminated soil with this species, or inoculation with strain
I4 as individual treatments, did not reduce TNT content of soil. The inoculant strain
co-metabolized TNT via aromatic nitroreduction, but was unable to completely
degrade it. Despite this inability to completely metabolize TNT, nitroreduction
sufficiently reduced TNT phytotoxicity to allow plant growth. Rhizosphere
stimulation subsequently enhanced other degrading bacterial populations possessing
the ntdA or ntnM genes specific for 2-nitrotoluene and 4-nitrotoluene degradation.
Defining the optimized integrated system of appropriate plant species, microbial
inoculants, and environmental constraints is crucial in establishing a viable
phytoremediation system. Further technology is considering plant species genetically
modified for enhanced phytoremediation, e.g., poplar trees for enhanced metabolism
of trichloroethylene (89).

Technology and Methodology

Advances in pesticide science, particularly studies on mode/mechanism of action,
metabolism, and metabolic regulation, cannot be accomplished efficiently without the
development of technology and methodology. Several advances in technology as
outlined below, have been made in the past few years that will aid pesticide scientists.

Molecular Biology Techniques

The use of molecular biology techniques by pesticide scientists has increased greatly
in the past 5-10 years. The polymerase chain reaction (PCR) technique, restriction
fragment length polymorphism (RFLP), random amplification polymorphic DNA
(RAPD), gene cloning, and the use of gene libraries have facilitated the determination
of pesticide resistance mechanisms, target sites of pesticides, and genetic differences
between weed biotypes and species. Use of molecular biology techniques has the
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potential to advance the current concepts of biology and evolutionary aspects of
enzymes related to plant and microbial degradation of pesticides. DNA chips and
microarrays for use in functional genomic studies (90) are molecular biology tools
useful in determining genetic differences between resistant and sensitive biotypes, and
in identifying genes that are expressed in response to pesticide exposure.

PCR techniques have been adapted by environmental microbiologists for
quantitative assessment of specific microbial populations via most-probable number-
PCR (91), and competitive-PCR (92). These respective techniques have been used to
enumerate pentachlorophenol-degrading Sphingomonas strains based upon the pcpC
gene, and populations of a Desulfitobacterium frappieri strain during anaerobic
degradation of chlorinated phenols. The role of microbial communities and consortia
in xenobiotic degradation has been advanced by using ARDRA (amplified ribosomal
DNA restriction analysis) coupled with either denaturing gel electrophoresis (DGGE),
or temperature gradient gel electrophoresis (TGGE) (93). The application of DGGE
to study changes in microbial populations affected by plant products that induce
microbial degradation is discussed in a chapter by Crowley et al., in this volume.
Oligonucleotide microchips had utility for quantification of multiple microbial
populations in environmental samples when the small rRNA subunit was used as the
target probe (94). Studying gene expression in environmentally important bacteria in
situ has been possible with the advent of reverse transcription-PCR (RT-PCR) (95).
Specific messages are amplified inside the cell using RT-PCR, and are detected via
hybridization with labeled probes that can be visualized microscopically. All these
techniques will foster the study of microbial xenobiotic metabolism in the future.

Genomics

The study of gene structure and function (i.e., genomics) of plants will profoundly
influence basic research in plant biology, physiology, and crop improvement during
the next decade (90). Hieter and Boguski (96) refer to functional genomics as the
“development and application of global (genome-wide or system-wide) experimental
approaches to assess gene function using the information provided by structural
genomics”.

The complete genome sequence of Arabidopsis thaliana will be available soon,
and significant progress is being made in sequencing of the rice and soybean genomes
(97). Sequencing of other crop genomes is also in progress. Integrated use of
genomic sequence information, specifically expressed sequence tags (ESTs), gene
array tools, and collections of mutant transgenic plant lines, will promote the
discovery of pesticide mechanism of action. For example, herbicide researchers will
soon have access to the complete inventory of all possible herbicide targets. Through
the evaluation of the consequences of gene “knock out” or partial silencing on plant
viability, herbicide target sites will be more easily distinguished from many non-target
sites. Thomas (97) states that “herbicide tolerant reporter lines may also be identified
by screening large populations of "knock in" mutants. These reporters may be used to
screen cascades for the early diagnosis of specific modes of action.
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Two molecular approaches to sustain herbicide discovery have been described,
i.e., target validation and target identification (98). With the first approach, in vivo
methods for target validation may be achieved using antisense inhibition of putative
target genes in transgenic plants. Antisense inhibition can be used to verify the
potential effects a herbicidal compound may have on the target, and also gives some
indication of the threshold levels required to obtain effective target enzyme inhibition.
The second approach involves identifying unknown target sites using the T-DNA
activation tagging technique (99). Plants develop herbicide resistance by several
mechanisms including, enhanced metabolism, altered uptake, mutation of the target
site, and amplification of the target enzyme due to gene amplification or increased
expression of the respective RNA. In the latter case, over-expression of a gene results
in increased levels of RNA, which can be used to identify the target site using the T-
DNA activation tagging technique. This method exploits the fact that a gene of
interest can be randomly enhanced. Enhancement of the gene of interest is confirmed
using the phytotoxin (i.e., herbicide) to screen the altered plant cells for increased
tolerance or resistance. This process is used to develop a positive cell line, which can
be screened to identify the gene, which can then be cloned. Further details on the role
of new genomic technologies for discovery of herbicides and identification of their
target sites have been summarized (97, 98, 100, 101).

Chemical Analytical Techniques

Effective extraction methodologies have been developed with capabilities beyond
conventional sonication, shaking, and homogenizing. Microwave-assisted extraction
(MAE) uses microwaves and solvents to extract compounds from various matrices.
Supercritical fluid extraction (SFE) and pressurized liquid extraction (PLE, also
known under the trade name of accelerated solvent extraction, ASE™), utilize high
pressure and elevated temperatures to extract compounds from various matrices. SFE
extracts an organic compound with a pure substance (commonly CO,) above its
critical temperature and pressure, resulting in a supercritical fluid. Recovery of a
solute with supercritical fluid extraction depends on the solubility of the analyte in the
supercritical fluid, and the diffusion of the analyte and the supercritical solvent
through the sample matrix. ASE uses conventional liquid solvents at elevated
temperatures and pressures to extract solid and semi-solid samples.

An important component of any tool used in metabolic studies is that it must not
introduce artifacts or cause non-metabolic breakdown products.  Artifacts or
breakdown products can produce false leads when attempting to elucidate metabolic
pathways. Thus these new technologies must be critically assessed prior to use.
Generally, these extraction methods are time efficient, require less solvent, and may
be more selective than traditional techniques. All of these extraction methods have a
wide range of applications including selective removal of pesticides from soils,
tissues, foods, and water.

Extraction and purification methods for enzymes and other proteins are also
crucial in elucidating mechanisms of pesticide metabolism. Although enzyme activity
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can be studied in vivo or in vitro, conclusive proof of a pathway typically requires
enzyme extraction, isolation, and purification. Selection of appropriate extraction and
purification schemes is important because enzyme activity can be lost and some
proteins are readily denatured. A variety of methods have been used to isolate and
purify enzymes, including precipitation, molecular filtration, ion exchange
chromatography, electrophoresis, etc. More recently, fast protein liquid
chromatography (FPLC) has been useful in the isolation of individual isozymes of
GSTs from atrazine-resistant and -susceptible velvetleaf biotypes (35).

Traditional analytical methodology and instrumentation, e.g., gas chromatography
(GC); infrared (IR), ultraviolet (UV), and visible spectrometry; gas chromatography-
mass spectroscopy (GC-MS); high performance liquid chromatography (HPLC); and
thin layer chromatography (TLC) have contributed significantly to the knowledge of
biochemical and enzymological processes. Vast improvements in analytical
technology over the past decade have facilitated rapid identification, structural
determination, and stereochemical assignment of pesticides and their metabolites.
Detection sensitivity has improved from the microgram to picogram levels, allowing
more complete assessment of metabolic intermediates and minor products. Increased
analytical speed has improved the detection of transient intermediates that are
important in understanding transformation mechanisms. Nuclear magnetic resonance
(NMR) is a spectroscopic technique that uses proton magnetic resonance to interpret
the structure, and identity of organic compounds. NMR provides information on the
type and number of functional groups present, thus aiding molecule identification. By
contrast, IR and UV spectrometry measure the unique absorbance patterns of
molecules exposed to different wavelengths of energy. The absorbance pattern of an
unknown compound can be compared or matched with known compounds to facilitate
identification. Moreover, IR provides information about functional groups of a
molecule.

Mass spectrometry (MS) is a powerful, versatile tool for identification and
structural analysis of molecules based on identification of the mass of fragments
derived from the original molecule. The development of HPLC-MS has been useful
in pesticide metabolism studies, especially for direct analysis of polar and nonvolatile
compounds. A new development, matrix-assisted laser desorption ionization-time of
flight (MALDI-TOF) mass spectrometry, is used both as an ion source and an ion
separating method. MALDI-TOF is a technique whereby ions are formed by an
intense pulse of energy from a UV laser beam (/02). MALDI-TOF is used to ionize
large molecules such as proteins, thus providing structural information and possible
identification. All of these spectrometric methods can provide valuable information
on pesticides and their metabolites.

Antibody Technology
Pesticide analysis has been based on the use of conventional techniques (GC, GC/MS,

and HPLC) as pointed out above. Although these techniques are sensitive and
reproducible, they are time consuming, expensive and require sophisticated technical
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expertise for operation and equipment maintenance. Enzyme-linked immunosorbent
assay (ELISA) on the other hand, provides a simple, rapid, and inexpensive method
for the detection and quantification of pesticides in soil, water, air, and tissues (/03).
This technique has found application for numerous pesticides (herbicides,
insecticides, and fungicides) and utility in detecting Bacillus thuringiensis toxin
(Table V).

Table V. Selected Examples of ELISA Assays for Common Pesticides

Pesticide Citation
Atrazine 104
Bacillus thuringiensis toxin 105
Benomyl [methyl 1-(butylcarbamoyl)benzimidazol-2-ylcarbamate] 106
Chloroacetamide herbicides 107
2,4-D 108
Diuron [N’-(3,4-dichlorophenyl)-N-N-dimethylurea] 109
Fluroxypyr-meptyl (1-methylheptyl 4-amino-3,5-dichloro-6-fluoro- 110
2-pyridyloxyacetate)

Glyphosate 111
Metalaxyl [N-(2,6-dimethylphenyl)-N-(methoxyacetyl)-DL-alanine 112
methyl ester]

Metosulam [N-2,6-dichloro-3-methylphenyl)-5,7-dimethoxy-1,2,4- 113
triazolo(1,5a)-pyrimidine-2-sulfonamide]

Picloram 114
Triclopyr [(3,5,6-trichloro-2-pyridinyl)oxyJacetic acid 110

Traditionally, ELISA assays have been developed using polyclonal (from
animals) and monoclonal (from tissue cultures) antibodies. With recombinant DNA
technology, antibodies can be produced by other expression systems including
bacteria, yeasts, and plants. Antibody genes are cloned from animals that are
hyperimmunized with target antigen. These genes may be altered as required, and
introduced into expression systems that produce the final antibodies. These
recombinant antibodies can be used in immunoassays for environmental residual
analysis (/15, 116). Antibodies produced by bacteria reduces the use of animals in
research, and also lowers production costs.

Transgenic plants are practical and flexible experimental systems for the
expression of foreign proteins such as antibodies. They are also one of the most
economical systems for large-scale production of recombinant proteins for industrial
and pharmaceutical uses (/17, 118). The first antibodies expressed in plants
(plantibodies) were immunoglobulin genes (//9). Individual tobacco plants were
transformed to express either the heavy chain or the light chain gene of the antibody.
These were crossed to produce a progeny expressing both chains. Since then,
advances in recombinant antibody technology have allowed the introduction of both
heavy and light chain genes in one construct (120, 121, 122), and the expression of
different antibody fragments in plants (single-chain variable fragments, fragment
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antibodies, and VH chains) (123, 124). Expression of antibodies in plants may also
impart herbicide resistant to the host plants, thereby reducing crop damage. Pesticide
scientists seldom use antibody technology, yet the technology has broad applications.

Cytological Techniques

Modern cell biology techniques have been under-utilized methodologies by pesticide
scientists, although these methods have excellent potential to provide new insights on
cellular mechanisms of pesticide localization, sites of action, etc. This is particularly
true considering the revolutionary developments in areas such as microscopy.
Scanning electron microscopes equipped with cryostages allow preparation of samples
with the surface waxes left intact, allowing the determination of effects of adjuvants
on wax structure. The same technique, coupled with cathodoluminescence, can be
used to detect the dispersion of a pesticide on the leaf surface. The laser-confocal
microscope allows investigation of the subcellular distribution of herbicides or
herbicide analogues in real time, in living specimens (/25). This technique may
revolutionize a field that now depends on autoradiography. Antibodies for use in
immunofluorescence and immunogold techniques have advanced current concepts of
the subcellular sites of pesticide action, cytological changes occuring in resistant
biotypes, and those induced by pesticides (/26). To date, these techniques have been
utilized in only a few laboratories, but have produced promising results.

Structure-Activity Relationships and Pesticide Design

Quantitative-structure activity relationships (QSAR) may aid in the design and
synthesis of more effective pesticides with optimal selectivity and persistence. QSAR
has been used to assess mutagenicity, enzyme inhibitor potency, phamacological
activity, and toxicology of various compounds. Computer-aided molecular design has
resulted in enhanced use of QSAR in the design of biologically active compounds.
Gene cloning and sequencing of enzymes, coupled with X-ray crystallography and
NMR, have increased the understanding of enzyme structure, especially with regard to
receptor sites (/27). Specific enzymes have been characterized using QSAR, ie.,
cholinesterase, carbonic anhydrase, chymotrypsin and alcohol dehydrogenase (/27).
QSAR has been used to assess the efficacy of derivatives of ergosterol-inhibiting
fungicides (/28), protox-inhibiting herbicides (/29), and octopaminergic
insecticides/miticides (130). However, thus far no novel agrochemical has been
developed using QSAR.

Concluding Remarks

Since the beginning of pesticide development in the 1940s, tremendous progress has
been made in understanding plant and microbial metabolism of these compounds.
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This knowledge has provided a continuous and renewable wealth of information that
has advanced the agrochemical industry and transformed modern agriculture. This
overview has examined various components of pesticide biotransformations,
summarized some new techniques that will revolutionize pesticide science, and
outlined how this knowledge is being used in pest control and for the benefit of the
environment.

Biotechnology methods have dramatically changed pest control within the past
ten years, and exciting new directions are continually being explored. The new
technologies that have been reviewed here; molecular biology, genomics, and
immunology will be paramount in future biotechnological approaches. Computer
simulation studies will continue to enhance our knowledge of enzymes, especially in
the areas of structure elucidation, identification of catalytic intermediates, and rational
design for enzyme engineering. Plant and microbial genomics, and DNA-microarray
techniques will provide valuable tools for evaluating compounds being developed by
combinatorial chemistry. Nevertheless, these advances must still rely on further
developments in whole plant and microbial physiology. Although these technologies
are adding value to methods of agricultural production, the net effect on profitability
to the farmer and sustainability of the agroecosystem also needs to be considered.
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Chapter 2

In Vitro Methods in Metabolism and
Environmental Fate Studies

Mark J. Schocken

Uniroyal Chemical Company, Inc., World Headquarters,
Middlebury, CT 06798

In vitro methods can be very helpful in supporting agrochemical
metabolism and environmental fate studies. Metabolites can often
be produced in sufficient quantities to allow complete structure
elucidation by spectroscopy ('H-, °C- and '’F-NMR, MS, IR and
UV) as well as to serve as analytical reference standards. Ir vitro
methods can also provide important information relevant to
elucidation of degradation pathways, including identification of
pathway intermediates. Intermediates are often not detected when
conducting traditional metabolism and environmental fate studies
where emphasis is often on the identification of terminal
metabolites. In vitro approaches can also have predictive value that
can provide great insight into likely metabolites and metabolism
pathways for new “pipeline” products, prior to the conduct of
extensive and often expensive metabolism studies using intact
biological systems. Types of in vitro approaches to be discussed,
with illustrative examples from the literature, include microbial,
cytosolic and microsomal transformations, as well as a non-
biological mimic of oxidative enzymes such as cytochrome P-450
monooxygenases.
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The use of in vitro methods can be very helpful in metabolism and
environmental fate studies that are required for supporting an agrochemical
registration. To first establish clarity, the dictionary defines in vitro as “outside the
living body and in an artificial environment; literally, in glass” (I). In vitro methods
may include microbial systems (whole cells, cell extracts or purified enzymes), plant
systems (excised plant tissues, tissue culture [callus and cell suspension] and isolated
enzymes), animal systems (organ perfusion, tissue slices, cell cultures, isolated
hepatocytes, subcellular fractions such as microsomes and tissue homogenates such as
liver).

Why use in vitro techniques? First, in vitro approaches can generate
xenobiotic metabolites in sufficient quantities (i.e., milligrams) to allow identification
by spectroscopic means (e.g., by 'H- and *C-NMR, MS, IR and UV). Subsequently,
depending on the difficulty in preparing reference standards by conventional chemical
synthesis, metabolites can be synthesized by in vitro systems in larger quantities (i.e.,
milligrams to grams) to serve as metabolite analytical reference standards. Third, in
vitro methods can often detect intermediates in a degradation pathway rather than
focusing on terminal metabolites, thus providing greater mechanistic insight. Fourth,
in vitro methods can predict metabolites in soil, animals and plants prior to conducting
complicated and often quite expensive metabolism and environmental fate studies.
This paper will survey a variety of in vitro approaches on a variety of compounds,
taking illustrative examples from the literature. Attention will be focused on
microbial areas, as that has been the author’s particular research interest over the past
20 years.

The use of common soil microbes for the synthesis of potential metabolites
of agrochemicals represents an important alternative to chemical synthesis (2). That
is, the metabolism of xenobiotics (including agrochemicals and pharmaceuticals) by
selected microbial species is often remarkably similar to that of mammals, birds, fish,
soil and plants. This similarity in metabolite profiles can be explained in large part by
the presence of the enzymes, cytochrome P-450 monooxygenases, in these lower
organisms. These enzymes are capable of catalyzing aliphatic and aromatic
hydroxylations as well as N-, S- and O-dealkylations on a very wide range of
xenobiotic substrates. Because of metabolite profiles similar to those observed in
biological systems required by the agrochemical industry (e.g., in rats, goats, poultry,
fish, plants and soils), microbial cultures can be used to synthesize quantities of
metabolites (e.g., milligrams) sufficient to obtain spectra for identification purposes.
Subsequently, these metabolites can be generated in larger amounts through larger-
scale fermentations to serve as reference standards in support of agrochemical
metabolism and environmental fate studies.

In addition to providing an alternative to chemical synthesis, the microbial
synthesis approach can be used to predict metabolites in soil, animals and plants prior
to conducting metabolism and environmental fate studies. Thus, agrochemical
metabolites identified from a small-scale microbial screen can provide a synthetic
chemist with information pertinent to the nature of metabolites that would be
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anticipated in metabolism and environmental fate studies. The decision to prepare
sufficient quantities (typically grams) of relevant metabolite reference standards by
microbial or chemical syntheses can then be determined based on a variety of
considerations such as feasibility, time and cost.

The important benefits of the in vitro microbial approach can be illustrated
with a few examples taken from the literature. Cyprodinil (4-cyclopropyl-6-methyl-N-
phenyl-2-pyrimidinamine) is a fungicide that exhibits a broad-spectrum activity
against a variety of phytopathogenic fungi on cereals, grapes, apples and vegetables.
The objective of a microbial transformation study (3) was to generate metabolites of
this fungicide as well as to predict its environmental fate. A collection of 12 microbial
cultures, all known to contain cytochrome P-450 monooxygenases or other
degradative enzymes, was screened in this study. Metabolites produced in the
microbial screen were identified using mass spectrometry and "H-NMR as well as by
chromatographic comparisons to authentic reference standards, when available. A
representation of metabolite production by the cultures is provided in Figure 1. Nine
of the 12 cultures (Cunninghamella echinulata var. elegans [two different isolates], C.
echinulata var. echinulata, Absidia pseudocylindraspora, Streptomyces griseus, S.
rimosus, Mucor circinellosides f. griseocyanus, Bacillus megaterium, and Rhizopus
oryzae) produced a monohydroxylated metabolite (on the phenyl ring in the para
position to the nitrogen) in yields ranging from 1.2 to 35.6% of the dose (ca. 0.1 — 3.6
mg). The filamentous fungus, B. bassiana, produced a methylated glycoside of the
monohydroxylated metabolite with a yield of 80% (ca. 8 mg). Interestingly, a
methylated sugar conjugated to a metabolite of the herbicide propham (1-methylethyl
phenylcarbamate) was also formed from B. bassiana (4), suggesting a somewhat
unique transformation carried out by this fungal species. In the fungus 4.
pseudocylindraspora, a dihydroxylated metabolite was produced in significant yield
whereby hydroxylation occurred on both the phenyl and pyrimidine rings.
Dihydroxylated metabolites (on the phenyl ring) and a molecular cleavage product
were also detected in the broth of the fungus C. echinulata var. elegans.
Interestingly, and most importantly, the two predominant metabolites, the
monohydroxylated entity on the phenyl ring, and the dihydroxylated metabolite (i.e.,
monohydroxylated on both the pyrimidine and phenyl rings) were also implicated in
the metabolism of cyprodinil in the rat. That is, in a recent publication (5), the sulfate
esters of both the monohydroxylated and dihydroxylated microbial metabolites were
found in rat urine, thus indicating the strongly predictive value of the microbial
transformation approach.

An interesting aspect of the microbial approach for generating sufficient
quantities of agrochemical metabolites is the ability to “overload” the microbial
cultures. For instance, in the cyprodinil transformations, 10 mg of cyprodinil
dissolved in 500 pL of ethanol was added to each 50-mL culture, resulting in a final
concentration of 200 mg/L. This concentration well exceeds the water solubility of
cyprodinil (16 — 20 mg/L) irrespective of the small amount of co-solvent. However,
in practice, over the typical 6 or 7-day incubation period, microbial transformations
steadily proceed, removing parent compound from the aqueous medium and
converting it to metabolites. As more parent in solution is removed, undissolved
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compound goes into solution and is available for uptake and subsequently is converted
to metabolites by the microbial cells. Therefore, at the conclusion of a microbial
transformation, relatively insoluble substrates can essentially be quantitatively
converted to metabolites. This allows relatively large quantities of metabolites to be
produced using the microbial transformation approach. Depending on the culture size
and volume of the medium, as well as the number of replicate cultures, milligram to
gram quantities of metabolites can be generated.

Clomazone, 2-[(2-chlorophenyl) methyl)]-4,4-dimethyl-3-isoxazolidinone, is
a herbicide used against many species of annual broad-leaved and grassy weeds in
soybean, pea, oilseed rape, sugar cane, pumpkin and tobacco crops. Metabolism of
clomazone in rats, soybeans and soil has been studied and reported (6-8). Using the
microbial approach, Liu et al. (9) screened 41 fungal and bacterial cultures for their
ability to generate clomazone metabolites. These cultures represented common soil
organisms such as Absidia, Aspergillus, Bacillus, Candida, Cunninghamella,
Curvularia, Mucor, Mycobacterium, Pseudomonas, Rhizopus_and Streptomyces. The
microbial screen yielded 17 cultures capable of generating clomazone metabolites.
Preparative-scale incubations were conducted with the fungi Aspergillus niger and
Cunninghamella echinulata, to generate metabolites in sufficient quantities for
spectral identification (E/MS and 'H-NMR). A representation of metabolites
produced by the cultures is provided in Figure 2. Major microbial transformations
included hydroxylation and subsequent dehydrogenation at the 5-methylene carbon of
the isoxazolidinone ring, hydroxylation of a methyl group on the isoxazolidinone ring,
and aromatic hydroxylation at 3. Minor reactions included dihydroxylation, cleavage
of the isoxazolidinone N-O bond, and complete removal of the isoxazolidinone ring to
form chlorobenzyl! alcohol.

The microbial metabolism of clomazone produced most of the metabolites
that were also found as aglycones in the metabolism of clomazone by soybeans. Very
importantly, the microbial approach was shown to produce the hydroxymethyl
metabolite of clomazone which is a particularly difficult-to-synthesize metabolite
reference standard.

Another illustrative example of an in vitro approach is the microbial
production of metabolites from a tetrazolinone herbicide, F5231 ({1-[4-chloro-2-
fluoro-5-(ethylsulfonylamino)phenyl}-1,4-dihydro-4-(3-fluoropropyl)-5SH-tetrazol-5-
one}, a compound that was considered a developmental candidate by the FMC
Corporation in the late 1980°s (/0). The intention was that the microbially generated
metabolites would predict metabolites produced in the registration-requiring soil,
plant and animal metabolism studies. Microbial metabolites could then be produced
in larger quantities based on scale-up fermentation procedures. Alternatively, the
metabolites produced and identified microbially could be synthesized in larger
quantities by conventional chemical synthesis.

The microbial transformations were carried out by the filamentous fungus
Absidia pseudocylindraspora. Structures of the metabolites as well as a proposed
bioconversion pathway are provided in Figure 3. Metabolites, generated in quantities
ranging from 1 to 7 mg, were identified using mass, infrared, and nuclear magnetic
resonance spectroscopy. The metabolite profile indicated that neither the aromatic
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Figure 1. Representation of metabolite production from the microbial
transformation of the fungicide cyprodinil. Adapted from [3].
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Figure 2. Representation of metabolite production from the microbial
transformation of the herbicide clomazone. Adapted from [9].
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nor tetrazolinone rings were modified by fungal enzymes. Instead, only side chains
(ethylsulfonylamino and fluoropropyl) were attacked. Reactions included various
aliphatic hydroxylations, an N-dealkylation, oxidation of a primary alcohol to a
carboxylic acid and conversion of a carboxylic acid to a carboxamide. In addition,
one of the metabolites identified represented cleavage of a carbon-fluorine bond,
which was somewhat unexpected given the relative strength of that type of bond.
Confirmation of the identity of the defluorinated metabolite was accomplished with
'F-NMR. The authors concluded that the microbially produced metabolites could
potentially be used as analytical standards to support animal, plant and soil
metabolism studies.

The microbial transformations thus far discussed have utilized whole cells,
where suites of enzymes are available for degradation processes. However, isolated
microbial enzyme transformations are also very valuable for elucidating degradation
pathways and characterizing pathway intermediates that might not be apparent (i.e.,
not detectable) in whole-cell transformations. Examples pertinent to agrochemicals
include hydrolases, dioxygenases, dehalogenases and polyphenoloxidases, to name a
few (see Bollag and Dec, this volume).

In vitro methods can also play an important role in facilitating metabolite
identification in animals. The value of the approach can be nicely illustrated in a
paper that predicted animal metabolism of metolachlor (11). In this study, the in vitro
transformation of metolachlor was studied in rat liver homogenate, namely a cytosolic
fraction and a microsomal fraction. In the presence of glutathione, liver cytosolic
enzymes catalyzed complete conversion of metolachlor to a more polar metabolite
identified as the metolachlor-glutathione conjugate. Liver microsomal enzymes,
fortified with NADPH, catalyzed O-demethylation, benzylic hydroxylation, and N-
dealkylation reactions of metolachlor. Eight oxidized metabolites were identified
involving single, double and triple hydroxylations at four different sites in the
metolachlor molecule (Figure 4). Importantly, the authors concluded that the profile
of metabolites produced in vitro had been either postulated or observed in metolachlor
rat metabolism studies. Also, metabolites produced by rat liver microsomes were
nearly identical with those observed by a soil actinomycete (/2). This observation
also provides yet another example of how microbial transformations can serve as
models of mammalian metabolism, a concept originally described by Smith and
Rosazza (13) as M* (Microbial Models of Mammalian Metabolism).

I would like to conclude my brief and selective survey of this area by
discussing a non-biological approach for generating oxidative metabolites of
xenobiotics, similar to those produced by the enzymatic activities of cytochrome P-
450 monooxygenase. The work illustrated was conducted by my colleague at
Uniroyal Chemical Co., Dr. Hamdy Balba (/4). The research describes the
degradation of a carbamate insecticide, matacil (4-dimethylamino-3-tolyl-N-
methylcarbamte), by an ascorbic acid oxidation system. The incubation mixture
consisted of L-ascorbic acid, ferrous sulfate, EDTA and matacil in phosphate buffer
(pH 6.7). The incubation was carried out in an oxygen atmosphere for 2 h in a water
bath at 37 °C. The reaction mixture was partitioned with ethyl acetate. The ethyl
acetate extracts were combined, concentrated and chromatographically profiled by
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TLC. After separation, metabolites were isolated by preparative TLC and identified
by a combination of chromatography and spectroscopy (IR and MS), based on
comparisons to reference standards.

The metabolites that were identified (Figure 5) indicated N-dealkylation
reactions, aromatic ring and methyl group hydroxylation, as well as hydrolysis of the
carbamate to the corresponding phenol. Most importantly, these reactions were
similar to those observed in plants, insects and rat liver microsomes. Thus, the non-
biological “mimic” of the cytochrome P-450 monooxygenases can be quite useful for
predicting metabolites produced in biological systems where cytochrome P-450
monooxygenases are widely distributed.

The use of in vitro methods in plant metabolism has been extensive, but will
not be illustrated in this paper since that area is covered in other chapters of this book
by contributions from Dr. Heinrich Sandermann and Dr. Burkhardt Schmidt. In
addition, the reader is directed to the excellent irn vitro plant metabolism papers of
Shimabukuro and Walsh (/5), Mumma and Hamilton (/6), and Lamoureux and Frear
(17) that were compiled in a 1978 American Chemical Society-sponsored symposium
book. The author is hopeful that the illustrative examples presented in this paper
provide a strong sense of the utility of in vitro methods, which can support
agrochemical metabolism and environmental fate studies.
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Chapter 3

Metabolic Profiling Using Plant Cell
Suspension Cultures

Burkhard Schmidt

Department of Biology V (Ecology/Ecotoxicology/Ecochemistry),
Technical University Aachen, D-52056 Aachen, Germany

Cell cultures of higher plants are often used to investigate plant meta-
bolism of xenobiotics. Such cell systems are thought to represent the
intrinsic enzymatic capacity of the respective species. Mostly, metabolic
rates are more rapid in cell cultures, whereas formation of bound resi-
dues is usually higher in intact plants. In Germany, a standardized cell
culture test procedure was developed and employed to determine meta-
bolic rates of pesticides which were regarded as applicable within the
framework of guidelines for pesticide registration. On the basis of recent
data, the usefulness of the procedure is discussed. Cultured plant cells are
convenient systems for screening and for the prediction of the metabolic
patterns of xenobiotics in different species, and of the soluble metabolites
to be expected in plants in general. The benefits of this novel conception
of metabolic profiling using a set of plant cell suspension cultures is il-
lustrated by means of experiments performed with the insecticide para-
thion, the herbicide atrazine, the polyaromatic hydrocarbon pyrene, and
the non-selective herbicide glufosinate.

During the past thirty years, axenic cell suspension and callus cultures of higher
plants have been used to support investigations on the metabolism of pesticides
and xenobiotics. The objectives of studies using cell cultures were to identify and
quantify the soluble metabolites formed, to quantify and characterize the por-
tions of non-extractable residues formed, to evaluate metabolic rates of xenobio-
tics, to determine differences among metabolic patterns of pesticides produced by
different plant species, to explore the enzymology and genetics of individual bio-
transformation reactions, and to produce on a large scale the xenobiotic metabo-
lites needed for other studies. Plant cell cultures have also been used to investi-
gate the phytotoxicity of pesticides, and the mechanisms of action of herbicides
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and growth regulators. Comprehensive reviews covering all of these aspects have
been published previously (/-13).

Without doubt, all investigations on the plant metabolism of xenobiotics using
cultured plant cells have considerably promoted our basic understanding in this
field. In addition, a number of studies were thought to contribute to the eval-
uation of the environmental fate of the foreign compounds. Plant cell cultures
however, are artificial systems when compared to intact plants grown under
environmental conditions. Thus, the relevance of the data obtained from these
model systems is considered as uncertain in some cases. The present paper will
address two topics: First, the evaluation of metabolic rates of pesticides by appli-
cation of a standardized plant cell culture metabolism test will be discussed. The
second topic deals with the determination of metabolic pathways of xenobiotics
using a standard set of plant cell suspension cultures. This novel conception of
metabolic profiling was developed in the last years. Regarding both topics, spe-
cial attention will be given to environmental relevance.

Maintainance and Characterization of Plant Cell Cultures

Plant cell cultures are initiated from aseptic explants which can be produced, e.g.,
from leaves, hypocotyls or roots. The detached plant parts are sterilized consecu-
tively with ethanol and sodium hypochlorite solution. Then, the plant material is
cut into pieces and placed on a solidified medium. After several weeks, the callus
tissue formed can be removed. Plant cells can be grown either as callus cultures
on a solidified medium or as suspensions in liquid media. Suspension cultures
consist of cell aggregates, plus single cells. Cells may be cultivated heterotro-
phically (chlorophyll-deficient in the dark) with an organic carbon source (main-
ly sucrose), mixotrophically, or fully phototrophically (autotrophically) under
light (continuous white light: 19 W m™, 10,000 1x; CO, level: 1 % to 2 %; 4,
15).

In the author’s lab, xenobiotic metabolism studies were performed exclu-
sively using heterotrophic cell suspensions. For most purposes, the cultures were
grown in 20 mL of B5 or MS media (/6-19) contained in 100 mL Erlenmeyer
flasks; the plant systems were kept at 27°C in the dark with rotary shaking (110
rpm to 120 rpm). Subcultivation was executed by taking plant material from the
preceeding culture using a spoon-shaped sieve (0.8-mm- or 1.0-mm mesh width).
Then, 1 g of the tissue was introduced into fresh medium, either by transfer with
a spatula, or by passing the cells through the sieve. The latter technique enabled a
selection of cell lines with a defined size of cell aggregates. Cell suspensions of
both crop and wild plant (weed) species have been employed for xenobiotic
metabolism experiments. These were wheat (Triticum aestivum L. cv. ‘Heines
Koga II’; medium: BS, growth regulator: 9.0 pM 2,4-D), soybean (Glycine max
L. MERR. cv. ‘Mandarin’; BS, 4.5 pM 2,4-D), carrot (Daucus ca-rota L. cv.
‘Maxima’; B5, 0.45 uM 2,4-D), sugarbeet (Beta vulgaris ssp. vulga-ris var.
altissima DOLL; BS, 4.5 uM 2,4-D), foxglove (Digitalis purpurea L; 0.45 uM
2,4-D), jimsonweed (Datura stramonium L.; MS, 0.45 uM 2,4-D), corn cockle
(Agrostemma githago L.; MS, 4.5 puM 2,4-D), and common lambsquar-ters
(Chenopodium album L.; B5, 9.0 uM 2,4-D). The wheat and soybean sus-
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pensions were those utilized for the standardized plant cell culture metabolism
test.

Plant cell cultures require an exogenous supply of auxin which induces the
unorganized proliferation of undifferentiated cells, whereas cytokinins are most-
ly not essential (/6, /7). We generally employed the most potent auxin 2,4-D,
mainly because the compound can be autoclaved with the media; the respective
concentrations used were adjusted empirically in order to obtain high cell densi-
ties. Cultured plant cells are commonly regarded as sensitive to shear stress gen-
erated by agitation because of their large size, rigid cell walls, and large vacu-
oles. Shear stress can affect the growth, metabolism, and organization of a cell
(e.g. wounding and rupture) or a cell aggregate in a negative sense. These effects
usually designated as cell damage were mainly discussed with regard to the large
scale cultivation of plant cells in fermenters (20, 21). Cell damage however, can
also occur in shake flasks (20); generally, huge differences exist in stress sensi-
tivity among various cell lines (21). Thus, shear stress may also affect xenobiotic
metabolism studies; these effects are unknown. After termination of experiments
with pesticides however, we often observed distinct distributions of transforma-
tion products (e.g. carbohydrate conjugates) between media and cells. This ob-
servation indicates that the cultured plant cells mostly remained intact.

Heterotrophic plant cell suspension cultures can be characterized by a num-
ber of external visible attributes, as well as internal qualities and capacities (22-
25). These traits are mostly derived from the plant itself (species, subspecies,
variety), but are noticeably influenced by the explant used for initiation (e.g.,
root, leaf, hypocotyl), the medium (e.g., growth regulator, carbon source, vita-
mins), and the method of cultivation (e.g., growth cycle, subcultivation proce-
dure, and temperature). External attributes are, for example, the aggregate size of
the suspension, its pigmentation, growth cycle, fresh and dry weights. Internal
parameters include pH changes of the medium over the cycle, protein contents of
the medium and cells, enzymatic activities of primary and secondary metabo-
lism, degrees of differentiation, lignification and vacuolization, as well as con-
centrations of secondary metabolites. Specific changes observed with parameters
during the growth cycle also contribute to characterization. Regarding all para-
meters, heterotrophic cell suspensions cultures can be grown reproducibly. How-
ever, variations may occur among growth cycles, among parallel suspensions,
and over long periods of cultivation (chronological age). These variations are es-
sentially inherent and unavoidable. It should be noted that even minor modifica-
tions of the medium or the method of cultivation can affect all these parameters.

Metabolism of Xenobiotics by Heterotrophic Plant Cell
Cultures

Heterotrophically cultured plant cells are grown axenically in the dark. Thus, data
derived from xenobiotic metabolism experiments using these systems can
unequivocally be traced back to the plant tissue, because interfering microbial
and photochemical transformations are absent. In addition, the lack of chloro-
phyll considerably facilitates the extraction, clean-up and identification of pes-
ticide metabolites. As compared to fully phototrophically cultivated cells, hetero-
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trophic plant cell cultures are not injured by moderate concentrations of PS II
herbicides. The metabolism of these compounds thus can be studied without un-
desired phytotoxic effects. However, regarding environmental relevance of the
data, fully phototrophic cell cultures are probably more suitable to examine
especially the metabolic fate of PS II herbicides. It is generally accepted (with
some exceptions) that heterotrophically cultured cells and corresponding intact
plants metabolize pesticides and xenobiotics in similar ways, though consider-
able quantitative differences may be observed. Since cell cultures generally lack
penetration and translocation barriers, the systems are thought to represent the
intrinsic enzymatic capacity of the plant species. Results derived from metabo-
lism studies with cell suspensions are obtained more rapidly and are more repro-
ducible than in whole plant studies. Often, overall metabolic rates of pesticides
are higher in cell cultures but portions of non-extractable (bound) residues
formed from xenobiotics are usually higher in intact plants (3-10).

Many factors can influence results of pesticide metabolism studies with cell
cultures regarding both the quantity and quality of the transformation products
formed. Crucial factors include the plant subspecies or variety (26-28), the tissue
employed for the culture’s initiation, the composition of the culture medium (29-
32), the cultivation conditions, the chronological age (26, 33-35), the concentra-
tion of the xenobiotic (36, 37), and the timing of the pesticide’s application du-
ring the growth cycle (38-47). Most of these factors can be traced back to the
specific characteristics and variations of plant cell cultures discussed before.

Often, the metabolism of pesticides in plant tissues is remarkably similar to
that observed in (selected) microbial species. Especially, this holds true for the
crucial primary transformation products. In addition to plant cell cultures, bacte-
ria and fungi have thus also been used for the elucidation and prediction of meta-
bolic pathways, and in particular for the large scale production of xenobiotic met-
abolites. This area is covered in another chapter of this book with a contribution
by Dr. Mark J. Schocken.

Evaluation of Metabolic Rates - Standardized Plant Cell
Culture Metabolism Test

Encouraged by a number of advantages connected with the utilization of cultured
plant cells for xenobiotic metabolism investigations, a cell culture test system
using highly standardized suspensions of wheat and soybean was developed by
three German research groups in the early 1980s (8, /0, 42-46). Wheat and soy-
bean, respectively were thought to represent monocot and dicot species in gen-
eral. The system was used to study the metabolic fate of “C-labeled xenobiotics
(1 pg mL", 8,500 Bq) after incubation periods of 48 h during the late linear
growth phase of the cycle. The experiments were terminated by separation of the
treated cells from the media. Subsequently, the cells were extracted by a suitable
organic solvent (methanol, ethanol, or a methanol/chloroform mixture). Without
further clean-up, both the media and cell extracts were analyzed by TLC for the
relative amounts of non-metabolized parent pesticide and extractable metabolites
formed. The latter were not identified during routine application of the test.
Portions of non-extractable residues were determined by combustion of insoluble
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cell debris. The data resulting from the test system were the metabolic rates of the
pesticide in the two cultures, while metabolic rate was defined as the percent-age
of the applied "C-labeled pesticide converted to soluble metabolites and non-
extractable residues. One premise of this cell culture metabolism test was that
persistence of a pesticide in the suspensions would correlate with persistence of
the compound in the plant in vivo. Consequently, metabolic rates determined with
the test system were regarded as a reasonable contribution to the evaluation of the
environmental fate of the compound.

A large number of xenobiotics have been examined with the test procedure
(10, 47). Table Ishows metabolic rates of pesticides obtained from a screen-
ing investigation performed during late 1980s (42, 47). The wheat and soybean
suspensions differed to a certain extent with regard to their enzymatic capacity to
transform the pesticides. In 1992, the standardized cell culture metabolism test
was integrated by the Federal Biological Research Centre for Agriculture and
Forestry (BBA) into the German guidelines for the testing of pesticides (48). The
applicability of the test in the frame of pesticide registration however, has been
discussed controversally. Hitherto, data determined in accordance with the test
procedure are not obligatory requirements for the registration of pesticides.

The main findings are the metabolic rates of the pesticide in the wheat and
soybean cultures. However, a number of objections can be raised to the standard-
ized plant cell culture metabolism test. It is doubtful whether wheat and soybean
are representative of monocot and dicot species, even on the level of plant cell
cultures. The wheat and soybean suspensions used may even not be representa-
tive of the respective intact plants. Furthermore, it is questionable whether the
wheat and soybean varieties and suspensions employed are representative of the
respective entire species. Experimental approaches are possible to check if these
objections are well-founded. However, difficulties arising are insurmountable due
to the large number of relevant plant species and pesticidal compounds. In
addition, wheat and soybean represent a monocot and dicot that are very active
metabolically, with defined detoxification systems involving cytochromes P450
and glutathione S-transferases. To generalize to other monocots and dicots, in
particular to weeds, is considered as an over-generalization, as all other species
have much less active and probably different sets of enzymes. Concerning the
relevance of metabolic rates derived from plant cell cultures, the reader is re-
ferred to recent data on parathion and atrazine presented later.

Ambiguous results are occasionally obtained from the test, which can be a-
voided by modifications of the procedure: Metabolic rates may show variations
among experiments. TLC artifacts simulating high metabolic rates can emerge
with media and cell extracts (cf., data of atrazine and pyrene discussed below).
Pesticides may not be analyzed reliably by TLC (cf., data of glufosinate dis-
cussed below). Metabolism by the plant tissues can result in chemically or en-
zymatically unstable carbohydrate conjugates of the parent, which are not iden-
tified by routine application of the procedure. The environmental relevance of
these products considerably differs from that of chemicals detoxified by phase I
reactions. So, preliminary data from a metabolism investigation on the herbicide
2,4,5-T showed that in wheat, foxglove and corn cockle, the main metabolic
route was conjugation of the parent to its glucosy! ester and processing products.
Only minor portions were transformed to 2,4,5-trichlorophenol and a further as
vet unidentified phase I metabolite in corn cockle. Regarding their evaluation.
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metabolic rates of chemicals may thus be misleading without metabolite identi-
fication.

Table I. Metabolic Rates of Pesticides in Wheat and Soybean Cell
Suspension Cultures After 48 h Incubation. Data Were Obtained by
Application of the Standardized Plant Cell Culture Metabolism Test

Chemical Use Wheat Soybean
Lindane I 9.9 (0.6) 11.2(1.1)
Diflubenzuron I 10.6 (1.7) 14.6 (6.4)
Monolinuron H 10.8 (2.4) 22.7 (3.0)
Dimethoate LA 11.6 (0.5) 34.6 (2.9)
Metaldehyde M 124 (1.4) 10.7 (0.6)
Atrazine H 14.0 (1.1) 80.6 (7.6)
Maleic hydrazide PGR 17.2(3.4) 80.6 (37.0)
Triadimenol F 19.3 (2.1) 21.4(2.2)
Diquat H 24.8 (21.6) 25.6 (21.3)
Methoxychlor I 37.4 (2.9) 52.7(17.6)
Carbaryl I 38.3(11.3) 62.5 (22.4)
2,4,5-T H 46.0 (3.2) 11.3(1.2)
Chlorpropham H 48.2 (22.9) 78.0 (26.0)
Endosulfan I 50.7 (2.3) 85.6 (1.6)
Aldicarb ILLA,N 89.8 (0.5) 93.6 (1.7)
Pentachlorophenol ILF,H 90.7 (18.7) 60.2 (6.9)
Captan F 90.8 (0.8) 86.7 (1.1)
Folpet F 91.6 (7.3) 97.0 (8.4)
2,4-D H 92.8 (17.7) 21.5(3.5)
Parathion I 93.0 (38.7) 77.4 (3.6)
Dichlofluanide F 93.7(7.9) 97.9(7.9)
Malathion LA 94.4 (6.8) 88.4(11.4)
Tetraethylthiuram disulfide F 98.0 (15.1) 85.6 (8.6)

NOTE: Units of metabolic rates are % of applied 14C (1 pg mL-1) after 48 h incubation;
values in parenthesis are portions of non-extractable residues. A = acaricide, F = fungi-
cide H = herbicide, I = insecticide, M = mulluscicide, N = nematicide, PGR = plant growth
regulator.

SOURCE: Data are from references 42, 47.

Determination of Metabolic Patterns - Metabolic Profiling

Two important observations can be derived from pesticide metabolism studies
with plant cell suspension cultures. First, if a pesticide is transformed by a cell
culture, the plant species has the enzymatic capacity to metabolize the chemical.
Secondly, since in most cases the same metabolites are found in cell cultures and
plants, cell suspensions are suitable systems to demonstrate the metabolic pat-
terns of a pesticide produced by different species. These two statements are the
basis of our novel conception of metabolic profiling, i.e., a set of cell suspension
cultures (five to ten) including crop and wild plant species can be utilized to ob-
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tain a qualitative approximation of the pesticide’s metabolism expected in the
plant kingdom.

Thus, the basic procedure of the standardized plant cell culture metabolism
test can be modified by altering incubation and treatment parameters. This in-
cludes extending incubation periods, modifying timing of application during the
growth cycle, and increasing amounts of “C applied per assay. Furthermore, the
basic procedure has to be supplemented with appropriate clean-up and analytical
methods in order to identify soluble metabolites. We have employed various
clean-up methods, such as extraction of media and concentrated cell extracts with
n-butanol, preparative TLC and chromatography on Sephadex LH-20. The
purpose of the clean-up was to obtain plant extracts that could be analyzed more
easily and reliably. Final identification of the pesticide metabolites was carried
out by enzymatic and chemical hydrolysis of carbohydrate conjugates, radio-
TLC, radio-HPLC, GC, GC-MS, and LC-MS. Identification of metabolites was
facilitated, when major metabolites were previously known from studies with
plants, and were available as reference compounds.

Using cell suspension cultures of both crop and wild plants, we performed
metabolic profiling investigations with the insecticide parathion (49), the herbi-
cide atrazine (50), the polyaromatic hydrocarbonc pyrene (57), and the herbicide
glufosinate. The results of these investigations and the benefits of metabolic pro-
filing using a set of plant cell suspension cultures will be discussed.

Parathion

Metabolic rates and patterns of the insecticide parathion (uniformly '*C-ring-
labeled) were examined in cell suspension cultures of wheat, soybean, carrot,
foxglove, jimsonweed, and a second soybean cultivar, var. ‘Harosoy 63’ grown
in Miller (M) medium (52), plus growth regulators kinetin and 1-naphtha-
leneacetic acid. The metabolic rates are shown in Table II. Portions of soluble
transformation products were determined by TLC of media and cell extracts, and
confirmed after n-butanol extraction. Conjugates were identified following cleav-
age by chemical and enzymatic hydrolysis. All metabolites were isolated by pre-
parative TLC, identified by TLC and GC-MS.

In all cell suspensions investigated, the same metabolic pattern emerged. In
addition to the parent parathion, its oxon derivative, 4-nitrophenol, the 4-nitro-
phenol glucoside and lower amounts of other glycosides were found (Figure 1).
The respective carbohydrate conjugation pattern depended to a certain extent on
the plant species. On the whole, the data unequivocally proved that higher plants,
generally possess the enzymatic capacity to biotransform parathion. This
hydrolysis of theorganophosphorus bond was not unequivocally proven, al-
though it was reported (49, 53). However, these published results did not clearly
distinguish between microbial and plant metabolism, or abiotic reactions. From
metabolic profiling, we concluded that the environmentally relevant plant meta-
bolites of parathion are paraoxon and 4-nitrophenol.
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Table I1. Metabolic Profiling of Parathion, Atrazine and Pyrene Using Plant
Cell Suspension Cultures: Metabolic Rates

Plant Species Parathion®  Atrazine 0 Pyrene €
Wheat 94.4 (38.3) 303 (4.7) 86.1(38.3)4
Soybean ‘Mandarin’; BS 87.9 (9.4) 48.8 (3.6) 6.4(6.4)¢
Soybean ‘Harosoy 63°; M 242 (2.5) 443 (3.8) -f
Soybean ‘Harosoy 63’; BS, coarse -f 12.1 (2.0) -f
Soybean ‘Harosoy 63’; B5, fine -f 80.4 (8.9) -f
Carrot 32.8(0.9) 90.8 (2.8) -f
Foxglove 38.2(3.2) 27.7(2.1) 8.8(23
Jimsonweed 37.3(7.8) 17.8 (1.9) 7.2(7.2)
Corn cockle -f 70.4 (4.2) -f

NOTE: Units of metabolic rates are % of applied 14C (1 ug mL-1); values in parenthesis
are portions of non-extractable residues. Portions of soluble metabolites were determined
by 2 TLC of media and cell extracts, ® TLC after n-butanol extraction of media and cell
extracts, and ¢ TLC and HPLC after clean-up of media and cell extracts. Incubation was
48 h, except d 14 days and € 4 days. f Experiment was not executed.

SOURCE: Data are from references 49-51.
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Figure 1. Metabolic profiling of parathion using plant cell suspension cultures.
Metabolites were identified by TLC and GC-MS. (Data are from reference 49).

Atrazine

Metabolic profiling experiments with the herbicide atrazine (**C-labeled hetero-
cyclic ring) were executed with cell suspensions of wheat, soybean, carrot, fox-
glove, jimsonweed, and cormn cockle. Addionally, three other soybean cultivars
were examined: soybean var. ‘Harosoy 63’ (medium: M; growth regulators:
kinetin and 1-naphthaleneacetic acid), soybean var. ‘Harosoy 63’ (B5; 2,4-D,
coarse cell aggregates), and soybean var. ‘Harosoy 63’ (BS; 2,4-D, fine cell
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aggregates due to subcultivation by sieving). Media and cell extracts were ana-
lyzed by TLC for portions of soluble transformation products. Both fractions
were subsequently extracted with n-butanol; organic extracts and remaining
aqueous phases were re-examined by TLC. In soybean, soybean var. ‘Harosoy
63’ (BS, coarse), and jimsonweed, noticeable differences were observed among
n-butanol extracts and corresponding media and cell extracts regarding portions
of non-metabolized atrazine. Differences were attributed to TLC artifacts emer-
ging with media and cell extracts due to adsorption trapping of the parent to na-
tural plant constituents present at the origin of the TLC plates. Thus, distinctly
higher metabolic rates were miscalculated. The metabolic rates shown in Table II
were derived from TLC data after n-butanol extraction. For identification of
soluble transformation products, the radioactivity contained in n-butanol extracts
and aqueous phases was separated by preparative TLC. Resulting fractions were
further analyzed by TLC and GC-MS.

Due to the availability of reference compounds, metabolic profiling of atra-
zine focussed upon deethyl-, deisopropyl- and dethyldeisopropyl-atrazine, as well
as hydroxyatrazine. Only the highly polar metabolites formed were quantified.
Results (Figure 2) showed that different metabolic patterns of atrazine were ob-
tained. Dethyl-atrazine was detected in all cultures examined, whereas deiso
propyl-atrazine could only be identified in wheat, carrot and corn cockle.

Highly
Polar
Products cl

N oH
\ Cl / Deethyl-A:azine \

and cultivars except

detected in all species
jimsonweed

|
detected in Ni
‘ﬂ'ﬁ N)\]"' NiH:* every species) > N
\N/|\ CHs and cultivar H, \N)\NHz

H H
) Deethyl-
/ Atrazine cal deisopropyl-
N)\ Atrazine
H ‘E"s g [" Soybean
Hy NNHz var. Mand.

Z
ﬂ"'-’ |N i Soybean
N CHs var. Har. 63
H H

Rgiscgpropyl- M Medium
. azine Soybean
Hydroxy-Atrazine Wheat var. Ha(. 63
Wheat Carrot B5 Medium
Soybean var. Mand. Corn cockle fine
Soybean var. Har. 63 M Medium

Carrot

Jimsonweed

Figure 2. Metabolic profiling of atrazine using plant cell suspension cultures.
Percentages of metabolites shown were > 5 % of applied 14C; metabolites were
identified by TLC and GC-MS. (Data are from reference 50).
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The completely N-dealkylated metabolite was only found in soybean. With the
excep-tion of jimsonweed, highly polar metabolites were found with every
suspension studied. The findings of metabolic profiling suggest that in plants,
relevant pri-mary metabolites of atrazine are dealkylated products and
hydroxyatrazine. Concerning the scope of metabolites examined, the
investigation was limited; the potential role and activity of glutathione
conjugation was not assessed. Nev-ertheless, within this limited scope the
findings showed that a reasonable meta-bolic scheme of atrazine can be obtained
from a set of cell suspensions (54).

Pyrene

The investigation with pyrene (‘*C-labeled at positions 4, 5, 9 and 10 of the po-
lynuclear system) was performed using wheat, soybean, foxglove and jimson-
weed. For determination of portions of soluble metabolites, media and cell ex-
tracts were analyzed by TLC. All cell extracts were then subjected to preparative
TLC; separated “C fractions were re-analyzed by TLC and then analyzed by
HPLC. With soybean and jimsonweed, this procedure revealed artifacts during
TLC examination of the cell extracts, simulating higher metabolic rates. Arti-
facts were not observed with wheat and foxglove. The metabolic rates of pyrene
displayed in Table II were derived after clean-up. In the suspensions of soybean
and jimsonweed, no soluble metabolites were detected. Since the bound residues
were not examined, it remained unclear whether pyrene was metabolized by these
two species. Pyrene’s metabolic rates in the suspensions suggest that the
enzymatic capacity to transform the xenobiotic is absent or extremely low in a
number of species.

o CHs

A

\o“
OH °+Q.
1-Methoxypyrene
Oligo-

Pyrene 1- Hydroxy- ‘ z?ccharides
pyrene OO 1-Hydroxy-
pyrene

1-Hydroxypyrene-
glucoside

Figure 3. Metabolic profiling of pyrene using plant cell suspension cultures.
Metabolites were identified by TLC, GC-MS and HPLC. (Data are from reference
51).
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In wheat and foxglove, the only primary metabolite found was 1-hydroxy-
pyrene (Figure 3). This compound was not present in free form. In wheat, 1-hy-
droxypyrene was transformed to a mixture of glycosyl conjugates; the initial con-
jugate appeared to be the glucoside. In the foxglove cell suspensions, the only
metabolite detected was 1-methoxypyrene. After isolation by preparative TLC,
the latter product was identified by TLC, HPLC and GC-MS. In the case of
wheat, the carbohydrate conjugates were separated by preparative TLC and the
resulting '*C fractions were subjected to hydrolysis. The xenobiotic aglycone was
identified by TLC, HPLC and GC-MS. Thus, our results proved that pyrene can
be transformed by plant tissues, and suggest that the relevant phase I metabo-
lite is 1-hydroxypyrene. This finding agrees with field data published in Japan
(55) where authors reported that 1-hydroxypyrene was present in the leaves of
various tree species in the form of glucosides and glucuronides. Although 1-
hydroxypyrene was supposedly derived from the parent xenobiotic ubiquitously
present in the environment, detailed routes remained unclear. Possibly, 1-hydro-
xypyrene was formed microbially or abiotically outside the plants. The authors
also speculated that both hydroxylation and conjugation of pyrene were catalyzed
by plant enzymes in the leaves. Our findings indicate that the latter route con-
tributes to the formation of carbohydrate conjugates of 1-hydroxypyrene. Due to
its high Koy, pyrene is intensely sorbed to soil organic matter, resulting in de-
creased bioavailability. The compound is not taken up by roots and translocated
in plants (51, 56, 57). In contrast, uptake of airborne pyrene from vapor phase or
particulate fraction was regarded as an important process. The polyaromatic hy-
drocarbon partitions into the inert waxy cuticle and can be absorbed by the sym-
plast of the leaves (51, 56, 58, 59), where metabolic enzymes (e.g., cytochromes
P450 and glycosyltransferases) are present. Thus, we concluded that our in vitro
systems pointed to the relevant plant metabolite of pyrene.

Glufosinate

Metabolic profiling studies with the herbicide glufosinate were executed using
cell suspension cultures of carrot, foxglove, jimsonweed, genetically unmodified
sugarbeet, and the corresponding transgenic (bar-gene), glufosinate-resistant
sugarbeet. Experiments with carrot and sugarbeet were performed with the L-
enantiomer of glufosinate (LGA), whereas foxglove and jimsonweed were treat-
ed with a racemic mixture of the herbicide (GA). Chemicals contained a '*C-label
at positions 3 and 4. Glufosinate was absorbed by the cells only to a low extent
(carrot: 21.1 %, foxglove: 17.2 %, jimsonweed: 8.5 %, sugarbeet: 4.3 %,
transgenic sugarbeet: 3.6 % of applied '“C). TLC and HPLC analysis of media
and (aqueous) cell extracts was unsuccessful. Consequently, media and cell
extracts were subjected to clean-up. Then, portions and identity of the soluble
metabolites of glufosinate were determined by HPLC. Transformation products
of the herbicide were found in cell extracts of carrot, foxglove, jimsonweed and
trangenic sugarbeet; portions were low. Since amounts of non-extractable resi-
dues were also negligible, extremely low metabolic rates of glufosinate were ob-
tained (Table III). Expected differences between the transgenic sugarbeet culti-
var and remaining species appeared to be absent. It was assumed that cellular
uptake influenced glufosinate’s metabolism. All data were thus re-calculated.
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Based on absorbed !“C, the metabolic rate of glufosinate in transgenic sugarbeet
was above 60 %, and differed from those in the unmodified species (Table III). In
the untransformed species, low metabolic rates of the herbicide were expected.
For some time the compound was known not to be metabolized by plants. Low
metabolic rates of glufosinate were also reported for suspensions of further plant
species (60). The present results however, unequivocally proved that glufosinate
can be metabolized by plant tissues, and corroborated previous data (60). Simi-
larly, the plant metabolism of the herbicide glyphosate was demonstrated for the
first time using plant cell suspensions (6/).

Table III: Metabolic Profiling of Glufosinate Using Plant Cell Suspension
Cultures: Metabolic Rates After 48 h Incubation

Plant Species % %
of Applied 14C  of Absorbed 14¢
Glufosinate-resistant, transgenic sugarbeet 2.6 (0.4) 65.0 (10.0)
Genetically unmodified sugarbeet 0.3 (0.3) 6.5 (6.5)
Carrot 3.5(0.1) 16.5 (0.5)
Foxglove 4.7 (0.1) 28.0 (1.7)
Jimsonweed 1.6 (0.3) 16.3 (1.2)

NOTE: Cell suspensions were treated with 1 pg mL-! glufosinate. Values in parenthesis
refer to portions of non-extractable (bound) residues. Percentages of soluble metabolites
were determined by HPLC after extensive clean-up of media and cell extracts.

(0] (0]
LGA H;C.
Qg/" COOH — H;g:" COOH NAG
NH N._CH, Sugarbeet
1 ? H ™™ transgenic
O
(o]
PPO |HiC.I H C\Q MHB
_P. _.COOH| — "Bv%> COOH
l O l OH
MPP  H,Ccf HoC 2 coon MPB
HO™ ~""COOH HO™ " _
Carrot Jimsonweed
Foxglove Foxglove
Jimsonweed

Figure 4. Plant metabolic pathways of glufosinate (data are from references 60,
62-64) and metabolic profiling of glufosinate using plant cell suspension cul-
tures. Metabolites were identified by HPLC after clean-up of cell extracts.
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The metabolic pathways published on glufosinate for genetically unmodified
and transgenic, glufosinate-resistant plants are displayed in Figure 4 (60, 62-64).
In unmodified species, LGA is transformed to the oxo derivative, 2-0x0-4-
(hydroxy-methylphosphinyl)-butanoic acid (PPO). This intermediate rapidly
decarboxylates spontaneously to the main metabolite, 3-(hydroxymethyl-
phosphinyl)-propionic acid (MPP). PPO can also be reduced to 2-hydroxy-4-
(hydroxymethylphosphinyl)-butanoic acid (MHB). The metabolite 4-
(hydroxymethylphosphinyl)- butanoic acid (MPB) was only identified in plant
cell cultures and is regarded as metabolic artifact of these systems. In transgenic
plants, LGA is acetylated to non-phytotoxic N-acetyl L-glufosinate (NAG); trace
amounts of ‘non-transgenic’ metabolites are occasionally formed. The metabolic
patterns observed in the present profiling study are included in Figure 4. In
carrot, foxglove and jimson-weed, MPP was identified as main metabolite,
whereas NAG was the only meta-bolite found in transgenic sugarbeet.
Additionally, MPB emerged in trace amounts in foxglove and jimsonweed. No
soluble metabolites were found in un-modified sugarbeet, and no ‘non-
transgenic’ metabolites emerged in the trans-genic cultivar. Furthermore, MHB
and PPO were generally not detected. In con-trast to the relative ease of cell
suspension studies conducted on parathion, atra-zine and pyrene, the highly polar
herbicide glufosinate was very problematic. This was due to low cellular
absorption, low metabolic rate, and unusual physi-cochemical properties of the
compound. Glufosinate thus clearly demonstrated the experimental limits of plant
cell suspension cultures for metabolism studies. Despite these difficulties,
reasonable findings resulted from metabolic profiling. In excised leaves of carrot
and foxglove, we showed that glufosinate was exclu-sively transformed to MPP.
With the exception of MPB (foxglove suspensions), this result agrees with that
derived from the cell cultures.

Table IV: Metabolic Profiling of Pesticides and Xenobiotics Using Plant Cell
Suspension Cultures: Other Published Investigations

Chemical Plant Species Reference
s
Atrazine potato, wheat (65)
Bentazone alfalfa, carrot, maize, potato, rice, soybean, etc. (66)
p-Chlorophenyl- carrot, cotton, tobacco 67)
methylsulfide
Cyfluthrin apple, carrot, cotton, peanut, potato, tomato, etc. (68)
2,4-D carrot, jackbean, maize, sunflower, tobacco (69)
DDT soybean, wheat 70)
EPTC maize, peanut n
Formaldehyde Chlorophytum comosum, soybean 72)
Glufosinate maize, soybean, wheat (60)
Glyphosate maize, soybean, wheat 61
4-n-Nonylphenol barley, carrot, soybean, tomato, wheat, etc. 37
Terbutryne potato, wheat (65)
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Conclusions

A useful approach to evaluate the metabolism of pesticides in agriculturally
relevant plant species is via plant cell suspension cultures. Metabolic profiling
studies using a set of cell suspensions should be performed complementary to
experiments with whole or intact plants. According to the present results and
previously published data (Table IV), benefits from such studies are: a rapid
survey of the plant metabolism of the pesticide at early stages of development of
a pesticide candidate, a greater data base of the plant metabolism, a reasonable
confirmation of results obtained with relevant plants, and information on crucial
metabolites not formed in relevant plants. Thus, metabolic profiling using plant
cell suspensions is considered to be a useful contribution for the evaluation of
pesticide environmental fate.
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Chapter 4

The Role of Plant and Microbial Hydrolytic
Enzymes in Pesticide Metabolism

Robert E. Hoagland and Robert M. Zablotowicz

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

Many pesticide molecules containing amide or carbamate bonds, or
esters with carbonyl, phosphoryl, and thionyl linkages, are subject to
enzymatic hydrolysis. Pesticide hydrolysis by esterases and
amidases from plants and microorganisms can serve as a
detoxification or activation mechanism that can govern pesticide
selectivity or resistance, and initiate or determine the rate of
pesticide biodegradation in the environment. Substrate specificity
of esterases and amidases varies dramatically among species and
biotypes of plants and microorganisms. The constitutive or
inducible nature of these enzymes, as well as production of
isozymes, is also important in the expression of these mechanisms.
For example, increased aryl acylamidase activity has been reported
as the mechanism of evolved resistance to the herbicide propanil in
two Echinochloa weed species [junglerice, E. colona (L.) Link;
barnyardgrass, E. crus-galli (L.) Beauv.]. Other acylamidases, such
as a linuron-inducible enzyme produced by Bacillus sphaericus,
have broad substrate specificities including action on acylanilide,
phenylcarbamate, and substituted phenylurea herbicides. Many
microbial hydrolytic enzymes are extracellular, thus hydrolysis can
occur without uptake. Advances in molecular biology have led to
an increased understanding of hydrolytic enzyme active sites,
especially those conferring selective specificity. This knowledge
will create opportunities for engineering novel resistance
mechanisms in plants and biosynthetic and/or degradative enzymes
in microorganisms.
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Hydrolytic enzymes catalyze the cleavage of certain chemical bonds of a substrate by
the addition of the components of water (H or OH) to each of the products. Many
herbicides, fungicides and insecticides contain moieties (e.g., amide or carbamate
bonds, or esters with carbonyl, phosphoryl and thionyl linkages) that are subject to
enzymatic hydrolysis. A wide array of hydrolases (amidases, esterases, lipases,
nitrilases, peptidases, phosphatases, etc.), with broad and narrow substrate
specificities are present in animals, microorganisms and plants. Plants and
microorganisms should not necessarily be expected to possess the enzymatic capacity
to metabolize xenobiotic compounds. But indeed, it is the multiplicity of certain
enzymes and their broad substrate specificities that make pesticide degradation
possible. Thus the potential for hydrolytic cleavage of a given pesticide exists in
numerous organisms.

Various levels of cellular compartmentalization for these hydrolytic enzymes
exist. Some are cytosolic, while others are associated with membranes, microsomes,
and other organelles. Some fungi and bacteria also excrete hydrolytic enzymes that
act extracellularly on substrates, and thus pesticide detoxification and degradation
may occur without microbial uptake of the compound. Certain hydrolases are
constitutive, while others are inducible. The ability of an organism to hydrolyze
certain pesticides can render the organism resistant to that compound. Many plants
are insensitive to various classes of pesticides due to their unique hydrolytic
capabilities. Furthermore, differential metabolism is an important mechanism in
determining the selective toxicity of a given compound among plants and other
organisms. Since molecular oxygen is not involved in hydrolytic activity, hydrolysis
can occur under anaerobic and/or aerobic conditions.

In this chapter we examine the hydrolytic transformations of a variety of
pesticide chemical classes by plants and microorganisms. The role of these enzymes
in pesticide activation, detoxification and degradation is discussed, and opportunities
for exploiting novel hydrolytic transformations of xenobiotics are examined.

Ester Hydrolysis in Plants

Esters are susceptible to hydrolysis by esterases, and to some extent by lipases and
proteases. Esterases are ubiquitous in living organisms, and occur as multiple
isozymes with varying substrate specificities and catalytic rates. For example,
fourteen esterases have been isolated from bean (Phaseolus vulgaris L.) and seven
from pea (Pisum sativum L.) (I). The biochemistry and role of plant esterases in
xenobiotic metabolism has recently been reviewed (2). The physiological role of
these esterases may be multifaceted, e.g., they are involved in fruit ripening,
abscission, cell expansion, reproduction processes, as well as hydrolysis of ester-
containing xenobiotic molecules. Varying degrees of specificity and kinetic rates are
observed among plant esterases. For example, an acetyl esterase from mung bean
(Vigna radiata) hypocotyls hydrolyzed high molecular weight pectin esters (primary
physiological substrates), but could more rapidly hydrolyze low molecular substrates
such as triactin, and p-nitrophenyl acetate (3).
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Many pesticides are applied as carboxylic acid esters (Figure 1). Since the acid
form is generally the active agent, esterases can play a role in pesticide activation,
detoxification, and selectivity in plants (Table I.). Many herbicides have been
specifically developed as esters to improve absorption into plant tissue, and to alter

Table 1. Role of Plant Esterases in Herbicidal Activity in Plants

Mechanism Herbicide Plant species Citation
Activation Fenoxaprop-ethyl Wheat, Barley, “)
Crabgrass
Diclofop-methyl Wheat, Oat, Wild ()
Oat
Detoxification Thifensulfuron- Soybeans 6)
methyl
Chlorimuron-ethyl Soybeans )
Increased absorption Quinclorac esters Spurge ®
and translocation
Increased absorption 2,4-D-Butoxyethyl Bean 9
ester

phytotoxic selectivity. Aliphatic derivatives of the broadleaf herbicide 2,4-D [(2,4-
dichlorophenoxy)acetic acid] are widely used. The polar forms of 2,4-D are readily
taken up by roots, while long-chain non-polar ester forms (butoxyethyl, and isooctyl
esters) are more readily absorbed by foliage. The ability to hydrolyze these 2,4-D
esters is widely distributed in sensitive plants such as cucumber (Cucumis sativus L.)
(10) and tolerant plants such as barley (Hordeum vulgare L.) (I11). In a fungicide
development program, ester derivatives of the herbicide 4,6-dinitro-o-cresol (DNOC)
were assessed as fungicides, and for potential phytotoxicity on broadbean (Vicia faba)
(12). Short-chain aliphatic esters (acetate, propionate and isobutyrates) were readily
hydrolyzed and were highly phytotoxic. However, aromatic esters of DNOC (chloro-
and nitrobenzoates) were hydrolyzed slowly and exhibited low phytotoxicity. The
uptake of clopyralid (3,6-dichloro-2-pyridinecarboxylic acid) free acid was greater
compared to that of the 1-decyl and 2-ethylhexyl esters in Canada thistle (Cirsium
arvense) and wild buckwheat (Polygonum convolvulus), and in isolated cuticles of
Euonymus fortunei (13, 14 ). De-esterification was essential for the 1-decyl and 2-
ethylhexy! esters of this herbicide to enter the phloem and translocate to site of action.

The polycyclic alkanoic acid herbicides (PCAs), usually contain more than one
ring structure (one is usually a phenyl ring) attached to an asymmetric, non-carbonyl
carbon of an alkanoic acid (/5). Common herbicides in this class include: diclofop-
methyl {methyl ester of (z)-2-[4-(2,4-dichlorophenoxy)phenoxy]propanoic acid},
fenoxaprop-ethyl {ethyl ester of (&)-2-[4-[(6-chloro-2-benzoxazolyl)oxylphenoxy]-
propanoic acid}, and fluazifop-butyl {(R)-2-[4-[[5-(trifluoromethyl)-2-pyridinyl]-
oxy]phenoxy]propanoic acid}. In plants, PCA-ester hydrolysis, yielding the parent
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Figure 1. Selected pesticides with susceptibility to esterase-mediated hydrolysis.
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acid, is the first enzymatic action on these compounds (15). For the PCAs, de-
esterification is a bioactivation, not a detoxification mechanism as demonstrated for
diclofop-methyl (5). The carboxyesterase responsible for de-esterification of the PCA
herbicide chlorfenprop-methyl [methyl 2-chloro-3-(4-chlorophenyl)propionate] has
been partially purified from oats (Avena sativa L.) (16) and wild oats (Avena fatua L.)
(17). In tolerant species, the PCA-free acid is detoxified by different mechanisms,
i.., diclofop via arylhydroxylation and subsequent phenolic conjugation (/8), and
fenoxaprop, via glutathione conjugation (/9). Rice is generally tolerant to
fenoxaprop-ethyl, but under low light intensity, rice can be damaged by fenoxaprop-
ethyl treatment (20). However, similar rates of in vitro and in vivo fenoxaprop-ethyl
de-esterification were found in rice seedlings grown in either, normal light or low light
conditions (27). Esterase activity was also measured using fluorescein diacetate
(FDA) as a substrate (21). In fenoxaprop-ethyl-treated rice, FDA esterase activity was
41 % lower in shaded plants compared to unshaded plants. However, in untreated
rice, FDA esterase activity was 22% lower in shaded versus unshaded plants. Hence,
the phytotoxic compounds fenoxaprop-ethyl and fenoxaprop acid, persisted longer in
shaded plants, which may explain this phytotoxicty to plants under low light
conditions.

The herbicide chloramben (3-amino-2,5-dichlorobenzoic acid) was rapidly
metabolized to an N-glucoside in resistant plant species, while sensitive plants formed
the carboxy-glucose ester (22). The glucose ester is unstable in vivo due to hydrolysis
by esterases, thus an equilibrium between the ester and free acid is maintained.

The selectivity of the sulfonylurea herbicides is based on several detoxification
pathways, including oxidative and hydrolytic mechanisms (6). Soybean (Glycine max
Merr.), can de-esterify thifensulfuron-methyl {methyl 3-[[[[(4-methoxy-6-methyl-
1,3,5-triazin-2-yl)amino]carbonyl}amino]sulfonyl]-2-thiophenecarboxylate} to the
free acid (non-phytotoxic), but soybean is unable to de-esterify the herbicide analog,
metsulfuron-methyl {methyl 2-[[[[(4-methoxy-6-methyl-1,3,5-triazin-2-yl)-amino]-
carbon-yl]Jamino]sulfonyl]benzoate} which injures the crop plant. Soybean esterases
can hydrolyze thiophene O-carboxymethyl esters and O-phenylethyl esters, but not O-
phenyl methyl esters of certain sulfonylureas (6). Chlorimuron-ethyl {ethyl 2-[[[[(4-
chloro-6-methoxy-2-pyrimidinyl)amino]carbonyl]amino]sulfonyl]-benzoate} detoxif-
icaction occurrs via de-esterification of the ethyl group and dechlorination via
homoglutathione conjugation in soybean (7). However, conjugation occurs three-fold
more rapidly than de-esterification.

A recent study compared the phytotoxicity of thirteen ester derivatives (C5 to
C16) of the herbicide quinclorac (3,7-dichloro-8-quinolinecarboxylic acid) for
phytotoxicity against leafy spurge (Euphorbia esula L.) (8). Foliar application of
quinclorac caused rapid death, whereas quinclorac esters applied at higher
concentrations to foliage caused only phytotoxicity, not mortality. When applied to
soil, quinclorac esters were metabolized by a series of and oxidations while hydrolysis
was limited. This resulted in the slow release of quinclorac which increased herbicide
efficacy against leafy spurge plants.
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Ester Hydrolysis in Microorganisms

Studies of fenoxaprop-ethyl (23, 24) and diclofop-methyl (25) degradation in soils
demonstrated a rapid hydrolysis of both compounds to their parent acids. This
hydrolysis was more rapid in moist and non-sterile soils compared to dry or sterile
soils, which suggested microbial degradation. The role of enzymatic hydrolysis of
diclofop-methyl was reduced with certain microbial inhibitors (propylene oxide and
sodium azide) (25). During hydrolysis of diclofop-methyl and fenoxaprop-ethyl in
soil, enantiomeric inversion was observed (26). The S enantiomers of both
compounds underwent a more rapid inversion than the R enantiomers, and rates of
inversion were dependent on soil type. No inversion was observed with entantiomers
of the parent compounds. Fenoxaprop acid undergoes further degradation in soil,
forming metabolites such as 6-chlorobenoxazolone, 4-[(6-chloro-2-benzoxazolyl)-
oxy]phenetole, and 4-[(6-chloro-2-benzoxazolyl)oxylphenol (24). Soil pH also
affects the degradation pathway of fenoxaprop-ethyl. Under acidic conditions, the
rate of de-esterification was significantly lower than under neutral soil conditions,
however, the benzoxazolyl-oxy-phenoxy ether linkage of fenoxaprop-ethyl was prone
to non-enzymatic cleavage under acidic conditions (27). De-esterification of
fenoxaprop-ethyl occurs readily in mixed microbial cultures (28) and in pure cultures
and enzyme extracts of bacteria, especially fluorescent pseudomonads (27, 29).
Fenoxaprop-ethyl de-esterification in bacterial enzyme preparations is pH sensitive,
with the highest activity in the neutral to slightly alkaline range. The same
Pseudomonas strains that hydrolyzed fenoxaprop-ethyl were unable to de-esterify
chlorimuron-ethyl (R.M. Zablotowicz, unpublished results). Four distinct types of
esterases are found in a P. fluorescens strain (30). These P. fluorescens esterases
differ in substrate specificity, cellular location and structure.

Esterases have been cloned, and proteins have been sequenced from several
microorganisms, e.g., two ferulic acid esterases from Aspergillus tubingensis (31), a
cephalosporin esterase from the yeast Rhodosporidium toruloides (32), a
chrysanthemic acid esterase from Arthrobacter globiformis (33), and several other
esterases from Pseudomonas fluorescens strains (30, 34, 35). The ability of these
esterases to hydrolyze ester linkages of pesticides has not been examined. Since
molecular oxygen is not involved, enzymatic hydrolysis can occur under anaerobic
and aerobic conditions.

The active site of prokaryotic and eukaryotic esterases contains the serine motif
(Gly-X-Ser-X-Gly), originally characterized in serine hydrolase (36). This conserved
peptide is part of a secondary structure of the enzyme molecule located between a -
strand and an a-helix (37). A general mechanism has been proposed for the catalytic
activity of the esterase superfamily (Figure 2). This mechanism involves the formation
two tetrahedral intermediates (37), with the active serine serving as a nucleophile
enabling ester bond cleavage. A histidine residue in a B-strand, is also involved in
formation of an ionic attachment at the carbonyl oxygen atom of the substrate during
catalysis.  Reaction of the second intermediate, with a molecule of water,
concomitantly releases the parent acid of the substrate and regenerates the active
serine of the enzyme. A similar reaction mechanism is postulated for the serine
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proteases. However, a chrysanthemic acid esterase from Arthrobacter sp. is similar to
many bacterial amidases that possess the Ser-X-X-Lys motif in the active site. This
esterase may provide a unique opportunitiy for biotechnological synthesis, since it
stereoselectively produces (+)-t-chrysanthemic acid, used in pyrethroid insecticide
synthesis.

Certain esterases, e.g., the R. toruloides cephalosporin esterase, also have
acetylating activity when suitable acetyl donors are present (32). The R. toruloides
cephalosporin esterase is a glycoprotein (80 kDa glycosylated; 60-66 kDa de-
glycosylated) with eight potential binding sites (Asn-X-Ser or Asn-X-Thr) for glucose.
When de-glycosylated, enzyme activity was reduced about 50%, indicating an
important role for glycosylation in stabilizing the native protein structure.

Feng et al. (38) transformed tobacco (Nicotiana tabacum L.) and tomato
(Lycopersicon esculentum L.) with genes encoding for rabbit liver esterase 3 (RLE3).
This esterase gene expressed in these plants, conferred resistance to the herbicide
thiazopyr [methyl 2-(difluoromethyl)-5-(4,5-dihydro-2-thiazolyl)-4-(2-methylpropyl)-
6-(trifluoromethyl)-3-pyridinecarboxylate]. These researchers proposed, that a critical
assessment of microbial esterases may provide other hydrolytic enzymes that are
useful in conferring pesticide (herbicide) resistance in plants. Such enzymes could
also play a role in reducing the levels of pesticides, their metabolites, and other
potentially harmful xenobiotics in food products.

Inhibition of Esterases in Plants and Microorganisms

The effects of two fungicides, captan [N-(trichloromethylthio)-4-cyclohexene-1,1-
dicarboximide] and folpet [N-(trichloromethylthio)phthalimide], and a sufhydryl
binding inhibitor, perchloromethylmercaptan, were assessed on esterase activity of
Penicillium duponti (39). Esterase activity using p-nitrophenylpropionate as substrate
was inhibited 50% by all three compounds at 0.5 to 2.0 uM. But, concentrations that
totally inhibited p-nitrophenylpropionate esterase activity had no effect on a-naphthyl
acetate esterase activity. The extreme sensitivity of certain fungal esterases to these
two fungicides, suggests that part of their toxicity to fungi may be due to esterase
inhibition (39).

Amide Hydrolysis in Plants

Amide and substituted amide bonds are present in several classes of pesticides, i.e.,
acylanilides: alachlor [2-chloro-N-(2,6-diethylphenyl)-N-(methoxymethyl)acetamide];
carboxin (5,6-dihydro-2-methyl-N-phenyl-1,4-oxathiin-3-carboxamide); diphenamid
{2-chloro-N-[(1-methyl-2-methoxy)ethyl]-N-(2,4-dimethyl-thien-3-yl}; metalaxyl [N-
(2,6-dimethylphenyl)-N-(methoxyacetyl)-alanine methyl ester]; metolachlor [2-chloro-
N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide]; and propanil,
[N-(3,4-dichlorophenyl)propionamide], phenylureas: diuron [N-(3,4-dichlorophenyl)-
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N,N-dimethylurea]; fluometuron {N,N-dimethyl-N-[3-(trifluoromethyl)phenyljurea};
and linuron, [N-(3,4-dichlorophenyl)-N-methoxy-N-methylurea]; and carbamates: IPC
(isopropyl carbanilate); and CIPC (isopropyl m-chlorocarbanilate). Some structural
examples of these substituted amides are given for comparison (Figure 3.)

Rice (Oryza sativa L.) is tolerant to the acylanilide herbicide propanil, due to
the presence of high levels of aryl acylamidase (EC 3.5.1.a), which hydrolyzes the
amide bond to form 3,4-dichloroaniline (DCA) and propionic acid (40, 41). This
enzyme activity is the biochemical basis of propanil selectivity in the control of
barnyardgrass [Echinochloa crus-galli (L.) Beauv.] in rice. Barnyardgrass tissue was
unable to detoxify absorbed propanil due to very low enzymatic activity; rice leaves
contained sixty-fold higher aryl acylamidase activity than barnyardgrass leaves (40).
Propanil aryl acylamidase activity is also widely distributed in other crop plants and
weeds (42, 43). Plant aryl acylamidases have been isolated, and partially purified and
characterized from tulip (Tulipa gesnariana v.c. Darwin) (44), dandelion (Taraxacum
officinale Weber) (45), and the weed red rice (Oryza sativa L.) (46). Red rice is a
serious conspecific weed pest in cultivated rice fields in the southern U.S. (47), and its
ability to hydrolyze propanil limits the utility of this herbicide where red rice is
present. Propanil hydrolysis by aryl acylamidases has also been observed in certain
wild rice (Oryza) species (48).

With intensive use of propanil in Arkansas rice production over a thirty-five year
period, barnyardgrass (initially controlled by propanil), has evolved resistance to this
herbicide, and this biotype is currently a serious problem (49). Populations of
propanil-resistant barnyardgrass have been verified in all southern U.S. states that use
propanil in rice cultivation. A series of experiments with propanil-resistant
barnyardgrass showed that the mechanism of resistance was increased propanil
metabolism by aryl acylamidase activity (50, 51). Increased propanil metabolism by
aryl acylamidase was also shown to be the resistance mechanism in another related
weed, junglerice [Echinochloa colona (L.) Link] (52).

Naproanilide [2-(2-naphthyloxy)-propionanilide], a herbicidal analog of
propanil, was hydrolyzed by rice aryl acylamidase (53). The cleavage product,
napthoxypropionic acid is phytotoxic, however, it is hydroxylated and subsequently
glucosylated as a detoxification mechanism in rice. Naproanilide hydrolysis also
occurred in a susceptible plant (Sagittaria pygmaea Miq.), but napthoxypropionic
acid was not metabolized further in this species (53).

Initial assessment of substrate chemical structure and aryl acylamidase activity
has been studied in enzyme preparations from various plants, e.g., rice (40), tulip (44),
dandelion (45), and red rice (46). Nine mono- and dichloro-analogs of propanil were
examined for substrate specificity of these enzyme preparations. Different profiles of
hydrolytic rates were observed among species. In all species tested (not tested in red
rice), little or no activity was observed with 2,6-dichloropropionanilide. In rice,
greater activity was observed with 2,3-dichloropropionanilide compared to propanil;
while in tulip, equal activity was observed with propanil, 2,4-dichloropropionanilide,
and 4-chloropropionanilide as substrates. In a similar fashion, the effects of alkyl
chain length on 3,4-dichloroanilide substrates were evaluated. Propanil was the best
substrate for all four enzyme preparations. Reducing the chain length to one carbon
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(i.e., the acetamide analog), decreased activity by 18 to 50%, compared to propanil.
Increasing the alkyl chain length or inserting alkyl branching, reduced activity by 60
to 100%.

Aryl acylamidases from several plant species have been purified to homogeneity
(54). The enzymes from orchardgrass and rice are quite similar. Both have molecular
weights of about 150 kDa, and are membrane bound. These enzymes share a common
pH optimum of 7.0, similar Km’s for propanil, and are both inhibited by the
insecticide carbaryl. A gene for aryl acylamidase has been cloned from Monterey
pine (Pinus radiata) male pine cones (55). This protein, comprised of 319 amino
acids, is similar to esterases containing a serine hydrolase motif in the active site.

Amide Hydrolysis in Microorganisms

As we have reviewed (56), aryl acylamidases have been characterized in diverse
species of algae, bacteria and fungi, and propanil has been the most studied pesticide
substrate. The distribution of aryl acylamidases and related hydrolytic enzymes
produced by selected microorganisms are summarized (Table II). Differences in
substrate specificity and inducibility of these enzymes are found among genera and
species of microbes. For example, aryl acylamidases produced by P. fluorescens
strains RA2 and RB4 had a substrate range limited to certain acylanilides (propanil,
nitroacetanilide, and acetanilide), and were ineffective on several herbicides
containing substituted amide bonds: phenylureas (linuron and diuron), a
phenylcarbamate (CIPC), chloracetamides [alachlor and the N-dealkylated metabolite
2-chloro-N-(2',6'-diethylacetanilide], and a benzamide {pronamide [3,5-dichloro(N-
1,1-dimethyl-2-propynyl)benzamide]} (66). Similar substrate specificities are found
in other bacterial strains (Table III). Other microbial acylamidases also have activity
restricted to certain acylanilides, e.g., Fusarium oxysporum (69).

Some acylamidases, such as a linuron-inducible enzyme produced by Bacillus
sphaericus (59), and an extracellular coryneform aryl acylamidase (60), have wide
substrate specificities including hydrolytic action on acylanilide, phenylcarbamate,
and substituted phenylurea pesticides. In a Fusarium oxysporum strain, there are two
distinct aryl acylamidases: one induced by propanil, the second induced by p-
chlorophenyl methyl carbamate (69). One study has compared the metabolism of
several phenylurea herbicides by bacteria and fungi (70). Nine fungal species were
more effective in degrading linuron or isoproturon [3-(4-isopropylphenyl)-1,1-
dimethylurea] compared to fenuron (1,1-dimethyl-N-phenylurea), but N or O-
dealkylation (not hydrolysis) was the major degradation mechanism. Only one of five
bacterial isolates (a pseudomonad) metabolized linuron with the formation of 3,4-
dichloroaniline, indicating hydrolytic cleavage of the urea bond. The hydrolytic
mechanism for phenylurea herbicides by a coryneform-like bacteria has also been
shown with an organism capable of hydrolyzing linuron > diuron > monolinuron [N-
(3-chlorophenyl)-N-methoxy-N-methylurea] >> metoxuron [N-(3-chloro-4-methoxy-
phenyl)-N,N-dimethylurea] >>> isoproturon (71).
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Table I1. Selected Microbial Species that Produce Aryl Acylamidases and

Related Hydrolytic Enzymes
Organism Substrate Inducer Citation
Anacystis nidulans CIPC, IPC nt* (57)
Aspergillus nidulans Propanil, Constitutive 58
(propionanilide**)
Bacillus sphaericus Linuron, carboxin, IPC Linuron 59)
Coryneform-like, CIPC, linuron, (Acetanilide) (60)
strain A-1 naproanilide,
propanil
Fusarium oxysporum Propanil, CIPC, Propanil and 61)
(acetanilide) phenylureas
Fusarium solani Propanil, (acetanilide) Propanil and 62)
(acetanilide)
Nostoc entophytum Propanil nt (63)
Penicillium sp. Karsil, propanil, Karsil 64)
(acetanilide)
Pseudomonas (Acetanilide), (Acetanilide) 65)
Sfluorescens (p-Nitroacetanilide,
p-Hydroxyacetanilide)
P. fluorescens Propanil, (acetanilide, Constitutive (66)
nitroacetanilide),
P. picketti Propanil Constitutive ©67)
P. striata CIPC, IPC, CIPC (68)
Propanil

NOTE: *nt = not tested; ** compounds in parenthesis are not used as pesticides.

Propanil hydrolysis yielding DCA (72,73) is the major mechanism for
dissipation of this compound in soil. Many microorganisms hydrolyze propanil to
DCA, and enzymes from several species have been isolated, partially purified, and
characterized. For example, ninety seven bacterial isolates were collected from soil
and flood water of a Mississippi Delta rice field over a two year period following
propanil application (Table IV). Overall, 37% of the soil and water isolates exhibited
propanil hydrolytic activity. Although activity was observed in both gram-positive and
gram-negative isolates, there was a greater frequency of propanil-hydrolysis among
gram-negative bacteria. The hydrolytic activity of cell-free extracts of several of these
isolates, and other rhizobacterial cultures on several substrates, was assessed using
methods described elsewhere (66). Only acylanilides were hydrolyzed, with no
detectable hydrolysis of carbamate and substituted urea herbicides (Table V). All
isolates, except AMMD and UAS5-40, were isolated from soil or water that had been
previously
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Table IV. Recovery of Propanil-Hydrolyzing Isolates from a Mississippi Delta
Rice Soil and Flood Water

Year Source Gram-stain Propanil- Total Isolates
reaction hydrolyzing isolates tested
1982 Soil Negative 9 13
Positive 2 19
Water Negative 4 8
Positive 6 15
1983 Soil Negative 5 9
Positive 3 11
Water Negative 3 8
Positive 4 14
Total soil 19 52
Total, water 17 45
Total gram-positive 15 59
Total gram-negative 21 38

NOTE: Bacteria were isolated on tryptic soy agar (10%), from soil and water following
propanil application. Individual colonies were subcultured, ascertained for purity and tested
for Gram stain reaction. Propanil hydrolysis assessed in cell suspensions (log 11.0 cells ml; 50
mM potassium phosphate, pH 8.0; 800 uM propanil) after 24 h incubation. Propanil and
metabolites were determined by HPLC as described elsewhere (66).

exposed to propanil. P. fluorescens strains RA-2 and RB-4 exhibited aryl
acylamidase activity several orders of magnitude higher than any other organism
isolated in our studies (56, 66).

The ability to hydrolyze propanil was studied in fifty-four isolates of fluorescent
pseudomonads collected from three Mississippi Delta lakes (74). Overall, about 60%
of the isolates hydrolyzed propanil, and all the propanil-hydrolyzing bacteria were
identified as P. fluorescens biotype II. Most propanil-hydrolyzing P. fluorescens
isolates transformed DCA to 3,4-dichloroacetanilide. The potential for acetyl
transferase activity by these P. fluorescens aryl acylamidases should not be
overlooked, since the enzyme isolated from Nocardia globerula (75) and
Pseudomonas acidovarans (76) possesses this activity. The amidase from
Rhodococcus sp. strain R312 has both amidase and acyl transferase activity. This
enzyme was expressed in Escherichia coli and utilized in kinetic studies on acyl
transferase activity (77). This purified enzyme catalyzed acyl transfer from amides
and hydroxamic acids to only water or hydroxylamine. Further aspects of acetyl
transferase activity will be addressed in the later presentation on bialaphos and
phosphinothricin detoxification/resistance.

A variety of methods (radiological, spectrophotometric, and HPLC) are available
to measure enzymatic hydrolysis of amides. A colorimetric method for measuring aryl
acylamidase activity in soil using 2-nitroacetanilide (2-NAA) as substrate was recently
developed (78). Aryl acylamidase (2-NAA) activity was several-fold lower than other
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Table V. '“C-Propanil Metabolism by Cell Suspensions of Soil, Water and
Rhizosphere Bacteria

Genera Strain Source % "*C Recovered in methanolic extracts
Propanil DCA  3,4-DCAA  Origin
Bacillus sp. S92B2 S nd 71.1 10.5 18.5
Flavobacterium W92B14 w nd 88.6 45 6.9
Sp.
P. cepacia AMMD R 74.5 6.9 18.6 Nd
P. fluorescens RA-2 R nd 100 Nd Nd
P. fluorescens RB-3 R 2.5 91.0 5.0 1.5
P. fluorescens RB-4 R nd 100 Nd Nd
P. fluorescens UAS-40 R 100 nd Nd Nd
P. fluorescens W92B12 w 70.3 9.2 42 16.3
Rhodococcus S92A1 S 15.9 10.2 35 Nd
sp.
Rhodococcus S93A2 S nd 96.1 3.9 Nd
sp.

NOTE: DCA = 3.4-dichloroaniline; 3,4-DCAA = 3.4-dichloroacetanilide; Origin = highly
polar metabolites (immobile in benzene: acetone solvent); S = soil isolate; W= water isolate; R
= rhizosphere isolate; nd = none detected. Cell suspensions [48 h tryptic soy broth cultures, log
11.0 cells mi™; potassium phosphate buffer (50 mM, pH 8.0)] were treated with propanil (800
1M, 8.0 kBq mL") and incubated at 28°C, 150 rpm, 24 h. Propanil and metabolites identified
by TLC and radiological scanning as described elsewhere (56).

hydrolytic enzymes such as alkaline phosphatase (3 to 5%), and aryl sulfatase (5 to
13%). Aryl acylamidase activity was 1.3- to 2.5-fold higher in surface no-till soils
compared to conventional-tilled soils. This would be expected due to the greater
microbial populations and diversity associated with the accumulation of soil organic
matter in the surface of no-till soils. Maximal aryl acylamidase activity was observed
at pH 7.0 to 8.0, and activity was reduced at assay temperatures above 31°C. Thermal
inactivation has also been reported for a purified aryl acylamidase from P. fluorescens
(65).

With respect.to chloroacetamide herbicides, there is only limited evidence in the
literature for cleavage of the substituted amide bond. The fungus Chaetomium
globosum was shown to hydrolyze substituted amide bonds of alachlor (79) and
metolachlor (80). A unique cleavage of propachlor [2-chloro-N-(1-methylethyl)-N-
phenylacetamide] at the benzyl C-N bond, by a Moraxella isolate, has been
demonstrated (8/). However, little is known about this mechanism, or its distribution
among other species. Recently, two bacteria (Pseudomonas and Acientobacter)
capable of metabolizing propachlor were described (82). Both strains initially
dehalogenated propachlor to N-isopropylacetanilide. The Acientobacter strain then
hydrolyzed the amide bond, before the release of isopropylamine, and prior to ring
cleavage. The Pseudomonas strain initially transformed propachlor via N-
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dealkylation. This metabolite was then cleaved at the benzyl C-N bond as in the
Moraxella isolate described above (81).

Aryl acylamidases have been purified from several bacterial species including,
B. sphaericus (59), a coryneform-like bacterium (60), Nocardia globerula (75), P.
aeuriginosa (83), P. fluorescens (65), and P. pickettii (67). These various enzymes
have been shown to be quite diverse. Among these four genera, the aryl acylamidases
ranged in size from 52.5 kDa for the P. fluorescens enzyme, to about 127 kDa for the
coryneform and N. globerula aryl acylamidases. The P. pickettii enzyme is a
homodimer, while the other enzymes are monomers. A novel amidase from P. putida,
specific for hydrolyzing N-acetyl arylalkylamines, was purified to homogeneity (84).
This protein (MW =150 kDa) is a tetramer of four identical subunits. This enzyme
hydrolyzed various N-acetyl arylalkylamines containing a benzene or indole ring, and
acetic acid arylalkyl esters, but not acetanilide derivatives. To our knowledge, no
genes for specific pesticide-hydrolyzing aryl acylamidases have been cloned. A
multiple alignment and cluster analysis has been performed on amino acid sequences
of 21 amidases or amidohydrolases (85). A hydrophobic conserved motif [Gly-Gly-
Ser-Ser (amidase signature)] has been identified which may be important in binding
and catalysis. Amidases from prokaryotic organisms also have a conserved C-
terminal end, not found in eukaryotes. These studies also indicate similarities of
amino acid sequences among amidases, nitrilases and ureases.

Metals, i.e., Hg™, Cu™ Cd"*and Ag"”, that affect sulfhydryl groups differentially
inhibited bacterial aryl acylamidases (59, 60, 65, 83). EDTA did not inhibit the B.
sphaericus (59) and P. fluorescens (65) enzymes, but 2.5 mM EDTA inhibited the
coryneform-like aryl acylamidase by about 90% (60). An aryl acylamidase from P.
aeuriginosa required Mn"" or Mg** (83), but these cations were not required by other
enzymes mentioned above.

Initial studies of the interaction of chemical structure and microbial (Penicillium
sp.) aryl acylamidase activity were evaluated in an enzyme inducible by karsil [N-(3,4-
dichlorophenyl)-2-methylpentanamide] (64). Activity was greater with longer alkyl
amide substitution, i.e., activity was 4, 262 and 1000 units for acetanilide,
propionanilide, and butryanilide, respectively. Of the six herbicides evaluated,
propanil had the highest activity (520 units), compared to karsil (70 units), solan [N-
(3-chloro-4-methylphenyl)-2-methylpentanamide] (55  units), dicryl  [N-(3,4-
dichlorophenyl)-2-methyl-2-propenamide] (40 units), and no activity was detected
with diuron and CIPC. The hydrolysis of seven para-substituted acetanilides by three
bacterial species (Arthrobacter sp., Bacillus sp., and Pseudomonas sp.) was compared
to rate constants for alkaline-mediated hydrolysis (86). In these studies, para
substitution did not affect acetanilide hydrolysis by resting cells of these bacteria,
however alkaline-mediated hydrolysis was highly affected. These studies suggest
different intermediates and mechanisms for biotic versus abiotic transformations.

A structure-activity study evaluated acylanilide herbicide chemical structure
using model substrates and four bacterial strains [two Arthrobacter spp. (BCL and
MAB?2), a Corynebacterium sp. (DAK12), and an Acinetobacter sp. (DV1)] capable
of growth on acetanilide (87). When the nitrogen of acetanilide was alkylated (methyl
or ethyl), the compound was an unsuitable substrate for all four strains. When a para-
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methyl group was present on the acetanilide ring, activity occurred in all strains, but
was lower than acetanilide activity in DV1 and one of the Arthrobacter strains,
(MAB2). When the methyl group was in the ortho or meta position, activity similar to
that on acetanilide occurred in two strains (DAK12 and BCL), but was only about
30% of the acetanilide rate in MAB2, and undetectable in DV1. Little or no activity
in all four strains was found with dimethyl substitution in the 2 and 6 positions.
Consequently, alachlor and metolachlor (with 2 and 6 alkyl substitutents on the ring)
are more persistent in soil compared to propachlor with an unsubstituted aniline ring
(88).

The fungicide ipridione [3-(3,5-dichlorophenyl)-N-isopropyl-2,4-dioxoimidazo-
lidine-1-carboxamide] undergoes several potential amide hydrolytic reactions.
Ipridione degradation by an Arthrobacter-like strain (89) and three pseudomonads (P.
Sluorescens, P. paucimobilis, and Pseudomonas sp.) has been reported (90). Initial
cleavage of ipridione forms N-(3,5-dichlorophenyl)-2,4-dioximidazoline and
isopropylamine.  The imidazolidine ring is cleaved, forming (3,5-dichloro-
phenylurea)acetic acid, which can be further hydrolyzed to 3,5-dichloroaniline. 3,5-
Dichloroaniline is a major metabolite observed in soils where microflora have adapted
the ability for enhanced ipridione degradation (91).

Inhibition of Plant and Microbial Amidases

Propanil hydrolysis is inhibited by various carbamate and organophosphate
insecticides in plants (40, 92) and microorganisms (93). Competitive inhibition of
aryl acylamidase activity by these compounds was the basis for increased (synergistic)
injury to rice, caused when insecticides were applied to rice in close proximity to
propanil application (94). Synergistic effects of propanil with several agrochemicals:
carbaryl (1-naphthyl N-methylcarbamate); anilofos {S-[2-[(4-chlorophenyl)(1-methyl-
ethyl)-amino]-2-oxoethyl] O,0-dimethyl-phosphoro-dithioate}; pendimethalin [N-(1-
ethylpropyl)-3,-dimethyl-2,6-dinitrobenzenamine]; and piperophos {S-[2-(2-methyl-1-
piperidinyl)-2-oxoethyl]O,0-dipropyl phosphorodithioate} in propanil-resistant barn-
yardgrass were recently detected using a chlorophyll fluorescence technique (95).
Carbaryl’s synergism is due to its competitive inhibition of aryl acylamidase (40), but
the exact mechanism of the other synergists in propanil-resistant barnyardgrass is
presently unknown.

Interactions of insecticides and soil aryl acylamidase activity have also been
reported (93). When soil was treated with p-chlorophenyl methyl carbamate, propanil
hydrolysis was substantially inhibited, and subsequent formation of tetrachloro-
diazobenzene was reduced 10- to 100-fold. Carbaryl at 100 uM inhibited propanil
aryl acylamidase activity by 10 to 70% in several bacterial strains (66, 96). The
Fusarium solani propanil-aryl acylamidases were insensitive to high concentrations of
carbaryl and parathion (O,0-diethyl-O-4-nitrophenyl phosphorothioate), however the
chloroacetanilide, herbicide ramrod (N-isopropyl-2-chloroacetanilide), competitively
inhibited acetanilide hydrolysis.
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Carbamate Hydrolysis in Plants

Carbamates have a broad spectrum of pesticidal activity and include commonly used
insecticides, herbicides, nematicides (aldicarb {2-methyl-2-(methylthio)propanal O-
[(methylamino)cabonyl]oxime} and fungicides. There are three major classes of
carbamates: methyl carbamates: aldicarb, carbofuran (2,3-dihydro-2,2-dimethyl-7-
benzofuranol methylcarbamate), and carbaryl; phenylcarbamates: CIPC, IPC, and
phenmedipham; and thiocarbamates: EPTC (S-ethyl dipropyl carbamothioate),
butylate [S-ethyl bis(2-methylpropyl)carbamothioate], and vernolate (S-propyl diprop-
ylcarbamothioate). The behavior of insecticidal carbamates has been extensively
reviewed (97, 98). Studies on IPC (99) and CIPC (100, 101]) in plants indicate that
the major metabolic route is aryl hydroxylation and conjugation. Plants do not cleave
the carbamate bond of the phenylcarbamate herbicides, which is distinct from the
initial metabolism in either microorganisms or animals. The thiocarbamates such as
EPTC are metabolized in tolerant species such as corn, cotton (Gossypium hirsutum),
and soybeans via initial oxidation to the sulfoxide followed by glutathione conjugation
(102, 103). The pathway for EPTC metabolism in plants is similar to that found in
mouse liver microsomes (/04).

Carbamate Hydrolysis in Microorganisms

Microbial degradation of carbamates occurs readily in soil. Accelerated degradation
of certain carbamate insecticides has led to ineffectiveness of these compounds, e.g.,
control of phyloxera in vineyards by carbofuran (105). Bacterial isolates from several
genera (Arthrobacter, Achromobacter, Azospirillum, Bacillus, and Pseudomonas) can
hydrolyze various insecticidal carbamates (/06). Hydrolysis is the major pathway for
the initial breakdown of carbofuran, but little is known about the fate of the
metabolites formed by this mechanism (/06). Mineralization of the carbonyl group of
carbofuran occurs more extensively compared to mineralization of the ring structure
(107). The toxicity of aldicarb is greatly reduced when it is hydrolyzed to the oxime
and nitrile derivatives (/08), but oxidation of aldicarb to the sulfone or sulfoxide
yields compounds with similar or greater toxicity. Organophosphorus compounds:
paraoxon (phosphoric acid diethyl-4-nitrophenyl ester), chlorfenvinphos [phosphoric
acid 2-chloro-1-(2,-4-dichlorophenyl)ethyl diethyl ester], and disulfoton {phosphoro-
dithioic acid 0,0-diethyl S-[2-(ethylthio)ethyl]ester} which are esterase inhibitors,
suppressed carbofuran hydrolysis in soil for 3 to 21 days (/09). The persistence of
carbofuran was increased when these esterase inhibitors were combined with the
cytochrome P-450 inhibitor, piperonyl butoxide. This synergism is due to the
inhibition of both major mechanisms of carbofuran degradation, i.e., hydrolysis and
oxidation.

Some microbial aryl acylamidases [P. striata (110), B. sphaericus (59) and a
coryneform-like isolate (60)] can hydrolyze certain phenylcarbamates, e.g., CIPC and
IPC, as summarized in Table II. However, the P. striata aryl acylamidase is unable to
hydrolyze methylcarbamates such as carbaryl. Carbamate hydrolases such as the
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Arthrobacter phenmedipham-hydrolase, is specific for phenylcarbamates (//1),
whereas the Achromobacter carbofuran-hydrolase is specific for methylcarbamates
112).

A cytosolic carbamate-hydrolase has been purified from a Pseudomonas sp.
(113). This enzyme is composed of two identical dimers with a molecular weight of
85 kDa each, and is active on carbaryl, carbofuran and aldicarb as substrates (/13).
The Achromobacter carbofuran-hydrolase has been purified to homogeneity and has a
molecular weight of 150 kDa. This enzyme is either cytoplasmic or occurs in the
periplasmic space, and requires Mn*" as an activator (//4). It has no urease activity
and does not hydrolyze benzamide. The genes for the Achromobacter carbofuran-
hydrolase have been cloned, however they were poorly expressed in many gram-
negative bacteria such as E. coli, Alcaligenes eutrophus, and P. putida. This indicates
that secondary processing is required to produce a functional enzyme. The genes for
phenmedipham-hydrolase (pcd) have also been cloned and the protein purified to
homogeneity (/11). The phenmedipham-hydrolase is a monomer with a molecular
weight of 55 kDa, and contains the esterase motif (Gly-X-Ser-X-Gly). The
phenmedipham-hydrolase also has hydrolytic activity on the traditional esterase
substrate, p-nitrophenylbutyrate. The pcd gene was expressed in tobacco, and
conferred resistance to phenmedipham at rates 10-fold higher than normal field
application rates (/15). Although bacteria have been isolated that possess diverse
hydrolytic degradation mechanisms for carbaryl, few organisms are capable of
complete mineralization of the entire molecule. When a bacterial consortium (two
Pseudomonas spp.) was constructed, both hydrolysis and aromatic mineralization of
carbaryl occurred (/16).

Thiocarbamates have been developed as herbicides (butylate, EPTC and
vernolate) and fungicides. Repeated application of these compounds to soil led to the
development of microbial populations with accelerated thiocarbamate degradation
capability. Soils adapted to EPTC degradation also rapidly degraded a related
thiocarbamate, vernolate (/7). However, soils adapted to butylate did not rapidly
degrade EPTC and vernolate (//7). EPTC metabolism occurrs in many genera of
bacteria (Arthobacter, Bacillus, Flavobacterium, Pseudomonas, and Rhodococcus )
and fungi (Fusarium, Paecilomyces, Penicillium) (118). Both hydrolytic and
oxidative mechanisms have been proposed for EPTC degradation due to the fact that
dipropropylamine was found in the media of Arthrobacter and Rhodococcus strains
TE1 (1719) and BE1 (/20). Evidence from another Rhodoccoccus strain JEI1, indicates
initial hydroxylation of the propyl group of EPTC, followed by N-dealkylation,
forming propionaldehyde and N-depropyl-EPTC (/21). Cytochrome P-450s,
responsible for EPTC N-dealkylation, have been cloned from several Rhodococcus
strains (/22-124).

Hydrolysis of Organophosphate Insecticides by Plants
Organophosphate insecticides {parathion, malathion [S-1,2-bis(carbethoxy)ethyl-O-

O-dimethyl dithiophosphate], and coumaphos (O-3-chloro-4-methyl-2-oxo-2H-
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chromen-7-yl 0,0-diethyl phosphorothioate)} have replaced many of the chlorinated
insecticides, because they are more effective and less persistent. Wheat (Triticum
aestivum L.) and sorghum (Sorghum vulgare L.) rapidly degrade dimethoate [0,0-
deimethyl-S-(N-methylcarbamoylmethyl)phosphorothiolothionate] to products, which
suggests hydrolytic metabolism (725). Crude enzyme extracts from wheat germ were
able to hydrolyze malathion to dimethylphosphorothionate and dimethylphos-
phorothiolthionate (/26). Metabolism of O-ethyl O-(4-methylthio)phenyl S-propyl-
phosphorodithioate (sulprofos) was studied in cotton (/27). The major metabolites
were the sulfoxide and sulfone derivatives, indicating oxidation as a major initial
transformation. Formation of the phenol and gluocoside conjugates of sulprofos
indicates hydrolysis of the phospho-phenol bond, but enzymatic hydrolysis has not
been confirmed. However, other enzymes, such as mixed-function oxidases and
glutathione S-transferases (GST), may be equally important in the detoxification of
organophosphorus insecticides in plants (/28).

Hydrolysis of Organophosphate Insecticides by Microorganisms

The degradation of organophosphate insecticides has been studied extensively in
several gram-negative bacterial strains, especially Pseudomonas diminuta and in
Flavobacterium ATCC 27551 (129). Hydrolysis of the organophosphorus
insecticides occurs via nucleophilic addition of water across the acid anhydride bond;
thus the enzymes named parathion-hydrolases and phosphotriesterases are actually
organophosphorus acid anhydrases (/30). The parathion-hydrolase can be either
cytosolic or membrane-bound, depending upon the bacterial species.  The
Flavobacterium enzyme is membrane-bound, and is a single unit of 35 kDa, whereas
the enzyme from strain SC (gram-negative, oxidase-negative aerobic, non-motile, rod
shaped bacterium) is composed of four identical subunits, each with a molecular
weight of 67 kDa (/29). This enzyme is also a membrane-bound protein (/29). A
coumaphos-degrading Nocardia isolate, B-1 (131) produces a cytoplasmic parathion
hydrolase composed of a single 43 kDa subunit (/29). These results indicate that
enzymes possessing very diverse characteristics can have the same catalytic function.
The aryldiphosphatase gene from Nocardia strain B-1 (adp-gene) has nothing in
common with opd genes from other sources, and has most likely undergone
independent evolution (/32).

The bacterial parathion-hydrolase genes (opd) have been cloned from P.
diminuta (133, 134) and Flavobacterium ATCC 27551(135). The nucleotide
sequence for the Flavobacterium and P. diminuta opd genes are identical (134, 135).
The opd genes were poorly expressed in E. coli, and the Flavobacterium hydrolase
was a much larger protein when expressed in E. coli compared to the native
Flavobacterium hydrolase. When the hydrolase was expressed in Streptomyces
lividins, it was of similar size to that produced in Flavobacterium, but was
synthesized in larger quantities and was secreted extracellularly (/36). Production of
an extracellular hydrolase is ideal for remediation processes because detoxification
does not require bacterial uptake.
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Nitrile Hydrolysis in Plants

Nitrile groups are essential moieties in the phytotoxicology of the herbicides,
bromoxynil (3,5-dibromo-4-hydroxybenzonitrile), cyanazine {2-[[4-chloro-6-(ethyl-
amino)-1,3,5-triazin-2-ylJamino]-2-methylpropanenitrile}, and dichlobenil (2,6-di-
chlorobenzonitrile), and the fungicide chlorothalonil (2,4,5,6-tetrachloro-1,3-
benzenedicarbonitrile). Initial enzymatic hydrolysis of the nitrile group produces an
amide. The amide is subsequently converted to the carboxylic acid, which may be
decarboxylated. This metabolic pathway occurs for bromoxynil in wheat (/37) and
for cyanazine in wheat, potato (Solanum tuberosum) and maize (Zea mays L.) (138,
139).

Nitrile Hydrolysis in Microorganisms

In bacteria, the cyano group of bromoxynil can also be hydroxylated to the respective
carboxylate by several species: Fexibacterium sp. (140) and Klebsiella pneumoniae
(141). The K. pneumoniae utilizes bromoxynil as a nitrogen source, rather than a
carbon source, with 3,5-dibromo-4-hydroxybenzoate accumulating as an end-product.
Alternatively, an oxidative pathway, mediated by pentachlorophenol-hydroxylase
(flavin monooxygenase) from Flavobacterium sp. ATCC 39723 (currently classified
as a Sphingomonas), directly liberates cyanide, forming dibromohydroquinone (/42).
Formation of the hydroquinone derivative, rather than the hydroxybenzoate
derivative, renders bromoxynil more prone to complete mineralization. Klebsiella
bromoxynil-nitrilase genes (bxn) have been cloned, sequenced, and the protein
purified (/43). The bxn genes have been expressed in plants, resulting in
bromoxynil-tolerant plants (/44). Commercial application of this technology is
currently being used in cotton and potatoes to produce herbicide-resistant crops.

Role of Phosphatases and Sulfatases in Pesticide Degradation

There is limited literature available on the role of phosphatases and sulfatases in
pesticide metabolism. The insecticide endosulfan [1,2,3,4,7,7-hexachlorobicyclo
[2.2.1]-2-heptene-5,6-bisoxymethylene sulfite] is metabolized via both oxidative and
hydrolytic mechanisms in vitro by the white rot fungus, Phenerochaete
chrysosporium (145). Under both nutrient-rich and nutrient-limiting conditions,
endosulfan is metabolized to endosulfan diol. This indicates a different metabolic
route, catalyzed by a sulfatase rather than a lignin peroxidase. Other studies have
shown that endosulfan diol is also formed by hydrolytic cleavage of endosulfan by
static cultures of the fungus Trichoderma sp. (146). These observations also suggest
a role for sulfatase in fungal metabolism of endosulfan.
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Genetic Engineering of Crops for Bialaphos/Glufosinate
Resistance

Numerous phytotoxic metabolites produced by microorganisms have been isolated,
identified and tested for their potential as herbicides. Of these, bialaphos and
phosphinothricin (PPT) are the most successful. Glufosinate (ammonium salt of
phosphinothricin) and bialaphos have been developed as major commercial
herbicides (see Figure 4). These compounds are included in this discussion because
bialaphos is hydrolyzed by plant and microbial enzymes to yield the active herbicide
(PPT), and also because PPT can be enzymatically acetylated at the primary amine
moiety to yield the N-acetyl compound (non-phytotoxic) which may be acted on by
hydrolases and/or transferases to yield the active phytotoxin (Figure 4). Furthermore,
metabolism of the peptidyl compound bialaphos, and the resistance of transformed
plants to phosphinothricin, are based on the presence or absence of transaminase
and/or hydrolytic enzyme activity.

Bialaphos is a tripeptide comprised of a unique amino acid, L-2-amino-4-
[hydroxy(methyl)phosphinyl]butyric acid (PPT) linked to two L-alanyl moieties. The
compound was isolated from cultures of Streptomyces viridochromogenes (147), and
Streptomyces hygroscopicus (148). The natural form of PPT is the L-isomer (L-PPT),
and it was the first reported naturally-occurring amino acid containing a phosphinic
group. Bialaphos was initially found to have some antifungal (Botrytis cinerea) and
antibacterial activity (147, 149), thought to be attributed to L-PPT. Glutamine
reversed growth inhibition caused by bialaphos in Bacillus subtilis cultures (147).
PPT also strongly inhibited glutamine synthetase [E.C. 6.3.1.2; GS] activity in E. coli
(147). Later examination of L-PPT for phytotoxicity by Hoechst AG showed that it
possessed strong phytotoxicity, and this compound was patented as a herbicide (150).
Synthesis of the DL-PPT ammonium salt resulted in the commercial herbicidal
formulation of this active ingredient.  Bialaphos is rapidly degraded by
microorganisms in soil to PPT (/51), which is also rapidly degraded, with half-life of
4 to 7 days in soils (152, 153). In a test of 300 bacterial isolates from soil, all strains
degraded L-PPT to the 2-oxo analog of PPT via transamination (/54). Glufosinate
(PPT) is a non-selective, postemergence herbicide used for weed control in orchards
and vineyards, in chemical fallow situations, as a preharvest desiccant, as a burn-
down herbicide of cover crops and/or weeds prior to no-till planting (/55), and for
weed control in transgenic crops resistant to the herbicide (156).

Bialaphos is absorbed through plant leaves, and some translocation (of
bialaphos or its metabolites) occurs (/57). Bialaphos is metabolized in plants soon
after absorption to yield PPT. Bialaphos does not inhibit GS, but is rapidly
metabolized by peptidases in plant tissues yielding PPT (157, 158). The D-isomer of
PPT is not a GS inhibitor (159), has no herbicidal activity (/56), and is not acetylated
in transgenic plants, which have been transformed with resistance to L-PPT (160).
There is also a lack of degradative metabolism of L-PPT in non-transformed plants,
but there is rapid conversion to the acetylated product in plants genetically altered for
PPT resistance.
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Biotechnological approaches have been utilized in studies on the biochemistry
of PPT in microorganisms and plants. The biosynthetic pathway of bialaphos has
been completely elucidated using various techniques (/61). Beginning with
precursors containing three carbon atoms, bialaphos is produced in a complex series
of over a dozen steps (/167). One step involves an acetyl CoA-dependent reaction that
modifies either demethyl-PPT or PPT. The bar gene is responsible for resistance to
bialaphos in S. hygroscopicus, and encodes for the acetyl transferase, which converts
PPT to an acetylated non-phytotoxic metabolite (/62). Although this acetyl
transferase is not classified as a hydrolytic enzyme per se, it does form an amide bond
that could therefore be susceptible to hydrolytic and/or transferase activity. As
pointed out previously, deacetylases have been studied in plants, microorganisms, as
well as in mammalian systems, and nitroacetanilide substrates have been utilized to
facilitate assaying their activities (/63). Such plant or microbial enzymes could act
on N-acetyl-PPT to release the phytotoxic compound, PPT.

Over the past several years, many vegetable and cereal crop species have been
transformed with genes imparting resistance to PPT. Cloning of a PPT-resistant gene
(bar) from S. hygroscopicus (164) and the transformation of PPT-resistant plants has
been accomplished (/65). A similar gene (par) from S. viridochromogenes Tii 494,
with the same function, was simultaneously isolated and has also been introduced into
various plant species (160, 166, 167). Presently, more than 20 crop plant species
have been transformed for resistance to PPT in this manner. Some of these
genetically altered plants are resistant to PPT at rates as high as 4 kg ha' (ca.10 times
the lowest normal field application rate) (/64). This indicates a high degree of
incorporation of acetyl transferase expression.

The previously known anti-fungal activity of bialaphos and glufosinate was
recently assessed on three pathogens (Rhizoctonia solani, Sclerotinia homoeocarpa,
and Pythium aphanidermatum) in vitro and in vivo on PPT-resistant transgenic
creeping bentgrass (Agrostis palustris), an important turfgrass (/68). Results
indicated that bialaphos can simultaneously control weeds and fungal pathogens in
this transgenic grass. Furthermore, bialaphos has antibiotic activity against R. solani
Kiihn that causes rice sheath blight (169), and Magnaporthe grisea (Herbert) Barr
(148) that causes rice blast disease. Substantial suppression of sheath blight
symptoms was reported when bialaphos was applied to transgenic plants which had
been infected with R. solani prior to herbicide treatment (/70). Inoculated transgenic
rice plants [bialaphos-resistant (bar) gene] had reduced lesions and other symptoms
of rice blast disease after bialaphos treatment (/71). It is assumed that these
pathogens are controlled by bialaphos and PPT, because the microbes lack the ability
to rapidly metabolize the compounds to non-fungitoxic products. Thus, it appears
possible to control some serious diseases by using bar-transgenic rice cultivars and
bialaphos for weed and disease control. Glufosinate has also been successfully used
to control the weed red rice (a conspecific weed of cultivated rice) in bar-transformed
rice (172).

Bialaphos and PPT are unique among commercial herbicides in that they have
both potent antibiotic and herbicidal properties. This dual strategy will no doubt be
utilized more widely with the increasing availability of PPT-resistant crops.
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Summary and Conclusions

Generally, our understanding of microbial hydrolytic enzymes has been greatly
increased during the past decade, but information on plant hydrolytic enzymes is not
as advanced. Although advances have been made, most of the information on
microbial hydrolytic enzymes, has not been focused directly on pesticide metabolism.
Many hydrolytic enzymes have been reported to have multiple activities (amidase,
esterase, transferase), but most have not been examined for multiplicity, especially
with regard to the metabolism of pesticides. Also the knowledge about the precise
physiological role of these hydrolytic enzymes is insufficient. Moreover, information
is needed on enzyme mechanisms and regulation of enzyme activity. Many enzyme
active sites or receptor sites recognize only one sterochemical geometry. Thus,
understanding enzyme multiplicity, physiological role, mechanism, and regulation,
may lead to the development of more specific regulators (e.g., inhibitors, activators),
so that more specific and efficacious pesticidal compounds can be developed using a
biorational design. The use of techniques such as protein engineering may provide
additional insight on the relationship of protein structure and substrate specificities of
hydrolytic enzymes in plants and microorganisms.

Many industrial synthetic processes produce racemic mixtures, in which only
one enantiomer is biologically active. Hydrolytic enzymes have high potential value
in the development of bioprocesses for production of compounds useful to agriculture
and other industries. Enzymes have the unique ability to facilitate stereospecific
transformations and thus, biosynthetic approaches may be more effective in some
industrial syntheses.  The cloning of an Arthrobacter esterase gene that
stereospecifically produces (+) t-chrysanthemic acid, utilized in the synthesis of
pyrethroid insecticides, is one example demonstrating this biotechnological strategy.
This enzyme occurs in low amounts in this bacterium, however cloning and over-
expression could permit industrial-scale preparation. Certain hydrolytic enzymes are
also being considered for remediation of contaminants, e.g., nitrilases for solvents
such as acetonitrile (/73), amidases for acrylamides (/74), and atrazine [6-chloro-N-
ethyl-N-(1-methylethyl)-1,3,5-triazine-2,4-diamine]  chlorohydrolase, to degrade
atrazine (see chapter by Sadowsky and Wackett in this volume).

As we have discussed, crop engineering for resistance to herbicides, based upon
microbial hydrolytic enzymes, is a commercial success for bialaphos and
phosphinothricin. Future herbicide technologies may utilize other unique microbial
hydrolytic enzymes that can be developed for engineering crop resistance to other
herbicides. Other novel pesticides (fungicides, insecticides and herbicides) may also
be designed as potent inhibitors of hydrolytic enzymes, or that would be activated or
detoxified by specific plant or microbial hydrolytic enzymes.

References

Veerabhadrappa, P.S.; Montgomery, M. W. Phytochemistry 1971, 10, 1171-
1174.

In Pesticide Biotransformation in Plants and Microorganisms; Hall, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by UNIV OF GUELPH LIBRARY on September 17, 2012 | http://pubs.acs.org

Publication Date: December 1, 2000 | doi: 10.1021/bk-2001-0777.ch004

82

N

10.
1.
12.
13.
14.
15.

16.
17.
18.
19.

20.
21.

22.

23.

24.
25.
26.
217.

28.

Incledon, B. J.; Hall, J. C. In Regulation of Enzymatic Systems Detoxifying
Xenobiotics in Plants; Hatzios, K K., Ed.; Kluwer Academic Press, The
Netherlands, 1997; pp 67-82.

Bordenave, M.; Goldberg, R. Huet, J. C.; Pernollet, J. C. Phytochemistry 1995,
38, 315-319

Yaacoby, T.; Hall, J. C.; Stephenson, G. R. Pestic. Biochem. Physiol. 1991, 41,
296-304.

Jacobson, A.; Shimabukuro, R. H. J. Agric. Food Chem. 1984, 32, 742-746.
Brown, H. M.; Fuesler, T. P.; Ray, T. B.; Strachan, S. B. Proc. 7" Intl. Congr.
Pestic. Chem., VCH Verlagsgesellschaft, Weinheim, Germany 1991, /, 257-
266.

Brown, H. M.; Neighbors, S. M. Pestic. Biochem. Physiol. 1987, 29, 112-120.
Rusness, D. G.; Huwe, J. K.; Lamoureux, G. L. Pestic. Biochem.Physiol., 1998,
61, 115-133.

Crafts, A.S. J. Agric. Food Chem. 1953, 1, 51-55.

Morré, D. J.; Rogers B. J. Weeds 1960, 8, 436-447.

Crafts, A. S. Weeds 1960, 8, 19-25.

Bates, A. N.; Spencer, D. M.; Wain, R. L. Ann. Appl. Biol. 1962, 50, 21-32.
Kloppenburg, D. J.; Hall, J. C. Weed Res. 1990, 30, 9-20.

Kloppenburg, D. J.; Hall, J. C. Weed Res. 1990, 30, 431-438.

Duke, S.0.; Kenyon, W. H. In Herbicides: Chemistry, Degradation and Mode
of Action; Kearney, P. C.; Kaufman, D.D., Eds.; Marcel Dekker, Inc.; New
York, NY, 1988, pp 71-116.

Fedtke, C; Schmidt, R.R. Weed Res. 19717, 17, 233-239.

Hill, B. D.; Stobbe, E. H.; Jones, B. L. Weed Res. 1978, 18, 149-154.
Gorecka, K.; Shimabukuro, R. H.; Walsh, W. C. Physiol. Plant. 1981, 53, 55-
63.

Tal, A.; Romano, M. L.; Stephenson, G. R.; Schwan, A. L.; Hall, J. C. Pestic.
Biochem. Physiol. 1993, 46, 190-199.

Teresiak, H.; Street, J. E. Proc. South. Weed Sci. Soc. 1994, 47, 21-22.
Hoagland, R. E.; Zablotowicz, R. M.; Street, J. E. 2 Internal. Weed Contr.
Congr. Proc., Vol. 111, 1996, 819-826.

Frear, D.S. In Herbicides: Chemistry, Degradation, and Mode of Action;
Kearney, P.C. and Kaufman, D.D., Eds.; Marcel Dekker, Inc.: New York, NY,
1975; Vol. 2, pp 541-607.

Kocher, H.; Kellner, HM.; Létzsch, K.; Dorn, E.; Wink, O. Proc. Br. Crop
Prot. Conf. Weeds. 1982, 1, 341-347.

Smith, A.E.; Aubin, A.J. Can. J. Soil Sci. 1990, 70, 343-350.

Gaynor, J. D. Soil Biol. Biochem. 1992, 35, 29-32.

Wink, O.; Luley, U. Pestic. Sci. 1988, 22, 31-40.

Zablotowicz, R. M.; Hoagland, R.E.; Staddon, W. J.; Locke, M.A. J. Agric.
Food Chem. 2000, In press.

Gennari, M.; Vincenti, M.; Negre, M.; Ambrosoli, R. Pestic. Sci. 1995, 44, 299-
303.

In Pesticide Biotransformation in Plants and Microorganisms; Hall, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by UNIV OF GUELPH LIBRARY on September 17, 2012 | http://pubs.acs.org

Publication Date: December 1, 2000 | doi: 10.1021/bk-2001-0777.ch004

35.

36.
37.

38.

39.

40.
41.

42.
43.

45.
46.
47.

48.
49.

50.

S1.
52.

53.

54.
55.

83

Hoagland, R. E.; Zablotowicz, R.M. J. Agric. Food Chem. 1998, 45, 4759-
4765.

Choi, K. D.; Jeohn, G. H.; Rhee, J. S.; Yoo, O. J. Agric. Biol. Chem. 1990, 54,
2039-2045.

DeVries, R.P.; Michelsen, B.; Poulsen, C.H., Kroon, P.A.; van den Heuvel, R.
H.; Faulds, C. B.; Williamson, G.; van den Hombergh, J. P.; Visser, J. Appl.
Environ. Microbiol. 1997, 63, 4638-4644.

Politino, M.; Tonzi, S. M.; Burnett, W. V.; Romancik, G.; Usher, J. J. Appl.
Environ. Microbiol. 1997, 63, 4807-4811.

Nishizawa, M.; Shimazu, M. Ohakawa, H.; Kanaoka, M. Appl. Environ.
Microbiol. 1995, 61, 3208-3215.

McKay, D.B.; Jennings, M. P.; Godfrey, E. A.; MacRae, I. C.; Rogers, P. I.;
Beachan, 1. R. J. Gen. Microbiol. 1992, 138, 701-708.

Khalameyzer, V.; Fischer, L.; Bornscheuer, U. T.; Altenbuchner, J. Appl.
Environ. Microbiol. 1999, 65, 477-482.

Brenner, S. Nature 1988, 334, 528-530.

Cygler, M.; Grochulski, P.; Schrag, J. B. Can. J. Microbiol. 1995, 41 (Suppl 1),
289-296.

Feng, P. C. C; Ruff, T. G.; Wangwala, S. H.; Rao, S. R. Pestic. Sci. 1998, 59,
89-103.

Neidert, K.; Van Epps, L.; Welch, W. Pestic. Biochem. Physiol. 1985, 23, 221-
227.

Frear, D. S.; Still, G. G. Phytochemistry 1968, 7, 913-920.

Adachi, M.; Tonegawa, K.; Ueshima, T. Noyaku Seisen Gijutsu 1966, 14, 19-
22.

Hoagland, R. E.; Graf, G. Weed Sci. 1972, 20, 303-305.

Hoagland, R. E.; Graf, G.; Handel, E. D. Weed Res. 1974, 14, 371-374.
Hoagland, R. E.; Graf, G. Phytochemistry 1972, 11, 521-527.

Hoagland, R. E. Phytochemistry 1975, 14, 383-386.

Hoagland, R. E. Plant Cell Physiol. 1978, 19, 1019-1027.

Smith, Jr., R. J.; Flinchum, W.T.; Searman, D. E. U.S. Dept. of Agric., Agric.
Handbook No. 497, 19717, 78pp.

Jun, D. J.; Matsunaka, S. Pestic. Biochem. Physiol. 1990, 38, 26-33.

Carey, V. F. III; Hoagland, R. E.; Talbert, R.E. Weed Technol. 1995, 9, 366-
372.

Carey, V. F. III; Duke, S.0.; Hoagland, R. E.; Talbert, R.E. Pestic. Biochem.
Physiol. 1995, 52, 182-189.

Carey, V. F. III; Hoagland, R. E.; Talbert, R.E. Pestic. Sci. 1997, 49, 333-338.
Leah, J.N.; Caseley, J. C.; Riches, C. R.; Valverde, B. Pestic. Sci. 1994, 42,
281-289.

Oyamanda, M.; Tanaka, T.; Takasawa, Y.; Takematsu, T. J. Pestic. Sci. 1986,
11, 197-203.

Akatsuka, T. Weed Res. (Japan) 1979, 24, 55-63.

Walden, A.R.; Walter, C.; and Gardner, R. C. Gene Bank Protein Query
Accesion # AAD04946.

In Pesticide Biotransformation in Plants and Microorganisms; Hall, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by UNIV OF GUELPH LIBRARY on September 17, 2012 | http://pubs.acs.org

Publication Date: December 1, 2000 | doi: 10.1021/bk-2001-0777.ch004

56.

57.
58.
59.
60.

61.

62.
63.

64.
65.

66.

67.
68.
69.
70.
71.
72.
73.
74.

75.
76.
77.
78.
79.
80.
81.
82.

83.
84.

85.

86.

Hoagland, R. E.; Zablotowicz, R. M.; Locke, M. A. In Bioremediation Through
Rhizosphere Technology; Anderson, T.A., Coats, J.R. Eds.; ACS Symp. Ser.
563, Amer. Chem. Soc. Washington DC, 1994, pp 160-179.

Wright, S. J. L.; Maule, A. Pestic. Sci. 1982, 13, 253-256.

Pelsey, F.; Leroux, P.; Helsot, H. Pestic. Biochem. Physiol. 1987, 27, 182-188.
Englehardt, G.; Wallnéfer, P. R.; Plapp, R. Appl. Microbiol. 1973, 26, 709-718.
Mochida, K.; Nakamura, T.; Li, W.X.; Ozoe, Y. J. Pestic. Sci. 1993, 18, 211-
216.

Reichel, H.; Sisler, H. D.; Kaufman, D. D. Pestic. Biochem. Physiol. 1991, 39,
240-250.

Lanzillotta, R. P.; Pramer, D. Appl. Microbiol. 1970, 19, 307-313.

Wright, S. J. L.; Staintrope, A. F.; Downs, J. D. Acta Phytopathol. Hung. 19717,
12, 51-70.

Shabari, N. E. D.; Bordeleaux, L. M. Appl. Microbiol. 1969, 18, 369-375.
Hammond, M.; Price, C. P.; Scaven, M. D. Eur. J. Biochem. 1983, 132, 651-
655.

Hoagland, R. E.; Zablotowicz, R. M. Pestic. Biochem. Physiol. 1995, 52, 190-
200.

Hirase, K.; Matsunaka, S. Pestic. Biochem. Physiol. 1991, 39, 302-308.
Kearney, P. C.; Kaufman, D. D. Science 1965, 147, 740-741.

Blake, J.; Kaufman, D.D. Pestic. Biochem. Physiol. 1975, 5, 305-313.

Berger, B. M. Pestic. Biochem. Physiol. 1998, 60, 71-82.

Cullington, J. E.; Walker, A. Soil Biol. Biochem. 1999, 31, 677-686.

Bartha, R.; Pramer, B. Science 1967, 156, 1617-1618.

Bartha, R. J. Agric. Food Chem. 1968, 16, 602-604.

Zablotowicz, R.M.; Locke, M. A.; Hoagland, R. E.; Knight, S. S.; Cash, B.
Environ. Toxicol., 2000, In press.

Yoshioka, H.; Nagasawa, T.; Yamada, H. Eur. J. Biochem. 1991, 199, 17-24.
Alt, J.; Heymann, E.; Krisch, K. Eur. J. Biochem. 1975, 53, 357-369.
Fournand, D.; Bigey, F.; Arnaud, A. Appl. Environ. Microbiol. 1998, 64, 2844-
2852.

Zablotowicz, R.M.; Hoagland, R.E.; Wagner, S.C. Soil. Biol. Biochem. 1998,
30, 679-686.

Tiedje, J. M., Hagedorn, M. L. J. Agric. Food Chem. 1975, 23, 77-81.
McGabhen, L. L.; Tiedje, J. M. J. Agric. Food Chem. 1978, 26, 414-416.
Villareal, D. T., Turco, R. F.; Konopka, A. Appl. Environ. Microbiol. 1991, 57,
2135-2140.

Martin, M.; Menes, G.; Allende, J. L.; Fernandez, J.; Alonso, R.; Ferrer, E.
Appl. Environ. Microbiol. 1999, 65, 802-806.

Riley, P. S.; Behal, F. J. J. Bacteriol. 1971, 108, 809-816.

Shimizu, S.; Ogawa, J.; Chung, M. C. Yamada, H. Eur. J. Biochem. 1992, 209,
375-382.

Chebrou, H.; Bigey, F.; Arnaud, A.; Galzy, P. Biochem. Biophys. Acta 1996,
1298, 285-293.

Sorci, J.J.; Macalady, D.L. J. Agric. Food Chem. 1993, 41, 1760-1766.

In Pesticide Biotransformation in Plants and Microorganisms; Hall, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by UNIV OF GUELPH LIBRARY on September 17, 2012 | http://pubs.acs.org

Publication Date: December 1, 2000 | doi: 10.1021/bk-2001-0777.ch004

87.

88.
89.

90.
91.
92.
93.

94.
95.
96.
97.
98.
99.

100.
101.
102.
103.
104.

105.

106.

107.

108.

109.
110.
111.
112.

113.
114.
115.

116.
117.

118.
119.

85

Villarreal, D. T.; Turco, R. F.; Konopka, A. Appl. Environ. Microbiol. 1994,
60, 3939-3944.

Walker, A.; Brown, P.A. Bull. Environ. Contam. Toxicol. 1985, 34, 143-149.
Athiel, P.; Alfizar; Mercadier, C.; Vega, D.; Bastide, J.; Davet, P.; Brunel, B.;
Cleyet-Marel, J.-C. Appl. Environ. Microbiol. 1995, 61, 3216-3220.
Mercadier, C.; Vega, D., Bastide, J. FEMS Microbiol. Ecol. 1997, 23, 207-215.
Walker, A. Pestic. Sci. 1987, 21, 219-231.

Matsunaka, S. Science 1968, 160, 1360-1361.

Kaufman, D. D.; Blake, J.; Miller, D. E. J. Agric. Food Chem. 1971, 19, 204-
206.

Bowling, C. C.; Hudgins, H. R. Weeds 1966, 14, 94-95.

Norsworthy, J.K.; Talbert, R. E.; Hoagland, R. E. Weed Sci. 1999, 47, 13-19.
Hirase, K.; Matsunaka, S. Proc. Br. Crop Prot. Conf. - Weeds 1989, 9, 419-426.
Schlagbauer, A.W.J.; Schlagbauer, B.G.L. Residue Rev. 1972, 42, 1-84.
Schlagbauer, B.G. L.; Schlagbauer, A. W. J. Residue Rev. 1972, 42, 85-90.
Dyer, E.; Wright, G. C. J. Amer. Chem. Soc. 1959, 81, 2138-2143.

Still, G.G.; Mansager, E. R. Phytochemistry 1972, 11, 515-520.

Still, G.G.; Mansager, E. R. Pestic. Biochem. Physiol. 1973, 3, 87-95.
Lamoureux, G.L., Rusness, D.G. J. Agric. Food Chem. 1987, 35, 1-7.

Lay, M.-M.; Casida, J. E. Pestic. Biochem. Physiol. 1976, 6, 442-456.

Casida, J. E., Kimmel, E. C.; Ohkawa, H.; Ohkawa, R. Pestic. Biochem.
Physiol. 1975, 5, 1-11.

Williams, L. H.; Pepsin, H.S.; Brown, M. J. Bull. Environ. Contam. Toxicol.
1976 14, 244-249.

Mateen, A.; Chapalamadugu, S.; Kaskar, B.; Bhatti, A.R.; Chaudhry, G. R. In
Biological Degradation and Bioremediation of Toxic Chemicals, Chaudhry, G.
R. Ed.; Dioscorides Press, Portland, OR, 1994, pp 198-233.

Parkin, T. B., Shelton, D. R.; Robinson, J. A. J. Environ. Qual. 1991, 20, 763-
769.

Goldman, L. R.; Beller, M.; Jackson, R. J. Arch. Environ. Health 1990, 45,
141-147.

Talebi, K.; Walker, C. H. Pestic. Sci. 1994, 42, 37-42.

Kearney, P.C. J. Agric. Food Chem. 1965, 13, 561-564.

Pohlenz, H.-D.; Boidol, W.; Schuttke, 1. J. Bacteriol. 1992, 74, 6600-6607.
Derbyshire, M. K.; Karns, J. S.; Kearney, P. C.; Nelson, J. O. J. Agric. Food
Chem. 1987, 35, 871-877.

Mulbry, W.W.; Eaton, R.W. Appl. Environ. Microbiol. 1991, 57, 3679-3682.
Karns, J.S.; Tomasek, P. H. J. Agric. Food Chem. 1991, 39, 1004-1008.
Streber, W. R.; Kutschka, U.; Thomas, F. Pohlenz, H. D. Plant Mol. Biol. 1994,
25, 977-987.

Chapalamadugu, S.; Chaudhry, G. R. Appl. Environ. Microbiol. 1991, 57, 744-
750.

Wilson, R.G. Weed Sci. 1984, 32, 264-268.

Lee, A. Soil Biol. Biochem. 1984, 16, 529-531.

Behki, R. M.; Khan, S.U. Chemosphere 1991, 21, 1457-1462.

In Pesticide Biotransformation in Plants and Microorganisms; Hall, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by UNIV OF GUELPH LIBRARY on September 17, 2012 | http://pubs.acs.org

Publication Date: December 1, 2000 | doi: 10.1021/bk-2001-0777.ch004

120.

121.

122.

123.
124.
125.
126.
127.

128.

129.
130.

131.
132.
133.
134.

135.
136.

137.
138.
139.
140.
141.

142,
143.
144.
145.

146.
147.

McClung, G.; Dick, W. A.; Karns, J. S. J. Agric. Food Chem. 1994, 42, 2926-
2931.

Dick, W. A.; Ankumah, R.A.; McClung, G, Abou-Assaf, N. In Enhanced
Biodegradation of Pesticides in the Environment, Racke, K. D.; Coats, J. R.
Eds.; ACS Symp. Ser. No. 426, Amer. Chem. Soc. Washington, DC, 1990, pp
98-112.

Nagy, I.; Compernolle, F.; Ghys, K.; Vanderlyden , J.; DeMot, R. Appl.
Environ. Microbiol. 1995, 61, 2056-2060.

Shao, Z. Q.; Behki, R. M. Appl. Environ. Microbiol. 1995, 61, 2061-2065.
Shao, Z. Q.; Behki, R. M. Appl. Environ. Microbiol. 1996, 62, 403-307.
Rowlands, D. G. J. Sci. Food Agric. 1965, 16, 325-330.

Rowlands, D. G. J. Sci. Food Agric. 1966, 17, 90-93.

Bull, D. L.; Whitten, C. J.; Ivie, G. W. J. Agric. Food Chem. 1976, 24, 601-
605.

Lamoureaux, G. L.; Frear, D.S. In Xenobiotic Metabolism: In Vitro Methods,
Paulson, G. D.; Frear, D. S.; Marks, E. P., Eds.; ACS Symp. Ser. No. 97, Amer.
Chem. Soc., Washington, DC., 1979, pp 77-128.

Mulbry, W.W.; Karns, J.S. Appl. Environ. Microbiol. 1989, 55, 289-293.
Lewis, V. E.; Donarski, W. J.; Wild, J. R.; Raushel, F.M. Biochemistry 1988,
27, 1591-1597.

Shelton, D. R.; Somich, C. J. Appl. Environ. Microbiol. 1988, 54, 2566-2571.
Mulbry, W. W. Gene, 1992, 12, 149-153.

McDaniel, C.S.; Harper, L.L.; Wild, J.R. J. Bacteriol. 1988, 170, 2306-2311.
Chaudhry, G.R.; Ali, A. N.; Wheeler, W. B. Appl. Environ. Microbiol. 1988,
54, 288-293.

Mulbry, W.W.; Karns, J.S. J. Bacteriol. 1989, 171, 6740-6746.

Steiert, J. G.; Pogell, B. M.; Speedie, M. K.; Laredo, J. Bio/Technology 1989, 7,
65-68.

Buckland, J.L.; Collins, R.F.; Pullin, E.M. Pestic. Sci. 1973, 4, 149-162.
Benyon, K.I; Stoydin, G.; Wright, A.N. Pestic. Sci. 1972, 3, 293-305.
Benyon, K.I; Stoydin, G.; Wright, A.N. Pestic. Sci. 1972, 3, 379-387.
Cullimore, D. R.; Kohoup, M. Can. J. Microbiol. 1974, 20, 1449-1452.
McBride, K.E.; Kenny, J. W.; Stalker, D. N. Appl. Environ. Microbiol. 1986,
52, 325-330.

Topp, E.; Xun, L.; Orser, C. S. Appl. Environ. Microbiol. 1992, 58, 502-
507.135.

Stalker, D.M.; Malyj, L. B.; McBride, K. E.; J. Biol. Chem. 1988, 263, 6310-
6314.

Stalker, D.M.; McBride, K. E.; Malyj, L. B. Science 1988, 242, 419-423.
Kullman, S.W.; Matsumura, F. Appl. Environ. Microbiol. 1996, 62, 593-600.
Katayama, A.; Matsumura, F. Environ. Toxicol. Chem. 1993, 12, 1059-1065.
Bayer, E.; Gugel, K. H.; Higele, K.; Hagenmaier, H ; Jessipow, S.; Konig, W.
A.; Zshner, H. Helv. Chim. Acta 1972, 55, 224-239.

In Pesticide Biotransformation in Plants and Microorganisms; Hall, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by UNIV OF GUELPH LIBRARY on September 17, 2012 | http://pubs.acs.org

Publication Date: December 1, 2000 | doi: 10.1021/bk-2001-0777.ch004

148.

149.

150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.
161.
162.

163.
164.

165.

166.

167.

168.

169.

170.

171.

87

Kondo, Y.; Shomura, T.; Ogawa, Y.; Tsuruoka, T.; Watanabe, H.; Totsukawa,
K.; Suzuki, T.; Moriya, C.; Yoshida, J. Sci. Rept. Meiji Seika Kaisha 1973, 13,
34-44,

Niida, T.; Inouye, S.; Tsuruoka, T.; Shomura, T.; Kondo, Y.; Ogawa, Y.;
Watanabe, H.; Sekizawa, Y.; Watanabe, T.; Igarashi, H. Germ. Offen. DE 2 236
599, 1973.

Rupp, W.; Finke, M.; Bieringer, H.; Langelueddeke, P. Germ. Offen. DE 2 717
440, 1977.

Tachibana, K.; Watanabe, T.; Sekizawa, Y.; Takematsu, T. J. Pestic. Sci. 1986,
11,27-31.

Gallina, M. A.; Stephenson, G. R. J. Agric. Food Chem. 1992, 40,165-168.
Smith, A.E. J. Agric. Food Chem. 1988, 36, 393-397.

Bartsch, K.; Tebbe, C. Appl. Environ. Microbiol. 1989, 55, 711-716.
American Hoechst Corp. 1982, HOE-00661 Technical Information Bulletin.
AMF 2464. Somerville, NJ.

Vasil, LK. In Herbicide-Resistant Crops; Duke, S.0., Ed.; CRC Press: Boca
Raton, FL, 1996; pp 85-91.

Tachibana, K. Pestic. Sci. Biotechnol. Proc., 6th (1986) Internatl. Congr.
Pestic. Chem., 1987,145-148.

Wild, A,; Ziegler, C. Z. Naturforsch. 1989, 44c, 97-102.

Manderscheid, R.; Wild, A. J. Plant Physiol. 1986, 123, 135-142.

Droge, W.; Broer, I ; Piihler, A. Planta 1992, 187, 142-151.

Murakami, T.; Anzai, H.; Imai, S.; Satoh, A.; Nagaska, K.; Thompson, C. J.
Mol. Gen. Genet. 1986, 205, 42-50.

Kumada, Y.; Anzai, H.; Takano, E.; Murakami, T.; Hara, O.; Itoh, R.; Imai, S.;
Satoh, A.; Nagoaka, K. J. Antibiot. 1988, 41,1839-1845.

Hoagland, R. E.; Graf, G. Enzymologia 1971, 41, 313-319.

Thompson, C. J.; Movva, N. R.; Tigard, R.; Crameri, R.; Davies, J. E.;
Lauwereys, S. M.; Botterman, J. EMBO J. 1987, 6, 2519-2523.

DeBlock, M.; Botterman, J.; Vanderwiele, M ; Dockz, J.; Thoen, C.; Gossele,
V.; Movva, N. R.; Thompson, C.; van Montagu, J.; Leemans, J. EMBO J.
1987, 6, 2513-2518.

Broer, I'; Arnold, W.; Wohlleben, W.; Piihler, A. In Proc. Braunschweig Symp.
Applied Plant Molecular Biol., Galling: Braunschweig; Germany, 1989; p 240.
Wohlleben, W.; Arnold, W.; Broer, I.; Hillemann, D.; Strauch, E.; Piihler, A.
Gene 1988, 70, 25-37.

Liu, C. A.; Zhong, H.; Vargas, J.; Penner, D.; Sticklen, M. Weed Sci. 1998, 46,
139-146.

DeDatta, S. K. Principles and Practices of Rice Production; Wiley
International: New York, NY, 1981.

Uchimiya, H.; Iwata, M.; Nojiri, C.; Samarajeewa, P.K.; Takamatsu, S.; Ooba,
S.; Anzai, H.; Christensen, A.H.; Quail, P.H.; Toki, S. Bio/Technology 1993,
11, 835-836.

Tada, T.; Kanzaki, H.; Norita, E.; Uchimiya, H.; Nakamura, I. Molec. Plant-
Microbe Interact. 1996, 9, 762-764.

In Pesticide Biotransformation in Plants and Microorganisms; Hall, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by UNIV OF GUELPH LIBRARY on September 17, 2012 | http://pubs.acs.org

Publication Date: December 1, 2000 | doi: 10.1021/bk-2001-0777.ch004

88

172.

173.

174.

Sankula, S.; Braverman, M. P.; Jodari, F.; Linscombe, S. D.; Oard, J. H. Weed
Technol. 1997, 11, 70-75.

Babu, G. R.; Wolfram, J. H.; Marian, J. M.; Chapatwala, K. D. Appl. Microbiol.
Biotechnol. 1995, 43, 739-745.

Nawaz, M. S.; Khan, A. A.; Seng, J. E.; Leakey, J. E.; Siitonen, P. H.;
Cerniglia, C. E. Appl. Environ. Microbiol. 1994, 60, 3343-3348.

In Pesticide Biotransformation in Plants and Microorganisms; Hall, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by NORTH CAROLINA STATE UNIV on September 17, 2012 | http://pubs.acs.org
Publication Date: December 1, 2000 | doi: 10.1021/bk-2001-0777.ch005

Chapter 5

Biochemical Conjugation of Pesticides in
Plants and Microorganisms: An Overview of
Similarities and Divergences

J. Christopher Hall, J. Sue Wickenden, Kerrm Y. F. Yau

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

Metabolic systems protect organisms from toxic substances.
Conjugation reactions, found in fungi, bacteria and plants, not only
detoxify metabolic wastes, but also form structural molecules and
act to regulate hormone action. Conjugation has been defined by
Dorough (1976) as a metabolic process whereby endogenous and
exogenous chemicals are converted to polar components
facilitating their removal from site(s) of continuing metabolism.
However, pesticide conjugates are not always made more polar
e.g., 2,4-D-leucine in soybean (Glycine max) and methylated
arsenic and mercuric compounds in microbes are less polar.
Generally, enzymes involved in conjugation are not substrate-
specific, i.e., they detoxify both exogenous and endogenous
compounds. There are many differences among the types of
conjugates found in plants and soil microbes (fungi, bacteria). In
plants, sugar and amino acid conjugates are formed, whereas, in
nutrient-limited seil microbes, sugars and amino acids are rarely
available for conjugation. Microbes use different endogenous
substrates produced from continuing metabolism, e.g. methyl and
acyl conjugates from methanogenesis. Conjugation reactions also
confer herbicide selectivity in plants. These conjugates may be
moved into the vacuole and/or incorporated in the cell wall
matrix/vascular tissue. Fate of pesticides in soil may also be
affected by conjugation. Conjugates may be immobilized
becoming biologically unavailable, or made more recalcitrant and
lipophilic and accumulate in the food chain.
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Introduction

Currently, there are over 900 pesticide products, including herbicides,
insecticides and fungicides, with over 600 active ingredients. Despite the
improvements in selectivity and precision application techniques, it is estimated that
as little as 0.1 to 5% of a herbicide may reach its target weed and 0.003% of an
insecticide may be consumed by the target pest (/). Considering the smaller size of
fungal targets, the amount of fungicide reaching them will be proportionally even
smaller (2).

Conjugation is one of the most important detoxification mechanisms found in
living organisms. Dorough (3) defined conjugation as a metabolic process whereby
endogenous and exogenous chemicals are converted to polar components to facilitate
their removal from the site(s) of continuing metabolic processes. Conjugation
reactions found in most plants fulfill this definition. Exogenous xenobiotics are
detoxified by the addition of a natural substance that is present inside the plant cells
(i.e. endogenous). The reaction changes the chemical properties of the xenobiotic
and renders it unavailable to the primary metabolism of the plant. Addition of
either a sugar, an amino acid or a glutathione moiety to the xenobiotic results in a
conjugate with a higher molecular weight that is more water-soluble, less mobile,
and is usually more susceptible to further processing in the plant, all of which makes
it unreactive towards the target site. However, there are also conjugates that are less
polar than the parent compound that remain phytotoxic.

Some microbially derived conjugates of pesticides, however, have different
chemical properties than their counterparts in plants. Conjugation reactions occur
in fungi and bacteria as one of their many detoxification mechanisms. In this
chapter, we compare the different conjugation reactions of pesticides in plants,
fungi, and bacteria, and attempt to extend the definition of conjugation to cover this
process in all these organisms. We propose that conjugation of a pesticide should be
extended to include those metabolic processes in which a product from natural
metabolism is incorporated into a pesticide or its metabolite to facilitate the
compartmentalization, sequestration, detoxification and/or mineralization of the
compound. Furthermore, we propose that conjugation also occurs outside the
microorganism when enzymes and/or substrates from the organism are available.

There are several similarities between conjugation reactions in plants and
microorganisms. In both groups of organisms, conjugation is a metabolic process
that uses existing enzymatic machinery to detoxify xenobiotics; new enzymes are not
synthesized. This type of metabolism is called co-metabolism. Natural substrates
are converted to provide energy and/or a carbon source for primary metabolism, and
simultaneously the xenobiotics are transformed into other compounds (4). The latter
transformations do not provide nutrients or energy to the living organisms, however,
the organisms conserve energy and resources by not building new pathways for the
detoxification of different xenobiotics in which they are exposed. Moreover, co-
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metabolism will provide plants and microbes with a survival advantage over those
populations lacking the constitutive enzymes for pesticide detoxification.

Conjugation reactions found in plants and microorganisms are shown in Table
1. Some of the reactions, such as glycosylation and amino acid conjugations, are
dominant in plants where glucose and amino acids are abundant. On the other
hand, fungi and bacteria are heterotrophs and compete for nutrients in the soil
environment, where glucose and amino acids are metabolized as soon as they are
available, so these types of reactions only occur under controlled laboratory
conditions. Conjugation of pesticides to glucose or amino acids for the purpose of
detoxification would be metabolically expensive for soil microbes.

Table I. Xenobiotic conjugation reactions recognized or presumed to occur
in plants and microorganisms (Adapted from ref 5.)

Type of Conjugates Plants Microorganisms
Glucosides/Glycosides ++ +
Amino Acid ++ ?
Glutathione ++ +
Acetyl, Formyl ++ +
Methyl + +
Legend: ++ Conjugate formation demonstrated with several xenobiotics
+ Conjugation reaction found with particular xenobiotics
? Conjugate formation presumed to occur from the presence of enzymes

and/or natural conjugates

Conjugates of plants and microorganisms have different fates. Plants lack an
excretory system, so their toxic products are usually compartmentalized in vacuoles
or embedded in structural polymers to prevent pesticide toxicity. However, in some
cases, small quantities of pesticide conjugates can be exuded from the roots.
Generally, the conjugates formed will be stored permanently and never be further
metabolized. Some microbes have a different strategy, they prevent toxic
compounds from entering the cells, for example, extracellular enzymes of fungi
conjugate xylose to phenols. Some conjugates that are formed inside
microorganisms are less toxic than their parent compounds so they are not as
harmful when they are stored in the cytoplasm. Some conjugates are further
mineralized to their inorganic components by existing metabolic pathways and thus
detoxified.

In the following sections, different conjugation reactions in plants and
microorganisms are described. Some reactions are presented to highlight the
variations in conjugation reactions, thereby compelling reconsideration of Dorough's
1976 definition.
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Types of Pesticide Conjugations in Plants

Detoxification of pesticides by conjugation in plants often involves addition of
either a sugar or a glutathione moiety to the herbicide molecule. The resulting
conjugate has a higher molecular weight, is more water-soluble, less mobile, and is
usually more susceptible to further processing in the plant. These factors render the
compound unreactive at the target site. Xenobiotics can also be conjugated to amino
acids, a process that may yield more toxic conjugates (6).

There are generally three phases of herbicide metabolism in plants. Prior to
conjugation, most herbicides undergo a phase I metabolic reaction, which is
oxidative, reductive or hydrolytic. Phase I reactions result in the formation of free
amino, hydroxyl or carboxylic acid groups. An enzymatic addition of a sugar,
amino acid or glutathione molecule may occur at the newly formed functional group
produced during phase I; this type of reaction occurs in Phase II metabolism.
Finally, phase III metabolism either converts phase II conjugates to insoluble
residues or conjugates them to an additional molecule. It is likely that plants
evolved phase IIl metabolism to further detoxify xenobiotics because phase II
conjugates cannot be excreted from plants in significant levels (7, 8). These phases
of plant metabolism usually result in the detoxification of xenobiotics or prevent
them from interacting with their target sites in the plant. Recently, a revision to the
phase classification of herbicide metabolism has been proposed (9, 10). This
classification consists of four steps, which are called functionalization, conjugation,
processing and compartmentalization.

Several types of conjugation reactions occur in plants, as described below.
Extensive research has been conducted in the area of glutathione conjugation,
however, less is known about glucose and amino acid conjugation.

Glucose Conjugation

In plants, glucose can be added to xenobiotics via several types of reactions.
The six types of glucose conjugates that will be discussed include O-, N-, and S-
glucosides, glucose esters, gentiobiosides and malonyl conjugates.

Herbicides with hydroxylated aromatic rings can be conjugated with sugars to
form O-glucosides. The B-O-D-glucoside of bentazon formed in soybean and rice
(Oryza sativa) is an example of an O-glucoside (Figure 1), where glucose is added to
the hydroxyl group of 6-OH bentazon, which was derived from phase I metabolism.
O-glucosides are the most common glucosides formed, probably since many
oxidation reactions involve the addition of oxygen. Similar conjugation reactions
also occur at amino groups on the aromatic ring of xenobiotics to form N-glucosides,
i.e. the N-glucoside of chloramben (/7). Conjugation reactions occurring at
sulthydryl groups yield the less common S-glucosides, e.g. an S-glucoside of the
fungicide dimethyldithiocarbamate (12).
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Although plants are capable of forming galactose, glucuronic acid and other
carbohydrate conjugates with endogenous substrates such as flavones (73),
monosaccharide conjugates of xenobiotics involving carbohydrate moieties other
than glucose are rare (/4). The frequency of glucose conjugation may be due to

0 CH3 CHO0H O  CHs
H
HO /CH UDl&._J> N~ NCH,
,soz UDP-glucosyl N,goz
N transferase H
6-OH Bentazon B-0-D-Glucoside of bentazon

Figure 1. Formation of the O-glucoside of bentazon in rice (Adapted from ref 15).

the relatively high concentration of pre-existing uridine diphosphate glucose
(UDPGQG) in plant cells (16). UDPG functions primarily as the immediate glucose
donor in cellulose biosynthesis (17). The majority of glucosyl transferase enzymes
involved in conjugation reactions are specific for UDPG.

UDPG is also used as a donor for the formation of glucose esters, but in this
case glucose is added to a carboxylic acid group of a xenobiotic (Figure 2).
Esterases in the cytoplasm can reverse this reaction. For example, glucose esters of
chloramben are reactive and readily hydrolyzed back to the parent herbicide (/8).
Some glucose esters can undergo a second conjugation with another glucose
molecule to yield a gentiobioside (/9). However, the second sugar that is transferred
to the glucose conjugate does not have to be glucose. For example, a disaccharide
conjugate of 3-phenoxybenzyl alcohol was isolated from cotton (Gossypium spp.)
leaves where the first attached sugar was glucose and the second was arabinose (20).
Conjugates containing sugars other than glucose, such as arabinose, are called
glycosides, whereas glucose conjugates are called glucosides (21).

CH,OH
0O-CH,COOH
O—CHZ-—C—O
Cl UDPg UDP
UDP-glucosyl
cl transferase
2,4-D Glucose ester of 2,4-D

Figure 2. Formation of the glucose ester of 2,4-D in wheat (Adapted from ref 22).
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Malonic Acid Conjugation

In phase III metabolism, glucose conjugates of xenobiotics are conjugated a
second time to become malonic acid hemi-esters in the presence of malonyl CoA
(23). This type of conjugation is thought to be a common route for conjugates of
glycosylated xenobiotics in higher plants (/4). Nine pesticides have been isolated
from seven plants species as malonyl glucose conjugates.

In some cases, xenobiotics are conjugated with glutathione, which is catabolized
to cysteine prior to its conjugation with malonate. For example, fluorodifen-GSH is
metabolized to a cysteine conjugate and is subsequently N-acylated with malonic
acid (24).

Glutathione Conjugation

Glutathione (GSH) is a tripeptide (y-glutamylcysteinyl-B-glycine) found in
aerobic organisms, and is involved in the conjugation of xenobiotics. The tripeptide
homoglutathione, in which alanine is substituted for glycine, performs a similar
function. Glutathione and homoglutathione conjugations occur with electrophilic
xenobiotics to form less toxic and more polar molecules (25, 26, 27). Conjugation
of xenobiotics with glutathione can occur enzymatically via glutathione-S-
transferases (GST) or non-enzymatically, although enzymatic conjugations occur at
a faster rate (28). For example, GST causes ether bond cleavage in fluorodifen,
yielding a GSH conjugate and p-nitrophenol (Figure 3). Plants with high
concentrations of GSTs are more tolerant to certain herbicides than plants with a
lower enzyme titer (29, 30). For example, cotton, peanut (4rachis hypogaea) and
soybean, which are resistant to fluorodifen, have higher GST activity than
susceptible tomato (Lycopersicon esculentum) and cucumber (Cucumis sativus)
species (31).

Grass species that are moderately tolerant (i.e. wheat, Triticum aestivum) or
moderately resistant (i.e. barley, Hordeum vulgare) to fenoxaprop-ethyl have higher
levels of GSH and cysteine than susceptible species such as oat (dvena sativa) or
yellow foxtail (Setaria glauca) (30). In all species studied, GST activity was very
low. It was hypothesized that fenoxaprop-ethyl is activated by enzymatic de-
esterification to fenoxaprop. In wheat and barley, fenoxaprop is cleaved at the ether
bond non-enzymatically and conjugated to GSH. In susceptible species, low levels
of GSH limit fenoxaprop-GSH conjugation and thus prevent detoxification of the
herbicide.

Following GSH-conjugation of xenobiotics in the cytoplasm, the resulting
conjugates must be removed to maintain GST activity levels. An ATP-dependent
pump that recognizes the glutathione moiety of conjugates is responsible for
conjugate transport from the cytoplasm into the vacuole (32). The ATP pump is
very similar to a mammalian plasma membrane GSH-conjugate transporter, since it
requires magnesium and is inhibited by vanadate. The plant vacuolar pump
transports many glutathione conjugates, for example N-ethylmaleamide-GSH,
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NO,

CF3 ‘@—NOZ + Glutathione (GSH)

Fluorodifen
Glutathione-S-transferase

NO,

GSH conjugate p-Nitrophenol

Figure 3. Enzymatic conjugation of flurodifen to glutathione in pea. (Adapted
from ref 24).

metolachlor-GSH, simetryn-GSH and dinitrobenzene-GSH.  No degradation
of conjugates occurred over the duration of study (32). The biosynthesis of
glutathione, its subsequent conjugation to a xenobiotic, and transfer of the conjugate
into the vacuole must all be efficient enough to provide adequate protection against
herbicide influx into the cell. The effectiveness of this GST/GSH detoxification
mechanism may be the basis for the selectivity and resistance of many plant species
to herbicides (33).

Amino Acid Conjugation

Types of Metabolites

Feung et al. (34) examined the metabolites of 2,4-D from soybean callus. After
48 hrs of incubation with [1-*C]-2,4-D, soybean callus tissue absorbed nearly all of
the radiolabelled herbicide. Of the absorbed herbicide, 17-23% was found in the
water-soluble fraction of the callus tissue, 70-76% in the ether-soluble fraction and
3-6% as insoluble residues. In the water-soluble fraction, 4-OH-2,5-D, 5-OH-2,4-D
and traces of parent 2,4-D were present. This parent 2,4-D was theorized to have
been produced following hydrolysis of the glucose ester of 2,4-D. In the ether-
soluble fraction, the metabolites were 2,4-D and 2,4-D-glutamic acid (2,4-D-glu)
(Figure 4). Characterization of the insoluble residue was not possible (32).
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Figure 4. Amino acid conjugation in pea (Pisum sativum). (Adapted from ref 35).

In later research, six additional amino acid conjugates of 2,4-D were identified
in soybean callus: 2,4-D-aspartate, 2,4-D-alanine, 2,4-D-valine, 2,4-D-leucine, 2,4-
D-phenylalanine and 2,4-D-tryptophan. These amino acid conjugates of 2,4-D are
phytotoxic, although less so than 2,4-D. Specific enzymes may exist to form 2,4-D-
conjugates with a certain amino acid, or a more general set of enzymes with less
specificity may exist. The amino acid or the substrate may have to be activated (step
1) before conjugation can occur (step 2). It has been theorized that one enzyme
could catalyze both reactions (36).

1. Activation: 2,4-D + ATP < 2,4-D-AMP + PPi
2. Conjugation:  2,4-D-AMP + amino acid <> 2,4-D-amino acid + AMP

Tobacco (Nicotiana rustica) cells rapidly conjugate glutamate to 2,4-D (37).
2,4-D hydroxylation occurs more quickly when 2,4-D-glu is the substrate rather than
2,4-D (36). If the hydroxylation is specific for certain amino acid conjugates, the
plant cell may activate 2,4-D using ATP, followed by conjugation with glutamic acid
(less toxic than 2,4-D) to ensure fast and complete detoxification to hydroxylated
2,4-D-glutamate.

The proposed activation/conjugation scheme closely parallels the amino acid
conjugation of xenobiotics in rats. In rats, acyl CoA synthetase ‘activates’ benzoic
acid to benzoyl CoA in the presence of ATP and CoA. Then, glycine is conjugated
to the activated benzoyl-CoA by Acyl-CoA:amino acid N-acyltransferase to produce
the final product, hippuric acid (38).

Callus Versus Whole Plant

Much of the work on amino acid conjugation has been performed on callus
tissue rather than on intact plants. Experimentally, callus tissue is practical because
metabolite identification is faster and easier. Pigments and starches from whole
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plants that can interfere with herbicide metabolite identification, are absent in
heterotrophic cultures of plant callus tissue (39). 2,4-D metabolism in callus tissue
and plants were compared. There were no qualitative differences between the ether-
soluble or water-soluble fractions in either whole plants or callus (40). Differences
were noted in the quantities of some of the metabolites. For example, amino acid
conjugates in soybean callus were much more abundant than in soybean or corn
plants, possibly reflecting an increased prevalence of inducible enzyme systems that
form amino acid conjugates in callus cells (40). Both callus and whole plants were
able to metabolize 2,4-D by ring hydroxylation and conjugation of the carboxylic
acid group with either amino acids or sugars. Although relative percentages of
metabolites vary in whole plants and callus, it was concluded that herbicides may be
metabolized in a similar fashion (40).

Herbicidal Activity of Amino Acid Conjugates

All twenty amino acids were identified as conjugates of 2,4-D, all were
biologically active, and stimulated both plant cell division and elongation (6, 41).
All of the conjugates demonstrated herbicidal properties, but no specific conjugate
exceeded the activity of 2,4-D on all plants tested (42). Non-polar amino acid
conjugates such as 2,4-D-leucine and 2,4-D-methionine exhibited sufficient
herbicidal activity to reduce crop yields. The non-polar properties of these amino
acid conjugates may have enhanced cuticle permeability of the herbicide-conjugate
(42). Conversely, amino acid conjugates such as 2,4-D-aspartate and 2,4-D-
glutamate were shown to have poor herbicidal activity, due to increased water
solubility, which impeded cuticle penetration.  Therefore, 2,4-D-glutamate
conjugation was interpreted to be a protective mechanism against 2,4-D damage,
since it is one of the more common amino acid conjugates formed in plants (36).

Metabolism of 2,4-D Amino Acid Conjugates

Amino acid conjugates may be hydrolyzed to free 2,4-D and other water-soluble
metabolites. When unlabelled 2,4-D was supplied to callus cells, it did not affect the
rate of disappearance of 2,4-D amino acid conjugates but it did reduce the
percentage of free [1-'*C]-2,4-D. Therefore, an external supply of 2,4-D does not
directly prevent metabolism of amino acid conjugates of 2,4-D in soybean tissue
culture. This implies that amino acid conjugates in callus cells are actively
metabolized to free 2,4-D (43).

Prevention of Morphogenesis

Morphogenesis is the process of cellular differentiation into tissues and organs.
Carrot (Daucus carota) cells are able to undergo morphogenesis after 3 days of
incubation with [2-'“C]-2,4-D, whereas soybean callus cells do not undergo
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morphogenesis (44). Carrot and soybean callus cells retained 30 and 70% of the
radioactivity, respectively. The long time-course may account for the conjugation of
24-D to amino acids and sugars in soybean cells, thus facilitating
compartmentalization of conjugates into the vacuole. Retention of 2,4-D and 2,4-D-
conjugates by soybean callus cells may be responsible for the prevention of their
morphogenesis.

Immobilization of Pesticides

Vacuolar Compartmentalization

The vacuole is enclosed by a Golgi-produced tonoplast membrane. Vacuoles
are key organelles involved in both the storage of compounds and in
osmoregulation. Substrate specific transport systems in the tonoplast membrane
allow for the bi-directional passage of both organic compounds and inorganic ions.
ATP-dependent pumps that transport glutathione conjugates into the vacuole play an
important role in the sequestration of conjugates. No transporters of glucose or
amino acid conjugates have been characterized, although they have been
hypothesized to exist.

Herbicides are conjugated to endogenous plant metabolites in the cytoplasm of
the cell where enzymes, such as UDP-glucosyl transferase and substrates, such as
glucose and amino acids are located. A proposed natural metabolite of a conjugate
that would aid transport through the lipophilic vacuolar membrane may be a
malonyl group, which is common to many herbicide conjugates (/4).

Several herbicide conjugates, such as glucose esters, are thought to be
compartmentalized in the vacuole (pH 5.0-6.0) because they are more prone to
hydrolysis by esterases in the cytoplasm (pH 7.0-7.5). When intact vacuoles from
Hippeastrum flower petals were isolated and investigated, hydrolytic enzymes such
as esterases or B-glucosidases were not found (45). The water-soluble portion of the
vacuole did contain B-D-glucoside conjugates, which would be more stable in the
vacuole due to the reported absence of the B-glucosidase enzyme (46).

Insoluble Residues

Detoxification of herbicides by binding to cell wall components is an example of
phase III metabolism. Diuron was hydrolyzed to yield 3,4-dichloroaniline in the
isolated lignin fraction of rice roots. Forty percent of the recovered [1-*C]-3,4-
dichloroaniline was thought to be bound covalently to lignin (47). The
incorporation of chloroaniline herbicide residues into lignin effectively detoxifies the
diuron by cell wall sequestration. An insoluble 2,4-D metabolite fraction was
covalently bound to lignin and deposited in the cell wall (48).
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Conjugation Imparts Selectivity

Chloramben Metabolism

Pesticides with two or more groups that are susceptible to phase I reactions,
such as NH,, -OH or -COOH groups, can form a range of conjugates. Chloramben
metabolism can produce either a glucose ester or an N-glucoside (Figure 5).

Since glucose esters can be unstable, the toxic parent herbicide may be
regenerated (7). To determine if this occurred with chloramben, excised soybean
(tolerant) and barley (susceptible) tissues and seedlings were treated with either
radioactive glucose ester conjugates or N-glucoside conjugates of chloramben (I8).
The N-glucoside remained unchanged in both species, but the glucose ester was
hydrolyzed to yield chloramben, which was subsequently conjugated to an N-
glucoside. In susceptible barley, the rate of N-glucoside biosynthesis was slower
than in tolerant soybean, glucose ester biosynthesis appeared to compete for
available chloramben (/8). The reduced rate of N-glucoside biosynthesis lengthened
the residence time of phytotoxic chloramben levels at target sites in the susceptible
barley. Biochemical differences in the rate of N-glucoside biosynthesis as well as
glucose ester formation and its hydrolysis appear to determine chloramben
phytotoxicity in different species (18).

Cl
HoN COOH
Cl
Chloramben
Tolerant and Tolerant
susceptible
Cl
CH,OH CH,OH
Hy) ﬁ—O COOH
Cl (0]
Glucose ester N-Glucoside

Figure 5. Metabolism of chloramben in a tolerant (e.g. soybean) and susceptible
(e.g. barley) species (Adapted from ref 18).
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Picloram Metabolism

Like chloramben, picloram has two substituent groups which can undergo phase
I metabolism prior to conjugation. A metabolic pathway for picloram in leafy
spurge (Euphorbia esula) was proposed (Figure 6). In this pathway, both the N-
glucoside and glucose ester of picloram undergo further conjugation, i.e. the N-
glycoside is conjugated with malonate and the glucose ester is converted to a
gentiobioside.

a l N Cl
z
Ci COOH
/ Picloram \
NHGlc NH,
Cl Cl Cl Cl
$ ®
=
a N COOH Cl N COOGIc
N-glucosid Glucose ester of
-glucoside picloram
NHGIcMal NH;
Cl Cl Cl Cl
X AN
= =
Cl N COOH Cl N COOGent
Malonate conjugate of Gentiobioside of
picloram picloram

Figure 6. Proposed metabolic scheme for picloram in leafy spurge. Glc =
glucoside, Mal = malonate, Gent = gentiobioside. (Adapted from ref 49).

Differential conjugation is believed to affect the tolerance of a plant to a given
herbicide. To determine if differential metabolism was responsible for differences in
sensitivity to picloram between sunflower (Helianthus annus) and rapeseed
(Brassica campestris), amounts of radiolabelled picloram were measured in the
water-soluble fractions of each species (50). After nine days, 48% and 78% of the
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recovered picloram was in the water-soluble fraction of sunflower and rapeseed,
respectively. The 30% difference in metabolism may account for the difference in
sensitivity to picloram between the two species.

Experiments with picloram and clopyralid were conducted to determine if
translocation and metabolism were responsible for sensitivity differences between
sunflower (susceptible to both picloram and clopyralid) and rapeseed (susceptible to
picloram but not clopyralid). Both plants absorbed 97% of applied [1-'*C]-picloram
and clopyralid, with approximately 60% of the radiolabelled picloram and clopyralid
being transported acropetally in both species (5/). Since more picloram and
clopyralid were converted to water-soluble metabolites in rapeseed than in
susceptible sunflower, metabolism may account for sensitivity differences between
the two species to both herbicides. However, because a significant quantity of
applied picloram and clopyralid was not metabolized in rapeseed, differences in
sensitivity to these herbicides could not be directly linked to the extent of herbicide
metabolism. This difference in sensitivity of rapeseed to picloram and clopyralid
was attributed to the difference in sensitivity of the target site to these two herbicides
.

Case Study — Metribuzin

Background

Metribuzin is an asymmetrical triazine applied either preemergence or early
postemergence for control of annual grasses and broadleaf weeds in tolerant crops
such as tomato, soybean and wheat. Uptake occurs readily in all plants regardless of
their degree of susceptibility or tolerance to the herbicide. Metribuzin translocates
with the transpiration stream in the xylem. It also transfers from the xylem to the
phloem, however, it quickly returns to the xylem.

The amino group on the fourth carbon of the heterocyclic ring of metribuzin is
required for herbicidal activity. Deaminated metribuzin is a major non-phytotoxic
metabolite in soybean treated with metribuzin (52), but is a relatively minor
metabolite in other crops such as tomato. Another detoxification reaction of
metribuzin is sulfoxidation of the 3-methylthio group of the heterocyclic ring (53).
This reaction predisposes metribuzin to subsequent conjugation with
homoglutathione in soybean.

Selectivity Differences Among Soybean Cultivars

The major pathway for the metabolism of metribuzin involves conjugation to
homoglutathione. A minor pathway of metabolism involves formation of an
intermediate N-glucoside conjugate (37), followed by a second conjugation to yield a
malonic acid conjugate.
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Two soybean cultivars (Essex and Coker 102) were found to metabolize
metribuzin differently (54). The ether fraction in the tolerant Essex cultivar
contained at least twice the amount of deaminated (inactive) metribuzin than the
susceptible Coker 102 cultivar, leading to the conclusion that Essex was more
tolerant to metribuzin due to more rapid metabolism of the herbicide to non-
phytotoxic products.

Subsequently, it was found that intraspecies differential tolerance to metribuzin
could be attributed to the restriction of metribuzin to vascular tissue in tolerant
Coker 338 and movement of metribuzin to interveinal tissue in susceptible Semmes
(55). Metribuzin and its metabolites were characterized as they translocated from
the roots to the shoots. Metribuzin was found to be metabolized in the xylem. Since
Xylem parenchyma cells are very close to the xylem and they have ATPase activity,
they may metabolize metribuzin. Once metabolized, the more polar metabolites may
be unable to penetrate the parenchyma cell membrane or re-enter the transpiration
stream and become compartmentalized in the vascular tissue. Consequently, the
water-soluble metabolites were effectively blocked from reaching the leaf
chloroplasts. Furthermore, autoradiographs revealed more C label in the veins of
the tolerant than susceptible cultivar (56).

Metabolism of Metribuzin in Tomato

In tomato, metribuzin is rapidly absorbed, translocated and metabolized into
polar products. The major metabolite is an N-glucoside, which is subsequently
metabolized to UDPG N-malonyl-glucoside, whereas a homogluathione conjugate is
a minor metabolite (37).

No differences were found in the uptake or translocation of metribuzin in
various tomato cultivars, however, a 16-fold difference in metribuzin tolerance has
been observed between cultivars. This variation in tolerance has been attributed to
the differences in metribuzin metabolism via the N-glucoside pathway. Varying
activity of UDPG N-glucosyl transferase on metribuzin or availability of substrates
for the reaction could be responsible for the differential tolerance (57).

When UDPG N-glucosyl transferase activity was measured in leaf tissue from
young seedlings of tolerant and sensitive tomato cultivars, it was found that tolerant
tomato cultivars had 1.5-fold greater activity than metribuzin-sensitive cultivars.
Leaf tissue from older seedlings did not exhibit these differences in enzyme activity
(58). A differential response was also noted in tomato plants depending on the
hours of light the plants received prior to the application of metribuzin (59).
Reduced light decreased carbohydrate reserves and UDPG substrate levels for N-
glucoside biosynthesis and ultimately diminished metribuzin detoxification,
resulting in their increased sensitivity to the herbicide (58).
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Conjugation Reactions in Microorganisms

Microorganisms do not have a multifaceted physical barrier like animals and
plants (e.g. epidermis or cuticle) to protect them from the external environment.
Therefore microorganisms and animals have evolved different detoxification
systems and these have been described in the literature (60). Conjugation reactions
in microorganisms includes xylosylation, alkylation, acylation, and nitrosation. In
animals and plants, conjugation reactions are mainly found intracellularly, after
absorption of xenobiotics, whereas in microorganisms these reactions can occur both
intra- and extracellularly. Microbial conjugation reactions can be distinguished
from other types of chemical reactions by covalent binding of a natural metabolite
produced by the microorganism with the xenobiotics during metabolism.

Although fungi are less abundant than bacteria in soil, they can penetrate and
occupy extensive environmental niches due to their extended mycelial growth
pattern. As a result, fungi have evolved metabolic pathways different from bacteria
to acquire nutrients and metabolize xenobiotics to prevent exposure to toxic
compounds. Most often, bacteria can completely degrade certain xenobiotics such as
herbicides to inorganic compounds to produce energy. In contrast, fungi introduce
minor chemical changes to the original compound without subsequent metabolism.
This type of fungal metabolism is termed biotransformation, a protective action
preventing the accumulation of toxic substances in the organisms while conserving
metabolic energy (61, 62).

Conjugation Reactions in Fungi

Xylosylation (Xylose Conjugation)

Every year, more than 40 billion tons of carbon is fixed by photosynthesis and
incorporated into plants as structural polymers, accounting for roughly 50% of total
fixed carbon dioxide on earth. These polymers include lignin and polysaccharides.
The former is a non-carbohydrate polymer while the latter includes pectin, cellulose
and hemicellulose. Microorganisms that degrade plant polysaccharides and lignin
play an important role in the global carbon cycle. Among cellulose-utilizing
microorganisms, cellulolytic fungi efficiently depolymerize these polysaccharides
into their monomers by a wide variety of extracellular cellulolytic enzymes.
Cellulose is converted into cellobiose and glucose, while hemi-cellulose is converted
into hexose and pentose, the majority of the pentoses being xylose.

Lignin is the most abundant phenolic-based compound in nature. It is mainly
found in woody plants and is highly recalcitrant in the environment. This
recalcitrance is mainly due to its lack of repetitive structure and the hydrophobic
properties of the polymer. More importantly, lignin metabolites, such as phenolic
compounds and their free radicals, are toxic to potential degraders in the soil.

White rot basidiomycetous fungi are primarily responsible for the initial
depolymerization of lignin during wood decay. When cultured under ligninolytic
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conditions, the basidiomycete Dichomitus squalens produces manganese-dependent
peroxidase (MnP) and laccase (63). These extracellular enzymes break down
cellulose and hemicellulose into their corresponding sugar molecules, which are
utilized for energy production. Concomitantly, lignin is depolymerized into
monomers for both carbon and nitrogen assimilation. Phenolic monomers of lignin,
which are biologically toxic, are conjugated to a xylose molecule through a f-
glycosidic bond. The xylosylated phenols become more water-soluble and less toxic
to the fungal cells (64).

The ability of D. squalens to conjugate phenolic compounds from lignin
degradation allows transformation of chlorinated phenoxyacetic acid during
ligninolytic conditions. The first step in 2,4-D and 2,4,5-T degradation is the
extracellular, fungal enzymatic cleavage of the ether linkage, which releases the
carbon side chain and chlorinated phenol. The two-carbon side chain of the
herbicide is mineralized to CO, while the chlorinated phenol is xylosylated
extracellularly in a nitrogen-sufficient medium that contains 30 uM Mn?* (Figure
7). The xyloside can be hydrolyzed by a glycosidase to regenerate the chlorophenol,
which in turn undergoes oxidative dechlorination catalyzed by MnP with subsequent
ring cleavage (65). Enzymes catalyzing the ether cleavage, xylosylation and
xyloside hydrolysis have not been identified, but it is known that they are involved
in secondary metabolism by the extracellular lignin-degrading system (64). With an
ample supply of sugar monomers from the breakdown of cellulose and hemi-
cellulose, xylose conjugation of phenols appears to conserve metabolic energy in
detoxification of the compound by the fungi.

OCH,COOH OH oY
c Cl cl
EEE— S

1 1 cl

2,4-D 2,4-Dichlorophenol Xylosylated 2,4-

dichlorophenol

Figure 7. Xylosation of 2,4-D by Dichomitus squalens (Adapted from ref 64).

Methylation

Another type of conjugation mechanism found in fungi is methylation.
Methylation of organic and inorganic compounds has been studied extensively (61,
66). Most of these reactions were studied in animals and plants. Volatile arsenic
compounds were first observed to be produced from several fungi growing on
inorganic media containing arsenic (67), which was subsequently identified as
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trimethylarsine (66). More methylation reactions have since been described, with
nitrogenous and phenolic-hydroxyl groups as major target molecules. Definitive
reports on methylation of organic pesticides by fungi were not published until the
1970’s. Pentachlorophenol, a substance with fungicidal and various other pesticidal
properties, was methylated to pentachloroanisole in fungal cultures of Trichoderma
virgatum (68) (Figure 8). Pentachloroanisole is believed to be more resistant to
further chemical and biological degradation but is less toxic towards various
organisms than the parent chlorinated phenol (61).

OH OCH;
a cl T ric"hoderma a cl
virgatum
>
Cl Cl Ci Cl
1 1
Pentachlorophenol Pentachloroanisole

Figure 8. O-methylation of pentachlorophenol by fungal cultures of Trichoderma
virgatum (Adapted from ref 65, 66).

Phanaerochaete chrysosporium, the most studied white-rot basidiomycete,
produces two types of extracellular heme peroxidases — manganese peroxidase
(MnP) and lignin peroxidase (LiP), which, together with an H,O,-generating
system, constitute the major extracellular components of its lignin-degrading system
(69, 70). P. chrysosporium methylates chlorinated phenols, which are intermediates
of chlorophenoxyacetic acid mineralization, to form corresponding anisoles (65, 71,
72). It was observed that P. chrysosporium exhibited slower rate of
chlorophenoxyacetic acid mineralization than D. squalens (64). This can be partly
explained by the fact that methylated phenols are metabolically more stable and
less readily to be hydrolyzed to produce their parent compounds for further
mineralization than xylosylated phenols found with D. squalens.

Methytransferase mediated methyl conjugation to a thiol group of xenobiotics
occurs in Saccharomycopsis lipolytica (73). In this yeast, the fungicide
pentachloronitrobenzene was first converted by glutathione-S-transferase to the
thiol-derivative, then methylated by the action of S-adenosylmethionine-dependent
thiol methyltransferase and excreted out of the cell. Detectable amounts of the
methylthiol derivative of the fungicide accumulate extracellularly, but the excretion
mechanism is unknown. Generally, methylthiol derivatives are less toxic than their
parent thiol-benzenes. However, further processing of methylthiol derivatives may
produce toxic products. For example, methylsulfone derivatives of some chlorinated
biphenyls are more toxic than their precursors (73).
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Another example of methyl conjugation is the transformation of oxadiazon by
Fusarium solani. Oxadiazon is a preemergent soil-applied herbicide used for the
control of annual grasses and broadleaf weeds in rice, soybean, cotton, onion (A//ium
cepa), peanut, potato (Solanium tuberosum), and ornamentals. Phenolic, carboxylic
acid, and dealkylated derivatives of oxadiazon were identified in soil, but there was
no evidence of aromatic ring cleavage or the presence of dechlorinated products
(74). It was shown that degradation of the herbicide was a co-metabolic process
(75). With no dextrose in the culture medium, more than 70% of the applied
herbicide remained unchanged after 3 weeks of incubation. In the presence of
dextrose, F. solani transformed more than 58% of oxadiazon within 3 weeks. These
results indicate that F. solani cannot effectively utilize oxidiazon as a sole carbon
source and that the mechanism of transformation of this herbicide was co-metabolic.
The oxadiazoline heterocyclic ring of this herbicide is first cleaved and the
intermediate was methylated or decarboxylated before being removed from the
aromatic moiety (Figure 9).
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Figure 9. Metabolism of oxadiazon by Fusarium solani (Adapted from ref 75).

In Pesticide Biotransformation in Plants and Microorganisms; Hall, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by NORTH CAROLINA STATE UNIV on September 17, 2012 | http://pubs.acs.org

Publication Date: December 1, 2000 | doi: 10.1021/bk-2001-0777.ch005

107

Acylation

Xenobiotics can also be conjugated to acetate and formate by fungi in a process
called acylation. This type of conjugation is frequently observed with anilines and
phenols in the soil (60). Although these compounds are not commonly found in the
environment or used directly as pesticides, anilines and phenols are intermediates
that are formed during the breakdown of several important groups of herbicides
including the phenylacylanilides, phenylcarbamates, and substituted phenylureas
(61). These intermediates are still biologically active and may undergo further
transformation reactions.

Metobromuron is a preemergence phenylurea herbicide used primarily on beans
(Phaseolus spp.), potato, soybean, tobacco and tomato. In the soil, metobromuron is
quickly hydrolysed at the urea bridge to produce 4-bromoaniline, which is further
acetylated to 4-bromoacetanilide (Figure 10) by pure fungal cultures of Talaromyces
wortmanni, Fusarium oxysporum, bacterial cultures of Bacillus sp. and the green
algae Chorella vulgaris. However, 4-bromoaniline was never isolated from the
cultures when metobromuron was used as a substrate.  Due to the lack of
accumulation of 4-bromoaniline, it was hypothesized that acetylation of 4-
bromoaniline was rapid (61).

(i
NH, N—C —CH3
Br Br
4-Bromoaniline 4-Bromoacetanilide

Figure 10. Acetylation of 4-bromoaniline by fungal cultures of Talaromyces
wortmanni and Fusarium oxysporum. (Adapted from ref 76.)

Chlorinated anilines are also conjugated to amino acids during their
mineralization by P. chrysosporium (77). In a carbon and nitrogen rich medium,
the amino group of 3,4-dichloroaniline is first conjugated to a-ketoglutaryl~S-CoA
forming N-(3,4-dichlorophenyl)-a-ketoglutaric acid. Since this a-ketoglutaric acid
conjugate is unstable, it is self-cyclized prior to further degradation.
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Significance of Xenobiotic Conjugation by Fungi

The identification of acetyl conjugation in fungi led to the development of a
pollutant decontamination strategy based on the coupling of herbicides to soil
material. The conjugation of anilines to form N-acetyl derivatives competed with
the oxidative self-coupling reactions of anilines in soil (61). These coupling
reactions led Bollag and coworkers (78) to investigate potential bioremediation
alternatives for pollutants in soil. During the continuous humification process in
soil, certain pesticides or their degradation products, that are structurally similar to
the humic acid precursors, bind to the soil and become unavailable to living
organisms. For this reason, researchers may be able to replace invasive approaches,
e.g. applying detergents, to decontaminate certain polluted sites with indigenous
microorganisms.

Bentazon can be hydroxylated and incorporated into soil humic substances (78).
It is bound to the soil matrix, specifically to humic monomers, including ferulic acid
and guaiacol. The binding rate is increased in the presence of laccase extracted
from the fungus Polyporus pinsitus. An oxidation reaction catalyzed by laccase is
proposed as the first step in the coupling reaction in soil. Susceptible substrates,
including most of the humic monomers, namely catechol, ferulic acid and guaiacol,
are oxidized by removal of a hydrogen atom from their hydroxyl group (Figure 11).
The free radical that is formed is very unstable and reactive to any nucleophilic
moieties such as NH, (78, 79, 80). Bentazon or its metabolites are coupled to the
oxidized products of humic monomers with loss of their phytotoxicity. In addition,
these coupled complexes are no longer biologically available to living organisms.

Some pesticides, particularly when they are partially degraded, yield phenol- or
aniline-like chemicals analogous to naturally occurring compounds. Microbial
phenoloxidases and peroxidases catalyze the polymerization of these pesticide
metabolites (87). Laccase, isolated from the soil fungus Rhizoctonia praticola,
oxidatively coupled halogenated phenols that originated from phenoxyalkanoate
herbicides, to form dimers, trimers, and tetramers. These condensation reactions
may have profound effects on the bioremediation of contaminated soil sites. Phenol
and/or aniline derivatives of pesticides may be immobilized by inoculating fungal
cultures or by enhancing growth and activity of indigenous fungi in the environment
(79, 82, 83, 84).

Bacterial Conjugation Reactions

Methylation

Methylation reactions are usually described in bacteria in reference to
metabolism of metals or metalloid pesticides, such as mercury and arsenic (60). The
use of mercury in herbicides has been phased out, but organic arsenical compounds,
such as monosodium methylarsonate (MSMA) and cacodylic acid, are still used as
herbicides throughout the world.
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Figure 11.  Humification of bentazon catalyzed by laccase of Polyporus pinsitus
(Adapted from ref 82).
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The methylation of divalent mercury to methyl mercury occurs in biological
systems. The methyl group is transferred from methyl-cobalamin to Hg?* by an
anaerobic bacterium isolated from water sediment (85). Methyl-cobalamin, a
methyl-carrier, is the substrate required for the formation of methane in
methanogenesis. However, at low I-Ig2+ concentration, methane production is
strongly inhibited, while methyl- and dimethyl mercury are produced. Methylated
mercury products have a high potential for bioaccumulation in the aquatic
environment. The toxicity of methylated mercury compounds to humans and
animals has resulted in the restriction and banning of certain mercury containing
pesticides.

In contrast to mercury, arsenic compounds are methylated by the Challenger
mechanism, named in honour of the late Frederick Challenger who first proposed
this mechanism (86). S-adenosylmethionine (SAM) is the methylating agent that
transfers the methyl group as a carbo-cationic intermediate (CH;*). Any recipient
atom must be nucleophilic. Arsenate (+5) is first reduced to arsenic acid (-3) in
which the non-bonded electron pair is electrophilically attacked by SAM. A toxic
but relatively unstable methanoarsonic acid is formed and further methylated to
dimethylarsinic acid and finally reduced to dimethylarsine (Figure 12).
Methanobacterium sp. and Scopulariopsis brevicaulis can directly reduce cacodylic
acid to dimethylarsine (60).

OH o CHs
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Figure 12. Transformation of arsenic by gram-positive and —negative bacteria.
(e.g. Acinetobacter sp. and Rhodococcus sp.)(Adapted from ref 60).

The ability to O-methylate hydroxylated organic compounds is widespread in
soil bacteria and a detailed review on O-methylation of chlorinated monoaromatic
compounds by soil bacteria is available (87). O-methylation is an environmentally
important conjugation reaction of organic compounds and this reaction increases
their lipophilicity and, therefore, increases the potential for bioaccumulation of
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transformed products. Chloroanisoles are produced by soil bacteria incubated with
chlorophenols or chlorophenoxyacetic acids, similar to fungal conjugation reactions
described in the previous section (Figure 8).

Several species of gram-negative bacteria belonging to the genera Acinetobacter
and Pseudomonas, and gram-positive bacteria belonging to the genera Rhodococcus
and Mycobacterium have been shown to O-methylate chlorinated phenols and
phenol derivatives (87). These organisms are widely distributed in nature and,
therefore, play an important role in both the degradation and transformation of
chlorophenols in the environment. Researchers using cell extracts from both gram-
positive and -negative bacteria have demonstrated that the in vivo methyl donor is
SAM.

The enzyme responsible for the methyl transfer has not been characterized.
However, a wide range of halogenated phenols and phenol derivatives can be O-
methylated indicating that the enzyme has a wide substrate range (89).
Rhodococcus sp. methylated several substrates, each at a different rate (89).
Dihydroxy compounds, such as tetrachlorocatechol and tetrachloro-hydroquinone,
are better substrates than chlorophenols and are methylated to corresponding mono-
and di-methoxy compounds. The sulfhydryl group of chlorothiophenols is
methylated 10-fold faster than the hydroxyl group of chlorophenols. On the other
hand, the same bacteria do not methylate the amino group of pentachloroaniline. In
addition, the enzymatic activity was not influenced by the nature of the growth
substrate, suggesting that O-methylating activity was constitutive (90).

Nitrosation

Nitrosation is another conjugation reaction observed in bacteria in which a
nitrite is conjugated to a secondary amine to form nitrosamine (9). Some bacterial
species appear to enzymatically conjugate a nitrite group to a secondary amine,
whereas in Pseudomonas stutzeri, nitrosamines are generated in a non-enzymatic

- process involving cell constituents (91). Nitrosamines represent a class of

compounds that are extremely hazardous to mammals. Members of this group of
compounds are carcinogenic, mutagenic and teratogenic. Exposure of individuals to
these compounds may occur through the consumption of crops that have assimilated
the toxicant from the environment or from water containing the N-nitroso compound
as a result of leaching (92).

S-triazine herbicides are powerful inhibitors of photosynthetic electron flow in
plants (93). They interrupt the light-driven flow of electrons from water to
nicotinamide adenine dinucleotide phosphate (NADP'), energy transfer, and
ultimately inhibit carbon fixation. Most herbicides in this class contain one or two
secondary amine groups. In the soil, under nitrifying conditions, nitrate serves as
electron acceptor during nitrification and is reduced to nitrite by nitrifying bacteria
at alkaline pH in soil. The nitrites formed can conjugate to secondary amine groups
of the herbicide and produce the nitrosoamines. Studies on identification of
nitrosamine derivatives of s-triazines have not been reported, but due to their
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hazardous nature, we believe investigations on their potential presence in the
environment should be undertaken.

Glutathione Conjugation

Glutathione (GSH) was first found in cyanobacteria and purple bacteria. This
finding led to the hypothesis that glutathione was produced to protect the cells from
oxygen stress. High levels of glutathione were later found in anaerobic green sulfur
bacteria and provided evidence that this compound is also involved in anaerobic
sulfide metabolism (94).

Glutathione S-transferases (GSTs), which are also found in plants and animals,
are one of the most extensively studied glutathione-dependent enzymes in
microorganisms. Members in this enzyme family catalyze the conjuation of the
bioactive thiol — GSH to electrophilic substrates. Similar to the GSTs found in
plants described earlier in this chapter, bacterial GSTs have been shown to detoxify
various xenobiotics through conjugation with GSH (95, 96). Isolates from the
rhizosphere are able to detoxify herbicides of two different families,
chloroacetamides and diphenyl ethers (97, 98). The herbicide-GSH conjugates are
subsequently metabolized to cysteine conjugates, which are transformed to the
corresponding thiols, pyruvate, and ammonia by cysteine B-lyases (99). In addition,
soil bacteria are able to oxidize thiols to sulfonates. Sulfonated metabolites of
alachlor and metolachlor have been detected and identified in groundwater and soil
(100, 101). These results illustrated the potential of using soil bacteria for various
bioremediation strategies. Although the isolated degrading bacteria are less
competitive upon reintroduction to the environment, the combination of molecular
biological and protein chemical techniques (99) available today may result in better
efficiency and control of bioremediation using bacteria. A review of bacterial GSTs
with regard to xenobiotic degradation is also presented in a separate chapter of this
book.

Conclusion

The types of conjugation reactions that occur in plants and soil microorganisms
(intra- and extracellularly), are dependent on the availability of different types of
endogenous compounds. Since carbohydrates are readily available in plants during
photosynthesis, these compounds are most commonly involved in conjugation
reactions. On the other hand, most microorganisms are heterotrophs that require an
external supply of nutrients. It is metabolically too expensive for microbes to use the
limited source of carbohydrates and other nutrients for xenobiotic transformation.
Most conjugation reactions of xenobiotics in microorganisms involve intermediates
from primary metabolism. The resulting conjugates become less toxic to the
organism, and/or are chemically excluded from metabolic processes. In plants, the
exclusion is physical, conjugates are compartmentalized into vacuoles, cell wall
lignin and vascular tissues, thus preventing many phytotoxic effects.
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There are also some similarities between mechanisms found in plants and
microorganisms. Both groups of organisms can detoxify xenobiotics using co-
metabolism; where existing enzymatic machinery is adapted to aid in the
detoxification process. There are several types of conjugation reactions that are
common to both groups. For example, conjugation to glutathione is an important
detoxification reaction in both plants and microbes. Acylation and methylation
reactions also occur in both organisms. However, glucosides are the most common
conjugate in plants, but only one example of glycosylation has been found in fungi:
the xylosation of a chlorinated phenol.

In microbes, conjugation occurs to aid transformation of the xenobiotics by
using existing metabolic pathways to detoxify the xenobiotics. Herbicides in the soil
can be immobilized by conjugation reactions and become biologically unavailable.
The same principle applies for the decontamination of pesticides in soil by
conjugating a pesticide or its metabolites to soil humic substances (78). However,
soil microbes can conjugate certain pesticides, which makes them more lipophilic
and persistent in the environment. These metabolites may have potential to
bioaccumulate in the food chain. Similarly, in plants, certain amino acid conjugates
of 2,4-D are less polar than 2,4-D, thereby maintaining their phytotoxic properties.

Conjugation reactions constitute part of the transformation mechanisms found
in living organisms. In plants, different crops have become resistant to herbicides
by expressing high levels of an enzyme responsible for converting the herbicide into
non-toxic metabolites (58). Crop or weed species that are susceptible to a certain
herbicide may have lower levels of a specific enzyme required for detoxification to
occur via conjugation. Also, pesticides with two or more functional groups can form
a range of conjugates. Glucose esters of chloramben or 2,4-D are unstable in the
cytoplasm and are metabolized to the parent herbicide. Other conjugates, such as N-
glucosides are more stable. This difference in stability can confer tolerance to the
crop that preferentially conjugates the herbicide to N-glucosides (I8).

Many of the enzymes responsible for glucose conjugation have not been studied
in detail, nor have they been found in all plants that produce glucose conjugates.
Although amino acid conjugation in plants may be an enzymatic process, no
enzymes have yet been characterized. Information on enzymatic properties and
their reaction mechanisms in conjugation reactions is lacking, and additional
research is required to learn more about the biochemistry and physiology of
herbicide metabolism. Recent advances in recombinant DNA technology and
biotechnology will allow for the expression of microbial enzymes catalyzing
conjugation reactions that may confer pesticide resistance in transgenic crops.

Based on our discussion of conjugation, we believe that Dorough’s definition of
conjugation (3) does not completely describe the diversity of conjugation reactions
found in plants and microorganisms. Conjugation reactions found in, or mediated
by, microorganisms (external to microbes) do not always produce conjugates with
higher water solubility, but are essential for continuous metabolism of the pesticides.
For these reasons, an extension of the definition of a conjugation reaction is
proposed.  "Conjugation is a metabolic process whereby an exogenous or
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endogenous natural compound is joined to a pesticide or its metabolite(s) facilitating
compartmentalization, sequestration, detoxification and/or mineralization." We
believe our definition describes how conjugation of pesticides occurs in both plants
and microorganisms.
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Chapter 6

Bound Pesticidal Residues in Crop Plants:
Chemistry, Bioavailability, and Toxicology
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A high percentage of the radioactivity from labelled pesticides is
often incorporated into bound (non-extractable) plant residues.
Recent progress on plant endogeneous binding partners, linkage
types as well as microbial and animal bioavailability is
summarized. A mathematical model calculating the incor-
poration and bioavailability rates indicates that bound residue
fractions can be responsible for a significant pesticidal exposure
of animals and man.

Plant metabolic studies with radioactively labelled pesticides usually document a
bound residue fraction that is nonextractable with common aqueous and organic
solvents. Initial attempts to characterize the chemical structure and bioavailability of
this fraction have been described at an early symposium of the American Chemical
Society (1). A number of reviews on the subject are available (2-6). The amount of
nonextractable pesticidal radioactivity has ranged from below 1% to more than 70%.
Some of the higher incorporation rates observed in intact plants and in plant cell
suspension cultures are summarized in Table I. In many cases, the parent pesticide and
its soluble metabolites initially predominate in plant extracts, but over time the
pesticidal bound residue fraction increases and usually remains persistent (7-6). For
example, the total residue of ['*C]-maleic hydrazide consisted of 90% parent
compound and only 3% bound residue at 1.25 days post-treatment, but at 28 days
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Table 1. Incorporation Rates of Radiolabelled Pesticides into Nonextractable
Residue Fractions of Whole Plants and Plant Cell Suspension Cultures

Whole plant Incorporation rate®®
studies (% of initial '*C)
propanil 38
atrazine 50
nitrofen 50
bentazon 70
2,4-D 70
Cell culture Incorporation rate™*
studies (% of initial "'C)
benzo[a]pyrene 15
diquat 21
pentachlorophenol 40
3,4-dichloroaniline 70

®Units are % of initial “C; "Data from reference (2);
°Data from reference 8).

post-treatment, the residue contained 16% parent compound and 33% bound residue
(7).

A Commission of the International Union of Pure and Applied Chemistry JUPAC)
recently defined bound xenobiotic residues of plant and animal origin as follows: “4
xenobiotic bound residue is a residue which is associated with one or more classes of
endogenous macromolecules. It cannot be dissociated from the natural
macromolecule using exhaustive extraction or digestion without significantly
changing the nature of either the exocon or the associated endogenous macro-
molecules” (6). This definition corresponds to previous definitions (7). However, as
will become apparent in the present article, future definitions of bound xenobiotic
residues will probably ask for the demonstration of a covalent linkage in order to
differentiate from xenobiotic fragments that are physically bound, e.g., by adsorption
or occlusion. The TUPAC Commission has emphasized two investigations, where, in
contrast to most of the previous literature (7-4), high animal bioavailabilities were
reported for a plant (9) and an animal bound residue (70). This has raised the need to
assess the toxicological relevance of bound pesticidal residues for humans and other
animals as well as the ecotoxicological relevance for non-target organisms. Recent
results are summarized here as a first basis for this type of risk assessment. Work from
the authors' laboratory is emphasized, because other studies have recently been
reviewed (6).
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Differentiation Between Xenobiotic and Natural Labelling

The TUPAC definition given above requires that the bound residue contain the
parent pesticide or a xenobiotic fragment thereof. However, there are several
examples in literature (3) where pesticides were metabolized by the plant or by
microorganisms to simple compounds such as CO, or HCHO. The latter were then
assimilated into soluble and nonextractable natural plant products, e.g. by photo-
synthesis. In such cases, the residue carries no toxicological relevance. A recent
example is given by the fungicide emamectin benzoate (77,/2). One method to
recognize a natural type of residue consists of the isolation of starch or cellulose. It
should be determined whether these macromolecules contain radioactivity, and
whether upon hydrolysis the label is present in D-glucose. This would constitute firm
evidence for a non-xenobiotic incorporation pathway. The detection of defined
xenobiotic split products would, however, conform to the IUPAC definition (6). It is
important to consider the site of radioactive labelling. For example, the labelled
carboxyl-group of a pesticide could easily give rise to natural labelling of the bound
residue, but the remainder of the parent molecule could lead to a xenobiotic (but non-
radioactive) bound residue.

Endogeneous Binding Partners

In addition to pyrolytic and hydrolytic degradation (7-4), the IUPAC Commission
recommended to treat bound residue fractions with cellulase, collagenase, pepsin,
papain, subtilisin, and protease K (6). The various proteases are important for animal
studies where protein bound residues usually predominate. In plant systems, cell wall
components are the predominant binding sites. A fractionation procedure developed
for plant bound residues (73) and some representative results are summarized in
Tables II and III, respectively.

Table II. Fractionation of Plant Cell Wall Componentsa

Sequential extraction Eluted fraction
step

Amylase Starch

Pronase E Protein

EGTA Pectin

DMSO Lignin

Potassium hydroxide Hemicellulose

Sulfuric acid Cellulose

a Adopted from references (6,13).
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Table I1I. Distribution of Radioactivity (% of total) among Plant Cell Wall

Fractions”

Pesticide, Pectins  Lignins  Hemicellulose Final

plant cell culture® residue
Pentachlorophenol, W 7 22 36 5
4-Chloroaniline, W 48 27 5 4
PCNB, W 14 43 6 5
Isoproturon, W 6 11 66 7
Glyphosate, S 23 9 8 6
Phosphinothricin, S 6 3 17 25
Maleic hydrazide, S 4 32 14 26

aAdop‘ccd from (74); W, wheat; S, soybean.

More recently, soybean cell suspension cultures were incubated for 72 h with
[carboxy-"*C]- or [phenyl- *C]-phenoxyacetic acid. The radioactive label was predo-
minantly incorporated into the hemicellulose and lignin fractions and to a lower extent
into the pectin fraction (75). Bound radioactivity from trinitrotoluene was associated
with the pectin, lignin and hemicellulose fractions of bean (716) and wheat (77)
seedlings. These recent studies (75-17), like all previous studies employing the
Langebartels/Harms procedure, failed to chemically identify the individual fractions.
The latter were tentatively designated only by the procedure used. Furthermore, the
polymeric nature of the solubilized plant cell wall fractions was only in a few cases
examined by gel permeation chromatography, for lignin conjugates of chloroanilines
(18), 2,4-D (19), pentachlorophenol (20) and trinitrotoluene (77), as well as hemi-
cellulose metabolites of pentachlorophenol (73) and isoproturon (2/). The xenobiotics
appeared to be randomly incorporated. In addition, protein conjugates have been
studied by SDS polyacrylamide gel electrophoresis [e.g., (22)]. Non-covalently
associated herbicide and metabolites migrated near the dye front.

Linkage Types

Little is known about pesticidal linkage types in bound residues. The carboxyl
group is the most obvious linkage type in the case of pectin conjugates (Figure 1A).
However, this idea has so far not been experimentally examined. Xenobiotics could
bind by nucleophilic displacement of pectin methylester groups. The lignin conju-
gates of chloroanilines have been thoroughly characterized. Chloroanilines are
components of urea, anilide and certain carbamate herbicides whose use has generally
decreased during the past decades. The initial studies in the early 80s (3) already
indicated by mass-spectroscopic and NMR-spectroscopic analyses that the o-position
of quinonemethide-intermediates was the site of nucleophilic attack, so that benzyl-
amine linkages were formed (Figure 1B). This conclusion has stood the test of
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Figure 1. Proposed linkage types for (A) chloroaniline/pectin, (B) chloro-
aniline/lignin, and (C) phenoxyacetic acid/carbohydrate polymers. R and R’
designate the attachment points of the polymer chains.

time because the most recent studies of chloroaniline/lignin conjugates employing
improved polymerisation and NMR spectroscopic methods have confirmed the
benzylamine linkage (23). Many other nucleophilic xenobiotics, in particular the thiol-
compounds generated by C-S-lyase activity from cysteinyl-conjugates may be
similarly bound in a-positions of lignin. Only one report of thiol-incorporation into a
defined lignin fraction seems to exist (24). A hypothetical structure to explain the
binding of phenoxyacetic acid (75) and 2,4-D (22) to carbohydrate polymers is shown
in Figure 1C. Acylglucosides or CoA-esters may be involved as activated
intermediates (74).
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Microbial Bioavailability

When plant bound pesticidal residues are studied in soil systems, a slow release of
"CO, and conversion to soil-type humic substances is observed. This has, for
example, been described for plant bound residues derived from 4-chloroaniline and
2,4-dichlorophenol (25) as well as from isoproturon (26) and glyphosate (27). 4-
Chloroaniline and 2,4-dichlorophenol are components of herbicides such as monuron
and 2,4-D, respectively. The lignin conjugates of chloroanilines were employed to
answer the question whether a lignin-degrading fungus could release the chloro-
anilines during lignin mineralization or co-mineralize them. It was discovered in 1985,
that the white-rot fungus, Phanerochaete chrysosporium, released “CO; in high yield
from lignins carrying a natural '*C-label and from non-labelled lignin metabolites with
bound "C-chloroanilines (28). The free chloroanilines were also mineralized with
about 65% yield (28). Two other reports (29,30) in 1985 also documented the high
mineralization capacity of P. chrysosporium for free polycyclic and chlorinated
hydrocarbons. More recently, the fungus has been shown to mineralize various native
plant pesticidal bound residues, including a residue that had been shown to be non-
bioavailable in animals (3/). The pathway of mineralization by the fungus is still
under study, and white-rot fungi are also examined for bioremediation of conta-
minated soil and water. Special care must be exerted because the lignin peroxidase of
P. chrysosporium can generate highly toxic azobenzenes and perhaps dioxins (32).
Mineralization of chloroanilines proceeds via unusual a-ketoglutaryl and succinimide
conjugates of the chloroanilines so that the chloroaniline amino group is protected.
This favors mineralization rather than oligomerization (33). P. chrysosporium has
been found to be inactivated when exposed to soil systems. We have therefore
developed a two-stage fermentation system where contaminated soil is first eluted
with the detergent Tween 80. The eluate is pumped into a second vessel containing the
fungal culture that had been induced by N-limitation. Mineralization of benzo[a}-
pyrene and other polycyclic hydrocarbons was low under these conditions, but
oxidative activation and formation of polymers was successful in high yield. In this
way a highly polluted gas-work soil from Munich was detoxified by more than 95%

(34).

Animal Bioavailability

Plant pesticidal bound residues in many cases have negligible animal bioavail-
ability (7-4). However, it was discovered in 1990, using chemically defined chloro-
aniline/lignin conjugates, that 65% - 68% bioavailability existed in rats (9). It was also
discovered that most of the bioavailable radioactivity was released in simple model
experiments that simulated the acidic stomach conditions of animals and humans (0.1
N HCI, 37° C). In this treatment, the bioavailable residue fractions showed an
immediate ‘burst’ release of about 30% of the bound radioactivity. This was followed
by a further slow linear release of radioactivity (Figure 2). A subsequent study with a
3,4-dichloroaniline lignin metabolite fraction from wheat showed only 10% - 20%
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bioavailability in rats and sheep. The simulated stomach treatment failed to produce
the 'burst' release phase (35) (Figure 2). No release of '*C from the bound residue
fraction occurred in the water control. A slow release of 3% - 5% of bound radio-
activity was also produced under simulated stomach conditions with the bound residue
fractions of maleic hydrazide (36) and isoproturon (2]). Again, no release of '“C
occurred in the water controls. One possible limitation of these studies is that labile
linkages of bound pesticidal moieties may have been broken in the procedures used to
isolate the cell wall fractions. It has, until recently, remained an open question whether
the initially observed high animal bioavailability (9) was relevant for field situations.
A recent study employing various NMR-spectroscopic methods has partially answered
this question (23). Chloroaniline/lignin conjugates were prepared at various molar
ratios by improved enzymatic procedures. A 'burst' release in the simulated stomach
experiment was only obtained when the chloroaniline incorporation rate was higher
than 20 mol%. This agreed with the high incorporation rates of the initial
bioavailability studies (9). When lower molar ratios of chloroanilines were used or
when a 1:1 model compound of a lignin monomer and aniline was tested, no 'burst'
release occurred (23). *N-NMR spectroscopy showed a simple spectrum
corresponding to the benzylamine binding type. At high molar ratio, there was a
complex spectral pattern, but spectroscopic contro! experiments indicated that the
benzylamine linkage still was the only linkage type present. It was concluded that
special conformers of the lignin metabolites were present at high incorporation ratios,
and that the 'burst' release of chloroanilines was due to anchimeric assistance (23).
The required molar incorporation ratios of above 20 mol% were orders of magnitude
above field residues which are typically below 0.1 mol%. Therefore it is likely that the
initial observation of high bioavailability (9) was due to a laboratory artifact. Several
examples of high animal bioavailability have been described for bound residue
fractions of seeds. Bound residues of deltamethrin, dieldrin, pirimiphosmethyl,
malathion, diflubenzuron, and fenvalerate were up to 80% bioavailable (35,37).
However, the chemical nature of the seed bound residue fractions was not clarified, so
these reports of high bioavailability are still incomplete.

Toxicology

As an example of regulatory rules, the U.S. Environmental Protection Agency has
decided that characterization of bound pesticidal residues in plants is not required for
nonextractable residues that are less than 0.05 ppm parent equivalents or 10% of the
total radioactive residue. Where toxicological concerns are evident or the
nonextractable residue is larger and cannot be identified, then bioavailability studies
may be requested (6). Incorporation rates are above 10% in many cases (/-4). The
pesticidal equivalents in the bound residue may under agricultural conditions (i.e.
harvest several weeks after pesticide application) be orders of magnitude higher than
the residue of parent pesticides that may be close to zero. For model calculations, such
observations should be combined with the extent of bioavailability, at least the 3%-
10% estimate of simulated stomach conditions. Pesticidal exposure in animals, man
and other non-target organisms could therefore be much higher from the bound
residue fraction than from residual parent pesticide.
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Figure 2. Mild acid hydrolysis under simulated stomach conditions (0.1 N HCI,
37° C). A synthetic in-vitro chloroaniline/lignin conjugate and a native chloro-
aniline/wheat lignin metabolite fraction produced in-vivo are shown in the upper and
lower curve, respectively [modified from (35)].

This is in contrast to most current tolerance values for pesticide residues that are only
based on parent compound. There seems to be no example where pesticidal
compounds released from bound residue fractions were more toxic than the parent
pesticide. Release of the parent pesticide was quite often observed. For example, the
mutagenic and carcinogenic pesticide, maleic hydrazide, accounted for 80%-90% of
the radioactivity released from bound soybean residues under simulated stomach
conditions (36). These various observations support the decision of the US-EPA to
regulate bound pesticidal residues (6). A toxicologically relevant pesticide exposure
from bound residues appears likely in certain cases.
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Conclusions

Progress since the initial ACS symposium in 1975 (/) has been slow. The reviewed
results on linkage types, animal and microbial bioavailability and potential toxicology
still allow no generalizations. Bound residues now appear to be toxicologically
relevant in certain cases so that further research is necessary. This is also true
concerning the long-term fate of pesticidal plant bound residues in aquatic and
terrestrial environments.
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Chapter 7

A Review of Strategies to Engineer Plant
Tolerance to the Pyridine Herbicides

Paul C. C. Feng and Thomas G. Ruff

Agricultural Research, Monsanto Company, 700 Chesterfield Village
Parkway, St. Louis, MO 63198

Metabolic deactivation was used to engineer plant tolerance to thiazopyr
and other pyridine herbicides. De-esterification was selected as the
pathway, after confirmation that the resulting acid metabolite lacked
herbicidal activity. We examined de-esterification via mixed function
oxygenases, but selected esterase based on its many desirable features.
Esterase-mediated hydrolysis is a single-step deactivation with no
requirement for cofactors. Esterases hydrolyzed not only thiazopyr but
also other pyridines and demonstrated sufficient catalytic activity to
deactivate the level of thiazopyr residues encountered in plants. By
tracking the pyridine-esterase activity, a novel 60 kDa esterase (RLE3)
was purified from rabbit liver, and a cDNA was cloned based on amino
acid sequence. The esterase cDNA, when expressed in insect cells,
demonstrated activity against the pyridines. Stable plant transformation
was conducted in tomato and tobacco with kanamycin selection. Analysis
of leaf tissues from R, plants confirmed the expression of the 60 kDa
protein and in vitro pyridine-esterase activity. Transgenic seedlings
expressing the RLE3 esterase showed in vivo hydrolysis of the pyridines
to the acid. In growth chamber and greenhouse tests, seeds from
transgenic tomato and tobacco showed enhanced tolerance to thiazopyr
over the control during germination. Thiazopyr tolerance was directly
correlated to pyridine-esterase expression.

Introduction
Pyridines are a family of herbicides useful for controlling narrow-leaf and small seeded

broad-leaf weeds under pre-emergence application. Thiazopyr, MON 2300 and MON
14300 (Figure 1) all share a similar pyridine backbone with a methylester group at the
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pyridyl-3 position and a distinguishing functional group at the pyridyl-5 position. Dithiopyr
has a similar pyridine backbone with methylthioester groups at both pyridyl-3 and -5
positions. Cell biology studies using dithiopyr indicate that disruption of cell division is the
mode of action of the pyridine herbicides (/). Seeds germinated in the presence of pyridine
herbicides show characteristic inhibition of root elongation and swelling of meristematic
zones. Pyridine herbicides are reported to disrupt microtubule organization during cell
division (2).

C o) Q Q o 0 o o
n " 1 )q " H n
57N COCH; CH,0C S COCH, L/ S COCH, CH;,SC S CSCH;
L/ -, -,

F,C” "N° “CFH F,C~ N” “CFH F,C” N “CFH F,c~ N CFH

Thiazopyr MON 2300 MON 14300 Dithiopyr

Figure 1. Structures of representative pyridine herbicides

Metabolism studies of thiazopyr in both animals (3) and plants (4) have demonstrated
rapid oxidations at the sulfur or carbon atoms in the thiazoline ring. Oxidation reactions
produced many metabolites, some of which remained herbicidally active. In contrast, the
acid metabolite, resulting from de-esterification, was virtually void of herbicidal activity
(5). Using extracts from animal livers as model systems, we demonstrated that de-
esterification can occur through either oxidation (6) or hydrolysis (5). In comparison,
plants appeared to de-esterify thiazopyr exclusively via the oxidation pathway, and we
demonstrated enhancement of thiazopyr activity by use of mono-oxygenase inhibitors (7).

In this manuscript, we describe our strategies to engineer plant tolerance to thiazopyr
and the pyridines. We selected esterase-mediated hydrolysis as the pathway for
deactivation, and proceeded to purify, clone and express a novel pyridine-esterase in plants
(8). The proof of concept was realized with demonstration of whole plant tolerance to
thiazopyr.

Materials and Methods

The studies employed '*C-(pyridine-4)-labeled thiazopyr, MON 2300, MON 14300 or
dithiopyr which were custom synthesized by the radiosynthesis group in Monsanto Co (St.
Louis, MO) with greater than 98% purity as determined by HPLC analyses. Halosulfuron,
'C-labeled in the pyrazole ring, was also provided by Monsanto Co. Esterase substrates (p-
nitrophenyl butyrate, 4-methyl umbelliferyl butyrate and 5-bromo-4-chloro-3-indolyl
acetate) as well as liver esterases (carboxyl esterase; carboxylic-ester hydrolase; EC 3.1.1.1)
from porcine and rabbit were obtained from Sigma Chem. Co (St. Louis, MO).
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In Vitro Oxidation by Rat Liver Microsomes

Liver enzyme preparations were obtained from male Sprague-Dawley and Long Evans
rats following a previously reported procedure (6). Rat liver microsomes, previously stored
at -80 °C, were freshly thawed for each incubation. In each 0.5 mL reaction volume, liver
microsomes (1.0 - 5.0 mg protein) were incubated with the “C-pyridines (0.015 mM) in 0.1
M phosphate buffer, pH 7.4, containing MgCl, (5 mM) and an NADPH-generating system
(NADP, 2.5 mM; glucose-6-phosphate, 10 mM; glucose-6-phosphate dehydrogenase, 3
units). Reactions were conducted at 37 °C and were quenched with an equal volume of 1%
trifluoroacetic acid in methanol. Following centrifugation, supernatant fraction was
analyzed using an HPLC equipped with a radioactivity detector (RAD) (6). Control
incubations were conducted in the absence of the NADPH-generating system.

In Vitro and In Vivo Assays for Esterase Activity

Esterase activity was measured in vitro by conversion of each “C-pyridine to its
corresponding acid (5, 8). Pyridine-esterase activity was assayed during protein purification
and from tissue extracts of transgenic plants. The homogenizing buffer for plant tissues
consisted of 100 mM Tris pH 8.0, 1 mM EDTA, 1 mM DTT, and 10% glycerol in water.
Plant tissues (1 g/mL buffer) were homogenized in conical centrifuge tubes using a spinning
pestle at 4 °C. Following centrifugation (12,000 x g), the supernatant (250 uL) was assayed
immediately for esterase activity by incubation with thiazopyr or MON 14300 (0.03 mM) in
0.1 M Tris pH 8.0 buffer (50 pL) at 37 °C. The reaction (100 pL) was stopped by addition
of 1% trifluoroacetic acid in acetonitrile (v/v, 150 uL) to generate a time course (0.5 to100
h) for formation of the acid metabolite. Following centrifugation (12,000 x g for 3 min), the
supernatant was analyzed by HPLC/RAD to resolve the acid from the parent herbicide and
other metabolites. Control incubations in the absence of the enzyme recovered thiazopyr or
MON 14300. Esterase activity was also assayed during protein purification, except a single
time-point (1-2 h) of incubation was selected within the linear range of reaction. /n vitro
assays conducted with colorimetric (p-nitrophenyl butyrate) or fluorescent substrates (4-
methyl umbelliferyl butyrate and 5-bromo-4-chloro-3-indolyl acetate) were used as quick
qualitative assays for the detection of general esterase activity.

Esterase activity was also monitored in vivo. '“C-Thiazopyr or MON 14300 (0.003-
0.01 pmol in acetonitrile) was applied directly to shoots and cotyledons of young seedlings.
After 2 days in a growth chamber, tobacco or tomato seedlings were washed with methanol
and water, and homogenized (Tissuemizer by Tekmar) in 5% (v/v) trifluoroacetic acid in
acetonitrile (fresh w/v ratio of 2/1). Homogenates were clarified by centrifugation (12,000
x g) and supernatants analyzed by HPLC/RAD for the formation of the acid metabolite.
Three individual HPLC methods were employed for analysis of the corresponding acid
metabolites from thiazopyr, MON 14300 or halosulfuron in plant tissue extracts (8).

Purification of Pyridine-esterases from Porcine and Rabbit Liver
Porcine and rabbit liver esterases, obtained commercially as (NH,),SO, suspensions,

were desalted using a disposable Sephadex G25 size exclusion column (Pharmacia
Biotech). Proteins (1 to 10 mg) were initially separated on a strong anion exchange column
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(Mono Q, Pharmacia Biotech) using a KCl gradient (8). Effluent fractions were assayed for
protein using Coomassie dye (Bio-Rad Laboratory) and for pyridine-esterase activity.
Protein purity was determined by SDS-PAGE on 10 to 15% gradient gels (Pharmacia
Biotech) with visualization of proteins by silver staining. Following anion exchange
chromatography, fractions with the highest purity and activity were pooled. After desalting,
the pooled fractions were further separated by isoelectric focusing (IEF) chromatography on
a Mono P column (Pharmacia Biotech). IEF chromatography was conducted at different
pH ranges (3 t0 9, 4 to 7, 5.5 to 6.5 or 4.5 to 5.5) using appropriate combinations of
Polybuffers. Effluent fractions from IEF chromatography were analyzed for protein and
pyridine-esterase activity. Protein purity of the fractions was determined by SDS-PAGE
and IEF-PAGE.

PCR Cloning of Rabbit Liver Esterase cDNAs

Based on the published amino acid sequence of rabbit liver esterase isozyme 1 (RLE1)
(9), we designed 64-fold degenerate primers at the amino and carboxy termini of the mature
protein utilizing nucleotide degeneracy only in the 3’ region of the primer. The amino
terminal primer contained an Nco I restriction site encoding an initiating methionine residue
for expression. The carboxy terminal contained a termination codon and the restriction sites
Xba I and Sac I for cloning. The primer for the amino terminal was 5S’GCACCATGGCC-
CACCCCTCCGCACCACCTGTGGTTGACACTGTNAARGGNAGT and the primer for
the carboxy terminal was 5’CGCTCTAGAGCTCTACAGYTCGATRTGYTCNGTYTC.

Rabbit liver poly A+ RNA (2 pg) was reverse transcribed with AMV reverse
transcriptase to generate first strand cDNA for use as template in the PCR reaction. An
equivalent of 80 ng of starting material was used for 30 cycles of PCR with Taq polymerase
in segments of 94 °C (1 min), 25 °C (2 min) and 72 °C (2 min). Products in the 1300 to
1900 base pair range were recovered and reamplified as described above with a more
stringent annealing temperature of 35 °C. The reaction yielded a single band of the
predicted molecular weight. This esterase clone was completely sequenced in both
directions, utilizing the Sanger method and the Sequenase reagents (US Biochemical). The
deduced amino acid sequence from the cloned esterase showed divergence from the
published RLE1 and therefore was designated as isozyme 3 (RLE3).

A synthetic endoplasmic reticulum (ER) signal sequence was designed based on a
published cDNA sequence of a homologous esterase (/0). Oligonucleotides of 56 and 57
nucleotides were synthesized to encode both strands of the signal sequence. An alanine
residue was added downstream of the initiating methionine residue in order to incorporate
the Nco I restriction site.

Using the cloned r/e3 cDNA as the template, we carried out two independent PCR
events to generate a cDNA for rlel. Two oligonucleotides were designed such that the 3'-
end was homologous to RLE3 sequences flanking the 24 amino acid-divergent region, and
the 5' end encoded for the divergent region of rlel. The two primers were designed with
opposite orientations and contained an overlapping segment in the rle/ divergent region
with a unique Cla [ restriction site. Two PCR reactions were run independently utilizing
rle3 as the template producing two double stranded DNAs encoding for two halves of rlel.
The double-stranded DNAs were recovered into pBluescript, trimmed with Cla I digestion,
and assembled through blunt-end ligation to produce the rle! (8).
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Expression of rlel and rle3 cDNAs in Insect Cells and in Plants

Rabbit liver esterase cDNAs (rlel and rle3) with an ER signal sequence were expressed
in insect cells using the baculovirus system under the control of the polyhedrin promoter.
Transfer vector DNA (2 pg) along with 1 pg of baculovirus genomic DNA were transfected
into Spodoptera frugiperda clone 9 (SF9) cells by the standard calcium phosphate method.
After 5 days of transfection at 27°C, cells were precipitated by centrifugation at 3000 x g.
The cell free supernatant and the cell lysate were tested for esterase activity against
thiazopyr or MON 14300, and for the 60 kDa esterase protein by Western blot analysis (5).
The recombinant baculoviruses were confirmed by dot blot DNA hybridization and purified
by three rounds of plaque purification.

The vector for stable expression in tomato (UC82B) and tobacco (Samson) contained
the FMV (figwort mosaic virus) promotor driving ER-rle3. The vector also contained the
NPTII (neomycin phosphotransferase) gene as the selectable marker. Vector was
introduced into plants using the well-established Agrobacterium transformation (/7).
Callus tissues on agar were selected based on kanamycin tolerance. Shoots from the calli
were isolated for root induction and subsequently transfered to soil.

Assays for Thiazopyr Tolerance

Transgenic tobacco R, seeds (line 37432) were sterilized with 0.25% sodium
hypochlorite solution and repeatedly washed with water. Just prior to solidification of agar
(~45 °C), a stock solution of thiazopyr in DMSO (1% final concentration) was added; the
final concentrations of thiazopyr were 0, 0.05, 0.1, and 0.5 puM. The liquid agar was
vortexed and dispensed (3 mL) into glass test tubes. Seeds (~ 12 per test tube) were placed
on the surface of solidified agar and stored in a growth chamber (25 °C, 12 h day/night
cycle). Root development and length were monitored visually. Untransformed tobacco
seeds from the Samson variety were used as control plants.

Tomato seeds (R, of 8255 and 8256, and control UC82B) were planted in 100 cm? pots
(12 seeds per pot) in artificial Metromix soil at a depth of 0.5 cm. Pots were watered and
oversprayed with a 50% acetone/water solution (2 mL) containing thiazopyr at use rates of
0, 34, 67, 140, or 280 g ai/ha. Pots were placed in a growth chamber (12 h photoperiod;
60% humidity, 25 °C night/29 °C day; 600 pE/s/m’ light) with daily watering by
subirrigation.

Similar studies were also conducted in the greenhouse with pre-plant incorporation of
thiazopyr into the soil. Tomato seeds were planted in 100 cm? pots filled with sterilized
silty loam soil (510 g). Seeds were placed on top of soil, and covered with additional soil
(135 g) that was premixed with thiazopyr at use rates equivalent to of 0, 34, 45, 67, or 140
g ai/ha. Greenhouse growing conditions were: 29 °C day to 21 °C night with supplemental
lighting as needed to maintain 500 uE/s/m?,

Results

Our major objective was to demonstrate that plant tolerance to thiazopyr can be
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achieved via a metabolic deactivation mechanism. Although our focus was on thiazopyr,
we were very much interested in identifying a mechanism that would be applicable to other
pyridines. We considered various parameters that would constitute an ideal pathway of
metabolic deactivation. The pathway should be a single detoxification step away from the
parent so that no more than one enzyme would have to be introduced into plants. The
enzyme should be stable and abundant to facilitate purification and cloning. Above all, the
enzyme should have favorable kinetic parameters (Km and Vmax) so as to rapidly degrade
thiazopyr residues encountered in plants under commercial rates of application. Finally, the
deactivated metabolite should preferably be a terminal metabolite so as to eliminate further
complication from metabolic re-activation. Although there are many other desirable
features for a deactivation enzyme, we considered these to be most important.

Confirmation of Thiazopyr as the Target of Deactivation

Pre-emergence application of '“C-thiazopyr (0.1-0.5 kg ai/ha) to soil produced
characteristic swelling of roots and shoots, and severe stunting in soybean and com
seedlings. Thiazopyr was slowly degraded in soil, accounting for 93% of the residue 2
weeks after treatment. Combustion analysis showed very low levels of residues in seedlings
with the highest level (0.22 pg/g fresh wt) being detected in cotyledons. Although 4 to 6
metabolites were detected in seedlings, thiazopyr was identified as the major residue during
germination. The predominance and the slow degradation of thiazopyr both in soil and in
plants during germination confirmed thiazopyr as the primary target for deactivation.

Cyt P450
NADPH, O,
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Figure 2. Potential pathways of pyridine de-esterification via oxidation or hydrolysis.

Identification of a Deactivation Pathway

The strategy was first to identify the deactivated metabolites of thiazopyr and the
enzymes that were capable of such catalysis. The selected enzyme was then purified and
it’s peptide sequence used for the purpose of cloning the cDNA. The final steps involved
the expression of the gene and demonstration of whole plant tolerance. We were initially
attracted to the thiazopyr acid for its lack of herbicidal activity in plant spray tests. A
critical set of experiments was conducted with thiazopyr acid to differentiate between the
lack of inherent herbicidal activity versus the lack of plant uptake. We employed "C-
thaizopyr acid and soybean tissue culture cells to demonstrate that the acid was readily
absorbed and was about 1,000 times less active than thiazopyr (5).
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There are two known families of enzymes capable of catalyzing de-esterification
(Figure 2). The cytochrome P-450 mixed function oxygenases in the presence of NADPH
and oxygen can catalyze an O-demethylation reaction producing the acid and formaldehyde
(12, 13). De-esterification can also result from esterase-mediated hydrolysis to produce the
acid and methanol (/4). Using NADPH-fortified rat liver microsomes as a model, we
examined the potential of pyridine herbicides to undergo oxidation reactions. Time course
studies (Figure 3) demonstrated very rapid disappearance of thiazopyr and dithiopyr,
whereas MON 14300 and MON 2300 were oxidized very slowly. Further examination
revealed that the sulfur atom was the focus of oxidation in both thiazopyr (5) and dithiopyr
(15). We suspect the lack of sulfur in MON 14300 and MON 2300 may have contributed to
their slow rates of oxidation. Although thiazopyr was rapidly oxidized, the acid was only a
minor product and many oxidized metabolites still retained herbicidal activity. The rapid
oxidation of dithiopyr produced mono- and di-acid metabolites (/5). Based on the slow
oxidation of MON 14300 and MON 2300, the minor pathway of thiazopyr acid formation
and the requirement for enzyme cofactors (i.e. NADPH), we concluded that de-
esterification via mixed function oxygenase would not satisfy our criteria.
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Figure 3. Time course of oxidation of pyridine herbicides by NADPH-fortified rat liver
microsomes.

Time course of hydrolysis of the pyridines by porcine liver esterase is shown in Figure
4. MON 14300 and MON 2300 were rapidly hydrolyzed while thiazopyr underwent
modest hydrolysis and dithiopyr little to no hydrolysis. The acid was the only metabolite
from the hydrolysis of MON 14300, MON 2300, and thiazopyr. Because dithiopyr was not
hydrolyzed, oxygenases will likely be required for engineering tolerance. The difference in
the rates of pyridine hydrolysis (Figure 4) also suggested that greater plant tolerance should
result from a rapidly hydrolyzed pyridine (ie. MON 14300). A survey of extracts from
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animal-liver acetone powder identified many sources of thiazopyr-esterase activity (5). The
rate of hydrolysis for thiazopyr was animal species-dependent and ranged from the highest
activity in bovine to no activity in mouse. Because of commercial availability of partially
purified enzymes, we selected rabbit and porcine liver esterases for further purification and
analysis. We purified a pyridine-esterase from both rabbit and porcine, and chose the rabbit
esterase because of its superior kinetic parameters.
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Figure 4. Time course of hydrolysis of pyridine herbicides by porcine liver esterases.

Purification of a Rabbit Liver Pyridine-esterase

A commercially available mixture of rabbit liver esterase was active against both MON
14300 and thiazopyr. MON 14300 was hydrolyzed faster than thiazopyr and underwent
little to no metabolism in plants (unpublished results) which facilitated chromatographic
separation of the acid metabolite. Because of these advantages, we employed MON 14300
as the substrate of choice for assaying pyridine-esterase activity. We also monitored esterase
activity against thiazopyr because of its advanced stage of commercial development.

By tracking hydrolytic activity of MON 14300 and thiazopyr, a pyridine-esterase from
rabbit was purified after two successive rounds of anion exchange chromatography.
Analysis by SDS-PAGE demonstrated a single protein of 60 kDa molecular weight. In
order to separate the individual esterase isozymes, the anion exchange fraction was further
purified using isoelectric focusing (IEF) chromatography between the pH of 5.5 to 6.5.
Analysis of the major IEF column fraction by IEF-PAGE (pH 4-6.5) showed two major
isozymes with a pl of 6.0. Peptide sequencing yielded one N-terminal sequence for 20
amino acids with high recovery of proteins. Kinetic constants for the purified rabbit
esterase against thiazopyr demonstrated a Vmax of 6.63 nmol/min/mg and a Km of 0.019
mM as calculated from the double reciprocal plot (R* = 0.996).

In Pesticide Biotransformation in Plants and Microorganisms; Hall, J., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by OHIO STATE UNIV LIBRARIES on September 17, 2012 | http://pubs.acs.org

Publication Date: December 1, 2000 | doi: 10.1021/bk-2001-0777.ch007

137

The N-terminal amino acid sequences of rabbit pyridine-esterases was highly
homologous to the published peptide sequence of esterase isozyme 1 of rabbit liver (RLE1)
(16) with identity in 17 of the 18 identified residues (Table 1). In addition, RLE1 and
pyridine-esterase shared an identical pI (6.0) and molecular mass (60 kDa). A second
published isozyme (RLE2) of rabbit liver esterase (/7) showed less homology to the
purified pyridine-esterase than did RLE1. Preparations of RLE1 and RLE2 were obtained
from J. Ozols (Univ. of Connecticut); thiazopyr hydrolysis was demonstrated with RLE1
but not with RLE2. Based on these characterizations, we deduced that the purified
pyridine-esterase was in fact RLE1.

Table 1. Comparison of N-terminal amino acid residues of purified pyridine esterase
(RLE3) and published esterase isozymes (RLE1 and RLE2) from rabbit liver

N-terminal Purified Published Published

amino acid RLE3 RLE1 (16) RLE2 (17)

1 X his gln

pro pro asp
3 X ser ser
4 ala ala ala
5 pro pro ser
6 pro pro pro
7 val val ile
8 val val arg
9 asp asp asn
10 thr thr thr
11 val val his
12 his lys thr
13 gly gly gly
14 lys lys gln
15 val val val
16 leu leu arg
17 gly gly gly
18 lys lys ser
19 phe phe leu
20 val val val

NOTE: x represents unassigned residue.

PCR Cloning of Rabbit Liver Esterases (RLE1 and RLE3)

Degenerate primers for the amino and carboxy termini were designed based on the
published peptide sequence of RLE1 (/6). Reverse transcription-PCR was performed on
rabbit liver mRNA with an initial round of PCR under very low stringency followed by a
second round with higher stringency. This resulted in the production of a single band of the
predicted size which was subcloned for further analysis. Sequence analysis of the recovered
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c¢DNA indicated that it, in fact, encoded an esterase which was different from RLE1. The
derived amino acid sequence of the clone showed 97% identity to RLE1 with most of the
divergence lying in one region of 24 amino acids near the amino terminus (Figure 5). Other
than this divergent region, only three amino acid residues in the clone differed from RLE1.

1 MARLYPLVWLFLAACTAWGHPSAPPVVDTVKGKVLGKFVSLEGFAQPVAV 50
ER-RLE3 UL UL

RLE1 1 ..........cccunn.. HPSAPPVVDTVKGKVLGKFVSLEGFAQPVAV 31

51 RFAPPQPAESWSHVKNTTSYPPMCSHDAVSGHMLSE 100
llIIIIIlIIIIIIlIIIIlIIHIllIlIlIIlIlIlI (RRARRRAAR

AVSGHMLSE 81

32 APPQPAESWSHVKNTTSYPPMC:

101 LFTNRKENIPLKFS EDCLYLNI YTPADLTKRGRLPVMWIHGGGLMVGGA 150

IIIlII|IIIIIIIIIII||IIII|Il||l|IIIIII|IIII|IIIIIII
82 LFTNRKENIPLKFSEDCLYLNIYTPADLTKRGRLPVMVWIHGGGLMVGGA 131

151 STYDGLALSAHENVWVTIQYRI.GI piC

IlllllIIIIIIHIIIIIIIIIH
132 STYDGLALSAHENVVVVTIQYRLGIGGE

201 WVQDNIANFGGDPGSVTI FGESAGGQSVSILLLSPLTKNLFHRAI SESGV 250

FLERELELEREE R LR i
174 WVQDNIANFGGDPGSVTIFGESAGGQSVSILLLSPLTKNLFHRAISESGV 223

251 ALLSSLFRKNTKSLAEKIAIEAGCKTTTSAVMVHCLRQKTEEELMEVTLK 300
llllllllllllllllllllIIHIIIIIIIIII[IIIIIHIIIIlIlI

224 swnmxsmx-:xmxmccxms;\vmcmomsssmswx.x 273
301 MKFMALDLV AFLTTVIDGVLLPKAPAEIIREKKYNMLPYMVGI 350
IIIIIIIIIIIIIIIIIIIIIHIII]IIIIIIII [LTEEETELT

274 MKFMALDLV LTTVIDGVLLPKAPAEI KKYNMLPYMVGI 323

351 NQQEFGWIIPMQMLGYPLS EGKLDQKTATELLHKSYPI VNVSKELTPVAT 400

FLLECEVETEEEERE e e e e e
324 NQQEFGWIIPMQMLGYPLSEGKLDQKTATELLWKSYPIVNVSKELTPVAT 373

401 EKYLGGTDDPVKKKDLFLDMLADLLFGVPSVNVARHHRDAGAPTYMYEYR 450

FEVEREERREEEER e e e e ey
374 EKYLGGTDDPVKKKDLFLDMLADLLFGVPSVNVARHHRDAGAPTYMYEYR 423

451 YRPSFSSDMRPKTVIGDHGDEIFSVLGAPFLKEGATEEEIKLSKMVMKYW 500

IIlIIIIIlIIIIl||I||||II||IIIIII|I|II|I|IlIl||IlII|
424 YRPSFSSDMRPKTVIGDHGDEIFSVLGAPFLKEGATEEEIKLSKMVMKYW 473

501 ANFARNGNPNGEGLPQHPAYDYKEGYLQI GA'I'X‘QAAQKLKDKEVAFH’I‘EL 550

FELELEELELECER R e e r e e
474 ANFARNGNPNGEGLPQWPAYDYKEGYLQIGATTQAAQKLKDKEVAFWTEL 523

551 HAKEMRPRETEHIEL' 567

[ELELELEITELTTT
524 WAKEAARPRETEHIEL. 539

Figure 5. Amino acid alignment of cloned ER-RLE3 with the published RLEI. Divergent
regions are highlighted in gray.

Other subclones isolated from the PCR amplification were sequenced through' this
divergent region and were all identical to the original clone. Our isolated clone encoded a
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novel esterase which was designated as rabbit liver esterase isozyme 3 (RLE3). It was
apparent that by using primers designed against RLE1, the PCR reactions cloned a cDNA
for rle3. Comparison of the sequence of RLE3 with other published sequences revealed
homology to a clone isolated from rat (10).

Although the peptide sequence of RLE3 was 97% identical to RLE1, we were
concerned that the minor dissimilarity could affect enzymatic activity against thiazopyr.
Since a purified preparation of RLE1 esterase did exhibit thiazopyr hydrolysis, we
proceeded to construct a rlel cDNA. The primary difference between RLE3 and the
published RLE1 sequence was in one region of 24 amino acids. Using rle3 cDNA as the
template, we carried out two independent PCR events using primers that encoded for
sequences flanking the divergent region of rle3 and the divergent region of rle/. Two
double stranded DNA encoding for each halve of rle/ were produced and ligated.
Conversion of this cDNA to rle] was completed by site specific mutagenesis at three other
positions where a single amino acid difference existed between RLE1 and RLE3. The entire
sequence of the rle/ cDNA was confirmed by double stranded nucleic acid sequencing.

Insect Expression of rlel and rle3 cDNAs

Of the two putative esterase cDNAs, rle] was designed based on the published amino
acid sequence of RLE1 (/6) and rle3 was cloned based on primers designed from RLE1.
The demonstration of pyridine-esterase activity from the protein products of these two
c¢DNAs was accomplished by expression in insect cells. The expression of the pyridine-
esterase was measured by Western blot analysis, and the enzymatic activity measured
against standard colorimetric substrates, thiazopyr and MON 14300.

Mature rabbit liver esterases are glycoproteins which reside in the lumen of the
endoplasmic reticulum (ER) (/6). The cloning strategy that recovered rle3 cDNA was
based on the peptide sequence of the RLE1 mature protein which did not contain a signal
sequence for ER targeting. Assuming that glycosylation and/or disulfide bond formation in
the ER is critical to esterase activity, we designed an ER signal sequence based on the
published oligonucleotide sequence of the rat liver esterase (/0). We employed the
standard baculovirus-mediated insect expression utilizing a transfer vector (pVL1893) with
polyhedrin promoter. Western blot analysis detected high levels of the 60 kDa esterase
protein in the media of both rle/ and rle3 cultures. The media from rle3 culture had
esterase activity against standard substrates, thiazopyr and MON 14300. This esterase
activity was inactivated by boiling and also by bis(p-nitrophenyl)phosphate, a previously
demonstrated esterase inhibitor. In contrast, the media from rle/ culture was inactive
against all esterase substrates. These results indicated that although both rle/ and rle3 were
equally expressed in insect cells, only the RLE3 protein demonstrated esterase activity. The
failure of the RLE1 protein to hydrolyze even standard esterase substrates suggests that the
enzyme is not functional. The inactivity of the RLE1 esterase could be due to lack of
proper folding, although RLE3 esterase which is 97% identical to RLE1 was folded
correctly. The absence of hydrolysis activity in the protein product of our rle/ cDNA and
the presence of activity in the purified RLE1 esterase from J. Ozols indicate the likelihood
that errors exist in the published peptide sequence of RLE1 (9).
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Plant Transformation of rle3 cDNA

Stable transformation of ER-rle3 was conducted in tomato and tobacco using the FMV
constitutive promotor. The vector, which also contained the NPTII (neomycin
phosphotransferase) gene as the selectable marker, was introduced using Agrobacterium
transformation (/7). Primary callus tissues were selected for kanamycin tolerance, and
shoots were rooted and regenerated into R, plants. Leaf tissue from R, tomato and tobacco
plants were assayed by Western blot (Figure 6). Expression of the 60 kDa RLE3 esterase
was detected in most of the transgenic tobacco lines at levels ranging from 0.004 to 0.5% of
total protein. Among 35 lines of tomato, 20 lines expressed the esterase at levels ranging
from 0.002 to 0.05% of protein. Expression of RLE3 esterase was consistently higher in
tobacco than in tomato plants.
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Figure 6. Detection of RLE3 esterase in tissue extracts from 3 tomato and 4 tobacco lines
by Western blot analysis (Reproduced from reference 8).

In addition to leaves, RLE3 esterase was also detected in tissue extracts from seeds,
roots, flowers and fruits, which is consistent with the expression pattern of the constitutive
FMYV promotor. Since thiazopyr is a pre-emergence herbicide acting primarily during early
germination, we were particularly interested in expression of RLE3 in young seedlings.
Starting with seeds from a high-expressing tobacco line (37432), we observed consistent
expression of RLE3 in seeds and through 17 day-old seedlings. Ubiquitous expression of
RLES3 in all plant tissues caused no visible abnormal phenotype. Transgenic tobacco and
tomato plants were normal in all aspects of development from vegetative growth, flowering,
fruit setting and maturation, to seed production and germination. The R, lines were carried
through fruit maturation to obtain R, seeds for tolerance assays.
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Detection of Plant RLE3 Esterase Activity In Vitro and In Vivo

A crucial step in our overall concept was the demonstration of enzymatic activity in the
plant-expressed RLE3. Using tissue extracts from R, tomato and tobacco plants, we
observed in vitro hydrolysis of MON 14300 or thiazopyr only in RLE3-expressing plants.
Seedling extract from a high-expressing tobacco line was used to examine the substrate
specificity against MON 14300, thiazopyr and halosulfuron (a herbicide of the sulfonylurea
family containing a methylester functional group). Results indicated that RLE3 esterase
clearly hydrolyzed both MON 14300 and thiazopyr, but not halosulfuron (8). As observed
in the crude rabbit esterase preparation, MON 14300 was hydrolyzed at a faster rate than
thiazopyr. These results suggest that although animal liver esterases are generally regarded
as having a broad substrate specificity, the RLE3 esterase appeared to possess some
specificity towards the pyridines.
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Figure 7. HPLC profiles from UV and "*C detection showing in vivo hydrolysis of MON
14300 to the acid in control (UC82B) and in two lines of transgenic (8255 and 8256)
tomato seedlings (Reproduced from reference 8).

The fact that RLE3 esterase is expressed in plants and shows in vitro activity still does
not guarantee that pyridines will be hydrolyzed in vivo when applied to plants. Three HPLC
profiles illustrating in vivo metabolism of MON 14300 in control (UC82B) and two high
expressing tomato lines (8255 and 8256) are shown in Figure 6. '“C-MON 14300 was
applied to the shoot of 2 day-old seedlings, and 2 days later seedlings were washed with
methanol and tissue extracts analyzed. The HPLC chromatograms displayed signals from
both the UV,, ..., (upper trace, Figure 7) and radioactivity (lower trace, Figure 7) detectors.
For the purpose of metabolite identification, plant extracts were co-injected with a mixture
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of authentic standards for UV detection. Control tomato seedlings (Figure 7) showed MON
14300 as the primary residue (90.8%) with little acid (2.5%), indicating the lack of
endogenous esterase activity against MON 14300. Both transgenic lines (8255 and 8256)
showed rapid conversion of MON 14300 to its acid with line 8255 showing greater activity
(27.6%) than 8256 (11.9%). These HPLC profiles resulted from extracts of plants 2 days
after treatment, and presumably the process of MON 14300 hydrolysis by RLE3 would
continue with time. The expression levels of the RLE3 esterase in 8255 and #8256 were at
0.05% and 0.005% of the total protein, respectively. In both transgenic lines small levels of
more polar products, likely from further degradation of the acid (/8), were detected near the
solvent front.

Assays for Thiazopyr Tolerance in Tobacco and Tomato

Thiazopyr tolerance was evaluated using transgenic tobacco seeds in a root elongation
assay. Tobacco R, seeds were sterilized and germinated on agar fortified with various
concentrations of thiazopyr (0, 0.05, 0.1 and 0.5 puM). With control seedlings, we observed
dose-dependent inhibition of root elongation showing about 75% inhibition at 0.1 pM
thiazopyr. In comparison, seedlings from a high-expressing line showed normal root length
at 0.1 uM thiazopyr with inhibition visible at 0.5 uM.

Tolerance in transgenic tomato was examined in soil with pre-emergence application of
thiazopyr. Tomato R, seeds from two transgenic lines (8255 and 8256) as well as control
UCS82B seeds were planted in soil, and thiazopyr was sprayed pre-emergence at rates of 0,
34, 67, 140, 280 g ai/ha. Good germination was observed in all lines and evidence of
tolerance was apparent 2-3 weeks later. Relative to unsprayed plants, slight stunting was
evident in control plants at 67 g ai/ha. At rates equal to or above 140 g ai/ha, the controls
never grew beyond the cotyledonary stage and eventually all died. In comparison, the
transgenic lines were normal at 67 g ai/ha and were increasingly stunted at high rates of
thiazopyr. The stunted transgenic plants recovered and produced normal flowers, fruits, and
seeds.

A more stringent test of plant tolerance employed pre-plant incorporation of thiazopyr.
In this method of application, seeds were sown directly into soil which had been
incorporated with thiazopyr. Plants were visually rated at 21 days after treatment. Results
(Figure 8) showed that at 34 g ai/ha rate, control (UC82B) was slightly injured (75%
growth) while the two transgenic lines (8255 and 8230) were normal (100% growth). At45
g ai/ha, control was nearly dead (10% growth) while the transgenics were nearly normal
(90% growth). At 67 g ai/ha, control was dead while the transgenics were stunted (40 to
50% growth). Based on 85% growth inhibition, we estimated the tolerance in transgenic
tomato seeds to be 3 times higher than the controls. These results unequivocally
demonstrated thiazopyr tolerance in tomato plants expressing the RLE3 esterase.

Discussion
Our efforts to engineer plant tolerance to thiazopyr began with the identification of a

non-phytotoxic metabolite (i.e. acid) and selection of an enzyme (i.e. esterase) capable of
this catalysis (5). We purified a pyridine-esterase, cloned and expressed the cDNA (i.e.
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rle3) in plants, and demonstrated hydrolysis of the pyridines in vitro and in vivo. Tolerance
to thiazopyr was demonstrated in transformed tobacco and tomato using a variety of whole
plant assays. Our data clearly showed that tolerance was correlated to the expression of
RLE3 esterase which catalyzed hydrolysis of thiazopyr. Although plant tolerance was
demonstrated only against thiazopyr, tolerance to MON 14300 and MON 2300 is expected
to be even greater based on higher rates of hydrolysis by RLE3. Although RLE3 esterase
served to validate the concept, we feel an ideal esterase source would be one of microbial
origin that has high specificity towards the pyridines and is easily expressed in plants. We
believe the level of tolerance can be further optimized by targeting expression to specific
tissues and by temporal expression during early germination when exposure to thiazopyr is
greatest.
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Figure 8. Thiazopyr dose titration under pre-plant incorporation in control and transgenic
(8255 and 8230) tomato seeds evaluated at 21 days after seeding.

Aside from engineering thiazopyr tolerance, this work has generated several other
interesting observations. The first is the lack of abnormal plant phenotype from constitutive
expression of a broad-substrate RLE3 esterase. Whether this is due to targeting of the
esterase to the ER or the lack of esterase activity against plant endogenous substrates is not
clear. A second observation is the lack of plant endogenous esterase activity against the
pyridines in spite of the reported existence of multiple plant esterases (19, 20, 21). The role
of esterases and mixed function oxygenases in plant de-esterification of xenobiotics is an
interesting topic for future research. And finally, our work suggests that a previously
published peptide sequence of a rabbit liver esterase (RLE1) may contain errors. This is
indicated by the expression of an inactive protein from a ¢cDNA designed based on the
published peptide sequence.
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Chapter 8

Biodegradation of Pesticides Containing
Carbon-to-Phosphorus Bond
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Phosphonates constitute a class of organic compounds containing a
direct covalent carbon-to-phosphorus bond. They are in widespread use
these days, mainly as insecticides, herbicides, antibiotics, lubricants or
flame retardants. The fate of phosphonates in the environment attracts
considerable attention especially if resistance of the stable C-P bond to
chemical, photolytic and thermal cleavage 1is considered.
Organophosphonates are generally considered to be non-persistent
because a number of microorganisms provide suitable pathways for the
biodegradation of these compounds. Thus, the ability to catabolize
phosphonates is widesperad among bacteria and fungi. Metabolic
pathways which have been characterized so far are reviewed in this
presentation.

Organophosphonates are a group of both synthetic and biogenic compounds
characterized by the presence of covalent carbon-to-phosphorus bond. The conversion
of phosphonates to phosphate products by living systems, apart from being essential
for the return of carbon-bound phosphorus to the phosphate metabolic pool, is of
considerable practical importance since phosphonates have recently found extensive
application. Compounds containing C-P bond occur in an increasing number of
industrial, agricultural, medical and housecleaning products. As a consequence,
thousands of tones of these xenobiotics are introduced annually into the environment
(7). Intensive use of organophosphonate herbicides (glyphosate and glufosinate) and
insecticides has raised an increasing concern due to their possible pollution of the
environment and stimulated intensive studies on their biodegradation.

Although the C-P bond is resistant to chemical degradation (hydrolytic, thermal or
photochemical) (2) organophosphonates are generally considered to be non-persistent
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because a number of microorganisms possess pathways suitable for conversion to non-
toxic metabolites or complete mineralization of these compounds. Thus, the ability to
catabolize phosphonates is widespread among bacteria, and many soilborne strains of
Escherichia, Salmonella, Shigella, Klebsiella, Enterobacter, Serratia, Pseudomonas,
Rhizobium, Agrobacterium, Bacillus, Arthrobacter and Kluyvera are able to grow on
phosphonates as the sole source of phosphorus (for review see Refs. 3, 4 and 5). The
history of studies on the biodegradation of phosphonates began with the reports of
Zeleznick (6) and Mastalerz (7) on microbial strains capable of growth on various
simple phosphonic acids as the sole source of phosphorus. The following thirty-five
years of studies resulted in isolation of several hundred bacterial strains capable to
split carbon-to-phosphorus bond. On the contrary, surprisingly little is known about
the metabolism of these xenobiotics by fungi (8-12) although these organisms are
supposedly responsible for the biodegradation of organophosphonates in soil. Even
though many synthetic organophosphonates may be readily degraded in the
environment by biotic transformations, our knowledge of their environmental fate
remains limited (5,/3).

Catabolism of 2-Aminoethanephosphonic Acid (Ciliatine)

2-Aminoethanephosphonic acid (I, AEP) was isolated in 1959 from ciliated sheep
rumen protozoa, and thus named ciliatine (/4). Independently, it was isolated from
lower marine animals (/5). Ciliatine (I) is the simplest natural phosphonate and is also
the most ubiquitous considering the high levels found in some organisms. Occurrence
of AEP is well documented in Monera, Protista and animal kingdoms whereas its
presence in plants and fungi has not been confirmed (16). Therefore, the fact that AEP
acid may serve as the sole source of phosphorus for most of the examined
microorganisms is not surprising and may be taken as an indication that it is degraded
more readily than other phosphonates. The study of AEP utilization by soil microflora
has provided useful insight to understand the molecular basis of the catabolism of C-P
bond-containing xenobiotics.

Ciliatine catabolism by many bacteria is a two-step pathway by which this amino
phosphonate is ultimately converted to acetaldehyde and orthophosphate (17-19). The
first step involves a transamination reaction in which the amino group of ciliatine is
donated to pyruvate and phosphonoacetaldehyde (II) is produced. Phosphono-
acetaldehyde is then cleaved by phosphonatase (phosphonoacetaldehyde hydrolase),
which exhibits strong substrate specificity towards compound II. These two enzymes
were isolated from various bacterial sources, mechanisms of their action were
thoroughly studied, and the corresponding genes were characterized (20-28).
Phosphonatase [EC 3.11.1.1] is perhaps the only well-characterized enzyme
responsible for carbon-to-phosphorus bond cleavage (24-26). Formation of a
protonated Schiff base, at a lysine in the active site of the enzyme and the carbonyl
group of the substrate, facilitates cleavage of the C-P bond resulting in liberation of
acetaldehyde and phosphite.
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Bacteria capable of metabolizing ciliatine may be divided into two distinct groups.
In the first one, represented by Enterobacter aerogenes (5), Salmonella typhimurium
(29) and Pseudomonas sp. (30), AEP utilization is regulated by inorganic phosphate,
and occurs only when it is the sole source of phosphorus. The second group of
bacteria, Pseudomonas putida (31), Pseudomonas fluorescens (30,33), Bacillus cereus
(18) and a recently isolated strain of Streptomyces sp. (32), are not regulated by
phosphate concentration and utilize ciliatine as a source of nitrogen, phosphorus and
carbon, usually with excretion of inorganic phosphate into the culture media.

2-Oxoalkanephosphonates (III), which are compounds structurally related to
phosphonoacetaldehyde, are also readily degraded by bacteria and fungi (8,9,33).
However, they do not act as substrates or as inhibitors of phosphonatase (Lacoste A.-
M., University of Bordeaux, France, private communication). The mechanism of their
degradation awaits elucidation.
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Bacterial strains which degrade AEP to orthophosphate and ethylamine by C-P
lyase(s) have also been identified (34,35). These enzymes catalyze direct cleavage of
the carbon-to-phosphorus bond in a wide variety of structurally diverse
organophosphonates by a free-radical mechanism that will be discussed later.

HzN\/\Poauz —s HN - + P
|

The degradation of AEP by Protista has been studied less extensively. Quite
surprisingly, no release of inorganic phosphate from ciliatine, amino phosphonate
endogenous to Tetrahymena thermophila, was ever directly observed in vivo in this
thoroughly studied organism (36,37). Snail eggs contain virtually all stored
phosphorus in the form of phosphonates, and during embryonic development the C-P
bond is rapidly converted to inorganic phosphate (38-40). The mechanisms of this
degradation, intermediates, and enzymes involved in this process are unknown.
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Catabolism of Other Naturally Occurring Organophosphonates

The catabolism of other biogenic organophosphonates was studied only incidentally.
2-Amino-3-phosphonopropionic acid (phosphonoalanine, IV) seems to accompany
ciliatine in some organisms, but its biological role is completely unknown. The
decarboxylation of this amino acid may serve as an alternative pathway for ciliatine
synthesis (4/). Phosphonoalanine is also catabolized through a two-step pathway with
initial conversion to phosphonopyruvate (V) with the release of inorganic phosphate.
Most likely the cleavage of phosphonopyruvate is catalysed by phosphoenolpyruvate
phosphomutase (P-C bond forming enzyme) or a related enzyme (42-45). Since
phosphonoalanine is a biogenic organophosphonate and its formation is strictly bound
to the metabolic pathway of ciliatine, this finding is not surprising.
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1,2-cis-Epoxypropanephosphonic acid (phosphonomycin, VI) is a broad-spectrum
antibiotic originally isolated from several strains of streptomycetes (Streptomyces
fradiae, S. wedmorensis and S. viridochromogenes) (46,47), and later from the
bacterium Pseudomonas syringae (48). It is the first phosphonic acid antibiotic to be
used parenterally and is quite widely adopted in human therapy, mostly in Europe
(Spain and Italy) and Japan (49). Surprisingly there is only one paper devoted to its
degradation (50). Phosphonomycin is metabolized by a certain strain of Rhizobium
huakuii through a unique mechanism because this strain was unable to degrade other
phosphonates. However, this rhizobial strain utilizes this antibiotic, independent of the
cellular phosphate status, as either a carbon source or a carbon and phosphorus source
for growth. Degradation is linked with an essentially quantitative release of
organophosphonate-derived orthophosphate. Degradation of phosphonomycin by a
cleavage of carbon-to-phosphorus bond may represent a new mechanism of bacterial
resistance to this antibiotic.
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L-2-Amino-4-[hydroxy(methyl)phosphinyl]butyric acid (phosphinothricin, VII),
also known as glufosinate, is the active herbicidal ingredient of Basta®, produced by
Hoechst. This compound is unusual in that it possesses two carbon-phosphorus bonds
that make its biodegradation quite difficult. It was at first isolated as part of the
antibacterial tripeptide phosphinothricyl-L-alanyl-L-alanine produced by Streptomyces
hygroscopicus and S. viridochromogenes (51-53). The tripeptide is highly active in
vitro against gram-positive and gram-negative bacteria (49) and also exerts strong
herbicidal properties due to the released phosphinothricin (54). Soil studies indicated
that phosphinothricin is rapidly metabolized (55). The mechanism of its
biodegradation is, however, apparently unknown. It was shown that the deamination of
the herbicide to the corresponding keto acid (VIII) is the first step of this process (56,
57). This reaction is (most probably) catalyzed by y-aminobutyric acid: o-
ketoglutarate transaminase, an enzyme involved in utilization of y-aminobutyric acid
(57). After prolonged time, decarboxylation of VIII occurs with the formation of 3-
methylphosphonico-propanoic acid (IX) (56, 58-61). In soil, a second decarboxylation
step results in 2-methylphosphonico-ethanoic acid (X) (62). In this instance C-P bond
cleavage was not observed, and the environmental fate of X is unknown (56).
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Biodegradation of Glyphosate

The biodegradation of the widely used phosphonate herbicide, N-phosphono-
methylglycine (glyphosate, XI) has been most intensively studied (3-5). Glyphosate is
the active ingredient of Monsanto’s environmentally friendly, broad-spectrum
herbicide Roundup® (63). It has little or no chronic or neuro-toxic effects and no
obvious carcinogenic and mutagenic activity. Thus it is being considered to be
harmless for man and animals (63).

In most cases, glyphosate is rapidly mineralized in the environment (/2, 63-69).
Even though the rate of utilization has been reported to vary considerably between
different soils, it is completely degraded by soil microorganisms to water, carbon
dioxide and phosphate. Mineralization proceeds without a lag phase and occurs under
both aerobic and anaerobic conditions (63, 66, 69, 70). An Achromobacter strain taken
from a glyphosate waste stream treatment facility (71), and Streptomyces sp. isolated
from municipal sewage treatment plant (32) are the only microbial strains, reported so
far, to be able to utilize the herbicide constitutively in pure culture. This may derive
from the fact that the first steps in glyphosate degradation are either accomplished by
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bacterial strains which are quiescent, or proliferate slowly (72) or the degradation is
mediated by a consortia of microorganisms. Numerous bacterial strains, however,
have been described that use glyphosate as a phosphorus source when grown in media
without inorganic phosphate. However, the latter was inhibitory to glyphosate
breakdown. For example, in a study investigating glyphosate degrading-activity in 163
microbial isolates from the field, 26 isolates were able to metabolize the herbicide to
sarcosine (XII) and inorganic phosphate under phosphate starvation, but no evidence
of its metabolism or co-metabolism to aminomethanephosphonic acid (XIII) was
obtained (73). Sufficient phosphate is usually present in most environments to satisfy
microbial nutrition. Thus, it is not surprising that most herbicide metabolism in the soil
indicated conversion of glyphosate to aminomethanephosphonic (C-P bond
conserved). Glyphosate was degraded in gram-positive and gram-negative bacteria (3-
5,74,75), and some fungal strains (9), by two main pathways, both of which lead to
breakage of the carbon-to-phosphorus bond.
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In the first pathway, glyphosate is converted to aminomethanephosphonic and

glyoxalate (65, 66, 74, 76-80) by a flavoprotein, glyphosate oxidoreductase (GOX)
(80, 81). Aminomethanephosphonic acid is then either directly metabolised to
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methylamine and orthophosphate (64, 82, 83), or undergoes acetylation prior to the
cleavage of the C-P bond (80). The gox gene, that encodes glyphosate oxidoreductase,
was cloned from Achromobacter sp. (71, 74, 80). It encodes a 46.1 kDa protein with
little homology to other proteins, except for a region near the N-terminus that contains
a conserved motif associated with flavin binding in flavoenzymes such as D-amino
acid oxidases or sarcosine oxidases.

Alternatively, the initial cleavage of the C-P bond yields sarcosine, which is further
converted to glycine and a C;-unit, which is incorporated into purines and some amino
acids (13, 73, 75, 84-88). The enzyme or enzymes responsible for direct cleavage of
organophosphonate C-P bonds are known by the general name “C-P lyase”. The
activity of this enzyme(s) can be detected in whole organisms; however it has never
been convincingly shown in cell-free extracts (35,86,89-92).

The uptake and breakdown of phosphonates in Escherichia coli is well-
characterized genetically (93-100). The phn gene cluster consists of 17 genes (phnA to
-Q), among which phnC to -P appear to be required for phosphonate uptake and
breakdown. Mutagenesis of the phn gene cluster revealed that phnCDE encode a
phosphonate transporter, phnF and phnO may have regulatory functions, phnG to -M
are likely to be components of C-P lyase, and phnN and phnP are probably accessory
proteins. The existence of a homologous system was also demonstrated in Rhizobium
(Sinorhizobium) meliloti (101), that most probably has a single C-P lyase able to
degrade a wide range of phosphonates. It appears to have a broader substrate
specificity than its E. coli counterpart because R. meliloti can grow on glyphosate as
sole phosphorus source, while E. coli can not. Growth on a similar wide range of
phosphonates was also observed in Agrobacterium radiobacter (35) and Arthobacter
sp. (91), but the broad specificity was proposed to result from activity of two different
C-P lyases.

Rhizobium meliloti (101) and Enterobacter aerogenes (29) are also examples of
microorganisms having two or more enzymes responsible for breakage of C-P bond.
The second enzyme seems to be phosphonatase, since disruption of the phn gene
cluster in these organisms does not prevent their growth on ciliatine.

C-P Lyase Mediated Biodegradation of Other Synthetic
Phosphonates

The microbial utilization of a wide variety of synthetic phosphonates has been
extensively studied to date. In most described cases, microorganisms utilize
organophosphonates as a sole source of phosphorus, and thus it is believed that the
cleavage of C-P bond is catalyzed by C-P lyase. This enzyme is unusual in that it
hydrolyzes this bond even in simple substrates such as alkyl- and arylphosphonates
(34,102-105). For example, Agrobacterium radiobacter was found to cleave C-P bond
of alkyl-, vinyl, propenyl-, propynyl- phenyl- and chloromethyl-phosphonic acids,
yielding upon hydrolysis alkanes, ethylene, propylene, propyne (acetylene), benzene
and chloromethane (35). Thus, this microorganism degrades organophosphonates in
which phosphorus atom is bound to carbon atoms of diverse electronic properties with
all the possible carbon atom hybridizations involved (sp’, sp® and sp). The structural
diversity of substrates being cleaved by various microorganisms is quite striking. For
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example, Penicillium notatum degraded 13 out of 16 phosphonates (mostly
aminophosphonates) under phosphorus-starvation (9), and some were apparently
metabolized by C-P lyase. A wild-type strain of Streptomyces sp. grew on 8 of 9
aminophosphonates (including glyphosate and ciliatine), and on 6 of 7 other
phosphonates (including methanephosphonic acid, phosphonoacetic acid and
phosphonomycin) (32).

C-P lyase has been assayed by measuring the release of methane from
methanephosphonic acid by whole cells (103-106). The details of the reaction
mechanism are largely not understood, although the reaction involves direct cleavage
of the phosphonate bond without prior activation. However, biochemical
investigations have been hindered by the lack of a reliable assay for C-P lyase activity
in cell-free extracts, and thus studies have concentrated either on chemical modelling
of this reaction, or cloning of the genes involved in phosphonate degradation.

Carbon fragments generated from alkanephosphonic acids during microbial
cleavage of C-P bonds have been postulated to reflect the formation of radical
intermediates in this process. Results of chemical modelling based upon oxidation
with lead (IV) tetraacetate (/03) and the photo-assisted Fenton reaction [oxidation
with Fe(IlI)/H,0,] (107) supported this hypothesis. Two possible pathways of
alkanephosphonate biodegradation were thus postulated in which organophosphoranyl
(95,108) or organophosphonyl (103,104, 109) radicals are formed.
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Studies of Escherichia coli (110) utilization of [**P]-ethylphosphonic acid, identified
formation of a-1-ethylphosphonoribose (XIV) in extracellular culture supernatant.
Mutation of the genetic locus, which is essential to C-P bond cleavage, also disrupted
organophosphonate ribosylation. This observation, alongside with the absence of
phosphorous acid (phosphite, XV) and ethanephosphonous acid (XVI) in the growth
medium favours organophosphoranyl (XVII) as an intermediate. However,
organophosphonyl radical (XVIII or XIX) intermediacy may still be possible, because
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neither labelled inorganic phosphate nor ethane were detected when o-1-
ethylphosphonoribose was incubated with E. coli cell lysate.

Phosphoranyl intermediate
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Studies of Escherichia coli (110) utilization of [**P]-ethylphosphonic acid,
identified formation of o-1-ethylphosphonoribose (XIV) in extracellular culture
supernatant. Mutation of the genetic locus, which is essential to C-P bond cleavage,
also disrupted organophosphonate ribosylation. This observation, alongside with the
absence of phosphorous acid (phosphite, XV) and ethanephosphonous acid (XVI) in
the growth medium favours organophosphoranyl (XVII) as an intermediate. However,
organophosphonyl radical (XVII or XIX) intermediacy may still be possible, because
neither labelled inorganic phosphate nor ethane were detected when o-1-
ethylphosphonoribose was incubated with E. coli cell lysate.

Genetic studies have provided additional biological evidence considering the
mechanism of dephosphonylation by C-P lyase in vivo. Mutants that have lost the
ability to utilize phosphonates as sole source of phosphorus, simultaneously lose the
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ability to assimilate phosphorous acid (phosphite) (97). Complementation of one
phenotype led without exception, to restoration of the other as well (97). Thus, it has
been proposed that phosphonate degradation yields phosphite (either free or enzyme-
bound) as the initial product of the reaction, followed by phosphite oxidation to
inorganic phosphate (97,111,112). This constitutes the first biological mechanistic
evidence for phosphonate degradation by C-P lyase and favours organophosphonyl
radicals as intermediates (XVI or XVII) in the process.

These observations provided additional support if considering the mechanism of
action of fungicidal Fosetyl-Al (aluminium tris-O-ethyl phosphonate) and its
analogues (/13-115). These systemic fungicides are taken up and hydrolyzed within
the plant, with the release of phosphite, which is thought to act directly on the
invading pathogen (Phytophtora) by substantial disruption of phosphorus metabolism
(116-118).

The apparent involvement of a membrane component in C-P lyase-catalyzed
degradation of phosphonates was shown (97). This is not surprising since it represents
a common feature for enzymes that carry out redox reactions. This may also explain
the lack of demonstrable in vitro C-P lyase activity, since cellular disruption methods
would invariably destroy membrane-associated complexes.

Chemical modelling indicated that dephosphonylation of aminoalkylphosphonic
acids may also occur as a spontaneous side-reaction after the condensation of
aminophosphonate with pyridoxal 3’-phosphate (/19). Although it represents an
unlikely mechanism for C-P lyase, existence of such a pathway should not be ruled out
if one considers the degradation of amino(3-methoxyphenyl)methanephosphonic acid
(XX) in many systems (9,1/1,32,33). The demonstration of the involvement of this
reaction, however, will require additional study.

NH,

CH3°\©/LP03H2

XX

Phosphonoacetate Biodegradation

Phosphonoacetate hydrolase is the third enzyme which catalyzes cleavage of carbon-
phosphorus bond. This inducible, zinc dependent enzyme composed of two identical
subunits was isolated from Pseudomonas fluorescens grown on phosphonoacetate
(XXI) as sole carbon and phosphorus source (120-123). It catalyzes the cleavage of
the latter compound to acetate and inorganic phosphate, and represents an alternative
route for the microbial metabolism of phosphonates.

The gene encoding phosphonoacetate hydrolase has been cloned, sequenced and
expressed in both Pseudomonas putida and Escherichia coli (124). Neither the
nucleotide nor the deduced amino acid sequence showed homology with any gene
coding for a C-P cleaving enzyme analysed so far.
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Helicobacter pylori is resistant to the toxic action of N-phosphonoacetyl-L-aspartate
(XXII) due to a similar hydrolase (/25). Once inside the bacterial cell, this potent
inhibitor of the second step of pyrimidine biosynthesis (/26) was most likely
catabolized by phosphonoacetate hydrolase yielding N-acetyl-L-aspartate (XXIII).
The enzyme from H. pylori also cleaved phosphonoacetate (125). It is also important
to note that a recently isolated strain of Streptomyces sp. was found to utilize
phosphonoacetate as sole source of carbon and phosphorus for growth, suggesting that
it also may possess this enzyme (32).

Biodegradation of Organophosphonate Insecticides

Initial steps of bacterial degradation of organophosphonate insecticides and nerve
agents involve hydrolysis of these organophosphorus esters. This ability appears to be
widespread in the environment, and a variety of bacterial species have been isolated
which can utilize these compounds (/27-132). Biodegradation of diethyl p-nitrophenyl
phosphate (parathion, XXIV) has been most intensively studied (/28-130,133) and
results show that hydrolysis of its arylphosphonate moiety is catalysed by
phosphotriesterase (aryldialkylphosphatase, EC 3.1.8.1). In insects and other higher
organisms, parathion is rapidly converted by monooxygenases (most possibly
cytochrome P-450) to its phosphate homologue (paraoxon, XXV) which is responsible
for the toxic effect of pesticide (/33,134). Paraoxon is also readily hydrolysed by
phosphotriesterase (134).

In bacteria this oxidative reaction is only a minor pathway (/33).
Phosphotriesterase has been purified from several bacterial species (134-140). In some
of them it is a membrane-associated enzyme, whereas in others it is cytosolic. It
catalyses a single hydrolysis of dialkyl aryl phosphates and alkyl aryl phosphonates to
their corresponding alkyl esters or free acids by a mechanism in which water attack on
phosphorus is facilitated by collaborative action of two metal jons (Zn**, Mn*, Co*,
Ni** or Cd*") present in its active site. Phosphotriesterase accepts a broad range of
substrates. Genes encoding organophosphonate degrading-enzymes have been cloned
and sequenced in Flavobacterium sp. (137,138,140-142).
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Degradation of parathion to p-nitrophenol and diethyl phosphorothionate reduces
mammalian toxicity by a factor of 122. Since most interest has been directed towards
detoxification, studies on the ultimate metabolic fate of the C-P products have not
been extensive. Phosphomonoesterases and phosphodiesterases, which degrade methyl
and dimethyl phosphate have been reported in Klebsiella aerogenes (143).

Organophosphorus acid hydrolase (EC 3.1.8.2) isolated from the thermophilic
bacterium Alteromonas sp., displayed high hydrolytic activity towards the nerve
agents 2-(3,3-dimethylbutyl) methanephosphonofluoridate (soman) and isopropyl
methanephosphonofluoridate (sarin, XXVI) which contain P-F bond in their chemical
structure (/44-148). The hydrolytic action of this enzyme is similar to that reported for
phosphotriesterase.

XXvi XXIX XXX

The P-S bond in certain phosphorothiolates, such as ethyl 2-(N,N-
diisopropylamino)ethylthio methanephosphonate (nerve agent VX, XXVII) and its
insecticidal analogue diethyl 2-(N,N-diisopropylamino)ethylthio phosphate (Amiton,
XXVIII), is usually more resistant to enzymatic hydrolysis, and thus, they are less
readly biodegradable. However, it has been recently shown that degradation of this
compound was easily achieved by the action of white rot fungus Pleurotus ostreatus
laccase (phenol oxidase) used together with the mediator 2,2’-azinobis(3-
ethylbenzylthiazoline-6-sulfonate) (/49).

Biodegradation of carbon-to-phosphorus bond in products of the detoxification of
organophosphonate insecticides and nerve agents has been studied only incidentally. A
good example is a research on complete biodegradation of sarin metabolite (XXIX) by
mixed cultures of bacteria which carried out sequential hydrolysis of the metabolite to
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methanephosphonic acid (XXX) with further degradation of the carbon-to-phosphorus
bond (/50). Although enzyme analysis was not conducted in this research, the
involvement of C-P lyase in the final step of degradation was postulated.

u CH; A
XXVl
OEt OFEt
/L Sp” HOo_ /
)N\/\/ P~ort —_— P~OEt
XXvii
Conclusions

Several enzymatic systems have been discussed that are involved in the rapid
utilization of organophosphonates by soil microflora. However, phosphonatase (EC
3.11.1.1) is the only well-characterized hydrolytic enzyme to date. Moreover, even
though the first catabolic products have been identified in most cases, their
environmental fate is still far from being fully elucidated. It is also important to note
that there is a lack of C-P bond degrading enzyme(s) in plants. Compounds containing
carbon-phosphorus bonds are finding increasing use in many different applications.
Therefore, biodegradation studies are urgently required to ensure that their usage does
not give rise to serious environmental contamination, and to develop efficient and
specific biological waste treatment systems using microorganisms especially selected
for these individual xenobiotics. In the future, the neglected study of the role of fungal
species in such research might provide useful enzymes or enzyme systems for the
bioremediation of C-P compounds. Several microbial processes also show promise for
inactivating and degrading dangerous warfare agents containing C-P bonds. However,
attempts to use isolated microorganisms, as well as bacterial consortia to hydrolyze C-
P bond have been unsuccessful so far (/517).
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