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Foreword

ThEe ACS SYMPOSTUM SERIES was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset, but are reproduced as they are submit-
ted by the authors in camera-ready form. Papers are reviewed
under the supervision of the editors with the assistance of the
Advisory Board and are selected to maintain the integrity of the
symposia. Both reviews and reports of research are acceptable,
because symposia may embrace both types of presentation.
However, verbatim reproductions of previously published
papers are not accepted.
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Preface

PesticioEs HAVE BECOME an integral part of intensive agriculture.
This has resulted in extensive research on the biological efficacy and
environmental fate of pesticides. One area of significant interest is the
transformation of pesticides in the environment. The mechanisms of pes-
ticide degradation and the products formed from various physical, chemi-
cal and biological processes have been well documented. For most
currently used pesticides, however, the fate and significance of their
transformation products are yet to be elucidated.

Pesticide transformation, in general, is a detoxification process
resulting in inert products. Some transformation products, however, have
the potential to control target pests, affect nontarget species, and contam-
inate environmental resources. An extensive body of literature exists on
transformation products such as DDE, heptachlor epoxide, 2,4-
dichlorophenol, and ethylenethiourea. Some types of information on
transformation products, generated by the chemical industry, are
proprietary in nature and are not currently available to the scientific com-
munity. Little is known about transformation products of the vast major-
ity of the more than 600 active ingredients used in crop protection, how-
ever.

Although numerous books have been published on pesticides, this is
the first book on pesticide transformation products. Overviews of the
current understanding of the pesticide degradation mechanisms and prod-
ucts are discussed in the first two chapters. The remaining chapters are
organized into two sections, the first section focusing on the fate of
transformation products in the physical and biological environment, and
the second addressing their significance in crop protection, environmental
contamination, nontarget effects, and legal implications. Overall, the
book presents the benefits and risks associated with pesticide transforma-
tion products. Inevitably, some of the viewpoints in the book are con-
troversial, but we consider that to be beneficial for the promotion of con-
cepts and approaches to the study of pesticide transformation products.

A tradition of research on pesticide metabolism was established at
Iowa State University by Paul A. Dahm, Distinguished Professor in the
Department of Entomology and many of his graduate students. Dr.
Dahm was a pioneer in the field of comparative insecticide toxicology,
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particularly in elucidation of the mechanisms of biotransformation. Dur-
ing his 37 years at this university, he was instrumental in adapting and
developing powerful new methods for the study of pesticide persistence,
distribution, and breakdown products, including radiotracers and gas
chromatography. We acknowledge his many contributions to pesticide
degradation and remember him fondly as a scientist, teacher, and friend.

The editors thank the contributors to this volume for their excellent
research reviews of current knowledge on pesticide transformation prod-
ucts as well as some of the research and regulatory issues that face indivi-
duals and institutions working in this important field. We are grateful for
the efforts and expertise of the scientists who served as peer reviewers for
the chapters published in this volume. We hope this collective work will
serve as a valuable focus of research and opinion on the subject of pesti-
cide transformation products and will stimulate future research and regu-
latory policies.

We express our appreciation to the Agrochemicals Division of the
American Chemical Society for providing a forum for this work. We also
thank John Teeple, Amy Marsh, Ellen Kruger, and Maureen Rouhi for
their valuable assistance in the preparation of this book.

We dedicate this book to our parents, Nachammai and Lakshmanan
Somalay, and William G. and Catherine (Dodds) Coats, for their love,
support, and keen interest in our professional achievements.

L. SOMASUNDARAM
Iowa State University
Ames, Towa 50011

JOEL R. COATS
Iowa State University
Ames, Towa 50011

December 26, 1990
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Chapter 1

Pesticide Transformation Products
in the Environment

L. Somasundaram and Joel R. Coats

Pesticide Toxicology Laboratory, Department of Entomology,
Towa State University, Ames, IA 50011

Pesticides applied in the enviromnment are transformed by
biological or nonbiological processes into one or more
transformation products. For most pesticides,
transformation results in detoxification to innocuous
products. Major degradation products of some currently
used pesticides, however, play an important role in pest
control and environmental contamination. Some pesticide
degradation products are of significance in crop
protection by being effective against the target pests.
Some can be responsible for inadequate pest control by
inducing rapid degradation of their parent compounds.
Degradation products as potential contaminants of
environmental and food resources has been reported
recently. Although most of the currently used
pesticides are biodegradable, their major degradation
products should also be considered in evaluating the
overall bioactivity and environmental contamination
potential of the parent compound.

Role of Pesticides in Agriculture and Public Health

The world population continues to grow at about 2 percent each year
(1). This growth rate means that at least 93 million additional
people per year must be provided with food. The 43 countries
identified by the United Nations as the food-priority countries have
the highest birth rates (2), and the current global population of
5.3 billion is expected to increase to 6.3 billion by the year 2000
(3). As global population is incrasing, the total available
agricultural land is decreasing (4), mainly because of soil erosion
(5). The need to increase the global food supply, and the
constraints faced in the population and the land availability fronts
reflect the importance of intensive agriculture in providing food to
the global population. Pesticides have been an integral part of
intensive agriculture, particularly since the Green Revolution in
Southeast Asia in the 1970's. Besides their role in crop and animal

0097-6156/91/0459—0002$06.00/0
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1. SOMASUNDARAM & COATS  Transformation Products in the Environment 3

protection, pesticides also play a vital role in public health. In
fact, one of the first such uses of synthetic pesticides was that of
DDT for the control of typhus and malaria outbreaks in the 1940's
and 1950's (6).

Pesticide Transformation

Pesticide transformation is any process in which a change takes
place in the molecular structure of a pesticide. The transformation
of a pesticide can occur immediately after, or even before,
application, during storage. Most pesticides applied to the
environment are ultimately degraded into universally present
materials such as carbon dioxide, ammonia, water, mineral salts, and
humic substances. Different chemicals, however, are formed before
the pesticides are completely degraded. The chemicals formed by the
different transformation processes are referred to by several names
(Table I). "Transformation products" and "degradation products" are
the terms most widely used. If the products are results of
biological degradation, then they are referred to as "metabolites."
The products formed by sunlight-induced transformations are known as
"photoproducts™ or "photolysis products.” Some products such as
phorate sulfoxide are referred to as "pesticidal products" because
of their toxicity to target pests. The term "residues" is
ambiguously used and can mean either parent compound or the products
formed.

Table I. Some of the terms used to refer to products formed from
pesticide transformation

Transformation products
Biotransformation products
Degradation products
Metabolites
Photoproducts
Photolysis products
Pesticidal products
Byproducts
Breakdown products
Conversion products
Residues
Derivatives
Analytes
Analogs
Intermediates
Degradates
Daughter compounds
Decomposition products
Pesticide equivalent

For the biocactivity of some pesticides to be expressed, they
need to first be transformed into biologically active products.
These pesticides known as propesticides (Table II), are relatively

In Pesticide Transformation Products, Somasundaram, L., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1991.



Publication Date: March 21, 1991 | doi: 10.1021/bk-1991-0459.ch001

Downloaded by 89.163.34.136 on August 1, 2012 | http://pubs.acs.org

PESTICIDE TRANSFORMATION PRODUCTS

safer to mammals and crops because selective detoxification can take
place in crop or mammalian systems.

Table II. Commonly used propesticides and their biologically
active products

Propesticide Bioactive product Effect
2,4-DB 2,4-D herbicide
methazole . DCPMV herbicide
metham-sodium methyl isothiocyanate fumigant
carbosulfan carbofuran insecticide
thiodocarb methomyl insecticide
tralomethrin deltamethrin insecticide

Significance of Transformation Products

Many modern day pesticides are degraded by microbial or chemical
processes into innocuous products. Evidence shows, however, that
for some pesticides, the pesticidal activity and environmental
contamination attributed to parent compounds are partly due to the
products formed (7,8). In some situations, pesticides (e.g.,
aldoxycarb, promecarb) are formed as degradation products of other
pesticides (Table III).

Table III. Pesticides formed as degradation products of other

pesticides
Parent compound Degradation product (also a pesticide)
DDT dicofol
aldicarb aldoxycarb (aldicarb sulfone)
acephate methamidaphos
maneb, zineb etem
promacyl promecarb
benomyl carbendazim
chlorthiamid dichlobenil

The significance of degradation products was illustrated four
decades ago for DDT, one of the first synthetic pesticides. Some of
the major concerns with DDT were its degradation products: DDE (1,1-
dichloro-2-2 bis [chlorophenyl]ethylene) and DDD (1,1 bis[p-
chlorophenyl]-2,2-dichloroethane). For more information on the
environmental significance of DDT metabolites readers are referred
to Metcalf (9). Although the importance of degradation products has
long been known, their significance became more evident in the late
1980's, because of their potential to contaminate water and food
resources (8,10,11) and to promote rapid degradation of parent
compounds by serving as energy or nutrient sources for soil
microorganisms (12).
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Pesticide degradation results in the formation of various
chemicals including substituted phenols, aromatic amines, and
chlorobenzenes. Some of these products, such as 2,4-dichlorophenol
and p-nitrophenol, are considered priority pollutants. The toxicity
of these compounds in the biosphere and their potential to persist
in environmental matrices for extended periods illustrates the need
to study these compounds (13,14). It is equally important to
understand the fate of biologically active products formed from
propesticides and pesticides so that adequate pest control is
achieved.

Biological Activity. The biological activity of pesticide
degradation products is not new to the literature. Two of the
metabolites of DDT -DDD and dicofol- were effective against insects
and mites, respectively, and were marketed as pesticides. The
degradation products of some organophosphorus insecticides are more
potent inhibitors of acetylcholinesterase, a major component of the
nervous system, than their respective parent compounds (e.g.,
paraoxon from parathion). Besides cholinesterase inhibition, some
metabolites also inhibit the activity of other enzymes such as
mammalian ribonucleotide reductase (15). The herbicidal activity of
the sulfoxides of carbomothioate herbicides has been previously
reported (7,16). In the U.S., in Midwest soils treated with
pesticides such as butylate and terbufos, residues of the parent
compound were not detected in significant amounts within a few weeks
after application. Good control of weeds and corn rootworm larvae,
however, was observed in these fields (7, Somasundaram, L.,
unpublished data.). The good performance of these pesticides,
despite their lack of persistence, was probably due in part to
subsequently formed pesticidal products (Table IV).

Table IV. Degradation products effective in controlling target pests

Pesticidal Product Pesticide
DDD, dicofol DDT

EPTC sulfoxide EPTC
butylate sulfoxide butylate
terbufos sulfoxide terbufos
phorate sulfoxide phorate

Transformation products as environmental contaminants. The growing
concern for preserving the quality of surface-water and groundwater
resources stimulated research into the occurrence of pesticides in
groundwater in the 1980’s. Several pesticides have been frequently
detected in groundwater samples in agricultural areas. Until
recently, however, monitoring pesticides in groundwater was mainly
restricted to the parent compound. Studies on the quality of Long
Island's groundwater revealed the primary contaminants to be
aldicarb sulfoxide and aldicarb sulfone, which are the degradation
products of the insecticide/nematicide aldicarb (17). Since then,
degradation products of a number of commonly used pesticides,
including atrazine, cyanazine, and carbofuran, have been detected in
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groundwater (Table V). In the USEPA’'s recent national survey of
drinking water wells, the most frequently detected pesticide product
was a metabolite of DCPA (18). Recent studies confirm that many
degradation products are more mobile, and some others are more
persistent than their respective parent compounds (19,20). In some
monitoring studies, degradation products occured in groundwater in
which the parent compound was no longer detected (21). These
findings reveal that degradation products of certain pesticides
could be important contaminants of groundwater. For most
pesticides, however, the concentrations of their degradation
products in groundwater was well below the USEPA’'s Maximum
Contaminant Level.

Table V. Pesticide degradation products as contaminants of
water resources

Pesticide Degradation product Reference

DDT DDE, DDD (22)

endosulfan endosulfan sulfate (23)

carbofuran 3-ketocarbofuran (24)
3-hydroxycarbofuran

aldicarb aldicarb sulfoxide an
aldicarb sulfone

atrazine deethylatrazine (24)
deisopropylatrazine

cyanazine cyanazine amide (25)

simazine deethylsimazine (21)

alachlor hydroxyalachlor (24)

DCPA tetrachloroterephthalic acid (18)

maneb, mancozeb ethylenethiourea (22)

In contrast, conversion of some pesticides to their degradation
products could prevent the movement of parent compound to
groundwater. For example, the greatest potential for groundwater
contamination by dicamba would occur immediately after application,
before significant degradation to 3,6-dichlorosalicylic acid (DCSA)
occurred. This is because of the increased sorption of DCSA by soil
(26).

The recent controversy over the presence of the growth
regulator Alar in apples in the United States was not caused by the
parent compound daminozide (27). A metabolite of daminozide,
unsymmetrical dimethylhydrazine (UDMH), was the chemical of concern
present in the contaminated apples. Unsymmetrical dimethylhydrazine
is a potent carcinogen, and its presence in apples resulted in major
public concern that led to the withdrawal of daminozide’s use in
apples.

Ethylenethiourea (ETU) is a degradation product of
ethylenebisdithiocarbamate (EBDC) fungicides such as maneb, zineb,
and mancozeb. The source of ETU in plants can be the ETU present in
formulations as an impurity produced during EBDC manufacture or
formed during storage (11). Soil degradation of dithiocarbamates
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can result in the formation of ETU, which can be taken up by plants.
The presence of ETU in food can be the result of heat treatment of
plant products containing residues of EBDC. Ethylenethiourea has
been shown to possess carcinogenic, teratogenic, and mutagenic
activities and has been detected in groundwater samples (22).
Because of these properties of ETU, EBDC fungicides are under
special review by the USEPA.

Properties of Pesticide Degradation Products

Characteristics influencing the environmental significance of
pesticide degradation products include water solubility, vapor
pressure, and carcinogenic and mutagenic potential. Although most
degradation products of pesticides are converted into less toxic or
nontoxic materials, some degradation products because of the above
mentioned characteristics, may be biologically and/or
environmentally active. In general, many degradation products are
more soluble in water than their parent compounds (19). For
example, the sulfoxide and sulfone metabolites of aldicarb are 55
and 1.4 times more soluble respectively, than the parent aldicarb
(28). This increased solubility favors their mobility to
groundwater.

Vapor pressure is an important factor influencing the
evaporation of pesticides from treated surfaces. The vapor pressure
of PCCH (r-1,3,4,5,6,pentachlorocyclohexane), a metabolite of
lindane, was 14 times greater than that of lindane (29). Thus, much
of the lindane volatilized from soil would be in the form of PCCH.
The vapor pressure of p-p’'-DDE is 8 times greater than that of p-p’-
DDT. In well-aerated soils, DDT is converted to DDE, and most of
the volatilization occurs in the form of DDE (29). Thus, because of
the high vapor pressure, metabolites of DDT and lindane volatilize
more readily than do their parent compounds.

Because of the public concern over the spectra of
agrochemically-induced carcinogenicity, use patterns are influenced
by their potential human-health concerns. A few degradation
products, including ETU and UDMH, are carcinogenic. The rates at
which these products are formed, their concentrations in food, or
their persistence in environmental resources will have a significant
impact on the future use of the parent compounds.

Conclusions

Pesticide transformation is mainly a beneficial process resulting in
detoxification of the parent compound. For some pesticides,
however, the products formed can be of significance in both crop
protection and environmental contamination. Thus, as with the case
of EBDC fungicides, the transformation products could determine the
future use of the parent compound. Yet, for many of the currently
used pesticides, the fate and significance of their degradation
products is not clearly understood. The chapters in this book
present the available information on pesticide transformation
products and address the relative significance of these products in
the environment.
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Chapter 2

Pesticide Degradation Mechanisms and
Environmental Activation

Joel R. Coats

Pesticide Toxicology Laboratory, Department of Entomology,
Iowa State University, Ames, JIA 50011

Pesticides are degraded by many different
mechanisms. Physical, chemical, and
biological agents play significant roles
in the transformation of insecticide,
herbicide, and fungicide molecules to
various degradation products.
Transformation mechanisms include
oxidation, hydrolysis, reduction,
hydration, conjugation, isomerization, and
cyclization. Resultant products are
usually less bioactive than the parent
psticide molecule, but numerous cases have
been documented of metabolites with
greater bioactivity. The physical and
chemical properties of the degradation
products are also different from those of
the parent compound, and their fate and
significance in the environment also are
altered with the structural changes. The
concept of "environmental activation" is
introduced, to describe the transformation
of a pesticide to a degradation product
that is of significance in the environment
as a result of its environmental
toxicology or chemistry.

Degradation of synthetic organic pesticides begins as
soon as they are synthesized and purified. Formulation
processes can initiate minor amounts of decomposition of
active ingredients. During shipping and storage of
products, breakdown of the principal components may occur
due to harsh environmental conditions (e.g., severe heat)
or prolonged periods of storage. Once a pesticide
product is prepared as a tank mix, further degradation
can occur because of chemical interactions between the
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parent molecules and the water used or other pesticides
in the tank mixture. Once applied at a site for pest
control, the pesticidal compound is exposed to numerous
agents capable of transforming it into various other
forms. Once inside organisms, both target and
nontarget, they are subject to attack by detoxification
enzymes. The majority of the pesticide applied does not
immediately enter any organism, but remains in the
environment. These residues in soil, water, and air are
subject to transformation, to transport to a different
location, and to uptake by organisms at that site. Once
transformation products have been formed in any of the
circumstances described, these new compounds are of
relevance, as well, and are susceptible to the same
forces of movement and/or further degradation.

Agents Involved in Degradation

Processes responsible for the degradation of pesticides
can be classified as physical, chemical, and biological.
A combination of factors usually influence the breakdown
of a pesticidal chemical, over a time period of hours,
days, weeks, months, or years, and through many of the
situations enumerated above. Factors that influence the
relative importance of the various transformation agents
depend to a great extent on the chemical's use pattern,
physical properties, and chemical structure.

The two primary physical agents involved in the
degradation process are 1light and heat. Photolysis of
pesticide residues is extremely significant on
vegetation, on the soil surface, in water, and in the
atmosphere (1). Thermal decomposition of the chemicals
often occurs concomitantly with the photodegradative
reactions; solar radiation, therefore, is directly
responsible for the decomposition in two ways, through
photolysis and thermal decomposition. Cold, especially
freezing, temperatures can also contribute occasionally
to pesticide degradation if certain formulations are
allowed to freeze, and the pesticide is forced out of
solution, suspension, or microencapsulation, making it
more susceptible to degradative forces before and after
application.

Chemical degradation occurs as a result of the
various reactive agents in the formulations, tank mixes,
and in the environment. Water is responsible for
considerable breakdown of pesticides in solution,
especially in conjunction with pH extremes. Even slight
variance from a neutral pH can elicit rapid decomposition
of pH-sensitive compounds. Molecular oxygen and its
several more reactive forms (e.g., ozone, superoxide,
peroxides) are capable of reacting with many chemicals to
generate oxidation products. 1In all but the most
oxygen-poor environments, oxidative transformations are
frequently the most common degradation pathways observed.
Other chemical oxidations, as well as reductions, can
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progress in the presence of certain inorganic redox
reagents (2). These reactive species of metals function
as highly effective catalysts which effect pesticide
transformations in soils and in aquatic and marine
environments.

Biological agents are also significant degraders of
pesticides. Microorganisms (bacteria, fungi,
actinomycetes) are the most important group of degraders,
based on their prevalence in soil and water and on the
tendency of pesticides to collect in those medias (3,4).
Three major degradation strategies are exhibited by
microbes:

1. Co-metabolism is the biotransformation of a
pesticidal molecule coincidental to the normal
metabolic functions of the microbial life processes
(growth, reproduction, dispersal). )

2. Catabolism is the utilization of an organic
molecule as a nutrient or energy source. Some
pesticides have been observed to be susceptible to
enhanced microbial degradation (EMD) by
populations of microbes (principally bacteria) that
have adapted, following repeated use, to utilize the
pesticide molecule as a sole source of carbon or
nitrogen (5). Control of pests by these products may
be seriously compromised under some circumstances
(e.g., a need for weeks of persistence in soil (6).
The major factors that affect the susceptibility or
resistance of a chemical to EMD are the relative ease
of hydrolysis, plus the nutritional value of the
hydrolysis products (7), as well as the toxicity of
those products to microbes in the soil (8). This
specialization of biodegradation has also been
exploited for bioremediation processes (9).

3. Microorganisms secrete enzymes into the soil for
digestion of substrates. The enzymes, e.qg.,
phosphatases and amidases, may persist in the soil
long after the parent microbial cell is dead. The
stability and persistence of these extracellular
enzymes can provide soil with various important
biochemical catalytic capabilities (10).

other biological degradation agents include
invertebrates, vertebrates, and plants. In general,
vertebrates possess the most sophisticated enzymatic
arsenal for biotransformation of xenobiotics that enter
their bodies. 1In addition to the broader spectrum of
reactions possible in vivo, the rates of detoxification
and elimination are typically highest in this group,
especially mammals and birds.

Transformation Reactions

Three basic types of reactions can occur: degradative,
synthetic (e.g., conjugations), and rearrangements.
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Although most organic pesticides must undergo many
reactions before they are completely degraded, or
mineralized, one or two transformations are frequently
sufficient to alter the biological activity drastically.
The change usually is a detoxification, but numerous
examples of intoxication, or activation, have been
reported as well (11).

The evolved biochemical strategies of organisms for
detoxification of organic foreign substances are four-
fold. They transform the xenobiotic molecule to a more
water-soluble, more polar molecule to facilitate
elimination of it from the organism. Oxygen or oxygen-
containing moieties like sugars, amino acids, sulfates,
and phosphates serve this purpose well. Secondly, they
alter functional groups in an attempt to render the
molecule less toxic (e.g., amines and sulfhydryls). The
third approach entails breaking of the potentially toxic
molecule into two or more fragments to decrease the
probability of toxic impacts of the chemical on vital
organs or organelles. In addition, the breaking down
process also contributes toward possible use of the
component parts of the molecule as nutrients, as
mentioned regarding microbial catabolism.

De e Reactions

Oxidations. A wide spectrum of oxidative reactions occur
in organisms and in the greater environment. Nearly all
impart some degree of increased water solubility to the
pesticide molecule. Most also alter the bactivity of the
parent compound. For their impact on the bioactivity and
mobility, and, hence, the environmental significance of
the chemicals, the oxidation pathways are extremely
important transformation reactions.

The mechanisms of oxidation vary: physical and
chemical oxidations involve molecular oxygen or more
reactive species including various acids, peroxides, or
singlet oxygen, and are often enhanced by light, heat, or
oxidized metals in soil or water. Biological oxidations
are accomplished enzymatically, primarily by the mixed
function oxidases (utilizing cytochrome P,g5q) (12,13),
the flavin-dependent monooxygenases (14,15%, and
monoamine oxidases (12). The reactive forms of oxygen
that are involved in the various oxidative
biotransformations have been reported to be hydroxyl
radical, superoxide anion, and hydrogen peroxide.
Specific oxidative reactions of significance in pesticide
degradation are presented below.
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Ring Hydroxylation
S M R
O—C—N< O—C N
CH,
o e
carbary! 4-hydroxy carbaryl (16)

This reaction occurs on aromatic rings in pesticides of
several types, as well as polycyclic aromatic
hydrocarbons (PAH). It is easily accomplished on single
or multiple-ring molecules that are unsubstituted or
activated. Substitution with bulky or multiple groups
can sterically inhibit the reaction, as can the presence
of deactivating substituents such as halogens.

Side-chain oxidation
CH, s CH,
C A\ CH.OUl A\
cj:s >p N c:,l-fo):_o [ N
's —
i ‘<?“= sy
GH g;
CH, 3
diazinon. hydroxy diazinon (17)

Any methylene group in an aliphatic side-chain is
susceptible to oxidation. cCarbofuran undergoes
hydroxylation of a methylene in the furan ring to form 7-
hydroxycarbofuran, followed by further oxidation to 7-
ketocarbofuran (18). Terminal methyl groups are also
susceptible to hydroxylation.
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Epoxidation
cl, Ci,
cl cl o
(e}
oY) S ja
cl cl

aldrin dieldrin (19)

The conversion of alkenes to epoxides does not radically
alter the polarity of the substrate, nor the biological
activity in some cases, e.g., aldrin's epoxidation to
dieldrin. Epoxide formation may be, in fact, critical to
bioactivity, e.g., precocenes require activation to be
cytotoxic to the corpora allatum of insects to inhibit
the production of juvenile hormone (20). Epoxides can be
hydrolyzed to form diols; the net effect of the arene
oxide formation followed by hydrolysis, is ring
hydroxylation.

~dea atio
3 1 3 3 1
CCl, CCl,
methoxychlor desmethyl methoxychlor (21)

Dealkylation of groups larger than methyl also occurs,
primarily via an a-hydroxylation, followed by the
cleavage of the ether bond. Relative rates of
O-dealkylation can be quite species-specific (22).
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N-dealkylation
Cl Cl
N%\N CH N%\N CH
N gy —2— I A&y
CHy—N" S "N-CH HN" SN "N=CH
H H | H |
CH, CH,
atrazine desethyl atrazine (23)

In this example, either or both of the alkyl groups can
be oxidatively removed. N-Demethylation is an important
step in the activation of chlordimeform (24).

S-dealkylation

Cl Cl
CHOG ol CHOJ
*">p-0 cl — > >P-0 I
CH,S HS>"D c
prothiophos despropyl prothiophos  (25)

Di- and tri-alkyl thiophosphate (and thiophosphoramidate)
esters also are susceptible to isomerization which
entails migration of an alkyl group (12).

ox tive des

S o)
CHO\U _ (e)] CHO\UL_
GO w0

fonofos fonofoxon (26)

This reaction is requisite of nearly all thionophosphates
for activation to highly effective inhibitors of acetyl-
cholinesterase (AChE). It occurs in vivo primarily,
through an oxidative attack on the sulfur atom, as
demonstrated with the metabolism of the R and S optical
isomers of fonofos, since the oxons (P=0) formed retained
the stereochemistry of the parent phosphorothion (27).
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Sulfoxidation

s
o

SO o h-s-cieHy,

CHO terbufos

(o)}

s | ©
CHONL o on -8 —cicHy
CHOT 2 ?
s~ terbufos sulfoxide

()]
s | o©
CHO
PO s on-&—ciomy,
CH,O 5
terbufos sulfone (28)

The oxidation of sulfides to the sulfoxide and sulfone is
often rapid. Sulfoxide formation is the result of FAD
monooxygenase enzymes in vivo, while sulfones are formed
by the cytochrom P,;, monooxygenase system. The two
forms can be generated chemically by peroxides and
peracids, respectively. It is often the path of least
resistance to degradation, and it results in oxidative
metabolites that are often of biological significance.
Aromatic alkyl thioethers, e.g., measurol (17) and
methiochlor (29), are also susceptible to sulfoxidation.
Thiomethyl metabolites of chlorinated aromatic hydrocar-
bons, formed via a mercapturic acid intermediate, can
also be oxidized to the sulfinyl and sulfonyl derivatives
(30).
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Amine oxidation

Cl Cl Cl
(0] ,OH 4°
cl NH,—= 5 Cl N{ ,—=Cl N\o

dichloroaniline

Ci

ad Mom

(30)

Arylamine N-oxidation can occur via monoamine oxidases or
the CytoP-450-dependent monooxygenases (12). The
hydroxylamine form is very reactive in vivo (31) and can
undergo deamination or further oxidation to form the more
stable phenol or nitrobenzene, respectively.

Hydrolysis reactions. For many pesticide molecules,
hydrolysis is a primary route of degradation. Many types

of esters are hydrolytically cleaved, yielding two
fragments with little or no pesticidal activity. The
products do possess bioactivity of various other types,
however, e.g., microbial toxicity (8) or induction of
microbial growth (7). Hydrolysis of esters can occur by
chemical means; even mildly alkaline solutions can cause
hydrolytic decomposition of some esters
(organophosphorus, carbamate, pyrethroid), while acid-
catalyzed hydrolysis typically is induced only by
strongly acidic solutions (e.g., pH 3-4).

drolysis - 5) te ters
CHOG cHOS
s >‘|:',_0 , ———> e >P-OH + HO NO,
CH.O CHO
parathion diethy! thiophosphate  p-nitro phenol  (12)

Biologically, the hydrolysis of parathion has been shown
to proceed by two mechanisms, one oxidative, as a result
of the action of mixed-function oxidases or by hydrolases
(33,34).
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is - o S
O
CHO)D S-CH- -C-o- CH CH,0 R
CH,0 e -S-CH- c O-C
CH, C-0-CH, CHj o>p i e
1 CH;C-OH
(@) Il
O
malathion carboxy malathion (12)

Carboxyl esterase enzymes of vertebrates rapidly render
malathion non-toxic through this hydrolysis. Malathion-
resistant insects also have been demonstrated to possess
the enzymatic capability (25). Carbamate esters, e.g.,
N-methylcarbamate insecticides, are also degraded by
ester hydrolysis (35).

Hydrolysis - of amides

F
c’:o
OH
F

2,6—diflurobenzoic acid

F onH o N Ho
" n
F ) o)
diflubenzuron w H
HN-C-N Cl

p—-chlorophenylurea  (17)

() S - ogens
cl H
O
N;\i" CH z
] N
| H,0 N CH
Cﬁ;Nlﬁ(iN—CH —_— JQ/i e
H H | CH,—N N—CH
CH, H
‘ CH,
atrazine hydroxyatrazine (23)
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Chemical hydrolysis of chlorides and bromides can occur,
yielding a hydroxylated product. Hydrolysis of an
epoxide, by an epoxide hydratase, produces a diol (36).
Oximecarbamates can be hydrolyzed to an oxime and a
carbamic acid (35).

Reductions. Under certain conditions, reduction
reactions are commonly observed, yielding products with
lower polarity generally. Their biological activity may
be concomitantly altered as well. Pesticides undergo
reduction reactions in reducing environments,
characterized by low oxygen concentrations, low pH's, and
anaerobic microorganisms. Examples of situations in
which pesticides are reduced include stagnant or
eutrophic ponds and lakes, bogs, flooded rice fields, the
rumens of ruminant livestock, and lower intestines of
some species, including man.

eductive dehaloge io
C Cl CI—C Cl
CI H
DDT ooD (3N

Mammalian systems are more capable of this
biotransformation of DDT than many lower animals (38),
probably due to this conversion by the intestinal flora
(11).

Reduction of a sulfoxide
CﬁOll 9 CHLO
’ >p S=CH,=S=CH, ——> * *" >p-5-CH,~S-CH,
CHO CH,O
phorate sulfoxide phorate (39)

Phorate soil insecticide is rapidly sulfoxidized in soil,
but under flooded anaerobic conditions can be reduced
back to the sulfide form.
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Reduction of a nitro group
S S
CHOU CHOW
-0 —_— -0 NH,
cro” @No e :
parathion aminoparathion (40)

This conversion has been observed in flooded soil. The
fungicide pentachloronitrobenzene has also been shown to
undergo reduction to an amino analog (41).

Synthetic reactions

Conjugations of different types are synthetic in nature,
adding a moiety to a xenobiotic, primarily at a hydroxyl,
amino, sulfhydryl, or carboxylic acid group. The moiety
is usually a relatively polar one, such as glucuronic
acid, glucose, sulfate, phosphate, or amino acids (42).
Alkylation, usually methylation, of the polar moiety
tends to reduce the polarity of that group. Acylation,
primarily acetylation, also reduces the hydrophilic
nature of the polar group (12). Both methylation and
acetylation alter the bioactivity and lipophilicity of
primary amines and occur commonly in aquatic systems.
Persistence, bioaccumulation, and mobility can also be
significantly changed by conjugation reactions.

ear ents

Some reactions are neither degradative nor synthetic, but
involve changes in the structural arrangement of the
molecule. Properties can change considerably.

Isomerizations. The transformation of one isomer to
another can occur under various conditions, but is
usually effected by physical or chemical agents. The
optical activity of some diastereomers can be reversed in
some situations. Fenvalerate, a synthetic pyrethroid
insecticide, has two chiral carbons, one in the acid
portion of the molecule and one in the alcohol moiety.

In water, the alcoholic chiral carbon of a pure isomer
undergoes racemization, apparently until a stereochemical
equilibrium is reached. No change in the stereochemistry
of the acid-moiety chiral carbon was noted. Other protic
solvents also facilitated the racemization of the §,S
isomer of fenvalerate to the S,R isomer, but aprotic ones
did not (43). Deltamethrin isomers also can undergo
racemization in aqueous solutions (44). Optical isomers
of EPN and its oxon exert different types of effects in
chickens. Both sterioisomers inhibited the neuropathy
target esterase (NTE), but aging of the phosphorylated
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NTE occurred primarily with the L(-)-isomers and
correlated closely the potency of those isomers to cause
organophosphate induced delayed polyneuropathy (45).

« o
a 3 COOCH
CN

(acid moiety) (alcohol moiety)

fenvalerate

Dimerization

2BrCH,— CH,Br ————> BrCH,—CH,—~ S— S —CH,— CH,Br
EDB dialky! disulfide (46)

Under extremes of heat and light many pesticides can form
dimers, trimers, or polymers, but under conditions of
less severity, dimers can be formed, sometimes after an
initial degradative or

conjugation step.

cyclizati

cl,
c % a o
—
P lel cl

Cl dieldrin photodieldrin  (19)

c,

Closure of acyclic systems to form a ring has been shown
to occur in several cases, usually catalyzed by light,
pH, or enzymes. Some organophosphates undergo ring
closure to form cyclic phosphates or phosphates with
cyclic leaving groups (34).
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Migration

cl CH, O

| 1]
C|®O©O-m_c—o-wa

diclofop methyl

c CH, O
/ \ | T
HO o] O-CH-C-0-CH,

Cl

An example of migration of a halogen from one position to
another, more favored, position on the molecule is the
NIH shift. The para-hydroxyl metabolite of diclofop
methyl is produced through the formation of the arene
oxide intermediate of the para-chloro to a meta position
in wheat plants. The hydroxylation creates a more
significant change in the biological and physical
properties than the migration of the chlorine does (47).

Activation Reactions

The biological significance of degradation products is
sometimes greater than that of the parent pesticide
molecule. Several types of activations have been
reported, some programmed into the molecule and others
inadvertent.

Organophosphorus Insecticides

Most organophosphorus insecticides are activated in vivo
to potent inhibitors of acetylcholinesterase (AChE). The
oxidative desulfuration of the P=S to P=0 is the most
critical step of activation (48), but sulfoxidation of
side-chain sulfides (above) is also important. Both
enhance the §+ charge on the phosphorus atom and,
subsequently, the affinity of the P for the serine
hydroxyl at the active site of the enzyme. However, the
oxidatively activated forms (oxons, sulfoxides, and
sulfones) are also more susceptible to hydrolysis of the
phosphate ester and also do not penetrate insect cuticle
as readily. Therefore, the thion and sulfide forms,
which are more stable during storage and application and
penetrate quickly into the insect pest, are preferred for
OP insecticide products. The bioactivity of oxidative

In Pesticide Transformation Products, Somasundaram, L., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1991.



Publication Date: March 21, 1991 | doi: 10.1021/bk-1991-0459.ch002

Downloaded by CORNELL UNIV on August 1, 2012 | http://pubs.acs.org

24 PESTICIDE TRANSFORMATION PRODUCTS

degradation products against insect pests has been
previously investigated for some OP's.

The insecticidal activity of phorate oxidation
products is equivalent to that of the parent materials
when applied topically to corn rootworm larvae (49), but
in soil bioassays on crickets, they were not as
efficacious as the parent compound (50). Oral LDgq
determinations on chickens revealed essentially
equivalent acute toxicity of phorate and several
metabolites, all in the range of 0.3 to 1.7 mg/kg (51).
Isofenphos and three of its oxidative metabolites have
been compared for their bioactivity. Their
anticholinesterase activity and injection toxicity to
American cockroaches showed the metabolites to be
superior inhibitors of AChE. The N-dealkylated oxon
metabolite was the most effective inhibitor, with
evidence indicating further oxidation of that product was
necessary for optimal inhibitory activity (52).
Mortality of corn rootworm larvae and adults by topical
application of isofenphos and three of its oxidative
metabolites revealed very similar toxicity of all four
compounds, at 1.7-2.7 ug/g for third-instar larvae (53).
However, in soil bioassays, the degradation products were
not as effective as isofenphos, probably due to less
efficient uptake out of the soil.

Proinsecticides
CH,_
N @] (@]
CH”7 s Ho
~ N=C-0O _— _N—=C-0O
3 o CH, O
carbosulfan carbofuran

Compounds that are designed for activation as a result of
degradation reactions are called proinsecticides (54).
Carbofuran derivatives have been designed to be
hydrolyzed to carbofuran in insects, but not in mammalian
systems (27). These derivatives have a lower toxicity to
mammals than the carbofuran toxaphore.
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The synthetic pyrethroid tralomethrin decomposes,
via the elimination of Br,, to deltamethrin a more potent
insecticidal molecule (55).

B'I' O CN o)
Br,C—CH Y/K O)U @
Me Me

tralomethrin
O CN
O
BrC= CHY/‘J\O
Me Me
deltamethrin

Promutagens and Procarcinogens

Pesticides that can be transformed into mutagens or
carcinogens are called promutagens or procarcinogens.
Ethylene bis-dithiocarbamate fungicides degrade under
certain conditions, including cooking and processing, to
ethylene thiourea (ETU), a carcinogen (56).

s
I}
CH,—NH—C—§ . CH,—N
Ny c-5 MI—— |’ >C=s
CH,~NH—G CH,—N
S
EBDC ETU

The plant growth regulator/ripening agent daminozide
(Alar) degrades via a hydrolysis to unsymetrical
dimethylhydrazine (UDMH) which is carcinogenic (57).
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Although conjugation reactions generally result in
products less toxic than the pesticide molecule, examples
have emerged in recent years that demonstrate deleterious
bioactivity of conjugates or further metabolized
conjugates. Aromatic primary amines can undergo
acetylation, followed by a hydroxylation of the acetyl
group and sulfate conjugation of the hydroxy acetyl
group. The resultant sulfates can be carcinogenic (42).
A cholesterol conjugate formed from the acid portion of
the R,S-isomer of fenvalerate has been implicated in the
formation of a liver granuloma (58).

Environmental Activation

Environmental activation is any transformation that
enhances the environmental significance of a chemical as
a result of changes in its environmental toxicology or
chemistry. An environmental activation may occur due to
changes in a pesticide's (1) bioactivity,

(2) persistence, or (3) mobility.

The organophosphorus insecticide leptophos has been
shown to undergo an aromatic debromination, in sunlight
especially, to produce significant quantities of
desbromoleptophos (59). The photoproduct is capable of
inducing more potent OPIDN effects than the parent
molecule, as is the oxon analog. Desbromoleptophos is
not metabolized or excreted more slowly than the parent
molecule, nor selectively distributed to nervous tissue
in greater concentrations (60). The enhanced potency of
the desbromo analog is thought to be due to a greater
absorption rate from the gut (61) and/or greater affinity
in vivo for the neuropathy target esterase (62).
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Degradation products of some insecticides and
herbicides have been shown to be more mobile than the
parent molecules (63), and often move to locations where
degradation may be slower, e.g., groundwater (64).
Mobility of pesticides and their transformation products
must be better understood, regarding mechanisms, preven-
tion, and significance of those residues in water

Conclusions

1. Degradation of pesticides begins at formulation and
continues for hours, days, weeks, months, years, or
decades, depending on the chemical and the
conditions.

2. Pesticide degradation products occur in air, water,
soil, and organisms.

3. Activation reactions are of special significance
and are demanding greater attention in the future.
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Chapter 3

Biotransformation of Organophosphorus
Insecticides in Mammals

Relationship to Acute Toxicity

Janice E. Chambers! and Howard W. Chambers?

Departments of Biological Sciences! and Entomology?,
Mississippi State University, Mississippi State, MS 39762

The organophosphorus insecticides or their activated
metabolites are potent anticholinesterases which display
a wide range of acute toxicity levels in mammals. While
target site sensitivity does not effectively explain the
acute toxicity levels, the magnitude of various aspects
of the parent insecticide’s biotransformation, including
both bioactivation and detoxication pathways, can predict
an insecticide’s overall toxicity level. Thus,
biotransformation is a critical factor in determining
mammalian sensitivity to the acute lethality of
organophosphorus insecticides.

The organophosphorus (OP) insecticides are a very effective and
widely used group of pesticides of both historical and current
significance. Their toxicology is important because of the likely
accidental exposures to humans and other mammals during this
widespread use. This paper describes the common biotransformation
routes for OP insecticides and assesses their significance in
determining the acute toxicity level displayed by the insecticide.

Organophosphorus Insecticide Toxicity

The organophosphorus insecticides are potent neurotoxicants in
vertebrates and invertebrates. The mechanism of acute toxicity is
currently accepted to be the inhibition of the enzyme
acetylcholinesterase (AChE) in nervous tissue (l). AChE is
responsible for the hydrolysis of the important neurotransmitter
acetylcholine which transmits information across cholinergic
synapses. Cholinergic synapses in vertebrates are widely
distributed, occurring within the somatic nervous system which
activates skeletal muscles, within the autonomic nervous system
(both parasympathetic and sympathetic divisions) which innervates

0097—6156/91/0459-0032306.00/0
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smooth muscles, cardiac muscle and numerous glands, and also at
various locations in the central nervous system. Therefore
alterations in the cholinergic pathways can cause widespread
disturbances and diverse symptoms of intoxication. This hydrolysis
by AChE rapidly inactivates the acetylcholine, leading to the
transient effect of the neurotransmitter during normal nervous
system function. When AChE is inhibited, the neurotransmitter
accumulates, which results in hyperactivity within cholinergic
pathways and serious imbalances within the nervous system. If
doses are high, the main signs of poisoning are parasympathomimetic
effects such as dilated pupils, headache and blurred vision, and
nicotinic effects such as tremors and, in some cases, convulsions.
Respiratory system failure is usually the cause of death in lethal
intoxications in mammals, resulting from four factors:
bronchoconstriction, an increase in bronchiolar secretion of mucus,
paralysis of the respiratory muscles and an inhibition of the
respiratory control centers in the medulla oblongata/pons regions
of the brain. Long term effects on memory and other cognitive
skills have been reported in humans as a result of single high-dose
poisonings with an OP insecticide (2).

Thus, numerous target areas exist throughout the central and
peripheral nervous systems of vertebrate non-target organisms,
including humans. The threat of lethal or sub-lethal but severe
poisonings is of great concern for both humans in occupational
settings and for other non-target organisms which might receive
inadvertent exposures. It has been estimated that 500,000 humans
are poisoned annually by pesticides throughout the world and -that
over 20,000 of these are fatal. Some 6,000-10,000 poisonings occur
in the United States each year which result in 3,000 farm worker
hospitalizations and 50-60 deaths. OP insecticides comprise a
large fraction of the agents involved in these poisonings (3). 1In
addition to the deaths, the long-term sequelae in survivors of
these intoxications are also of continuing concern.

Thus, the OP insecticides continue to be a health threat from
the standpoint of their acute toxicity. Over half of the
registered OP insecticides have rat oral LDsy's less than 50 mg/kg
placing them in the most toxic category in the U.S. Environmental
Protection Agency’s classification scheme. A number of the OP
insecticides are considerably less toxic, however, and thus would
constitute a lesser threat of lethality to non-target populationms.
The acute oral LD;y's to rats range from 3-15 mg/kg for such highly
toxic insecticides as disulfoton, parathion and azinphos-methyl to
1,000-13,000 mg/kg for such insecticides as malathion and temephos
4,5).

This wide range of toxicities suggests that there are
important differences in the OP insecticides with respect to
metabolism and disposition and/or target sensitivity which can
explain this range. Such differences could be exploited in the
development of safer insecticides which would pose less of a threat
to non-target species.
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Xenobiotic Metabolism

The reactions of xenobiotic metabolism have been classified into
two general categories, called Phase I and Phase II (6). The Phase
I reactions are involved in placing a more polar and reactive group
into the xenobiotic to make the compound less lipophilic and more
likely to be excreted. The enzymes involved are primarily
monooxygenases (both cytochrome P-450-dependent and flavin
monooxygenases), reductases and hydrolases, and they catalyze a
variety of oxidations (for example, hydroxylations, epoxidations or
dealkylations) reductions and hydrolyses (for example, ester and
amide cleavages). The oxidations and reductions are energy-
expensive requiring reducing equivalents, usually in the form of
NADPH, to proceed. Although these reactions are frequently
detoxications, they are also the reactions most likely to form
reactive intermediates (for example, epoxides or oxons) and
therefore can be activation reactions. These bioactivations, then,
are largely responsible for the toxicity displayed following
exposure to the parent xenobiotic. However, it should be borne in
mind that these reactive metabolites will be chemically labile and
would be expected to undergo chemical reactions with numerous non-
target molecules. Therefore, it should be expected that a
relatively small proportion of the activated metabolite formed
would react with the molecular target and induce toxicity.

The Phase II reactions are conjugation reactions involved with
placing a highly polar or charged group on the
xenobiotic/metabolite which renders it readily excretable in either
the urine or the bile of vertebrates. The group added is typically
a sugar (glucuronic acid), sulfate or an amino acid/amino acid
derivative. With few known exceptions, the Phase II reactions are
detoxications. Phase II reactions are also energy-expensive,
requiring energy rich cofactors such as uridine diphosphoglucuronic
acid (UDPGA), phosphoadenosinephosphosulfate (PAPS) or the
tripeptide glutathione (GSH; glutamic acid-cysteine-glycine) to
proceed. )

The animal can rid itself of the conjugates resulting from
Phase II reactions, especially small ones, quite readily by
excretion in the urine. Excretion of the conjugates from the liver
into the bile is also a likely route, especially for larger
conjugates. However, these conjugates can also be hydrolyzed by
the intestinal microflora and the aglycone can be reabsorbed via
the hepatic portal circulation back into the liver. This
enterohepatic circulation allows some potential recycling of the
compound. If the compound being recycled is a toxic one, then the
animal remains at risk.

A number of elements within the Phase I and Phase II reactions
bear striking similarity if not identity to reactions involving the
endogenous steroid hormones. For example, cytochrome P-450-
mediated hydroxylations and conjugations to glucuronic acid are
common reactions for many of the steroids. Also, the enterohepatic
circulation routinely reabsorbs the vast majority of bile salts so
that daily synthesis need be minimal. Therefore, many of the
xenobiotic metabolizing reactions share a commonality with
metabolism of endogenous compounds. By this token, xenobiotic
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metabolism could compete with normal biochemistry, and has the
potential of interfering with the metabolism and disposition of
endogenous biochemicals.

Generally, the highest specific activities of the xenobiotic
metabolizing enzymes occur in the liver with considerably lower
activities in other tissues. In the laboratory rat, the enzymes
sometimes display sex differences and developmental differences,
with higher activities of some enzymes in male livers than female
livers, and higher hepatic activities in adults than immatures.
Also, several of the enzymes can be induced to higher specific
activities following in vivo exposures to selected chemicals such
as the barbiturate drug phenobarbital, male sex hormones,
polycyclic aromatic hydrocarbons (for example, 3-methylcholanthrene
or B-naphthoflavone), or ethanol.

Numerous reactions may be available for any given xenobiotic,

. and a variety of exogenous and endogenous factors may influence the
likelihood of those reactions taking place. Understanding the
roles of metabolism and disposition in the toxicity of any
particular xenobiotic will require concurrent consideration of
numerous factors.

Organophosphorus Insecticide Metabolism

Many of the OP insecticides are phosphorothionates, which are
characterized by one =S and three -OR groups bonded to the central
phosphorus atom (Figure 1). The phosphorothionate molecule, such
as parathion, is inherently a weak anticholinesterase, with an I,
in the range of 10™°M (7). Thus the phosphorothionate molecule
would not be expected to be particularly toxic itself.

However, the phosphorothionates can be bioactivated very
effectively by the cytochrome P-450-dependent monooxygenases to
highly reactive metabolites, the phosphates or oxons. This
bioactivation, called a desulfuration reaction, is hypothesized to
occur is a result of an attack on the phosphorus by oxygen and the
formation of an unstable phosphooxathiiran intermediate, which then
undergoes a release of sulfur and the formation of the oxon (Figure
1, pathway la) (8,9). The sulfur released by the desulfuration
reaction is highly reactive and can destroy nearby molecules, such
as the cytochrome P-450 which produced it (8,10).

The oxon is about 3 orders of magnitude more potent as an
anticholinesterase than its corresponding phosphorothionate (7).

It inhibits the AChE by phosphorylating the serine hydroxyl present
at the active site; this phosphorylation is extremely persistent,
with inhibition lasting hours to days (11). For some
organophosphates the persistence is partially a result of a process
known as "aging", a poorly understood dealkylation which leaves the
phosphorylated AChE charged at physiological pH. This
phosphorylated and aged AChE cannot be reactivated by either
spontaneous hydrolysis or the activity of therapeutic oximes (such
as 2-PAM), and, therefore, is permanently deactivated. We have
found rat brain AChE I5y's ranging from 1.8 nM for chlorpyrifos-
methyl-oxon to 89.3 nM for methyl paraoxon (12). The oxons are
also potent inhibitors of other serine esterases which are less
critical to survival such as aliesterases (carboxylesterases) (12),
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and butyrylcholinesterase, and serine proteases such as trypsin or
chymotrypsin (Figure 1, pathway 4). As we and others have
documented for the aliesterases (12-14), phosphorylation of these
enzymes provides some detoxication and protection from intoxication
through the stoichiometric destruction of some of the molecules of
oxon; this point will be discussed further below. However, this
phosphorylation could also be involved with some of the long term
effects of OP insecticide exposure.

Because of the great difference in anticholinesterase potency
between the phosphorothionate and its corresponding oxon, this
bioactivation reaction is critical for the phosphorothionate
insecticide to display appreciable toxicity. However, the potency
of the oxons as anticholinesterases do not predict the overall
acute toxicity levels of the parent insecticides. In fact, of the
six phosphorothionates/oxons we have studied in detail (i.e.,
parathion, methyl parathion, EPN, leptophos, chlorpyrifos and
chlorpyrifos-methyl, and their corresponding oxons), there is no
correlation. As examples, the least potent of the oxons was methyl
paraoxon (Is: 89.3 nM) and the most potent were chlorpyrifos-oxon
and chlorpyrifos-methyl-oxon (Iso: 4.0 and 1.8 nM, respectively)
(12) while methyl parathion was highly toxic (rat oral LD;, 14-24
mg/kg) and chlorpyrifos and chlorpyrifos-methyl were least toxic
(LDsy 82-163 and 1630-2140 mg/kg, respectively) (4,5,15). This
indicates that metabolic and/or dispositional factors must be of
greater significance than target site sensitivity in determining
the acute toxicity level.

The cytochrome P-450-mediated desulfuration reaction mentioned
above which forms the toxic oxon metabolite is clearly required for
toxicity. The mammalian liver, with its large size and high
monooxygenase specific activities, obviously has the greatest
potential for forming the reactive metabolite. Yet the hepatic
specific activities for desulfuration of the compounds do not
correlate with acute toxicity levels either (16). It has been
shown that much of the phosphorothionate entering the liver fails
to exit the liver either in its unchanged form or as the oxon
metabolite (17,18), indicating that the liver serves as an
effective filter for the phosphorothionate either by trapping the
insecticide and/or the oxon, or by detoxifying them. Serving as a
trap is not surprising, at least from the perspective of the
aliesterases, as mentioned above, since most of these have such a
high affinity for the oxons (12). Thus, phosphorylation of the
aliesterases will remove a large amount of the oxon formed until
the aliesterases are saturated; this constitutes an important but
non-catalytic mechanism of detoxication. Partitioning into the
lipid of the liver could also be a mechanism of trapping lipophilic
xenobiotics.

To expand further on the importance of the aliesterases, we
have recently demonstrated that rat liver aliesterases were about
an order of magnitude more sensitive to inhibition by five of the
six oxons tested than was rat brain AChE (12). A reversal of this
trend was observed with methyl paraoxon. These data suggested that
the hepatic aliesterases should be able to offer appreciable
protection in poisonings with five of the six insecticides, but
little protection against methyl parathion. And, indeed, in

In Pesticide Transformation Products, Somasundaram, L., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1991.



Downloaded by PENNSYLVANIA STATE UNIV on August 2, 2012 | http://pubs.acs.org

Publication Date: March 21, 1991 | doi: 10.1021/bk-1991-0459.ch003

38 PESTICIDE TRANSFORMATION PRODUCTS

animals treated with the six insecticides and sampled at 90
minutes, liver aliesterase activity was inhibited to a greater
extent than brain AChE activity in all cases except methyl
parathion. Liver homogenates added to a brain homogenate offered
protection from the oxons while liver homogenates from parathion
treated rats offered less protection. Finally, the ability of
liver homogenates from phosphorothionate-treated rats to detoxify
paraoxon was directly proportional to the residual aliesterase
activity level. Thus, the aliesterases appear to offer in most
instances substantial detoxication ability. However, it must be
kept in mind that this detoxication results from a phosphorylation
of the serine hydroxyl moiety at the aliesterase’s active site, so
the resultant detoxication is non-catalytic and stoichiometric, and
therefore saturable. Treatments of rats with parathion have
resulted in a more rapid maximal inhibition of the hepatic and
serum aliesterases than brain AChE, indicating that this protection
is occurring in vivo (19).

The other mechanism for removing the compounds would be by
active (catalytic) detoxication. The cytochrome P-450-dependent
monooxygenases are also capable of two detoxication reactions on
phosphorothionates. The phosphorothionate can also undergo a
dearylation reaction in which the phosphooxathiiran intermediate
dissociates in a different manner to yield detoxified products,
such as 4-nitrophenol plus diethyl phosphoric acid or diethyl
phosphorothioic acid, in the case of parathion (Figure 1, reaction
1b) (8). If the unstable intermediate breaks down in this way,
then the phosphorothionate has been detoxified and will pose no
further threat to the organism. The ratio of desulfuration to
dearylation is a characteristic of each cytochrome P-450 isoform
(20). Therefore, the overall ratio of desulfuration to dearylation
in any given tissue should reflect the cytochrome P-450 isoform
composition of that tissue.

Another route of detoxication of the phosphorothionate also
mediated by cytochrome P-450 is a dealkylation reaction in which
one of the ethyl or methyl groups may be removed and oxidized to
acetaldehyde or formaldehyde, respectively (21,22). This reaction
is illustrated as pathway lc in Figure 1, with reaction products of
acetaldehyde and desethylparathion resulting from parathion. The
significance of this reaction has not been as well researched as
the other two cytochrome P-450-dependent reactions.

Several detoxication reactions which are not mediated by
cytochrome P-450 can also further modify the OP insecticide or its
metabolites. The oxon can be hydrolyzed by calcium-dependent A-
esterases, which produce the detoxified products 4-nitrophenol and
diethyl phosphate from paraoxon (Figure 1, reaction 2). Although
they typically display considerably higher in vitro specific
activities than the cytochrome P-450-dependent reactions, they also
usually possess high Km values for their substrates (23). These
Km’s for the A-esterases, in the range of about 150 uM, are much
higher than would be expected to occur within the cell, and are
high enough to require the presence of extremely toxic levels of
the oxons (I5o's for AChE of the oxons are the nM range, 12).

Thus, at realistic levels of the oxon, little hydrolysis would be
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expected to occur in vivo, and oxon is expected to accumulate, as
suggested by Wallace and Dargan (23).

The 4-nitrophenol produced by either dearylation or hydrolysis
can be conjugated and made more excretable by such enzymes as
uridine diphosphoglucuronosyl transferases, which form conjugates
of the ligand with glucuronic acid and require UDPGA, or by
sulfotransferases, which form conjugates with sulfate and require
PAPS (Figure 1, pathway 3). These conjugates are more water
soluble and therefore can be readily excreted in the urine or the
bile. However, as mentioned above, the intestinal microflora can
hydrolyze these conjugates, allowing the absorption of the ligand
into the enterohepatic circulation allowing some potential
recycling. Since the metabolites being recirculated here are the
detoxified ones, the recycling should not constitute an appreciable
hazard to the organism.

Another possible route of detoxication is by the glutathione
transferases which can dealkylate the insecticide. These appear to
be more effective with dimethyl than diethyl compounds (24,25).
Although it appears that this pathway is occurring in animals
treated with OP insecticides since hepatic glutathione depletion
occurs, the overall significance of this pathway in the disposition
of the insecticide is unclear. In some cases, prior depletion of
glutathione failed to alter the toxicity of an insecticide
administered subsequently (26), and in other cases glutathione
depletion enhanced the toxicity of the insecticides. At this
point, considering evidence from several laboratories, it appears
that glutathione conjugation represents a minor pathway in the
overall disposition of an insecticide in vivo.

As is true for a variety of drugs and toxicants, a prior
exposure to a chemical capable of affecting the activity levels of
the xenobiotic metabolizing enzymes can alter the toxicity of
phosphorothionate insecticides. Exposures to phenobarbital, and
other agents which can induce the xenobiotic metabolizing enzymes,
attenuate the toxicity of phosphorothionate insecticides
(19,27,28). This attenuation of toxicity in our laboratory was
observed as a slowing of the inhibition of AChE in the cerebral
cortex and medulla oblongata of the brain following exposure of
phenobarbital-pretreated rats to parathion compared to untreated
controls (19). Paradoxically, in vitro hepatic parathion
desulfuration activity is enhanced in the liver following
phenobarbital exposure (29). Thus, despite a heightened ability to
bioactivate the phosphorothionate parathion, the toxicity was
reduced, indicating that simultaneous induction of detoxication
mechanisms must be ultimately more important in determining a
phosphorothionate’s toxicity level. This same study indicated that
there was a slight degree of slowing of brain AChE inhibition in
phenobarbital-pretreated rats who were subsequently administered
paraoxon (19), suggesting that the detoxication pathway(s) induced
included one or more which could also act upon the oxon.

Therefore, in predicting the effect of an inducer on a xenobiotic’s
toxicity, a variety of metabolic routes possible for the xenobiotic
need to be considered simultaneously.
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Target Site Activation

As indicated above, the phase I reactions can produce highly
reactive metabolites. The relevant bioactivation for the
phosphorothionate insecticides is the cytochrome P-450-mediated
desulfuration which produces the oxon. The oxons, being highly
reactive, are capable of phosphorylating serine hydroxyl moieties
on a variety of esterases and proteases. A number of these
esterases, such as aliesterases and butyrylcholinesterase, are
present in high levels in the liver and the plasma, therefore
serving an important role in protection against hepatically-
generated oxon. Coupled with the active detoxication mechanisms
present in the liver, these serine esterases provide for much
detoxication of oxon before it has an opportunity to reach the
target nervous tissue. We have hypothesized that, except for
extremely high doses of phosphorothionate which would overwhelm all
of the available protective mechanisms, little of the hepatically-
generated oxon will be able to escape both the liver and the blood
intact to reach the target, and that target site activation is an
important factor in toxicity. Indeed, while liver desulfuration
activities among six phosphorothionates of widely varying acute
toxicities (4-2140 mg/kg) are very similar (3.6-27.5 nmol/g/min)
and bear no relationship to acute toxicity level, the brain
specific activities (composite values of the microsomal plus
mitochondrial activities) correlate very well with toxicity. For
parathion, methyl parathion and EPN which are highly toxic (rat ip
90 min lethal doses of 8 to 60 mg/kg; 12), brain activities are
relatively high (0.2-1.8 nmol/g/min; 7,30), while for leptophos,
chlorpyrifos and chlorpyrifos-methyl which were non-lethal in 90
min at 500 mg/kg, brain activities were considerably lower. Within
this group of less toxic insecticides, the brain desulfuration
activities also correlate with toxicity, i.e., 0.0456-0.0511,
0.0127-0.0130, and 0.0072-0.0076 nmol/g/min, for leptophos,
chlorpyrifos and chlorpyrifos-methyl, respectively, which are
listed in decreasing order of toxicity (16). In order to determine
whether such low desulfuration activities as occur in the brain are
actually capable of occurring in vivo, rat brains were surgically
isolated from circulation to the liver by ligating the aorta
immediately posterior to the diaphragm such that the posterior part
(about 60%) of the circulation was not functioning (31). These
rats were then injected with parathion and the brain AChE
activities were monitored 15 min after injection. Although the
lower dose (2.4 mg/kg) tested (which yielded about 95% brain AChE
inhibition in the intact animal) failed to yield significant
inhibition of brain AChE, the higher dose (48 mg/kg) yielded 70%
inhibition after 15 min, strongly suggesting that the brain is
capable of generating its own activated metabolite in vivo.
Therefore, it appears that despite the low desulfuration activity
present in the brain compared to the liver, the close proximity of
this bioactivation to the target AChE may be an extremely important
factor in setting the overall toxicity class of a phosphorothionate
insecticide.
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Summary

Our study of several metabolic routes on six phosphorothionates of
widely ranging acute toxicity levels has indicated that the
biochemical disposition of a phosphorothionate and its metabolites
varies greatly with the compound. No one single metabolic route in
mammals is solely responsible for the acute toxicity displayed,
although both the potential for the brain to biocactivate the
phosphorothionate and the ability of the liver aliesterases to
sequester the oxon to greater or lesser degrees appear to be
important factors in setting the acute toxicity levels. As
examples, the relatively high bioactivation of parathion in rat
brain allows its high toxicity despite relatively high affinity of
the hepatic aliesterases for paraoxon, while the very low
bioactivation of chlorpyrifos-methyl coupled with the very high
affinity of the hepatic aliesterases for chlorpyrifos-methyl-oxon
leads to its low toxicity. A knowledge of structure-activity
relationships for target site sensitivity and bioactivation
potential, plus sensitivity of alternate phosphorylation sites as
well as other routes of non-target site detoxication will allow a
better understanding of the wide range of acute toxicities
displayed by organophosphorus insecticides. When better
characterized, the biochemical disposition of phosphorothionate
insecticides will be useful information in the development of
insecticides which will pose less of a danger of severe accidental
poisonings in man and other mammals.
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Chapter 4

Degradation Products of Commonly Used
Insecticides in Indian Rice Soils

Degradation and Significance
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The study of pesticide metabolism in soil, sediment and water
systems is of great importance from an environmental, ecological
and economic standpoint. The degradation and the significance
of the degradation products from commonly used pesticides are
discussed. Following treatment of flooded rice field with
y-hexachlorocyclohexane, y-tetrachlorocyclohexene was
detected as a major but transitory metabolite in soils up to 60 cm
depth. The route and the rate of degradation of pesticides such
as parathion, which can be degraded by more than one metabolic
pathway, are governed by moisture regime, temperature, organic
matter content and frequency of pesticide application.
Degradation of parathion and methyl parathion by a Bacillus sp.
in mineral salts medium proceeded by hydrolysis in the presence
of 0.05% yeast extract and by nitro group reduction when 0.5%
yeast extract was present. A shift from nitro group reduction to
hydrolysis occurred in the parathion degradative pathway after
repeated addition of the pesticide to a flooded soil. Accelerated
degradation of pesticides, such as parathion, occurs after repeated
applications of the pesticide or its hydrolysis product, i.e.
p-nitrophenol. In anaerobic flooded soils, slow ring cleavage of
many pesticides could lead to the formation of persistent
soil-bound residues.

Researchers over the last four decades have generated vast amounts of literature
on the significance and fate of many complex organic pesticides in soil, sediment
and aqueous environments. A majority of these studies focused on the kinetics
of degradation of parent molecules, although major degradation products were
characterized in many instances. Reports of almost complete mineralization of

0097—-6156/91/0459—0043$06.00/0
© 1991 American Chemical Society

In Pesticide Transformation Products, Somasundaram, L., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1991.



Downloaded by PENNSYLVANIA STATE UNIV on August 2, 2012 | http://pubs.acs.org

Publication Date: March 21, 1991 | doi: 10.1021/bk-1991-0459.ch004

4

complex organic molecules to inorganic end products, such as carbon dioxide,
in microbially active ecosystems under favorable conditions, are not uncommon
in the literature. However, for most pesticides currently used, the ultimate fate
of their degradation products has not been determined. Pesticide degradation
products are important because they may 1) persist for longer periods than the
parent compounds; 2) be equally or more toxic than the parent compounds; and
3) interact with other substances to form more toxic products. Formation and
eventual mineralization of the pesticide metabolites in the environment are
influenced by moisture, temperature, pH, redox potential and the availability of
active microflora. Degradation patterns can be very complex for pesticides
which undergo degradation via more than one primary pathway.

Rice soils are inundated with water at some point during the growth of a rice
plant. Such flooded soils differ from non-flooded soils in physical, chemical and
biological characteristics (). Under submerged conditions, soils become
predominantly reduced and anaerobic microorganisms become dominant (2).
The degradation of a pesticide and extent to which degradation products
accumulate in a flooded soil may not necessarily be the same as in non-flooded
soils. This review highlights the progress made in studies on the formation and
significance of pesticide degradation products in rice soils at our laboratory.

Factors Affecting the Formation of Degradation Products

Metabolism of pesticides in a complex and dynamic flooded soil ecosystem is
influenced by many factors such as soil type, moisture regime, organic matter
and temperature.

Soil Type. It is well known that the soil type has a profound influence on the
persistence of pesticides and their degradation products. Soil pH is animportant
parameter affecting the persistence of chemically unstable pesticides, especially
those belonging to the organophosphorus and carbamate groups, although the
role of soil pH on the persistence of pesticides and their metabolites may be less
pronounced in flooded soils than in non-flooded soils (). Generally, pesticides
and their degradation products persist longer in sandy soils than in organic rich
soils, because of low microbial activity in the sandy soils. Surface-catalyzed
hydrolysis of organophosphorus and carbamate pesticides can be common in the
soil environment. In a study, Adhya (3) demonstrated positive correlation
between the persistence of three organophosphorus insecticides, parathion,
methyl parathion and fenitrothion, and silt content in five soils under flooded
conditions; whereas no correlation was found in non-flooded conditions.

Soil type can also affect the nature and amount of degradation products formed
from soil-applied pesticides such as parathion, methyl parathion and
fenitrothion. These phosphorothioate insecticides were degraded by hydrolysis
with concomitant accumulation of respective nitrophenols in selected soils,
particularly under non-flooded conditions (4). Under flooded conditions, the
degradation products from these pesticides differ with regard to soil type: i) only
amino-analog in organic-rich pokkali soil; ii) only nitrophenol in Sukinda and
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Canning soils; iii) both amino-analog and nitrophenol in alluvial soil (Figure 1).
In amajority of soils, the amino analog was formed as the major metabolite under
flooded conditions. Differences in redox potential when soils are flooded and
the impact of flooding on pesticide-degrading microorganisms might be
responsible for such variations in the degradation pattern of these pesticides in
different soils.
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Figure 1. Degradation of parathion and formation of degradation products in
flooded and non-flooded soils, 6 days incubation.

Nitro group reduction was the major route of parathion degradation in five
coastal saline soils of varying electrical conductivity under flooded conditions.
The accumulation of aminoparathion was less pronounced in saline soils than in
non-saline soils concomitant with slow degradation of parathion occurring in
saline soils (5). However, the effect of salts on nitro group reduction and
accumulation of the amino analog appears to be more indirect. The degree of
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nitro group reduction insaline soils of varying salt content appeared to be related
to microbial activity. In laboratory studies, however, the salinity had no effect
on the formation and accumulation of the hydrolysis product of carbofuran in
contrast to the inhibition of parathion hydrolysis which occurred as the salinity
levels increased (6).

Sulfur is an important redox system in environments such as acid sulfate soils.
There is increasing evidence that chemically catalyzed interactions between the
dominant redox systems and pesticides or their degradation products may be
common and widespread in anaerobic environments such as flooded rice soils.
Equilibration of parathion with pre-reduced acid sulfate (pokkali) and alluvial
soils led to its extensive degradation only in flooded acid sulfate soil (7); but not
in alluvial soil. Besides their respective amino analogs an additional metabolite
was detected in acid sulfate soils (8). Formation of this additional metabolite
was also noted in ferrous sulfate-amended flooded soils. Sulfate rather than
Fe2* was implicated in the formation of this additional metabolite (9), later
identified as desethyl aminoparathion (8). In a more detailed study (10), three
organophosphorus insecticides viz. parathion, methyl parathion, and
fenitrothion degraded rapidly past their respective amino analogs to the
corresponding dealkylated amino analog in flooded acid sulfate soils or low
sulfate soils amended with sulfate. Thus desethyl aminoparathion, desmethyl
aminoparathion, and desmethyl aminofenitrothion were detected as major
metabolites in addition to aminoparathion, aminomethyl parathion, and
aminofenitrothion respectively in flooded acid sulfate soils. Hydrogen sulfide,
the end product of sulfur metabolism in an anaerobic flooded soil, perhaps reacts
with the amino analogs of organophosphates to result in the formation of the
dealkylation products as shown in the following reaction:

S

S S
[] 1]
bl — pho-Oym—=pho- o

where R = C2H50 (parathion), CH30 (methyl parathion) and CH30 and CH3
at position 3 of the ring (fenitrothion). Evidently, further transformation of
primary biological pesticide degradation products by inorganic soil components
under anaerobic conditions may be fairly common and may have great
environmental significance.

Water Regime. The water regime also affects the extent of degradation, the type
of products formed and product persistence in soils. For example, parathion and
related organophosphorus insecticides, methyl parathion and fenitrothion
undergo hydrolysis forming p-nitrophenol under non-flooded conditions and
essentially by nitro group reduction under flooded conditions (4, 11). Likewise,
aerobic decomposition of DDT in non-flooded soils is slow, resulting in the
formation of DDE as the major metabolite (2). DDD, another major
intermediate of DDT degradation, is seldom detected. In contrast under
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flooded soil conditions DDT was rapidly converted to TDE, a more stable and
equally toxic compound via reductive dehalogenation (13, 14). DDE, DBP,
DDOH, DBH, dicofol and certain unknown metabolites of DDT were also
detected in flooded soils besides DDD (15). Endrin, another organochlorine
insecticide, was converted to six metabolites in a flooded soil as compared to
only four metabolites in a non-flooded soil (16). Under continued flooding these
metabolites persisted for a longer period than endrin (I7). Carbofuran (18, 19)
and carbaryl (20, 21) were hydrolyzed in both flooded and non-flooded soils, but
at a slightly faster rate under flooded conditions.

Degradation of pesticides in soils is closely related to the redox potential
following flooding. The redox status of most soils rich in native organic matter
decreases within a few days after flooding. Thus, in an organic matter rich
pokkali soil where the redox potential drops from + 200 mV at flooding to -210
mV after 10 days of flooding, organophosphorus insecticides such as parathion,
methyl parathion and fenitrothion undergo rapid nitro group reduction to their
respective amino analogs. On the other hand, in a laterite soil containing low
native organic matter, the redox potential drops to - 60 mV after 10 days of
flooding when the organophosphorus insecticides undergo hydrolysis (4).

Organic Matter. Organic matter, native or added, is known to enhance the
degradation of several pesticides by increasing the biomass of active microbial
populations. Addition of rice straw or green manure to aflooded soil accelerated
the degradation of several pesticides. The application of rice straw (22) or green
manure (23) also enhanced the degradation of different isomers of
hexachlorocyclohexane. Similarly, addition of green manure to a flooded soil
enhanced the selective pathway of reductive dechlorination of DDT to DDD
(Table I) without the enhanced formation of DDE (15). The addition of rice
straw also accelerated the hydrolysis of carbofuran to 7-phenol which

Table I. Persistence of DDT and Formation of its Degradation Products in a
Soil (Black Clay) Amended with Green Manure

% Recovery as’
Soil Treatments DDT DDD DDE
Non-flooded - green manure 74.0 4.0 4.0
+ greenmanure  77.0 7.0 4.5
Flooded - green manure 25.0 26.0 3.0
+ greenmanure  10.0 30.0 45

SOURCE: Reprinted with permission from ref. 15. Copyright 1988
Selper Ltd., Publications Division.

140 days incubation. American Chemical SM
Library
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accumulated in anaerobic flooded soil (24). However, the effect of organic
matter is not always stimulatory and hydrolysis of parathion was inhibited when
rice straw was added to a flooded soil inoculated with a parathion hydrolyzing
enrichment culture (25).

Temperature. Very little is known about the effect of temperature on the
formation and persistence of pesticide degradation products in tropical
environment. The rate of the formation of y-pentachlorocyclohexene from
y-hexachlorocyclohexane in a flooded soil increased as the temperature
increased from 25 to 35° C (26), probably due to increased microbial activity and
arapid decrease in the redox potential at high temperature. Methyl parathion
was degraded in a flooded alluvial soil incubated at 25° C, primarily by nitro
group reduction with concomitant formation of aminomethyl parathion.
Despite more reduced conditions of the flooded soil held at 35° C, hydrolysis
was more pronounced than nitro group reduction leading to the accumulation
of p-nitrophenol (Figure 2). Evidently, an increase in the temperature effected
a shift in the pathway of methyl parathion degradation from nitro group
reduction to hydrolysis (27). However, such temperature-dependent shift in the
degradation pathway of methyl parathion and accumulation of the respective
degradation products are governed by soil type (28). In another study,
carbofuran and its analog carbosulfan, were degraded faster at 35° C than at
25° C concomitant with the formation of carbofuran from carbosulfan (29).

Biological Degradation of Pesticides after Repeated Pesticide Application or
Metabolite Addition

Accelerated biodegradation of many pesticides after their intensive use for pest
control in agriculture has been reported (30, 3I). Rapid biodegradation of
pesticides can occur due to selective build-up of pesticide-degrading
microorganisms when a pesticide is used by the microorganisms as a source of
carbon and/or energy for growth. Cometabolism, a process in which a complex
organic molecule is degraded by a microorganism but not utilized for microbial
growth, has also been implicated in the transformations of many pesticides in
the environment.

The major degradation products of parathion are aminoparathion and
p-nitrophenol. Aminoparathion is formed by a nitro group reduction and
Dp-nitrophenol is formed via hydrolysis. The rate of parathion degradation and
the accumulation of aminoparathion and p-nitrophenol were monitored in a
flooded soil (32). The rate of parathion degradation distinctly increased after
each successive application of parathion. Moreover, the frequency of
application of parathion influenced the nature of the degradation product(s).
After the first pesticide application, the major parathion metabolite was
aminoparathion. Both aminoparathion and p-nitrophenol were detected after
the second pesticide application. p-Nitrophenol was the only metabolite
detected after the third addition (Table II). This shift in the parathion
degradation pathway from nitro group reduction to hydrolysis occurred due to
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Figure 2. Degradation of methyl parathion in a flooded alluvial soil.

rapid proliferation of parathion-hydrolyzing microorganisms that utilized
p-nitrophenol as the carbon source (32).

Accelerated biodegradation of a pesticide after its repeated additions was
noticed primarily with organophosphorus and carbamate pesticides (31, 33).
Interestingly, hydrolysis, the primary pathway in the degradation of many
organophosphorus and carbamate pesticides is not an energy yielding reaction
and no proliferation of microorganisms is expected. Evidence suggests that
pesticide metabolites derived from the parent pesticide or added, may serve as
the energy source for proliferation of microorganisms which can readily
hydrolyze the parent molecule. For example, repeated applications of parathion
to a flooded soil resulted in accelerated hydrolysm of the pesticide (32, 34). The
population of parathion-hydrolyzing mlcroorgamsms i greased from
undetectable levels after one addition to 14 x 10° and 4300 x10 /g of soil after
two and three successive applications of parathion. Cometabolism is implicated
in the primary hydrolysis of parathion. Rapid hydrolysis of parathion also
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occurred in a flooded soil pretreated with its hydrolysis product, p-nitrophenol
(Table IIT) (32). Ferris and Lichtenstein (34) also reported rapid biological
mineralization of parathion to carbon dioxide in a flooded soil pretreated with
p-nitrophenol.
A Pseudomonas sp. isolated from parathion-treated flooded soil, readily
hydrolyzed parathion and metabolized p-nitrophenol to nitrite (35) and carbon
dioxide (36). Although parathion-hydrolyzing microorganisms proliferated
during the metabolism of p-nitrophenol, rapid hydrolysis of parathion was not
demonstrated in a flooded soil pretreated with aminoparathion. Interestingly,
aminoparathion was not hydrolyzed by the parathion-hydrolyzing enrichment
culture.
Decreased efficacy of diazinon due to rapid biodegradation following repeated
pesticide application was first reported by Sethunathan (30) in rice fields.
Diazinon, like parathion, undergoes hydrolysis at P-O-C linkage in soils as well
as in mineral salts medium under laboratory conditions. Although
2-isopropyl-4-methyl-6-hydroxypyrimidine (IMHP), the diazinon metabolite,
appears to be stable in predominantly anaerobic flooded soil (37), IMHP may
be mineralized by adapted microorganisms in soils pretreated with diazinon.
These microorganisms can also hydrolyze the parent diazinon molecule.
Enrichment cultures from diazinon-treated soils readily converted diazinon to
IMHP (38), which in turn, was subsequently mineralized to carbon dioxide (39).
A Flavobacterium sp. (ATCC 27551) isolated from a diazinon-treated rice field,
readily hydrolyzed diazinon and mineralized IMHP to carbon dioxide (40).
Evidently, p-nitrophenol and IMHP can be degraded by microorganisms capable
of hydrolyzing the parent molecules, parathion and diazinon.
Decreased efficacy of carbofuran, other methylcarbamate and oxime carbamate
pesticides after repeated application has also been reported (31,33). Build-up
of carbofuran-hydrolyzing microorganisms in carbofuran-treated soil probably
occurs during the metabolism of its hydrolysis product, 7-phenol. Pretreatment
of a flooded soil with 7-phenol or 1-naphthol (hydrolysis product of carbaryl)
accelerated the hydrolysis of subsequently added carbofuran and carbaryl (41).
Moreover, an enrichment culture (42) from flooded soil treated with carbofuran
and a pure culture of Arthrobacter sp. (43) readily mineralized carbofuran to
carbon dioxide at 35° C. 7-Phenol accumulated only in small concentrations in
these cultures probably because of its further metabolism. In contrast, an
Achromobacter sp., isolated from a problem soil in which rapid degradation of
carbofuran occurred, readily hydrolyzed carbofuran to 7-phenol which resisted
further degradation (44). The mechanism for enrichment of Achromobacter sp.
in carbofuran-treated soil, is however, not known.

Persistence and Degradation of Pesticide Metabolites

Degradation Products. Nitrophenols, the major metabolites of parathion
degradation and its analogs, and other nitro-substituted herbicides, are further
metabolized in soils, soil enrichment cultures and by pure microbial cultures.
The position and number of nitro groups on the benzene ring determine the
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degree of susceptibility of nitrophenols to biodegradation. When nitrophenols
(p-, 0-, and m-isomers and 2,4-dinitrophenol) were incubated with alluvial
(CRRI) and acid sulfate (pokkali) soils under flooded conditions, the
concentration of each of four nitrophenols declined rapidly, irrespective of
nitro-group substitution and reached low levels in 10 days (45). No nitrite was
detected in either soil. These nitrophenols disappeared from both soils when
inoculated with a soil enrichment culture developed from parathion-treated
flooded soils. Degradation of nitrophenols was less rapid in uninoculated soils.
The rate of degradation of these nitrophenols depended on soil type and on
position and number of nitro groups. Moreover, during the metabolism of
nitrophenols in inoculated soils, nitrite accumulated in alluvial soil irrespective
of the position and number of nitro groups. But, in inoculated pokkali soil, no
nitrite was detected despite rapid disappearance of all the four nitrophenols.
Possibly, the nitrophenols undergo oxidation to yield nitrite in alluvial soils
whereas nitro group reduction to respective amino analogs takes place in pokkali
soil. Alternatively, nitrite may be formed in pokkali soil, but is immediately
denitrified due to intense reducing conditions in this organic-rich soil.

In a mineral salts medium inoculated with parathion-enrichment culture from
an alluvial soil, p-, 0-, and m-nitrophenols were readily degraded with
concomitant release of nitrite (45); however, 2,4-dinitrophenol was not
degraded. An enrichment culture derived from pokkali soil degraded only
p-nitrophenol yielding nitrite.

Ring Cleavage. Biological ring cleavage is generally mediated by the enzymes
known as oxygenases. Reactions mediated by such enzymes are inhibited under
predominantly anaerobic conditions found in flooded soils (2). Although some
pesticides undergo very rapid degradation in flooded soils, their degradation
products contain intact ring moieties which may persist due to slow ring cleavage
under anaerobic conditions. For example, diazinon and parathion are easily
hydrolyzed in flooded soils and their hydrolysis products can accumulate in
substantial amounts (37). However, these hydrolysis products are further
degraded in soils which have previously been treated with the parent pesticide
(38, 45).

Ring cleavage reactions can, to some extent, occur in oxygen-rich standing water
over flooded soils and in oxidized surface soil layers. Moreover, in a flooded soil
planted with rice, aerobic conditions would prevail in the microbially active
rhizosphere region due to transport of oxygen from foliage to the root region.
Parathion degradation was monitored in an unplanted flooded soil and in a
flooded soil planted with rice. Approximately 23% of the 2*C present in the
uniformly labeled ring-“C-parathion was released as 1%CO2 from the flooded
soil planted with rice whereas only 3.3% of the 1400, was evolved from the
unﬂanted flood?‘c‘i soil (46). A similar experiment monitored the degradation
of “"C-y-HCH. “"CO2 evolution was negligible (1-2%) under both planted and
unplanted conditions (47). Evidence suggests that dehydrochlorination of
y-HCH takes place in flooded rice soils and in anaerobic cultures with the
eventual formation of chlorine-free volatile metabolites (48, 49). The addition
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of green manure to a flooded soil seems f to stimulate the mmerahzat}‘on of y-
and g-isomers of HCH as measured by 4C02 evolution from ring-"*C-HCH
(Raghu, K. 1990, personal communication).

7-Phenol and 1-naphthol, hydrolysis products of carbofuran and carbaryl, persist
in flooded soils possibly due to slow ring-cleavage. Alternate flooded and dry
conditions may assist in accelerating the primary degradation pathway which
takes place under flooded conditions with subsequent mineralization of the
aromatic metabolites under succeeding non-flooded conditions.

Microbial Transformation of Pesticide Degradation Products

Degradation of pesticides in flooded rice soils is far from complete and usually
results in the accumulation of intermediary metabolites and/or bound residues.
Flooded soils harbor consortia of microorganisms, bacteria in particular, that
can mediate, either singly or in combination, degradation of complex pesticide
molecules using both aerobic and anaerobic reactions. Nutrients can affect the
mineralization of intermediary metabolites to inorganic end products. Some
pesticides and their metabolites do persist for long periods of time depending
upon soil conditions. IMHP, formed by rapid hydrolysis of diazinon in flooded
soil, is stable under anaerobic conditions, but is completely mineralized in
diazinon-treated soil under aerobic conditions (38). A Flavobacterium sp.
(ATCC 27551) isolated from diazinon-treated soil readily hydrolyzed diazinon
and then metabolized IMHP as sole sources of carbon and energy (40) under
laboratory conditions.

Degradation of nitrophenols in soils, by enrichment cultures and by pure cultures
of bacteria has been demonstrated (36). A Pseudomonas sp. (ATCC29353) and
a Bacillus sp. (ATCC 29355) isolated from parathion-treated flooded alluvial soil
(35), metabolized p-nitrophenol to nitrite and CO2. The Pseudomonas sp.
(ATCC 29353) also produced nitrite from 2,4-dinitrophenol, after a lag period;
whereas o- and m-nitrophenols resisted degradation by this bacterium. The
Bacillus sp. (ATCC 29355) effected rapid transformation of m-nitrophenol to
nitrite and phenol (36). Generally meta-substituted aromatic compounds are
known for their recalcitrance to biodegradation. Yet another bacterium,
Pseudomonas sp. (ATCC 29354) isolated from parathion-treated flooded soil,
converted p-nitrophenol to 4-nitrocatechol (50) which was not further degraded.
In a study on the metabolism of the methyl carbamate pesticides, carbofuran and
carbaryl, by soil enrichment and a Bacillus sp. isolated from flooded soils,
carbaryl was hydrolyzed to 1-naphthol which were then converted to
1,4-naphthoquinone, a more persistent metabolite (5). Enrichment cultures
from flooded soil and pure cultures isolated from these enrichments transformed
carbofuran to 7-phenol as the major metabolite. Other metabolites,
3-hydroxycarbofuran and 3-ketocarbofuran, were further metabolized while
7-phenol resisted further degradation. However, an Arthrobacter sp. isolated
from carbofuran-treated flooded soil, mineralized carbofuran to CO2 possibly
via 7-phenol which was detected only in small amounts (43).
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y-Hexachlorocyclohexane undergoes rapid degradation in flooded rice soils (52).
Anaerobic degradation of the y-isomer of HCH in flooded rice soils (53) and in
microbial culture (54) leads to the formation of y-tetrachlorocyclohexene, a
major transitory metabolite. Following treatment of flooded rice field with
y-hexachlorocyclohexane, y-tetrachlorocyclohexene was detected as a major but
transitory metabolite in soils up to 60 cm depth (Adhya, T.K. 1990, unpublished
data).

The rate and pathway by which a pesticide is degraded by pure microbial cultures
is affected by nutrients, such as yeast extract. A Bacillus sp. isolated from a
flooded soil pretreated with methyl parathion, degraded methyl parathion,
parathion and fenitrothion in a mineral salts medium supplemented with yeast
extract (55). Anincrease in the concentration of yeast extract not only increased
the rate of degradation of these phosphorothioates but also altered the metabolic
pathways by which methyl parathion and parathion were degraded. Bacterial
degradation of methyl parathion and parathion led to the formation of
Dp-nitrophenol at 0.05% yeast extract concentration. Both p-nitrophenol and
amino-analogs of the pesticides were formed in the presence of 0.1%
concentration of yeast extract, whereas only amino-analogs were detected when
0.5% yeast extract was added to the medium (Figure 3). This phenomenon was
quite interesting because the same bacterium produced both the amino analogs
and p-nitrophenol during degradation of parathion and methyl parathion
depending on the concentration of yeast extract used. Moreover, the
degradation of fenitrothion by the bacterium proceeded only by hydrolysis to
3-methyl- 4-nitrophenol and then to nitrite at all concentrations of yeast extract.
This is analogous to the inhibition of hydrolysis in a flooded soil amended with
organic matter such as rice straw (25, 56).

Bound Residues. Bound or unextractable residues may represent the
undegraded parent pesticides and/or their degradation products. These residues
are tightly bound to the soil and are not recovered by conventional extraction
procedures used in pesticide residue analysis (57). The formation and
accumulation of soil-bound pesticide residues is of increasing environmental
concern. For most pesticides, the exact mechanism of soil-binding and the
ultimate fate of bound residues as well as their toxicological significance are not
understood.

Accumulation of soil bound residues in flooded soil was first demonstrated with
parathion (58, 59). More than 66% of the *C in the ring-*C-parathion applied
to a flooded loam soil was accounted for as soil-bound residues after 2 weeks.
In the flooded soil, parathion was first converted to aminoparathion which
appeared to bind to the soil rapidlIy. In non-flooded soil, formation of bound
residues was negligible. When 4C-labeled nitro compounds (parathion,
paraoxon and p-nitrophenol) and their respective amino analogs were
incubated with moist soil for 2 hours, amino compounds were bound to the soil
to a greater extent (14-26 x) than the parent nitro compounds (60). Conditions
(flooding, high organic matter content, high temperature and increased
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Figure 3. Degradation of methyl parathion by a Bacillus sp. in a mineral
salts medium supplemented with yeast extract (YE), 2 days incubation.
Reproduced with permission from ref. 55. Copyright 1989 National
Research Council of Canada.

microbial activity) which catalyze the formation of aminoparathion enhanced
eventual accumulation of soil-bound re gldues (57).
The extent of soil-bound residues from * C-p-nitrophenol was related to soil type
and aerobic status of the flooded soil. Aeration of the flooded soil by stirring
decreased the amount of soil-bound pesticide residues. Sonl-bmdmg was more
pronounced in organic matter rich pokkali soil (8.2% organic matter) t}‘Jan in
alluvial soil (1.6% organic matter). More than 55% of the ~°C in
C-p-nitrophenol was transformed to the soil-bound residues in pokkali soil as
compared to 28 to 44% in alluvial soil under anaerobic flooded soil conditions
(61). Metabolism of p-nitrophenol was negligible under these conditions and
nitrite was not detected.
Inoculation of flooded soils with a parathion-hydrolyzing enrichment culture
resulted in the accumulation of soil-bound residues from 4 C-p-nitrophenol,
similar to the soil bound residues in the uninoculated soil. The amount of
soil-bound residues in inoculated and uninoculated soils aerated by stirring was
almost the same although differences in CO2 evolution were observed. Carbon
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dioxide evolution from inoculated pokkali soil was approximately 13% and from
inoculated alluvial soil was 83%. Insignificant amounts of CO2 were evolved
from both uninoculated soils. It appears that the degradation of p-nitrophenol
under anaerobic conditions can lead to significant formation of soil-bound
residues. Evidence suggests that both hydrolysis and nitro group reduction of
parathion can result in the eventual accumulation of soil-bound residues.
Hydrolysis products of carbofuran and carbaryl 7-phenol and 1-naphthol
respectively, end up as soil-bound residues in flooded soils. Application of
ring-labeled and carbonyl-labeled 14C-carbofuran to flooded soil, resulted in
accumulation of more soil bound residues from ring- ‘c (26%) than from the
carbonyl (7.3%) label (24). Conversely, more 1400, was released from carbonyl
label (27%) than from ring label (0.3%). The aryl group may contribute
significantly to the bound residues from carbofuran in flooded soil.
Interestingly, unlike parathion, flooding retarded the accumulation of bound
residues from 14C-y -HCH in some of the selected Indian soils and appeared to
accelerate the formation of volatile metabolites (62). The addition of green
manure to the flooded soil resulted in further decrease in the soil-bound residues
which probably explains the low concentration of bound residues from y-HCH
found under flooded conditions. Non-flooded and flooded soils containing
bound residues of »-HCH were incubated under moist conditions. During the
incubation, extractable residues were formed from bound residues in both
flooded and non-flooded soils, but to a less extent in the flooded soil. More
4002 was evolved from the bound residues in flooded soil than from
non-flooded soil.
With DDT, an organochlorine insecticide, formation of bound residues in soil
was greater in green manure-amended soil (30%) than in unamended soil (16%)
at 80 days under flooded conditions (15).
In a classical study, Bartha and Pramer (63) demonstrated formation of
persistent soil-bound residues from propanil, a herbicide, after its hydrolytic
conversion to 3,4-dichloroaniline in flooded rice soils (64).

Discussion

Little attention has been paid to the environmental significance and fate of
degradation products of commonly used pesticides in tropical rice growing soils.
An aerobic-anaerobic interface, prevalent in flooded rice fields, may facilitate
the complete mineralization of a pesticide to innocuous inorganic end products.
There is evidence that anaerobic flooded conditions may favor the formation
and accumulation of soil-bound residues from certain pesticides. Accumulation
of pesticide residues in soils may result from binding of metabolites and
inhibition of ring cleavage under anaerobic conditions. Pesticides, such as ethyl
parathion or methyl parathion, undergo degradation via more than one primary
pathway, therefore, the type and amount of metabolite(s) formed are dependent
on many factors, i.e. soil type, organic matter, moisture regime, temperature,
redox status, sulfate content and number of pesticide applications. Generally,
no energy for growth is derived during hydrolytic reactions, a common route for
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biodegradation of many pesticides. However, accelerated biodegradation after
repeated pesticide application is common with many organophosphorus and
carbamate pesticides which undergo primary degradation by hydrolysis.
Degradation products from these pesticides appear to serve as an energy source
for growth and proliferation of microorganisms capable of hydrolyzing the
parent molecule.
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Chapter 5

Degradation Products of Sulfur-Containing
Pesticides in Soil and Water

C. J. Miles

Department of Agricultural Biochemistry, University of Hawaii,
Honolulu, HI 96822

Pesticide degradation products, especially those containing sulfur, are
important groundwater contaminants. Sulfoxidation is one of the most
important pesticide degradation pathways since the sulfoxide product
has much higher groundwater contamination potential. Reactions
involving sulfur chemistry of aldicarb, ethylene dibromide,
ethylenethiourea, and malathion in soil and water are discussed.

Occurrence of pesticides in groundwater is well documented. Although most of this
contamination is from non-point agricultural sources, point sources such as pesticide
mixing and loading sites (), agrochemical dealerships (2), and pesticide applicator
cleaning sites (3) can contribute to this problem significantly. Most groundwater
contamination occurs by percolation of chemicals through overlying soils and other
geological formations. Thus, physical, chemical, and biological reactions within
these soils will determine the form and concentration of the chemical if and when it
appears in groundwater.

Many pesticide degradation products have appeared in groundwater. The U.S.
Environmental Protection Agency (USEPA) is conducting a national pesticide survey
of groundwater and many of the 123 analytes are pesticide degradation products.
Hydrolysis, oxidation, and other chemical and biological reactions often convert the
parent pesticides into products that are more water soluble and thus more mobile in
soil. Because of the reactivity of sulfur, several of these degradation products contain
oxidized sulfur moieties. This chapter will focus on sulfur-containing pesticide
degradauon products in soil and water. Formation and reaction of these compounds
in soil and water and by general synthetic routes is discussed along with movement
in soils to groundwater. Cases studies of aldicarb, ethylene dibromide (EDB),
ethylenethiourea (ETU), and malathion are presented.

0097—6156/91/0459—0061$06.00/0
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Pesticide Degradation Products Found in Groundwater

The USEPA has assembled a data base of pesticides in groundwater and the 1988
interim report lists a total of 54 pesticides (14 S-containing) with confirmed
detections (4). This report also lists several pesticide metabolites that are potential
groundwater contaminants and most of these compounds are sulfur-containing
products. Many are oxidation products since sulfoxidation increases water solubility
and subsequent groundwater contamination potential. The final report of the U.S.
Environmental Protection Agency (EPA) National Pesticide Survey (NPS) of
groundwater is due soon and should contain a representative account of pesticides in
groundwater. Table I lists sulfur-containing pesticides and degradation products that
are confirmed or suspected groundwater contaminants including those on the NPS
list. Health Advisory Levels (HAL) developed by the USEPA are also listed and
help identify toxicologically significant compounds.

Formation of Degradation Products of Sulfur-Containing Pesticides in Soil,
Water and Model Systems

Chemical and biologically mediated reactions can transform S-containing pesticides
in soils and water (5)(Figure 1). Usually microbial activity is the major degradative
pathway, but abiotic (acellular) reactions can dominate for some compounds and/or
environmental conditions. Pesticide selectivity is often achieved by using relatively
stable, nonpolar compounds (propesticides) that are metabolized to the active
toxicant. Most S-containing pesticides are propesticides that are metabolically
activated by reactions involving or initiated by sulfoxidation (6). These oxidations
alter the reactivity, solubility, and ease of translocation of systemic pesticides.

One of the most important degradative pathways for sulfide pesticides is
oxidation to the sulfoxide and the sulfone (reaction 1; Figure 1)(7). In the
laboratory, sulfoxides are prepared by addition of one equivalent of oxidant to the
sulfide although careful selection and addition of oxidant is important. Sulfones are
easily prepared by addition of excess oxidant although oxidation of the sulfoxide is
usually slower than oxidation of the sulfide (8).

In soils, sulfide pesticides are often rapidly oxidized to sulfoxides while
sulfones are formed more slowly (7). Sulfoxidation has been observed on compounds
with an alkylthio group attached to another alkyl group (aldicarb; Figure 2) and to
an aromatic group (fenamiphos). This oxidation is so rapid and complete that
sulfoxides are often the dominant species found in soil shortly after application of the
parent sulfide. In most cases, the sulfoxide and sulfones also have pesticidal activity.
Aldicarb oxidation is slowed considerably in sterilized soils and with increasing depth
in the soil profile suggesting that microbes mediate this oxidation (9). Sulfoxidation
of alkylthiocarbamates (molinate) and alkylthiotriazines (ametryn) has been observed
in biological systems (6) but these sulfoxides have not been reported as major soil or
water degradation products.

Sulfoxides can be reduced to sulfides by LiAIH, and other reagents but many
sulfones are stable to reducing agents (8) (reaction 2). Both sulfoxides and sulfones
can be reduced by heating with sulfur (which is oxidized to SO,), and the reaction
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Table L. Sulfur-containing pesticides and degradation products that are
confirmed or potential groundwater contaminants

PESTICIDE DEGRADATION PRODUCT(S) STATUS® HAL (Mg/L)b

aldicarb sulfoxide and sulfone C 10, 10, 40°

ametryn des-ethyl C 60

bentazon NPS 20

butylate NPS 700

carboxin sulfoxide (and sulfone) NPS 700

cycloate NPS

diazinon diazoxon C 0.6

disulfoton sulfoxide and sulfone NPS 0.3

EDB, etc. (alkylmercaptans, dialkylsulfides, C 0.0004

and dialkyldisulfides)

EPTC NPS

endosulfan sulfate C

ethoprop C

EBDC ethylenethiourea C 0.2

ethyl parathion ethyl paraoxon C

fenamiphos sulfoxide and sulfone NPS 2

malathion maloxon C

merphos NPS

methamidophos C

methiocarb C

methomyl C 200

methyl parathion  methyl paraoxon C

metribuzin (metribuzin DA) C 200

molinate sulfoxide C

oxamyl C 200

pebulate NPS

prometryn NPS

simetryn NPS

sulprofos C

tebuthiuron NPS 500

terbufos NPS 1

terbutryn NPS

triallate C

tricylazole NPS

vernolate NPS

aC = confirmed, NPS = from the USEPA National Pesticide Survey list.

Note: most of those confirmed are also on NPS list. Parentheses denote a known
degradation product but not previously listed.
b Health Advisory Levels for parent compounds except aldicarb products and ETU.
€ aldicarb, aldicarb sulfoxide, and aldicarb sulfone.
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with sulfoxides proceeds at lower temperatures. Experiments with *S-labelled
substrates show that the sulfoxides transfer oxygen to elemental sulfur. On the other
hand, sulfones lose most of the label indicating that the sulfur in the sulfide product
comes from elemental sulfur (8).

Reduction of aldicarb sulfoxide to aldicarb was observed in groundwater
treated with limestone (10, 1). Enhancement of reduction upon addition of glucose
and the observation of turbid solutions suggested a microbially-mediated reaction.
Phorate sulfoxide was reduced to phorate in lake sediment microcosms (12). These
reactions demonstrate the importance of redox conditions on the fate of sulfur-
containing pesticides in soils and water.

Mercaptans are easily oxidized to disulfides (reaction 3). With a small amount
of base, atmospheric oxygen can be the oxidant. The mechanism involves oxidative
coupling of the thiolate anion via a free radical mechanism (8). The fungicide nabam
(sodium ethylenebisdithiocarbamate) oxidizes to the disulfide in the presence of
atmospheric oxygen (13) and this disulfide is an intermediate in EBDC degradation
to ethylenethiourea (ETU) (14). Conversely, disulfides can be reduced to mercaptans
by mild reducing agents such as zinc in dilute acid (reaction 4) (8). The fungicide
thiram is reduced to dimethyldithiocarbamate in soils and microbial cultures (15).

ETU is a manufacturing byproduct and environmental degradation product of
the EBDC fungicides. These widely used fungicides are under Special Review by the
USEPA largely because of the carcinogenic properties of ETU. ETU is rapidly
oxidized to ethyleneurea (EU) in some soils by an acellular mechanism (reaction
5)(16).

The thione moiety, in organophosphates, can be oxidized to the oxon analog
which is often accompanied by an increase in toxicity, water solubility, and
susceptibility to hydrolysis (reaction 6). Parathion is oxidized to paraoxon in plants
and animals and also by some soil microbes (17, 18). On the other hand, malathion
was not oxidized in oxygen-saturated, acidic water microcosms for several weeks

9.

With malathion, the sulfur which is bound to an alkyl chain and phosphorous,
can cleave at either position. Under basic conditions, elimination produces O,0-
dimethyl phosphorodithioic acid and diethyl fumarate (reaction 7) while hydrolysis
produces O,0-dimethyl phosphorothioic acid and diethyl thiosuccinate (reaction #8)
(19). The organophosphates Hinosan (S,S,0-diphenylethyl phosphorodithioate) and
Kitazin P (O,0,S-diisopropylphenyl phosphorodithioate) follow similar degradation
pathways (20). )

The carbamoyloximes, methomyl and oxamyl, can undergo a ferrous iron-
catalyzed reductive degradation in anaerobic soils (21). A good leaving group on the
imino nitrogen facilitates formation of an imino radical which is further reduced to
the anion. The anion ultimately forms methanethiol and a nitrile (reaction 9).
Aldicarb undergoes a similar reductive reaction to form the corresponding nitrile and
aldehyde. Aldicarb sulfoxide and sulfone degraded faster in these reducing soils
systems but degradation products were not identified (27). Aldicarb nitrile and
aldehyde were the major products observed in aqueous, Cu’**-catalyzed decomposition
of aldicarb (22). Aldicarb nitrile has been identified in anaerobic groundwater
microcosms enriched with microorganisms and limestone (23).
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Demeton (ethyl esters) is a 2:1 mixture of the isomeric thiono and thiolo
esters. Isomerization of the thiono form into the thiolo form occurs in aqueous
solution at increased temperatures through an ionic mechanism (reaction 10) (7, 24).
Lack of rearrangement with the sulfoxide or sulfone supports the formation of a
sulfonium cation. The thiolo ester has greater mammalian toxicity and insecticidal
activity than the thiono isomer (7). The thiolo ester is also much more water soluble
(2000 mg/L) than the thiono ester (60 mg/L) and is more susceptible to hydrolysis
(7, 24). Demeton has methyl ester analogs with similar chemistry (7).

Although halogenated alkanes are not S-containing, their reaction with reduced
sulfur species (reaction 11) forms important S-containing pesticide degradation
products. Because alkyl halides are common groundwater contaminants, this reaction
is discussed in a subsequent section.

Movement of Pesticide Metabolites to Groundwater

Considerable effort has been expended to predict movement of pesticides through the
unsaturated soil zone into groundwater. Several transport models have been
developed and have had varying success predicting pesticide concentrations in soil
and groundwater. Two of the most important physical-chemical parameters of
pesticides and metabolites used for modeling efforts are the soil sorption coefficient
(K,: organic carbon normalized sorption coefficient) and the degradation rate
expressed as the half-life (t,,). In general, the stronger a pesticide is bound to the
soil and the faster it degrades, the less likely it will percolate into groundwater.
Literature values for these two parameters can deviate widely and this variability
significantly affects the validity of transport model predictions.

A problem for transport modelers is lack of physical-chemical data for
important pesticide metabolites. Aldicarb and fenamiphos are good examples. Rapid
oxidation of the parent sulfide to the sulfoxide in soils makes transport modelling
with parent input data irrelevant. In fact, when one considers that water solubilities
increase and sorption and degradation rates decrease for these sulfoxide metabolites,
the potential to contaminate groundwater increases significantly.

When physical-chemical parameters are not available in the literature for
important pesticide metabolites, transport modelers may employ certain techniques
to derive these values. Among the possibilities are equations that correlate other
known parameters to the desired parameter (25), structure-activity models (26, 27),
and indirect chemical methods such as reversed-phase liquid chromatography (LC)
(28, 29).

Partition coefficients of pesticides into soil organic matter (K.) can be related
to the octanol/water partition coefficient (P or K,,). Values for K, derived by the
techniques described above have varying success when compared with empirically
derived (literature) values (Table IT). One must assume that the experimental values
are correct but review of the methods used in the original literature is wise.
Validation of estimation techniques is also a prudent practice and the two computer
models discussed here have been validated for several types of simple organic
compounds (26, 27).
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It is apparent from the selected compounds that oxidation from the sulfide to
the sulfoxide significantly increases water solubility and lowers hydrophobic
partitioning. Further oxidation to the sulfone has a smaller effect on partitioning
behavior. Despite the importance of using reliable water solubility, partitioning data
and degradation rates on pesticidal sulfoxides, Table II shows several deficiencies.
A major obstacle to obtaining this data is lack of reliable analytical techniques for
measuring sulfoxides. Lack of standard materials due to synthetic difficulties, poor
extraction efficiency and gas chromatographic tailing caused by the polar nature of
the sulfoxide, make acquisition of these data difficult. Problems with standard
materials can be overcome with proper attention to details. Extraction and analysis
problems can be alleviated by using liquid chromatography with selective detection
methods.

Case Studies of S-Containing Pesticide Degradation Products in Soil and Water

Aldicarb. Aldicarb is the active ingredient in Temik insecticide/nematicide and is
one of the most acutely toxic pesticides registered for use (LDy, = 1 mg/kg rat,
oral)(24). Wide use of this relatively water-soluble chemical in sandy soils of New
York and Florida led to groundwater contamination, extensive monitoring, and
Special Review by the USEPA. Monitoring has included over 46,000 analyses in
over 28,000 wells of 34 states (9). Aldicarb and EDB residues in groundwater
represent over half the pesticide contamination episodes in the 1980’s and are
partially responsible for increased efforts to monitor groundwater for other pesticides.

The primary mode of aldicarb degradation in the root zone is oxidative
metabolism by microorganisms, although some chemical hydrolysis may occur (30-
34). Oxidation to the sulfoxide is rapid while further oxidation to the sulfone is
much slower (31, 34). In two New York soils, degradation (hydrolysis + oxidation)
of aldicarb was about eight times faster than that seen with aldicarb sulfoxide (34).
Aldicarb sulfone degradation (hydrolysis only) was slightly slower than aldicarb
sulfoxide. In these same soils, sorption coefficients for aldicarb were six-fold higher
than aldicarb sulfoxide and three-fold higher than aldicarb sulfone. The much higher
water solubility (Table II), lower sorption to soil, and slower degradation rate give
aldicarb sulfoxide, and to some extent the sulfone, a higher potential for groundwater
contamination. By the time a given pulse or application event reaches deep
groundwater, the parent pesticide is oxidized completely and not detected. This helps
account for the approximate 1:1 ratio observed for aldicarb sulfoxide and aldicarb
sulfone in groundwater (35).

In water, the primary degradation and detoxification mechanism is acid or base
hydrolysis in the order (sulfone > sulfoxide > > sulfide) and the reaction is mostly
chemical (9, 10). Bank and Tyrrell (36) studied degradation of aldicarb over a pH
range 3-8.6 and observed aldicarb oxime, nitrile, aldehyde, carbinolamine, 1,3-
dimethylurea, and methylamine as products. In base, the oxime was the major
product produced by an E1cB hydrolysis mechanism while under acidic conditions,
protonation of the ester oxygen and elimination produced primarily the nitrile (36).
Metal-ion catalyzed degradation of aldicarb was reported with Cu** and Fe** and the
nitrile and aldehyde were the major products (21, 22). The observation of these
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products in groundwater microcosms supports the involvement of this mechanism
under environmental conditions (10, 11, 23). No oxidation of aldicarb was observed
in these groundwater microcosms probably because of low concentrations of oxidizing
microbes.

None of these nontoxic degradation products has been reported in field water
samples largely because of the increased analysis cost and little interest in these low
toxicity compounds. Speciation of total aldicarb residues into aldicarb, aldicarb
sulfoxide, and aldicarb sulfone for GC analysis required great effort until the LC-
postcolumn fluorogenic labeling method made trace water analysis of all three
compounds feasible (9). This analytical method greatly improved environmental fate
studies of aldicarb in soil and water.

EDB and Other Halogenated Alkanes. Ethylene dibromide (1,2-dibromoethane;
EDB) has many uses including as a soil fumigant and fuel additive. Since its first
reported incidence in Hawaii groundwater in 1980, EDB has been detected in about
13% of over 15,000 wells surveyed (37). Although EDB degrades rapidly in surface
soils (t,, & days) and has moderate sorption (K, = 65), the high water solubility
(4250 mg/L) and the significant drop in microbe populations and organic carbon
content below the upper soil layer contribute to the high potential for groundwater
contamination (37). Also, an extremely low method detection limit (0.01 ug/L) and
the fact that most surveys were conducted in vulnerable areas contribute to the high
detection percentage. The forthcoming EPA National Pesticide Survey should give
a more representative account of EDB contamination in groundwater.

Halogenated alkanes, such as EDB, can react with reducing sulfur species,
such as bisulfide (HS), in anaerobic groundwater to form several products.
Depending upon environmental conditions and substrate structure, these alkyl halides
may undergo nucleophilic substitutions, dehydrohalogenation, or reductive
dehalogenation reactions (38).

Primary alkyl halides react with the strong nucleophile HS' by an S,2
mechanism (8). Tertiary halides react by an S,1 mechanism while secondary alkyl
halides probably react by a mixture of both mechanisms (39). Alkyl bromides react
faster than the corresponding chlorides because bromide is a better leaving group.
Aqueous solutions of HS and alkyl halide produced alkylmercaptans,
dialkyldisulfides, and dialkylsulfides in groundwater and laboratory microcosms (40).
EDB, an alkyl dihalide, reacted by both inter- and intra-molecular pathways
producing mostly cylic alkylsulfides and cyclic disulfides in groundwater microcosms
1.

Bisulfide can also promote dehydrohalogenation of alkyl halides (E2
mechanism) by functioning as a Bronsted base in general base catalysis. Reducing
sulfur species (i.e HS', SO,*, and S,0,”) can also transform polyhalogenated alkanes
by reductive dehalogenation. These reducing agents may function either as free
radicals (in one-electron transfer reactions) or as nucleophiles (in two-electron
transfer reactions)(38). Substrate structure and environmental conditions will
determine the relative rates of the above reactions and other competing reactions such
as hydrolysis.
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ETU. Ethylenethiourea (ETU), a carcinogenic byproduct and environmental
degradation product of the EBDC fungicides, has been found in groundwater (42).
ETU is relatively mobile in most soils except those high in organic matter. Half-
lives in soil range from 1 day to 4 weeks (43). Groundwater contamination potential
measured by simple transport models (i.e. Attenuation Factor) range from very high
contamination probability to very low contamination probability depending upon
which half-life is used. This suggests that specific environmental conditions and
agricultural practices may have significant effects on groundwater contamination.

ETU was relatively stable in groundwater microcosms (t,, ca. 3 yrs)(Z6).
However, addition of basalt to simulate groundwater conditions accelerated
degradation about 10-fold suggesting either microbes introduced with the basalt or
the surface effect discussed below were responsible.

ETU degraded rapidly in three Hawaiian soils (t,, = 2.1 d) to form
ethyleneurea (EU) and sulfate ion (16). [EU subsequently degraded to
ethylenediamine and carbon dioxide. Sterilization of soils with gamma irradiation
had little effect on degradation rate while azide decreased the rate about 10-fold. The
rate of ETU degradation in water was decreased by either mannitol addition or low
oxygen concentrations. Since the rate increased upon addition of soil surfaces, ferric
iron and metal chelators, an enzymatic or chemical degradation mechanism involving
an acellular oxidizing species was suggested. A mechanism of ETU oxidation in
these soils consistent with the experimental observations requires the chelation of
ferric iron by soil surface components, reduction of the complex to the ferrous state
by unidentified electron donors and subsequent reaction with molecular oxygen to
generate hydroxyl radicals, the ultimate oxidant. Although ETU is very water
soluble (20,000 mg/L) and weakly sorbed to these Hawaiian soils (avg. K,, = 3.7),
the short half-life in soils indicates that groundwater contamination potential is low.

Malathion and 0,0,S-Trimethyl phosphorothioate. Malathion is a widely
used organophosphate insecticide. The minor contaminants, 0,0,S-trimethyl
phosphorothioate and O,S,S-trimethyl phosphorodithioate occur by side
reactions during manufacture of several organophosphates and cause delayed
neurotoxicity in mammals (44).

Contamination of groundwater by malathion is unlikely since sorption to soils
is high (K_,=1797) and degradation is very fast (t,,= 1d)(45). Surface water
contamination is likely, however, since runoff may release sorbed malathion and
aerial applications are often made to control fruit fly infestation. In addition to
elimination (reaction #7) and hydrolysis (reaction #3), malathion also undergoes ester
hydrolysis. At low temperatures hydrolysis is predominant while elimination is
favored at higher temperatures (19). Degradation of malathion in river, ground, and
seawater (t,, = 4.7 £ 0.7 d) occurred predominantly through the elimination reaction
while photolysis and biodegradation played minor roles (46).

0,0,S-trimethyl phosphorothioate degraded more slowly in water than
malathion (t,, = 32 + 21 d) and biodegradation was an important pathway (46).
This compound was weakly bound to soils (K,, = 9.8) and had relatively slow soil
degradation rates (t,, = 6 d) which were also controlled by microbes. Although
low sorption and slow degradation rates indicate a high groundwater contamination
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potential, extremely low concentrations found in dilute formulations applied in fruit-
fly control should not present a groundwater problem. On the other hand, point
source contamination by O,0,S-trimethyl phosphorothioate would be a greater
problem than malathion.

Summary

Pesticide degradation products are important groundwater contaminants. This paper
discusses formation of sulfur-containing pesticide degradation products in soil and
water and transport to groundwater. Sulfoxidation is one of the most important
pesticide degradation pathways. The sulfoxide product has a much higher water
solubility, lower sorption to soil, and slower degradation rate than the parent sulfide
thus a higher groundwater contamination potential. The reaction mechanisms and
cases studies discussed demonstrate the importance of detailed environmental fate
investigations to understand and control groundwater contamination.
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Chapter 6

Atrazine Metabolite Behavior in Soil-Core
Microcosms
Formation, Disappearance, and Bound Residues

D. A. Winkelmann and S. J. Klaine

Environmental Health and Toxicology Research Institute,
Department of Biology, Memphis State University,
Memphis, TN 38152

Atrazine (2-chloro-4{ethylamino]-6{isopropylamino}-1,3,5-
triazine) is a moderately persistent herbicide used extensively to
control annual grasses in cornfields. Intact soil-core microcosms
were developed and utilized to follow the degradation of atrazine and
the formation and subsequent fate of its major metabolites,
deethylatrazine (DEA, 2-chloro-4-[amino]-6-[isopropylamino]-
1,3,5-triazine), deisopropylatrazine (DIA, 2-chloro-4-[ethylamino]-
6-[amino}-1,3,5-triazine), dealkylatrazine (DAA, 2-chloro-4,6-
[diamino]-1,3,5-triazine) and hydroxyatrazine (HYA, 2-hydroxy-4-
[ethylamino]-6-[isopropylamino]-1,3,5-triazine). Field studies in
west Tennessee were also conducted to determine the predictive
potential of the microcosms. Microcosm studies indicated an
atrazine half-life of 21 days while field data resulted in a 14-day
half-life. Metabolite formation and subsequent disappearance were
similar in both microcosm and field studies. Bound residue
formation (chemical residue not recovered from standard soxhlet
extraction) was significant and may result in the underestimation of
chemical half-life. This is particularly true for the parent compound
and the chlorinated monoalkylatrazines. Soil bound residues for
these compounds after 180 days were as high as 60 percent of the
initial radioactivity applied to the microcosms.

Atrazine (2-chloro-4[ethylamino]-6[isopropylamino]-1,3,5-triazine) is a
moderately persistent herbicide used extensively to control annual grasses in
cornfields. The processes that dictate the fate of atrazine include degradation as
determined by dissipation of extractable parent molecule (I-3), mineralization as
measured by 14CO2 evolution from radiolabeled parent (4-7), migration to
subsurface levels (8-11); and sorption by soil organic matter, activated carbon and
plants (12-16).

Atrazine can be degraded to several metabolites in soil. Among those are
deethylatrazine (DEA, 2-chloro-4-[amino)-6-[isopropylamino]-1,3,5-triazine),
de1sopropylptrazme (DIA, 2-chloro-4-[ethylamino]-6-[amino]-1,3,5-triazine),
dealkylatrazine (DAA, 2-chloro-4,6-[diamino]-1,3,5-triazine) and hydroxyatrazine
(HYA, 2-hydroxy-4-[ethylamino]-6-[isopropylamino]-1,3,5-triazine). Degradation
of the parent herbicide may result in production of both phytotoxic and non-
phytotoxic metabolites. DEA and DIA are phytotoxic degradation products. DEA

0097-6156/91/0459—-0075$06.00/0
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is almost as phytotoxic as the parent atrazine, while DIA is five times less
phytotoxic (17). DAA has been shown to be nonphytotoxic in oat bioassays (I8).
HYA is also a nonphytotoxic degradation product. Dechlorination and subsequent
hydroxylation of atrazine to HYA is considered a major step in the deactivation of
the herbicide (19).

N-dealkylation, dechlorination and hydroxylation at the 2- position,
deamination and ring cleavage are degradative processes that contribute to the
mineralization of atrazine. Degradation of the herbicide can be accomplished by
biotic and abiotic processes. Bacteria and fungi isolated from soil enrichment
cultures have been shown to convert atrazine to various metabolites. Giardina et al.
(20) isolated a Nocardia species that was capable of N-dealkylation. Kaufman and
Blake (21) showed that two fungi, Aspergillus fumigatus and Rhizopus stolonifer,
produced DEA and DIA when incubated with atrazine. Behki and Khan (22)
isolated three species of Pseudomonas which dealkylated the herbicide. They
further showed that the two monoalkylated metabolites were hydroxylated at the 2-
position by two of the bacteria. Atrazine can also be utilized as a sole carbon and/or
nitrogen source by bacteria (20,22).

The mineralization and persistence of the herbicide in soil, determined by using
14C ring-labeled atrazine, has been examined (/,23-26). Mineralization rates,
determined by measuring 14CO5 evolution, ranged from 0.005% of the
radioactivity after 12 weeks incubation (1) to 28% after 24 weeks (/). However,
the majority of mineralization rates were in the lower half of this range. Few
studies have looked at the mineralization of dealkylated metabolites. These
metabolites are difficult to recover from soils because they become intimately
associated with the soil and are not recoverable by standard solvent extraction
techniques.

Persistence, determined by measuring extractable residues of herbicides, does
not consider soil bound residues which have been shown to be bioavailable to
plants in some cases (27-30). Bound residues have been defined as those
molecules which remain associated with various fractions of soil after exhaustive
extraction with polar and nonpolar solvents (31). Recently, Schiavon (32,33)
examined the persistence of several radiolabeled metabolites of atrazine, based on
extractable and bound 14C residue concentrations, and movement of radioactivity
through a soil column. He found that organic matter and loss of alkyl chain were
factors that enhanced bound residue formation, while hydroxylation diminished this
process. Capriel et al. (34) showed that a portion of the bound residues extracted
from soil still contained the parent atrazine 9 years after application. Since it has
been shown that soil bound pesticides are bioavailable (35-37), this would suggest
that the reported concentrations of the parent compound and metabolites, as
detggmined by conventional extraction procedures, may underestimate true total soil
residues.

This paper describes the fate of atrazine metabolites, both in laboratory
microcosms and in a west Tennessee field. Further, we will consider the
degradation of these metabolites, including bound residue formation.

Materials and Methods

Chemicals. Uniformly 14C ring-labeled atrazine and metabolites of atrazine
were supplied by the Ciba-Geigy Corporation. Specific activities of the radiolabels
ere:

were:
[U-ring-14CJatrazine (ATZ, 97.6% pure), 22.0 puCi/mg;
[U-ring-14C]deethylatrazine (DEA, 99.0% pure), 21.3 uCi/mg;
[U-ring-14C]deisopropylatrazine (DIA, 99.0% pure), 13.7 uCi/mg;
[U-ring-14C]dealkylatrazine (DAA, 98.0% pure), 14.1 pCi/mg; and
[U-ring-“C]hydroxyatrazine (HYA, 99.0% pure), 23.5 uCi/mg.
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Soil. Soil for microcosm studies and field studies was obtained from two field
locations, A (18 ha) and B (27 ha) at the Agricenter International in Shelby County,
Tennessee which is located in the southwestern corner of the state. Soil in both
fields was classified as Falaya silt loam. Surface layers were an acidic, friable silt
loam, approximately 15 cm in depth, with low organic carbon content (Table I).

Soil microcosms. Intact soil cores for microcosms were taken using sterile
bottomless 125 ml serum bottles (Fisher Scientific). Each bottle was pressed 3 cm
into the soil and the cores cut at the base of the bottle using a sterile spatula. This
provided a coring device which also served as a microcosm when sealed at the

bottom with a sterile 8 cm2 pane of glass and a bead of silicone sealer. This
procedure minimized handling of the soil core and maintained its integrity. Soil
cores were transported to the lab and aseptic microcosms constructed the same day.
Microcosms were treated with radiolabeled test substances.

Sterilized soil microcosms were prepared by irradiation through the courtesies
of Oak Ridge National Laboratory and the Research Reactor Facility, University of
Missouri. Soil was added to sterile intact 125 ml serum bottles (Fisher Scientific)
which were sealed with sterile slotted gray butyl stoppers (13 by 20 mm, Wheaton
Sci6entiﬁc) and aluminum seals (20 mm, Wheaton Scientific), and exposed to 5.02 x
109 RAD.

Three nonirradiated and three irradiated microcosms, one from each site, were
prepared for each mineralization study. Separate microcosms were prepared for
residue analysis on each scheduled sampling day. Solutions of [14C]atrazine or
metabolite were filter sterilized and aseptically added to microcosms. Soil
microcosms were treated equivalent to a field application rate of 2.20 kg/ha for
atrazine or 0.5 kg/ha for a metabolite, brought to 80% field moisture holding
capacity and incubated at 25°C, Filter sterilized air flowed through microcosms, 20
ml/min, to sweep evolved 14CO3 into a trapping solution (Figure 1), which
consisted of scintillation grade phenethylamine (Eastman Kodak Co.) and Scinti
;’gr;; I (Fisher Scientific) (1:9,v/v). Trapping efficiency of the solution was

D70,

Radioactivity analysis. Aliquots of trapping solution were analyzed by liquid
scintillation counting using a Beckman Model LS-7000 scintillation counter and a
quenched 14¢ standard set (Nuclear-Chicago).
Studies using radiolabeled compounds were conducted for a period of 180 d.
'gipli(cla;es (t)l;lcrocosms were sacrificed for analysis on each sampling day (4, 14, 28,
an .

Field study. Atrazine was applied to field B on May 22, 1987 at a rate of 3.2
kg/ha using an emulsifiable concentrate. Surface soil cores, 3 cm in depth, were
taken for residue analysis. Cores were transported on ice and analyzed immediately
upon arrival at the lab. The field study was conducted for a period of 180 d.
Trg)lliggte samples from each site were taken for analysis on days 0, 4, 14, 28, 63
an .

Irradiated microcosm sterility and soil microbial enumeration. Soil
from selected irradiation-sterilized and nonirradiated soil microcosms and from the
field was tested for microbial growth prior to the start of each assay. Bacteria and
fungi were enumerated using plate count agar (Difco) and rose bengal agar base
(Difco) respectively. Soil dilutions were prepared using sterile 0.01% (w/v)
peptone water (Difco). Soil to diluent ratio was 1:10 (w/v). A spread plate
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Table 1. Properties of soils used in this study

pHP -
Field Site Sand (%) Silt(%) Clay (%) Carbon (%)2 Microcosm Field Study
A 1 55 80.7 13.8 0.50 53
A 2 82 715 143 0.29 5.6
A 3 8.1 76.2 15.7 0.36 55
B 1 3.7 80.7 15.6 0.47 53
B 2 59 79.3 14.8 0.43 55
B 3 6.5 78.4 15.1 0.50 5.4
2Percentage organic carbon.
bMeans of values of microcosm soil for all sampling days.
AlIR STERILE
FLOW FILTER
G

CO2 TRAP Scm HUMIDIFIER COMPRESSED
MICROCOSM BREATHING AIR
Figure 1. Microcosm design used to examine [U-ﬁng-14C]au'azine
degradation in soil cores.
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technique was used to inoculate the media. After incubation for 2 weeks at room
temperature, no growth was detected in irradiated soil samples.

Chemical analyses. Background atrazine and metabolite concentrations were
measured in soil samples taken from the three sampling sites in both experimentzl
fields prior to the start of each study. Control soil cores taken at the start of each
radiolabeled study were also analyzed for background residue concentrations
remaining at each sampling date. Moist soil samples were measured into 500 ml
teflon stoppered Erlenmeyer flasks and extracted with acetonitrile:methanol:distilled
water (7:1.5:1.5,v/v, pH 9.0 with ammonium hydroxide). Moist soil to solvent
ratio was 1:2.5 (w/v). Samples were shaken on a rotary shaker for 0.5 hr, allowed
to stand for 18.0 hr and then shaken again for 0.5 hr. The supernatant was
centrifuged at 2000 rpm for 15 min and an aliquot transferred to a round bottom
flask and evaporated to just about dryness at 40°C with a rotary evaporator.
Residues were resuspended in 100 ml of methylene chloride:distilled water
(1:1,v/v), transferred to a separatory funnel and the organic layer separated from the
aqueous layer. The round bottom flask was rinsed with another 50 ml of methylene
chloride:distilled water (1:1,v/v) and transferred to the separatory funnel to reextract
the aqueous phase. Combined methylene chloride extracts were evaporated to
dryness on the rotary evaporator at 40°C, the residue dissolved in an aliquot of
isooctane, filtered (.45 um) and stored in teflon stoppered sample vials at -20°C.
Combined aqueous extracts were evaporated to a small volume in a round bottom
flask at 40°C, transferred to a 50 ml volumetric flask and brought to volume with
successive methanol rinses of the evaporator flask. After particulate matter was
allowed to settle, 45 ml was removed to a round bottom flask and evaporated to
dryness on the rotary evaporator at 40°C. The residue was dissolved in an aliquot
of methanol, filtered (.45 um) and stored in teflon stoppered sample vials at -20°C.
Aliquots from samples stored in isooctane and methanol were analgozed for
atrazine, DEA, DIA and DAA using a Hewlett-Packard Model 5790A gas
chromatograph (GC). The GC was equipped with a Hewlett-Packard Ultra
capillary column, cross-linked 5% phenylmethyl silicone (25 m by 0.31 mm i.d.),
and a nitrogen-phosphorus detector ed in the split mode. Helium was used as
carrier gas with a flow rate of 2 m Hydrogen and breathing air with flow
rates of 4 ml/min and 80 ml/min respectively, were used with the detector.
Injection and detector temperatures were both 300°C. Column temperature was
150°C. Residue concentrations were determined by comparing GC peak areas of
samples against standards. Standard curves were prepared for each series of
3n9a§yses; correlation coefficients (r2) for these lines generally were greater than

Aliquots from samples stored in methanol were analyzed for HYA using a
Beckman modular HPLC system equipped with a Beckman Model 165 variable
wavelength detector set at 240 nm and an Altex Ultrasphere-ODS C18 reversed
phase column (25 cm by 4.6 mm i.d.). The flow rate of the mobile phase,
methanol:water (7:3,v/v), was 1.7 ml/min. All analyses were performed at room
temperature. Residue concentrations were determined using a Nelson Analytical
System (Nelson Analytical, Inc.), comparing HPLC peak areas of samples against
standards. Standard curves were prepared for each series of analyses; correlation
coefficients (r2) for these lines generally were greater than 0.95.

Extraction of 14C-treated soils. Aliquots of treated and control moist soil
were Soxhlet extracted with methanol:water (9:1,v/v) for 8 hr. Soil to solvent ratio
was 1:2.5 (w/v). Solvent extracts were evaporated with a rotary evaporator at
40°C to a small volume, transferred to a volumetric 10 ml flask and the volume was
brought to 10 ml with successive methanol rinses of the evaporator flask. Aliquots
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of solvent extracts were analyzed for radioactivity with a liquid scintillation counter
and bound 14C residues were determined by combustion to 1

Bound and extracted 14C residue analysis. An R. J. Harvey Model OX-
400 biological material oxidizer was used to determine 14C residues in extract and
soil samples. Samples were oxidized and the 14coy produced was absorbed in
Carbon 14 Cocktail (R. J. Harvey Instrument Corp.). Trapping efficiency of the
cocktail was 95.8% A 14C standard, [14C]methyl methacrylate (NEN Products),
1.65 x 10-4 uCi/mg, was used to determine instrument efficiency. Trapped 14CO2
samples were analyzed by liquid scintillation counting using a Beckman Model LS-
7000 scintillation counter and a quenched 14C standard set (Nuclear-Chicago).

Results and Discussion

Atrazine dissipation and metabolite formation - microcosms. Atrazine
concentration decreased exponentially over 180 d (Figure 2). The half-life for
detectable residues of atrazine was 21 days. Decreasing atrazine concentration was
accompanied by corresponding increases in HYA, DEA and DIA residues (Table
IL). Residues of these metabolites and their parent compound persisted in the soil
at detectable levels through the 180-day studies. HYA was detected in higher
concentrations than the phytotoxic monoalkylated metabolites at each sampling.
These results are in agreement with Jones et al. (3) and Khan and Saidak (38).
High HYA concentrations would be expected since hydroxylation is considered to
be a major route of atrazine detoxification. Similar results were exhibited in
irradiated microcosms at the termination of the studies. HYA concentration in
irradiated soil, relative to initial atrazine concentration, was 68% greater than HYA
concentrations in nonirradiated soil after 180 d. Presence of HYA residues in
sterilized soils indicates hydroxylation is a significant route of abiotic detoxification.
Also, the production of DEA and DIA in sterilized soils indicates the occurrence of
N-dealkylation under abiotic conditions. This does not, however, exclude the
possible presence of soil enzymes which may have mediated this process in the
absence of viable organisms.

DEA and DIA were formed in soil microcosms; DEA concentrations were
always greater than DIA. Production of these metabolites has been reported to
occur in soils to which atrazine had been applied (38,39). Schiavon (32) and Muir
and Baker (40) detected DEA and DIA in field leachates at concentrations greater
than the parent. Although their soils were either sandy or clay loams, unlike the silt
loam in this study, they found DEA in higher concentrations than DIA. DEA and
DIA, when detected in this study, were measured in higher concentrations relative
to initial parent application in irradiated microcosms than in nonirradiated
microcosms on day 180. Only 180-day irradiated soils were examined for
metabolite formation. DAA was not detected.

Atrazine dissipation and metabolite formation - Field study. Residue
concentrations were measured in field soil, identical to soils used in the
microcosms, to provide a comparison of parent dissipation rates and metabolite
production. Atrazine concentration decreased exponentially during 180 d (Figure
2). The application rate in the field, 3.2 kg/ha, was higher than in microcosms, 2.2
kg/ha. The dissipation rate in field soil appears to be greater than in microcosms,
because only the surface soil was examined in the microcosms. Any residues
migrating into the soil horizon beyond 3 cm would not have been included in total
residue concentrations. Also, microcosms were not subject to surface runoff which
further increased parent dissipation rates in the field. The half-life for detectable
residues of atrazine in the surface 3 cm of the field was 14 days. Metabolite
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Figure 2. Comparison of atrazine disappearance in microcosms treated
with 2.2 kg/ha of [U-ring-14C] atrazine and the top three cm of field soil
treated with 3.2 kg/ha commercial grade atrazine.

Table IL Soil residues (ug/g soil, dry wt.) of atrazine,
hydroxyatrazine, deisopropylatrazine and deethylatrazine in soil
microcosms and irradiation sterilized soil microcosms dosed with [U-
ring-14CJatrazine at a rate of 2.2 kg/ha . Values represent means of
triplicate samples + 95% C.L

R .l : Q D !ﬂ [14C]'E . E l. .
Irradiated
Microcosms Microcosms

Compound Day0 4 14 28 63 180 0 180
Atrazine 5752 485 342 177 0.66 006 498 0.13
+0.36 +0.38 +0.27 +0.09 +0.01 +0.03
Hydroxy- - 008 014 0.28 053 037 - 0.54
atrazine +0.05 +0.03 +0.05 +0.04 10.04 +0.05
Deisopropyl- - 001 001 0.03 002 001 - NDb
atrazine +0.00 +0.00 +0.01 +0.01 +0.01
Deethyl- - 0.13 016 0.14 0.11 003 - 0.04
atrazine +0.01 +0.03 #0.02 10.01 +0.01 +0.01
aMeans of duplicate samples.

bNot detectable; <0.01 ppm.
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formation in field soils was similar to microcosm samples (Figure 3). The order of
metabolite concentration in the field was HYA > DEA > DIA. This confirms
similar results presented by Sirons et al. (39).

Metabolite dissipation in microcosms. Solvent-extractable metabolite
concentrations decreased in microcosms during the assay period and followed first-
order kinetics (Figure 4). Approximately 2.0% of applied DEA and DIA (0.02
ng/g soil) was detected after 180 d incubation. DAA was not detected after day 63.
HYA concentration was equivalent to 33% of the applied compound (0.41 pg/g
soil) after 180 d. Based on these data, metabolite half-lives fell into two groups
relative to time. The first contained the chlorinated dealkylatrazines, DEA, DIA and
DAA, which exhibited short half-lives, 26, 17 and 19 d respectively, similar to the
parent herbicide which was approximately 21 d (). The second group contained
the hydroxylated metabolite, HYA, with a longer half-life of 121 d.

Metabolite mineralization in microcosms. Metabolism of atrazine and
selected metabolites, resulting in the production of various triazine by-products and
CO2, has been shown to occur in several soils (1,23,25-28). Some of these
studies using 14c ring-labeled atrazine or one of its metabolites did not always
produce results that clearly attributed mineralization to the radiolabeled molecule
applied, because the percentage of 14C evolved as 14CO2 was equal to or less than
the concentration of 14C impurities in the radiolabeled material.

In this study, mineralization rates of radiolabeled DEA, DIA, DAA and HYA
were significantly greater in nonirradiated soil microcosms than in irradiated soil
microcosms (Figures 5-8). Nonirradiated microcosms evolved approximately 10-
to 600-fold more 14CO3 than irradiated microcosms. Evolution of 14c0, from
irradiated microcosms did not exceed 1%, except from microcosms dosed with
[14CIDIA (Figure 6), which evolved 1.77% of the radiolabel after 180 d of
incubation. Since the radiolabel was 99.0% pure, it would appear that abiotic
mineralization was a contributing factor. However, one of the irradiated replicates
dosed with [14CIDIA evolved less than 0.2% of the 14C as 14CO after 180 d.
The two other replicates evolved 2.0 and 3.1% during the same period. This
increase in 14CO2 evolution may have resulted from bacterial contamination.
Although irradiated microcosm soil showed no indication of viable organisms at the
beginning of the study, the increased evolution of 14C03 in the latter two
microcosms after day 13, was more characteristic of the biotic mineralization seen
in nonirradiated microcosms.

Since the radiolabeled metabolites were only 98 to 99% pure, it was not
possible to attribute 14C03 evolution in irradiated microcosms, other than those
treated with [14C]DIA, to actual degradation of the radiolabeled compound. The
difference in 14C02 evolution between nonirradiated and irradiated microcosms
was an indication of the microbial mineralization of these compounds. ,

Mineralization rates of the two phytotoxic metabolites, DEA and DIA, in
nonirradiated microcosms were similar to those measured for 14C ring-labeled
atrazine using the described microcosm system and soil from the same sites (1).
DAA exhibited the highest mineralization rate (Figure 7), evolving 59% of the 14C
as 14C0y after 180 d. These results are similar to those of Wolf and Martin (25)
who reported 40% of the radioactivity as 14C02 from 14C ring-labeled DAA after
192 d. Schiavon (33) was not able to account for approximately 60% of the 14¢
ring-labeled DAA applied to soils after 1 year, and attributed this loss to
volatilization and degradation. Results from this study suggest that the majority of
the loss was due to mineralization. HYA exhibited the lowest rate of dissipation
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Figure 4. Hydroxyatrazine, deethylatrazine and deisopropylatrazine
concentrations in nonirradiated microcosm soil for four radiolabeled

assays during 180 d. All metabolites were applied at a rate of 0.5
kg/ha. Dealkylatrazine was not detected on day 180.
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Figure 5. Evolved 14CO3 in nonirradiated and irradiated soil

microcosms dosed with 0.5 kg/ha of [U-ring-14C]deethylatrazine
during 180 d. Values represent means + 95% C.L
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Figure 6. Evolved 14CO3 in nonirradiated and irradiated soil

microcosms dosed with 0.5 kg/ha of [U-ring-14C]deisopropylatrazine
during 180 d. Values represent means + 95% C.I.

it

. /H

01 /l/‘ "6 NONIRRADIATED

MICROCOSMS

*O0* |RRADIATED
MICROCOSMS

0 0002020 =0 =000 =0 m——p—"0 2.0 mO s O O O mun.O pumn O 2.0

0 20 40 60 80 100 120 140 160 180
DAYS AFTER |!4C]DAA APPLICATION

Figure 7. Evolved 14CO3 in nonirradiated and irradiated soil
microcosms dosed with 0.5 kg/ha of [U-ring- 1“C]dealkylatraz’me
during 180 d. Values represent means + 95% C.I
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Figure 8. Evolved 14003 in nonirradiated and irradiated soil
microcosms dosed with 0.5 kg/ha of [lJ-ring-14C]hydroxyan'azine
during 180 d. Values represent means + 95% C.I.
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based on half-lives, however, 14CO3 evolution from nonirradiated microcosms

dosed with [14CIJHYA was relatively high, 21% of the applied 14C after 180 d
(Figure 8). Equivalent rates were measured by Goswami and Green (26) and
Skipper and Volk (23). This suggests that the microbial mineralization of HYA in
these soils proceeds at a rate comparable to the chlorinated monoalkylatrazines,
despite the apparent longer half-life of HYA.

Soil bound residues and solvent extracts. Bound residues of atrazine and
its metabolites have been shown to be persistent (34), and their formation
influenced by dealkylation or hydroxylation of the parent herbicide (33). Schiavon
(33), working with 14¢ radiolabeled atrazine, DEA, DIA, DAA and HYA, found
49 to 67% of the 14C in bound residues in the 0 to 6 cm level of soil columns
incubated under field conditions for 1 year. He showed that the dealkylatrazines
formed significantly higher amounts of bound residues in comparison to HYA
which was adsorbed by soil organic matter in the surface soil. He found that the
bidealkylated DAA formed the highest amounts of bound residues, followed by the
monoalkylated metabolites, DEA and DIA. He also showed that HYA formed the
lowest amounts of bound residues. Similar results were found in this study.

For atrazine, bound 14C residue formation increased with time, and after 180 d
of incubation, accounted for 43% of the 14C added to microcosms (Table III).
C?giel et al. (34) reported that approximately 50% of the initially applied
[14CJatrazine remained as bound residues 9 years after application. Bound residue
formation has been shown to be influenced by alkyl group loss, with DAA forming
the greater amount of bound residues (33,34). This may explain why DAA was not
detected during these studies. Also, DAA was mineralized at a high rate in
gomparison to either parent, HYA, DEA or DIA, further explaining the lack of

etection.

As radioactivity increased in the CO2 and bound residue components in
nonirradiated microcosms during incubation, it decreased in solvent extracts (Table
II). The radioactivity in solvent extracts during these studies accounted for as little
as 22% of the activity added to nonirradiated microcosms after 180 d. In
comparison, solvent extracts from irradiated microcosms contained approximately
twice as much radioactivity. Metabolite concentrations in irradiated soil, in general,
were greater than in nonirradiated soil (Tables IV).

Bound 14C residue concentrations of radiolabeled metabolites increased in all
microcosm assays during incubation (Tables IV - VII). Bound 14C residues
accounted for 28 to 60% of the 14C added to nonirradiated microcosm soil after
180 d. In comparison, irradiated microcosms exhibited as much as 72% of the
radioactivity in the bound residue component. Dealkylated metabolites in irradiated
microcosms produced high percentages of bound 14C residues, with DAA forming
the highest. However, DAA exhibited the highest mineralization rates in
nonirradiated microcosms which contributed to the significant reduction of bound
residue formation in these microcosms. Intermediate amounts of bound 14C
residues were formed by DEA and DIA, and after 180 d accounted for 48 to 60% of
the radioactivity applied to nonirradiated and irradiated microcosms. Although
these percentages were similar, and only negligible amounts of 14c0oy were
evolved in irradiated microcosms, solvent extracts from both microcosm groups
contained less than 2% of the applied metabolites after 180 d, in comparison to the
significantly higher percentages of 14C remaining in the thermal extracts. This
would indicate that a large portion of the radioactivity in thermal extracts was
composed of degradation products of DEA and DIA, possibly hydroxylated
compounds, which did not tend to form bound residues.
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Table INL. 14C mass balance (percentage of total 14C in various
components) in soil microcosms and irradiation sterilized soil
microcosms dosed with [U-ring-14Clatrazine (2.2 kg/ha). Values
represent means of triplicate samples + 95% C.L

Percentage 14C On Days After [14C]Atrazine Application .

14C Mass Trradiated
Balance Microcosms Microcosms .
Component Day 4 14 28 63 180 180
l4co, 0.02 0.61 247 1197 2831 0.05
Evolved 10.01 +0.24 1044 +1.39 +1.70 10.01
Bound 3.62 8.55 18.67 26.16 42.64 47.90
Residue +0.71 +1.04 +2.57 #3.32 +2.15 +4.73
Solvent 98.00 80.96 72.86 54.84 21.68 49.05
Extract +14.64 4+7.05 +8.79 572 0.59 +2.94

Total 101.64 99.12 9400 9297 92.63 97.00
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Table IV. 14C mass balance (percentage of total 14C in various
components) in soil microcosms and irradiation sterilized soil
microcosms dosed with [U-ring-14C]deethylatrazine (0.5 kg/ha) for
various sampling days. Values represent means of duplicate
samples or triplicate samples + 95% C.I.

14C Mass

Balance —__Microcosms Microcosms

Component Day 30 60 180 . 180
14co,p 7.47 16.20 24.72 0.63
Evolved +1.40 +2.28 +1.96 +0.29
Bound 33.482 45.44 60.30. 48.47
Residue 532 1341
Solvent 56.89 35.66 12.92 47.14
Extract +2.13 +4.32
Total 97.84 97.30 97.94 96.24

2Means of duplicate samples.

Table V. 14C mass balance (percentage of total 14C in various
components) in soil microcosms and irradiation sterilized soil
microcosms dosed with [U-ring-“C]deisopropylatrazine ©.5
kg/ha) for various sampling days. Values represent means of
duplicate samples or triplicate samples + 95% C.IL

____Percentage 14C On Days After [14C]

14C Mass Irradiated
Balance Microcosms — Microcosms
Component Day 30 60 180 180
14coy 3.37 7.94 16.38 1.76
Evolved 10.63 +0.45 +0.99 +1.28
Bound 37.392 50.14 57.68 55.38
Residue +4.86 +5.30
Solvent 59.35 37.08 13.56 32.98
Extract +1.05 +5.31
Total 100.11 95.16 87.62 90.12
aMeans of duplicate samples.
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Table VI. 14C mass balance (percentage of total 14C in various
components) in soil microcosms and irradiation sterilized soil
microcosms dosed with [U-ring-14C]dealkylatrazine (0.5 kg/ha)
for various sampling days. Values represent means of triplicate
samples + 95% C.I

___ Percentage 14C On Days After [14CJDealkylatrazine Application

14C Mass Irradiated
Balance Microcosms  Microcosms
Component Day 4 14 28 63 180 180

14co, 246 1536 28.56 45.06 59.22 0.10
Evolved 10.46 0.21 +0.92 +0.75 10.68 +0.01

Bound 4.14 1241 15.78 22.89 29.34 71.66
Residue +0.28 +0.70 +0.79 +2.44 +5.02 +1.94

Solvent 91.26 73.83 46.71 23.08 4.33 31.42
Extract +7.17 19.16 +4.95 +1.85 +1.82 +4.11

Total 97.86 101.60 91.05 91.03 92.89 103.18

Table VIL. 14C mass balance (percentage of total 14C in various
components) in soil microcosms and irradiation sterilized soil
microcosms dosed with [U-ring-14C]hydroxyatrazine (0.5 kg/ha)
for various sampling days. Values represent means of duplicate
samples or triplicate samples + 95% C.I

—___Percentage 14C On Days After [14C]Hydroxyatrazine Application

14C Mass Irradiated
Balance Microcosms - Microcosms
Component Day 25 100 180 180
1400, 5.21 17.27 20.99 0.87
Evolved +2.60 +1.64 +1.63 +0.13
Bound 10.262 25.83 27.56 23.89
Residue +2.62 +1.88
Solvent 81.04 54.85 40.15 68.03
Extract +5.42 +4.68
Total 96.51 97.95 89.50 92.79
aMeans of duplicate samples.
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HYA formed the lowest amounts of bound 14C residues in both nonirradiated
and irradiated microcosms. Approximately 28 and 24% of the radioactivity was in
the bound residue component after 180 d in nonirradiated and irradiated
microcosms respectively. HYA is adsorbed by soil organic matter (41,42), but
unlike the dealkylatrazines, does not form bound residues as readily. The majority
of HYA residues 1 year after application were found in the plow zone of a 60 cm
soil column where soil organic matter concentrations were highest (33). Intensive
extraction procedures are not required to dissociate a large proportion of adsorbed
residues of HYA from soil organic matter. Bound residues in irradiated
microcosms would indicate the potential for their formation in the absence of
biological activity. Based on the potential to form bound residues, the order was:
DAA >DEA >DIA > HYA.

The implication of these data is that the parent and chlorinated
monoalkylatrazines (the phytotoxic metabolites), which had lower extractable
residue concentrations, exhibited shorter half-lives than the hydroxylated metabolite
due to the increased formation of bound residues. In normal ambient extraction
procedures, these residues would go undetected and results would tend to
underestimate their true soil burden. Although bound 14 residues do not identify
the applied metabolite or the extent of its degradation, they do indicate the presence
of the applied compound or a degradation product.

Solvent-extractable radioactivity decreased during 180 d incubation in all
studies. The solvent extract fraction for chlorinated dealkylatrazines in
nonirradiated microcosms at the termination of the assays contained the lowest
amounts of activity. In comparison, this component in the HYA study contained
the highest amount of radioactivity in both nonirradiated and irradiated microcosms,
again indicating a lower potential for bound residue formation.

The activity of herbicides has been shown to be influenced by several soil
properties. Soil organic matter has been shown to exert a significant effect on the
phytotoxicity of herbicides (43,44). Rahman and Matthews (43) demonstrated a
significant correlation between the inverse relationship of organic matter and
phytotoxicity. Although there is a positive association of bound residue formation
with soil organic matter, which reduces phytotoxicity, bound residues have been
shown to be bioavailable, and should be considered when evaluating herbicide
persistence.
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Chapter 7

Factors Affecting the Degradation
of 3,5,6-Trichloro-2-Pyridinol
in Soil

Kenneth D. Racke and Susan T. Robbins

Environmental Chemistry Laboratory, DowElanco,
9001 Building, Midland, MI 486411706

The degradation and sorption of 3,5,6-trichloro-2-
pyridinol (TCP), a primary metabolite of the insecti-
cide chlorpyrifos and the herbicide triclopyr, was
examined in 25 different soils in order to better
predict its environmental fate and significance. TCP
exhibited sorption (Kda) coefficients of between 0.3 and
20.3 ml/g (mean 3.1) and calculated mean Koc coefficients
for the neutral and anionic forms of 3344 and 54 ml/g,
respectively. Mineralization was used as an indicator
of the degradation in soil of TCP and similar organic
compounds chosen for comparative study (3-chloro-
S-trifluoromethyl-2-pyridinol, 2-hydroxypyridine,
2,4-dichlorophenol). Although rates of TCP degradation
varied between soils, multiple regression analyses
revealed poor correlation of degradation with commonly
measured soil properties. However, inclusion of soil
degradation rates of related organic compounds or
glucose, and sorption information in the regression
model resulted in a significant improvement in the
ability to predict TCP degradation. The mineralization
of TCP is microbially-mediated, yet it is unclear
whether catabolic or cometabolic processes are
predominant. Only 2 soils contained microbial
populations that could utilize TCP as a sole carbon
source in mixed culture.

Most environmental fate studies have focused strongly if not
exclusively on the parent pesticide molecule and have devoted little
attention to the fate of pesticide metabolites. A number of
pesticides contain halogenated pyridine ring systems, and various
halogenated pyridinols may be produced from these compounds

during degradation. One of these pyridinols of interest is
3,5,6-trichloro-2-pyridinol (TCP). TCP is a primary metabolite of

0097—6156/91/0459—0093506.00/0
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the insecticide chlorpyrifos and the herbicide triclopyr in soil and
water and on plant surfaces. Formation of TCP occurs via both
hydrolytic and photolytic mechanisms, and measurable quantities of
TCP can be produced in soil following application of either of these
pesticides. Maximum TCP concentrations in surficial soils following
application of chlorpyrifos or triclopyr have been measured as
0.07-0.7 and 0.4-11 ug/g, respectively (1-3).

Although many halogenated phenols have been studied quite
extensively, few halogenated pyridinols have been as thoroughly
investigated. In contrast, TCP has been fairly well characterized.
It is an acidic compound with a pka of 4.55, a water solubility of
117 pg/ml (pH 2-3), and a negligible vapor pressure of <1 x 10 = at
pH 7 (4). Photolysis half-lives of TCP range from 4 to 15 minutes in
aqueous solution (5). TCP is moderately mobile in soil with reported
Koc coefficients of 19 and 281 for a soil column and a batch
equilibrium study, respectively (4,6). Soil degradation half-lives
for TCP have been found to vary greatly between soil types, with
reported laboratory-determined values ranging from 10 to 325 days
(7). Microbially-mediated mineralization appears to be the primary
degradative pathway. Racke et al. (8) reported that <10 to >80% of
the applied dose of TCP was mineralized within a 2-week period in
various soils. Degradation has been shown to be concentration
dependent (9). Minimal mineralization of TCP applied at 50 pg/g was
noted in soils which had displayed rapid mineralization of a dose of
5 ug/g (8).

The purpose of the present investigation was to determine the
factors that are important in governing the dissipation and sorption
of TCP in the soil environment. Therefore, the sorptive and
degradative behavior of TCP and degradative behavior of several
related compounds were studied in a number of different soils so that
better predictions of the environmental fate of TCP can be made.

Materials and Methods

Chemicals. Five radiolabeled test compounds were used for this
study. These compounds were: C-(2,6-ring)3,5,6-trichloro-
2-pyridinol (TCP), fc- (3, 5-ring)3—chloro-5-tr1f1uoro-
?ethyl-z-pyridinol (TFP), “c-(2, B—Ping)z-hydroxypyridine (HPYR),

C-(U-ring)z 4-dichlorophenol (DCPH), and 4c- (U-ring)glucose (not
pictured).

Cl Cl F C, :: T:I Cl, :: :CI
:[ :]: 3 E :]
Ci OH OH OH OH
TCP TFP HPYR DCPH

Nonradioactive analytical standards of each compound were used to
dilute the radiolabeled compounds for soil treatment. Non-
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radiolabeled TCP was also used as a chromatographic reference
standard. All other laboratory chemicals and solvents were of
reagent grade.

Soils. The soils used and their physical properties are listed in
Table I. These soils were chosen for their variety of properties and
locations of origin. Soils M177, M242 and M271 were three yearly
samples of the same soil, collected in 1986, 1987, and 1988,
respectively. They were included to determine if any loss of
microbial activity had occurred upon prolonged storage. This
information was important for choosing other soils to be used. Soils
from one site in Nebraska (M284, M285) and two sites in Illinois
(M245, M247; M254, M255) were selected so that at each site one soil
came from a plot that had received previous chlorpyrifos applications
and another soil came from an adjacent plot that had never been
treated. These soils were included to determine if prior treatment
with chlorpyrifos, and presumed exposure of the soil microbial
community to TCP, would influence the degradation rate of TCP in
these soils.

Degradation of TCP and Related Compounds in Soil. The objective for
this portion of the study was to screen many soils over a relatively
short period of time to determine the differences in degradation
rates of TCP among the soils. Samples of soils were also treated
with TFP, HPYR, and DCPH to compare the capability of each soil for
degradation of similar pyridinyl and phenolic compounds. Some soil
samples were treated with glucose in order to obtain an estimate of
the general microbial activity present (10). Because TCP is
mineralized quite readily }2 CO2 with minor accumulation of
intermediates, cumulative ~CO2 evolution was used as an indicator of
the extent of TCP degradation (8). A strong inverse relationship has
been demonstrated to exist between percent mineralization of TCP and
its degradation half-life in soil (7). The relationship is not
linear, but_on log transformation a reasonable correlation is
achieved (R°=0.84). Percent mineralization was also used as a
degradation indicator for the other test compounds.

To facilitate the examination of the degradation of TCP, TFP,
HPYR, DCPH, and glucose in many soils, a simple soil incubation assay
was used. The method chosen was similar to that used by Racke and
Coats (11). For each compound tested, duplicate 25-g (dry weight)
samples of each soil were weighed and placed into individual 8-oz
French square bottles. Samples of soils were }{eated with the
{2llowing compounds q¥mmoximately 0.1 pCi i C-TCP (1 upg/g),
uC-TFP (0.08 pg/g), C-HPYR (0.01 pg/g), C-DCPH (1 pg/g),

C-glucose (10 pg/g). Soils M177, M242, M245, M247, M254, and M255
were treated only with TCP. All compounds, excluding glucose, were
applied in 300 pl of acetone, with glucose applied as an aqueous
solution. After the acetone was evaporated, so as not to interfere
with the microbial activity of the soil, distilled water was added to
each sample to maintain a soil moisture tension of approximately 0.3
bar. Scintillation vials containing 10 ml of 0.2N NaOH were placed
in each bottle to serve as CO2 traps. The bottles were then capped
with single-hole rubber stoppers through which a 4-inch length of 2
mm (ID) glass capillary tubing had been inserted to serve as a
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Table I. Soil Physical and Chemical Properties

SOIL ORIGIN pH %0.C. ’/.H20 at C.E.C. %S %Si %C Texture

1/3 bar
m772/  ND 6.8 3.1 300 159 40 38 22 L
o w2422/ ND 7.5 3.2 315 168 34 46 20 L
5 M2712 ND 7.8 3.2  30.4 207 40 38 22 L
4 M261 M 7.5 1.9 15.4 9.0 73 18 8 SL
g M269 FL 5.4 0.7 4.4 24 9 6 4 S
S M273 PA 4.2 2.4  30.4 6.0 32 44 24 L
38 M262 Of 6.1 1.7  30.3 15.3 26 30 44 C
ES M264 CA 7.3 0.5 15.0 5.7 58 30 12 SL
g% M266 MS 7.5 0.5  16.3 7.0 44 44 12 L
83 M268 MS 5.7 1.7 31.7 202 18 38 44 C
~3 M272 GA 6.1 0.5 9.1 2.8 79 12 9 SL
po; M274 FL 7.5 1.8 5.6 9.3 9 4 6 S
23 M234  BRAZIL 5.7 1.4  20.0 3.7 56 22 22 SCL
<g M244  CANADA 8.0 3.1 18.2 10.6 48 35 17 L
§3 M256 sD 5.6 2.1 27.2 17.5 32 43 25 L
= M275 A2z 83 09 185 145 60 22 18 SL
58 W84  NE 5.8 2.2 229 140 18 66 16 SiL
M M2852 NE 5.5 2.0 22.2 15.3 20 62 18 SiL
<3 M236  BRAZIL 5.9 0.8 9.5 3.0 74 12 14 SL
Zd M258  ENGLAND 7.6 2.4  19.8 16.9 64 20 16 SL
<9 M265 MT 6.5 1.1 13.1 7.5 68 22 10 SL
=8 M267 GA 5.6 0.6 9.1 27 70 14 16 SL
es= M270 KS 7.9 0.8 28.9 18.6 26 44 30 CL
<8 M277 HI 5.7 5.9  67.2 13.4 176 15 9 SL
0 M#3 , TX 8.0 1.2 232 21.6 32 38 30 CL
k2 W45,  IL 5.8 1.6  26.4 14.0 14 58 28 sig:
8 M2472 IL 6.0 2.0 27.0 14.9 16 56 28 S
23 M5e2)  IL 5.2 2.6 3.8 222 20 58 22 SiL
= M255 IL 6.2 3.0 3.9 20.6 18 56 26 SiL
®
2 2/Soils M177, M242, and M271 were all collected from the same field
g in 1986, 1987, and 1988, respectively.
o

2/5011s M284 and M285 (NE), M245 and M247 (IL), and M254 and M255

(IL) were companion soils that came from adjacent plots with one
plot (M284, M245, M254) untreated and one plot treated with
chlorpyrifos for last 5 years (M285, M247, M255) at each site.

g/Abbx'eviations: %0.C. = % organic carbon; C.E.C. = cation exchange
capacity (meq/100 g); %S = sand, % Si = silt, %C = clay; L = loanm,
SL = sandy loam, SiL = silt loam, SCL = sandy clay loam, CL =
clay loam, SiCL = silty clay loam.
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support for the vial, a sampling pathway, and an avenue of aeration.
Preliminary experiments indicated that this ventilation did not
result in significant loss of evolvedoCOQ. The samples were then
placed in an incubation chamber at 25 C in the dark for up to three
weeks during which time the traps were periodically sampled for
evolved " COz.

Preliminary experiments showed that opening the bottles and
replacing the vials of NaOH resulted in significant losses of CO2
during sampling. Therefore, a 10 ml syringe with a 6-inch needle was
inserted through the glass tubing into the scintillation vial to draw
out the used trapping solution and replace it with new solution.
Duplicate 1-ml samples of each trapping solution along with 15 ml of
Ultima Golghcocktail vere analyzed by liquid scintillation counting
(LSC) for ""CO2 content using a Packard Tri-Carb Liquid Scintillation
Analyzer.

Sorptive Behavior of TCP. The sorption coefficient of TCP was
determined in 25 soils. The method used for these analyses was
similar to th?} described by Felsot and Dahm (12). Four treating
solutions of C-TCP in methanol were made up such that 15 pul
contained either 1, 5, 10, or 100 ug of total TCP. For each soil,
four 2-g (dry-weight) samples were placed in 25 ml glass centrifuge
tubes with teflon-lined caps. To each tube 10 ml of 0.01N CaCl2
solution was added. For each soil, individual tubes were then
treated with 15 pl of ''C-TCP solution for initial aqueous TCP
concentrations of 0.1, 0.5, 1.0, and 10.0 pg/ml. The tubes were
shaken on a horizontal Eberbach shaker for 2 hours. A preliminary
experiment demonstrated that this time was sufficient for sorptive
equilibrium to be reached. The tubes were then centrifuged for 15
minutes at 2000 rpm to separate solution and soil phases, and
gPplicate 1 ml sampg§§ of aqueous phases were analyzed for nonsorbed

C by LSC. Sorbed ~C-TCP was estimated as the difference between
applied and nonsorbed material. Sorption coefficients were
calculated using the Freundlich equation:

s = k'™

wherein S and C are the sorbed-phase (ug/g) and solution-phase
(ug/ml) concentrations of the sorbate, respectively, N is an
empirical power term, and Kda (ml/g) is the sorption coefficient.
The Freundlich Ka for each soil was also corrected for soil organic
carbon content (Koc=Kd/organic carbon %).

TCP Degradation in Soil Microbial Cultures. These incubations were
carried out to determine if there were organisms present in the test
soils that could use TCP as a sole carbon source in aqueous culture.
An initial kinetic study was conducted using 2 soils, M269 and M285,
that represented opposite ends of the spectrum in their TCP
degradation rates.

A shake flask culture technique was used to monitor TCP
degradation over time. A steg}le basal salts medium was prepared as
described by Krieg (13). A "C-TCP treating solution was prepared in
acetone and 100 pl (0.01 uCi) was added to each flask and the solvent
allowed to evaporate. To each flask was added 5 ml of sterile basal
salts medium, bringing the initial TCP concentration to § pug/ml.
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Samples of each soil (0.01 g) were added to each of 6 flasks.

Samples of previously sterilized (autoclaved) soils were also added
to several flasks to serve as sterile controls. The flasks were then
plugged witholoose cotton stoppers and placed in a Fisher water bath
shaker at 25 C and an agitation rate of 68 strokes/minute for up to
four weeks.

One sample from each soil inoculum was sacrificed at 0, 4, 7, 14,
and 21 days and analyzed for TCP remaining. The contents of the
flasks were transferred to 25 ml centrifuge tubes and centrifuged for
15 minutes at 2000 rpm. Two 0.5 ml aliquots,  were taken for
quantitative LSC analysis of solution phase " C, and a 1 ml aliquot
was taken for qualitative analysis by High-Pressure Liquid
Chromatography (HPLC). HPLC analyses were performed with a Waters
B00E Powerline System that included a p-Bondapak Cis column.
Detection of analytical standards was by UV absorption at 300 nm A,
and reconstructed radiochromatograms of samples were generated by
collecting eluent fractions and analyzing them by LSC. The mobile
phase consisted of a gradient of two solutions: A) 890 ml distilled
water, 9.0 ml glacial acetic acid, 0.45 ml N,N-dimethyl-octylamine
and B) 890 ml methanol, 9.0 ml glacial acetic acid, 0.45 ml
N,N-dimethyloctylamine. Samples were injected under 1.5 ml/min flow
conditions under a linear gradient that went from 100% solvent A to
100% solvent B in 30 minutes.

After the initial incubation with 2 soils and the sterilized
control, additional fixed-length incubations of the remaining soils
with TCP were conducted. Based on the response time for the first
experiment, samples were incubated for 4 weeks at which time they
were analyzed for remaining TCP.

Data Analyses. Statistical analyses of the relationships between TCP
degradation data and soil factors (properties, degradation of other
compounds) were conducted using SAS. Correlation procedures (PROC
CORR) and regression procedures (PROC RSQUARE, PROC REG) were used to
investigate interrelationships.

Results

Degradation of TCP in Soil. The degradation rates of TCP varied
between different soils (Table II). Cumulative percent
mineralization during the 21-day incubation ranged from 2.4 to 45.1%
of applied. The level of mineralization observed was slightly less
than previously reported by Bidlack (7) and Racke et al. (8) who
respectively noted up to 56% and 85% TCP mineralization over a 2-week
period. This inconsistency was most likely due to experimental
differences in application methods, application rates, and soil
incubation procedures. {P the current study, most soils displayed a
rather constant flux of ~ CO2 during the incubation, whereas a few
soils with more rapid rates of degradation showed a decrease in rate
over time (Figure 1). Only soils M258, M268, M284, and M285
displayed acceleration in TCP mineralization rate over the course of
the incubation. A preliminary examination of the properties of soils
with rapid and slow TCP mineralization rates revealed few general
trends to explain the variation observed.

The mineralization of TCP in the three annually collected soils
was examined to determine the effect of soil storage on the microbial
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Table II. Mineralization of Organic Compounds in Soil

> TCP TFP HPYR DCPH GLUCOSE
% SOIL 21 DAYS 21 DAYS 14 DAYS 7 DAYS 3 DAYS
8 - CUMULATIVE *‘CO, AS % OF APPLIED ¢
o
58
£5 M177 13.1 e NM NM NM
% M242 10.2 NM NM NM NM
g3 M271 15.4 1.6 54.6 12.6 16.0
3 M261 14.4 1.5 54.2 12.4 22.2
2p0 M269 2.4 0.1 13.5 6.2 32.8
3 M273 30.9 0.7 1.0 18.0 21.8
<g M262 24.5 0.6 54.8 17.2 22.5
S5 M264 13.0 2.1 56.5 11.6 25.5
;T_! M266 10.3 3.9 56.4 14.1 31.1
538 M268 36.8 0.4 56.4 13.5 18.7
W= M272 21.7 0.5 54.8 12.1 25.8
<3 M274 7.2 1.1 52.8 8.8 29.4
B M234 7.6 Q.1 38.5 8.4 28.3
< M244 7.6 1.7 51.1 11.2 21.3
58 M256 15.5 0.6 58.4 12.7 18.6
es= M275 15.7 6.6 58.5 12.7 21.6
S8 M284 35.4 0.6 55.7 14.5 21.1
0 M285 45.1 0.7 55.6 15.2 20.6
ES M236 8.9 0.1 38.8 6.1 31.2
oS M258 29.8 1.5 55.7 11.9 17.6
5 M265 25.0 1.3 57.1 13.1 17.5
B g M267 17.3 0.3 56.3 10.7 24.4
9 M270 11.7 4.6 56. 1 11.3 18.4
° M277 40.7 3.6 51.8 11.0 24.7
s M283 13.6 1.2 52.8 12.8 16.8
a M245 16.1 NM NM NM NM
M247 14.7 NM NM NM NM
M254 28.0 NM NM NM NM
M255 27.1 NM NM NM NM

g/NM: Not measured
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mineralization of TCP. Soils M177, M242, and M271 had been stored
for 32, 19, and 7 months, respectively, prior to use. The most
recently collected sample, M271, displayed the fastest degradation
rate for this compound, but overall the rates were not inversely
correlated with storage length. In fact, the rate of TCP
mineralization was quite constant in these 3 soil samples considering
they were collected in different years from somewhere within the same
field. It is concluded from these results that storage and handling
of these soil samples did not alter their activity toward TCP. This
is corroborated by the poor regression relationship for TCP
mineralization rgte versus soil storage length (months) noted for all
25 soils used (R® = 0.15). Therefore, use of some of the older soil
samples for this study was valid.

Results for incubation of TCP with the pairs of untreated
(control) and chlorpyrifos-history soils are shown in Figure 2.
Previous treatment with chlorpyrifos did not enhance TCP
mineralization in 2 of the pairs of soil (M245, M247; M254, M255).
However, in the chlorpyrifos-history soil of one pair, the treated
soil (M285) mineralized TCP at a more rapid rate than the untreated
soil (M284). This could be explained by slight differences in soil
types within a single field. These results support previous work
concluding that chlorpyrifos and TCP are not subject to enhanced
degradation in soil (14,15).

Degradation of Other Test Compounds. The objective in investigating
the degradation of TFP, HPYR, and DCPH in the same soils was to
determine whether any correlation existed between TCP mineralization
rates and mineralization of similar compounds. Degradation of
glucose was also investigated in these soils to account for any
correlation between general microbial metabolic activity and TCP
mineralization.

TFP. Cumulative mineralization of TFP over a 21-day period
ranged between 0.06% and slightly over 6% of applied (Table II).
Apparently, elimination of one chlorine atom and substitution of
another with a trifluoromethyl group renders TFP much less
mineralizable than TCP. Although most soils displayed a constant,
albeit slow rate of TFP mineralization, soils M266, M270, and M266
showed some acceleration in mineralization rate with time.

HPYR. The rate of HPYR degradation was more rapid than that for
either TCP or TFP. Between 13.5 and 58.5% of applied HPYR was
mineralized within 14 days (Table II). Rather than a wide
distribution of mineralization rates, as was the case with TCP,
nearly all the soils degraded HPYR at a similar rate. Only soils
M273, M269, M236, M234, and M244 displayed somewhat slower HPYR
mineralization rates. The rapid mineralization of HPYR observed in
this study support previous conclusions on the biodegradability of
HPYR in soil suspensions (16).

DCPH. Mineralization of DCPH also proceeded rapidly, but with
less variation between soils than for TCP. Quantities of DCPH
mineralized within a 7-day period represented from 6.1 to 19.0% of
applied material (Table II). At low concentrations DCPH is easily
degraded by soil microorganisms, which have shown the ability to
adapt to rapidly catabolize DCPH as a sole carbon source (17).
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Figure 1. Cumulative Mineralization of TCP in Selected Soils.
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Figure 2. Cumulative Mineralization of TCP in Paired Chlorpyrifos
History and Untreated Soils from 3 Sites. Site 1: M285 (Hist),
M284 (Untr). Site 2: M255 (Hist), M254 (Untr). Site 3: M247
(Hist), M245 (Untr).
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Glucose. Glucose mineralization has been used to estimate the
general microbial activity of soil and as a relative measure of soil
biomass (10). For the soils in this study, between 16.0 and 32.8% of
the applied glucose was mineralized within 3 days (Table II). All
soils were quite active in degrading glucose, although some relative
differences were observed. The fact that the degradation of an
easily utilized carbon source such as glucose may be accompanied by
incomplete mineralization underscores the observed balance between
mineralization and incorporation that is characteristic of soil
microbial activity (18).

Sorptive Behavior of TCP. Freundlich sorption coefficients for TCP
are listed in Table III. The TCP sorption coefficients (Kd) varied
between 0.3 and 20.3 ml/g (average Ka = 3.1), and Koc values ranged
between 27 and 383 ml/g (average Koc = 168). According to the soil
mobility classes proposed by Hamaker (19), TCP would be considered as
low to moderately mobile depending on soil type.

To elucidate the factors that influence the sorption of TCP,
multiple regression of soil organic carbon and soil pH on Ka was
conducted. The relgxionship between sorption and organic carbon
content was poor (R™ = 0.11), and indicates that without
consideration of soil pH, the Koc expression is not of much value in
predicting TCP mobility (note: soil M277 was an outlier with very
high organic carbon and was excluded from the regression and the
predictive equation)., There was an inverse relationship between TCP
adsorption and pH (R® = 0.58) that is probably due to the acidic
nature of TCP. With a pKa of 4.55, TCP would tend to be more ionic
in nature at higher pH and thus less tightly sorbed. Inclusion of
both soil organic carbon content and pH in a multiple regression with
Ka improved predictive capability (R? = 0.75):

Ka = 10.80 + 0.94 0.C.% - 1.49 pH

A plot of TCP sorption Koc versus soil pH demonstrates the pH
dependency of the sorption process (Figure 3). Sorption Koc values
for TCP (3344 ml/g) and the TCP anion (54 ml/g) were separately
calculated using a curve-fitting model developed by Fontaine et al.
(20) that takes pKa into account.

Relationship of TCP Degradation to Soil Variables. Correlation and
regression analyses were performed on the soil properties (Table I)
and the mineralization data for TCP and other compounds (Table II) to
determine any interrelationships. A partial correlation matrix
obtained from the PROC CORR program (not shown) demonstrated that no
single factor explained the behavior of TCP very well. The only soil
property that was at all correlated with TCP degradation was Kd (R =
0.61). There was a measure of correlation between the ability of a
soil to mineralize TCP and the ability to mineralize DCPH (R = 0.60).
It should also be noted that soil properties such as organic carbon
percent, pH, or texture also had rather low correlation with the
degradation of any of the test compounds including glucose. Thus,
soil physical and chemical properties alone may not be very valuable
in predicting rates of some microbially-mediated degradation
processes (i.e. TCP mineralization).
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Table III. Freundlich Soil Sorption Coefficients for TCP

SOIL Kd percent Koc
(ml/g) organic carbon (ml/g)
M177 3.05 3.08 89
M242 1.96 3.18 62
M271 1.65 3.20 52
M261 1.01 1.87 54
M269 2.72 0.70 389
o M273 5.47 2.35 233
5 M262 2.67 1.71 156
& M264 0.37 0.52 71
8 M266 0.30 0.45 67
£5 M268 4.37 1.74 251
sz M272 1.15 0.47 245
o M274 0.84 1.92 a4
NI M234 3.64 1.42 256
S g M244 0.84 3.06 27
oo M256 6.74 2.12 318
23 M275 0.35 0.88 a0
EAS M284 6.52 2.20 296
s S M285 6.28 2.00 314
=3 M236 2.08 0.75 277
Z5 M258 1.33 2.43 55
o= M265 1.67 1.10 152
=g M267 1.71 0.59 290
g M270 0.29 0.89 33
<& M277 20.29 5.90 344
Z6 M283 0.80 1.20 67
48
o=
< Y AVG = 3.12 1.83 168
O
E% Note: Calculated Koc values for the neutral and anionic forms of TCP
%g were 3344 and 54 ml/g, respectively (Figure 3).
Z .=
>Q
gc 400
E 350 b . Kocn (neutral) = 3344 ml/g
§ 300 } -} .. Koca (anionic) = 54 ml/g
S 250¢ L
£ 200}
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Figure 3. Relationship Between Freundlich Sorption Coefficient
for TCP (Koc) and Soil pH.
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To determine whether soil factors may be interacting to
influence the observed TCP mineralization rates a multiple
regression procedure was employed. The PROC REG procedure was set up
in such a way that for each number of independent variables in the
model (i.e. soil properties) the best 3 combinations were
selected for output._ As shown in Table IV, one of the best fits that
could be obtained (R? = 0.58) was with a model that contained 4
variables: Kd, silt content, pH, and CEC. Although inclusion of §
variables slightly increased the regression fit, little progress was
made by including greater than 4 independent variables. However, the
level of predictability provided by even the best regression model
vwhich included only soil physical and chemical properties was poor.

Additional multiple regression analyses were performed to
determine whether inclusion of both soil property information and
biodegradation of other test compounds provided a better model
for explaining TCP degradation. As shown in Table IV, models that
included soil mineralization of other test compounds provided much
better fits of the data than models that included soil physical and
chemical properties alone. The best model (R® = 0.78) included 6
independent variables: Kd, DCPH mineralization, HPYR mineralization,
pH, CEC, and clay content. Thus, inclusion of soil mineralization of
other test compounds, most notably DCPH and pyridinol, led to an
increased ability to predict soil response to TCP. However, the
practicality of obtaining this biodegradation information solely to
predict TCP degradation rates would be rather low.

Degradation of TCP in Soil Microbial Cultures. To determine whether
microorganisms capable of using TCP as a sole carbon source were
present in soils in which TCP was rapidly mineralized, cultures
inoculated with either soil M269 (2.43% TCP mineralization), soil
M285 (45.11% TCP mineralization), or sterilized soil M285 were
incubated. As evident from a plot of TCP concentration over time in
the cultures (Figure 4), there was no degradation of TCP as a result
of inoculation with either soil M269 or sterilized samples of soil
M285. However, after a lag of about 7 days, TCP was rapidly degraded
in cultures inoculated with soil M285. The lag phase followed by
rapid degradation is characteristic of microbial adaptation for
catabolism. This is the first report of adaptation for microbial
catabolism of TCP.

Additional culture incubations were conducted in which TCP-
treated cultures inoculated with samples of each of the remaining
soils were incubated for standard length incubations of 3 weeks, at
which time the quantities of TCP remaining were assayed. Of all the
cultures, only the 2 inoculated with soils M285 and M247
substantially degraded the added TCP, with 6% and 37% TCP remaining,
respectively. Both soils M285 and M247 came from fields that had
been treated with chlorpyrifos for up to 5 years previously. Several
incubations in which mannitol at 1280 ug/1 was added as a
supplemental carbon source to the cultures failed to enhance TCP
degradation in the cultures inoculated with any of the soil samples.

Discussion

The rates of TCP degradation in soil are variable between different
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Table IV. Multiple Regression Models and Goodness of Fit for
Predicting TCP Mineralization in Soil

# PARAMETERS R

2

VARIABLES IN MODEL

Soil Physical/Chemical Properties Only

A O A WWN NN R e e

. 2246
.3297
. 3680
. 4875
.5120
.5200
.5403
. 5490
.5733
.5765
.5949
.5949

O O O 0O 0O 0O 0O 0o 0 0 o o

#%0.C.
1/3 BAR

Kd

PH,
Kd,
Kd,

CEC
%SILT
%SAND

pH, CEC, %CLAY

Kd, CEC, pH

1/3 BAR, pH, CEC, %CLAY

Kd, %SILT, pH, CEC

1/3 BAR, pH, CEC, %CLAY, %SAND
1/3 BAR, pH, CEC, %CLAY, %SILT

Soil Physical/Chemical Properties and Degradation Data

O O OO & & W WwNDND e

.3633
.55833
6635
.6873
.6914
. 7301
. 7443
. 7560
. 7561
. 7762
. 7764

© 00 00 o0 o0 o0 o0 oo

DCPH

Kd, GLUCOSE

Kd, DCPH

Kd, DCPH, HPYR

Kd, DCPH, GLUCOSE

Kd, DCPH, HPYR, pH

Kd, DCPH, GLUCOSE, 1/3 BAR

Kd, DCPH, GLUCOSE, pH, HPYR

Kd, DCPH, GLUCOSE, 1/3 BAR, HPYR
DCPH, 1/3 BAR, pH, HPYR, %CLAY, CEC
Kd, DCPH, HPYR, pH, CEC, %CLAY

In Pesticide Transformation Products, Somasundaram, L., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1991.



Downloaded by NORTH CAROLINA STATE UNIV on August 2, 2012 | http://pubs.acs.org

Publication Date: March 21, 1991 | doi: 10.1021/bk-1991-0459.ch007

106 PESTICIDE TRANSFORMATION PRODUCTS

— M269 --- MR85  ----- MZ285
Sterile
w125
=
E 100 "?\—;r'----?_—_ p—
-t S e - e - -
E \\
= 7T ™
S
Er 50 B \“‘
O .
: 25 - ~‘~~~~~~
LN ~~.~~‘5-
O N 1
0 7 14 21

DAYS OF INCUBATION

Figure 4. Dissipation of TCP in Microbial Cultures Inoculated
with Chlorpyrifos-History (M285) or Untreated (M269) Soil.

soil samples, and are poorly predicted by regression models based on
soil physical and chemical properties. Thus, it is currently
difficult to anticipate accurately the persistence of this compound
under field conditions.

Results of the present study indicate that there likely is an
important interaction between soil microbial populations and TCP that
determines its persistence. A fair regression model for predicting
TCP persistence could only be generated by inclusion of both soil
properties and biodegradation data for other organic compounds. This
interaction is apparently not strictly associated with gross numbers
or activity of soil microorganisms, as evidenced by the lack of
correlation between soil mineralization of TCP and glucose. However,
the correlation observed between the ability of a given soil to
mineralize TCP and DCPH suggests that there are specific
subpopulations of xenobiotic-degrading microorganisms that must be
present and active for rapid TCP degradation to occur. It is unclear
whether the biodegradation of TCP is generally associated with
catabolic or cometabolic processes. Both catabolism and cometabolism
have been shown to be important in the microbial mineralization of
similar compounds such as p-nitrophenol and 2,4-D, and only one or
both processes may be important in a given soil (21,22). Only 2
soils with long histories of chlorpyrifos use and TCP exposure
contained populations of microorganisms that adapted to degrade TCP
as a sole carbon source in mixed culture.
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Chapter 8

Bound (Nonextractable) Pesticide Degradation
Products in Soils

Bioavailability to Plants

Shahamat U. Khan

Land Resource Research Centre, Research Branch, Agriculture Canada,
Ottawa, Ontario K1A 0C6, Canada

A significant proportion of degradation products fram -
certain pesticides applied in agriculture remains in
soils as bound (nonextractable) residues. Soil organic
matter is largely respaonsible for the formation of bound
residues. In addition to chemical binding, the
degradation products of pesticides are also fimmly
retained by soil organic matter fractions to form bound
residues by a process that more likely involves
adsorption on external surfaces and entrapment in the
internal voids of molecular sieve-type structural
arrangements. The bound residues of pesticides
degradation products in soil are biocavailable to plants.

Although the formation of bound (nonextractable) pesticide residues
in soil and plants have been known to occur for over two decades,
their significance has been critically addressed only recently when
it became obvious that these residues are not excluded fram
environmental interactions. The true nature of bound residues of
pesticides and their degradation products in soil and plants is
still poorly understood. However, it is well established that
various pesticides and/or metabolites can form appreciable amounts
of bound residues. This was revealed primarily by use of
radiolabeled pesticides, which after application, led to the
detection and quantitation of residues undetectable by any
conventional analytical techniques. Thus, for a long time the
possible soil or plant burden of total pesticide and/or its
degradation products residues has been underestimated.

The question of the significance of residues of bound
pesticides and/or their degradation products can be evaluated in
temms of their availability to plants if they should be released
fram soil. Recent evidence indicates that bound residues may be
released fram soil and absorbed by plants.

The formation of bound residues of pesticides in soil and
plants, and their biocavailability has been reviewed by Klein and
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Scheunert (14), Khan (7), Roberts (16) and Calderbank (3). The
present paper summarizes the information on bound residues of the
degradation products of certain pesticides in soil and their uptake
by plants. The mechanisms(s) of the formation of bound residues in
soil is also discussed. Most of the data reported in this paper are
based on research efforts in our laboratory at the Land Resource
Research Centre, Ottawa.

Fomation of Bound Residues in Soil

Figure 1 illustrates several of the direct and indirect routes by
which pesticides and their degradation products form bound residues
in soil (3). The majority of these bound residues in soil originate
fram deliberate application of pesticides to the soil or to the
foliage of crop plants and weeds. Very often substantial quantities
of the applied pesticide reach the soil by either missing the
target or by run-off fram leaves and stems. Death of plants or root
exudation may also contribute to the incorporation of pesticide in
soil. Although leaching, volatilization and biota accumulation may
result in the loss of pesticide fram soil, a proportion of many of
these chemicals on or in soil is subjected to biological, chemical
and photochemical degradation of the parent chemical. A portion of
the pesticide and/or its degradation products then becomes much more
fimly held by the soil camponent than the average and is now
referred to as a "bound" residues. The mechanism of binding
processes by which the pesticide and/or metabolites became bound in
soil has been discussed by Calderbank (3).

In studying bound residues in soil it often becames very
difficult to differentiate between bound residues of parent pest-
icides and their degradation products. Drastic experimental methods
utilized to extract the bound radiolabeled residues or cambustion to
140, to detemmine the total bound !*C residues destroy or alter the
chenical nature of the residues. Nevertheless, identification of
bound residues in soil as degradation products of the parent
pesticide has been reported in many instances. Katan et al (6) and
Katan and Lichtenstein (5) demonstrated rapid binding of the amino
analogue of parathion. These soil bound residues of aminoparathion
were unextractable and therefore not detected in routine residue
analyses. Wheeler et al (20) also observed a significant
relationship between the amount of binding and the nature of
substitution on the amino nitrogen. These authors postulated that
same of the metabolites containing secondary or primary amino
fmctimalgrmpsmaylwvebecmepa:tofthebamdmidmin
soil. Spillner et al (19) implicated 2-methylhydroquinone,
oxidative product of 3-methyl-4-nitrophenocl, as the precursor to the
formation of bound residues of fenitrothion in aerobic soil.
However, under anaerobic conditions binding was thought to proceed
through the intermmediate. Golab et al (4) suggested that
a,a,a0-trifluorotoluene-3,4,5-triamine, a degradation product of
trifluralin, may be a key campound in the formation of soil bound
residues. In other studies concerned with the formation of bound
residue in soil treated with fenitrothion it was suspected that part
of the bound residue was 3-methyl-4-nitrophenol (15). Klein and
Scheunart (14) presented data on bound residues of pesticides which
have been shown to form anilines and phenols in soil.
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Pesticide
Foliar Application Seed Dressing Soil Application
Degradation Products Bound Residues Soil Residues
in Plant in Plant or Seed

Photoproducts

v

Bound Residues
in Soil
(Parent and/or Degradation Products)

Figure 1. Possible routes for the formation of bound residues
in soil following pesticide application.
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In an earlier study (10) it was shown that bound residues of
the degradation products of prametryn were formed when an organic
soil was incubated with the herbicide for one year (Table I). At
the end of incubation period it was observed that 57.4% of the l4C
initially added was not extractable with solvents, constituting a
bound residue. While more than 50% of the total bound 14C residues
canstituted the parent herbicide, measurable amounts of the
mono-N-dealkylated and hydroxx analogues of prametryn were also
present in the form of bound 14C residues (Table I). It was shown
later that incubation of this soil containing bound residues with a
fresh soil inoculum resulted in a release of 14C (27%) which had
been initially unextractable (11). Examination of the extractable
material indicated the presence of prametryn and several metabolites
including hydroxypropazine (9%) and partially N-dealkylated
campounds (2%). The radiocactivity which remained bound consisted of
prametryn (31%), hydroxypropazine (7%) and mono-N-dealkylated
prametryn (<4%) expressed relative to the initially bound prametryn
residue. It is possible that same of the metabolites formed during
the incubation period may have became part of the bound portion of
the residues in the soil (Table II).

In another study (8) it was demonstrated that soil-bound 1l4C
residues were absorbed by ocat plants grown in an organic soil
previously incubated with 14C prametryn for ane year. Analysis of
plant tissues indicated the presence of extractable 14C
hydroxypropazine in the form of conjugates. It was also observed
that same of the radioactivity absorbed by the plants fram the soil
containing bound 14C residues became again bound in the plant
tissues. These bound plant residues were present in the form of
mono-N-dealkylated campounds, namely 2-(methylthio)-4-amino-6-
(isopropylamino)-s-triazine and traces of 2-(methylthio)-4,6-
diamino-s-triazine (Table III).

In Gemmany, uniformly 14C ring-labeled atrazine was applied to
a mineral soil under field conditions (2). Nine years after
application of the herbicide soil samples were collected for
analysis. The soil contained about 50% 14C residues in the bound
form. The bound 14C residues were distributed among the various
soil humic fractions. It was observed that, in addition to the
parent herbicide a considerable proportion of these residues
consisted of the hydroxy analogues of atrazine and their dealkylated
products (Table IV). These data further suggest that in addition to
the parent campound bound residues in soil may also include several
degradation products.

In a similar study the formation of bound 14C residues in an
organic soil treated with l4c-fonofos was investigated under field
conditions (12).It was observed that fonofos was metabolized in the
field plot soil and the products formed were also bound (Table V).

In a recent study we investigated the release of bound residues
from soil treated with 14C-atrazine by incubating the solvent
extracted soil with two species of Pseudamonas capable of
metabolizing atrazine (13). The soil initially contained 25 ppm
atrazine and a total radiocactive count of 1.4 x 106 dpn/100g and was
incubated for one year in the laboratory (Figure 2). Distilled
water was added as necessary to maintain the initial moisture
content of the sample during incubation. It was observed that,
after an incubation period of one year, the soil contained 54% l4c
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Table I. Bound 14C residues of prometryn and its degradation
products in an organic soil incubated with the herbicide for one

year

Campound  Identified % 14C of the total
bound 14C residues
Prametryn 54
Hydroxypropazine 8
Mano-N-dealkylated prametryn <2
Mono-N-dealkylated hydroxypropazine traces
Unidentified methanol soluble products 16

Table II. Bound and extractable 14C residues after incubating soil
cantaining anly 14C bound residues with a fresh inoculum

Bound l4cC Extractable 14c
canpound identified %* campound identified %X
Prametryn 31 Prametryn 14
Hydroxypropazine 7 Hydroxypropazine 9
Mono-N- lated pravetryn 4 Mono-N- lated prometryn 2

* % of initially bound after one year incubation

Table ITI. 14C Residues in ocat plants grown in soil containing bound
14¢ residues

Bound l4c Extractable l4c
Mano-N-dealkylated prometryn Hydroxypropazine
Di-N-Gealkylated prametryn (canjugate)
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Soil Treated with l4c-Atrazine
(25 ppm, 1.4 x 106 dpm/100g)

Incubation for One Year

Exhaustive Extractlzim with Methanol

Solution Solid
(Extractable 14C Residues) (Bound 14C Residues)

Incubation with Total Bound Identification
Pseudamonas 14c Residues  of Bound l4c
Species Residues

Extraction with
Methanol after
14, 28, 42, 46
and 84 days

Extractable
14¢ Residues

Identification

Figure 2. Schematic diagram for the analysis of bound 14C
residues from the 14C-atrazine treated soil incubated with
Pseudamonas species.
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of the originally applied radioactivity in bound form. Analysis of
bound *¢C residues revealed the presence of atrazine and its
degradation products as shown in Table VI.

The extracted soil containing bound !¢C residues was incubated
with two Pseudamonas species (13). These species were isolated by
modified enrichment culture technique fram a soil which had a long
history of atrazine application. In our earlier studies these
bacteria were shown to be capable of metabolizing atrazine (1). It
was observed that, at the end of incubation period, the amounts of
released (extractable) 14C residues ranged fram 30 to 35% of its
initially bound **C. The nature of the released '*C residues in
methanol extracts fram the incubated soils was determined by GC and
GC-MS. The identity and the amount of each campound released is
shown in Figure 3. The data suggest that the initial increase in
the extractable **C residues of atrazine up to 28 days was followed
by a decrease in concentration of the herbicide over the incubation
period of 84 days. In contrast, the amounts of extractable '*C
residues of hydroxyatrazine, dealkylated atrazine and their hydroxy
analogues increased during incubation. It was demonstrated in our
earlier study (1) that very little dechlorination of the parent
campound atrazine occurred with the Pseudamonas species used in this
study. It was suggested that the presence of both alkyl groups on
the atrazine molecule may be inhibitory for bacterial
dechlorination. Thus, it is apparent that the extractable
hydroxyatrazine determined during the incubation period was mainly
released fram the bound form present in the soil rather than
resulting fram the dechlorination of the released parent compounds
(13).

Analysis of soil extracts after different incubation periods
revealed a relatively high proportion of deisopropylatrazine and its
hydroxyanalogue. The amounts of the extractable campound present
(Figure 3) cannot be solely attributed to the release of such
residues fram the bound form. It appears that same of the released
bound atrazine was also further metabolized preferentially by
N-dealkylation of isopropyl moiety by the two Pseudomonas species
(1). It also appears that the mono-N-deakylated ed products were
readily subjected to dechlorination resulting in the formation of
the respective hydroxy analogues (Figure 3).

The foregoing studies clearly demonstrate that often a
considerable proportion of pesticide degradation products may be
present in soil in the form of bound residues. These residues may
became available for uptake by plants and may be carried over into
succeeding crops as they may persist in soil for long periods. It
is possible that the release of these residues in soil solution may
also allow their leaching into ground water.

Mechanism of Formation of Bound Residues

Several researchers have reported that in the formation of bound
residues, the pesticides and/or their metabolites are chemically
bound to the soil organic matter. However, our work provides
evidence that support the contention that physical binding may also
play on important role in the formation of soil-bound residues.

As described earlier an organic soil treated with *'*C-prametryn
contained 57.4% of the total applied radiocactivity in bound form
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Table VI. Bound 14C residues in soil incubated with 14C atrazine
(25 ppm) for one year

Bound 14C residues Concentration
(pem)
Atrazine 3.7
Hydroxyatrazine 1.5
Deethylatrazine 2.1
Deisopropylatrazine 1.1

The soil contained 54% bound 14C expressed as percent of
originally applied.

1.3
1.2 5
1.14 CJ 144
28d
14 42d
| B sed
0.9 Y
0.8
£ 0.7 4
Q
2 06-
0.5

I " v
COMPOUNDS

Figure 3. Compounds released fram soil containing bound 14C
residues by incubation with Pseudamonas species. I -
Atrazine; II - Hydroxyatrazine; III - Deethylatrazine; IV -
Deisopropylatrazine, V - Deethylhydroxyatrazine and VI -
deisopropylhydroxyatrazine.
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following an incubation period of one year (9). In a subsequent
study it was shown that the bound residues became distributed among
the various soil organic matter fractions, predaminantly humic
substances (9). These observations were consistant with several
other studies reported in the literature. Table VII shows the
distribution and identification of bound 14C in humic materials.
The presence of the 2-hydroxy metabolite in fulvic acid(FA) is of
special interest. mishmtobepmmtmsurfacewatersam
inpartsayellowtobromcolmrinnatxralwater (17). Thus, FA
bound degradation products of pesticides would be expected to became
biocavailable to both plants and exposed aguecus or soil fauna.

In our study we employed thermmoanalytical methods in order to
obtain information on the nature of the formation of bound residues
of pesticides and their degradation products. These techniques have
been used for investigating the mechanism of thermal decomposition
of organic matter (18). The experiments were carried out by using
the High Temperature Distillation technique isothemmally (10). The
amount of 14C released from humic material as a function of
temperature under a helium stream was determined (Figure 4). It was
observed that about 1% of the radioactivity was released at 150°C,
abouthalfofthetorl:albam 14¢c was released at -325° to 350°C and
by 700°C the recovery of 14C was nearly quantitative. Differential
thermogravimetry of humic materials (Figure 5) showed elimination of
all OOCH and CH groups between 200° to 400°C and decamposition of
humic "muclei" at 450° to 550°C (18). Table VII shows that in
addition to hydroxy and N-dealkylated analogues, a considerable
portion of the bound residue in the humic materials was present in
the form of prametryn. One can postulate that bound residue
formation may be linked with phenolic-CH and -OOCH groups of soil
organic matter involving chemically stabilizing reactions between
these functional groups and the pesticide and/or metabolites. Under
these conditions the presence of unchanged pesticides or unreactive
degradation products in the bound residue is not expected. However,
earlier studies have demonstrated the formation of such bound
residues. Thus, conceivably, in addition to the chemical binding of
the reactive metabolites of pesticides, physical binding of the
parent molecules and/or unreactive metabolites may also play an
important role in the formation of soil-bound residues.

It has been suggested by Schnitzer and his coworkers (17) that
humic materials consist of phenolic and benzenecarboxylic acids
joined by hydrogen bonds to form a molecular sieve-type polymeric
structure of considerable stability (Figure 6). One of the
characteristics of this proposed structure is that it would contain
voids or holes of different molecular dimensions which could trap
organic molecules such as pesticides and/or their degradation
products. This may be considered analogous to the "clathrate

". The application of this structural concept to the bound
residues of pesticide and their metabolites in organic matter or
humic materials is still a matter of conjecture. However, judging
fraom the thermmoanalytical data, the thermal decamposition of organic
matterortn.mics.xbstatmamearstoweakmthestrucmreby
eliminating the functional groups and eventually decamposing the
muclei. This, in turn, may permit the release of bound residues
thataretrapped inthemlewlar—sievetypestrucmre
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Table VII. Bound residues of the herbicide and its metabolites in

humic materials from an organic soil treated with l4c-
prametryn

Humic fraction Prametryn Hydroxypropazine Deisopropylprometryn

Humic Acid
Humin

www
A
%OO
.
O

.

0
Fulvic Acid 0.

1

0

8Nondetectable; <0.01 ppm

100
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Figure 4. Themmal profile of bound 14C released fram humic
materials.
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Figure 5. Changes in carboxylic and phenolic hydroxyl groups
during pyrolysis (a) - Humic acid, (b) - Fulvic acid.
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Figure 6. Partial structure of lumic materials. (Reproduced
with permission from reference 17. Copyright 1982 Marcel
Dekker. )
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Conclusion

The use of 14C-labeled pesticides has made us aware of the
existence of bound residues of pesticides and their degradation
products in soil. These residues would escape detection by the
conventional analytical methods and would result in an
underestimation of the soil burden of total pesticides and/or their
degradation products. Considerable evidence is presented in the
literature to demonstrate the bioavailability of soil-bound
pesticides and/or their degradation products to plant and soil
fauna. However, availability of residues to plants is considerably
lower fram bound residues than fram freshly pesticide-treated soil.
It has been suggested that the uptake ratio of pesticides and their
degradation products from freshly-treated soils campared to those
from soils containing bound residues was of the order of about 5:1
(7).

The organic fraction of a soil appears to have the potential
for forming bound residues with pesticides or products arising from
their degradation. It is suggested that in addition to chemical
binding, the pesticide and/or their metabolites are also fimly
retained by humic materials by a process that more likely involves
adsorption on external surfaces and entrapment in the internal voids
of a molecular sieve-type structural arrangement.

In future it will be important to obtain more information about
the mechanism(s) of binding of pesticides and their degradation
products to form bound residues. This will possibly shed some light
on the mechanism of their potential release and the conditions by
which this release might occur. Since not much infomation is
available pertaining to the nature and potential biological activity
of the degradation products that are bound in soil more research in
this field is desirable.
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Chapter 9

Enzymatic Binding of Pesticide Degradation
Products to Soil Organic Matter and Their
Possible Release

Jean-Marc Bollag

Laboratory of Soil Biochemistry, The Pennsylvania State University,
University Park, PA 16302

Many pesticides are hydrolyzed or otherwise
transformed to phenol or aromatic amine intermediates.
These intermediates are frequently incorporated into
humic material through covalent binding. A reaction
causing this binding is oxidative coupling catalyzed by
oxidoreductive enzymes or abiotic agents. The reaction
forms free radicals which are easily observed if
pesticide intermediates are substituted phenols or
anilines. The free radicals bind to reactive groups of
humic substances or polymerize to become part of humus.
The chemical 1linkages formed are quite stable and
resistant. Nevertheless, the question arises to what
extent the bound pesticide residues resist subsequent
release during microbial or chemical attack. Our
investigation with chlorinated phenols showed that the
release of these xenobiotics 1is very slow and the
released compounds are further degraded by
microorganisms. Therefore, it appears that pesticides
bound to humus usually do not present a hazard to the
environment.

Many industrial and agricultural chemicals are structurally similar
to humus constituents. Consequently, these pollutants can become
incorporated into soil organic matter during the humification
process (1-3). The binding of xenobiotics to soil constituents
decreases the availability of the compound for interaction with the
biota, and consequently decreases their toxicity. The incorporation
of these chemicals into humus may provide a convenient tool -for
neutralizing pollutants, provided that the subsequent release of
xenobiotics is limited.

Many methods used for the decontamination of soils are
effective. However, they may also be costly when employed for
large-scale or long-term clean-ups. Therefore, new technologies are

0097-6156/91/0459—-0122$06.00/0
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being developed for soil detoxification. Since oxidoreductive
enzymes catalyze oxidative coupling reactions and initiate the
covalent binding of xenobiotics to humic substances, this
observation has led to the idea that enzymatic coupling may
represent a means for the detoxification of pollutants in the
environment (4).

The research presented in this paper deals with the enzymatic
coupling of chlorinated phenols and aromatic amines to humic
substances. We have characterized some oxidative coupling reactions
and the resulting products. We also present data on the fate of
the bound chemicals and provide further insight into the use of
enzyme-induced polymerization of xenobiotics as a decontamination
method.

Oxidative Coupling of Phenols

Binding of phenolic compounds to organic matter can occur by several
mechanisms, but covalent bonding usually produces the most
persistent complexes. The cross-linking reaction is mediated by a
number of biological and abiotic catalysts dincluding microbial
oxidoreductases (2) (e.g. laccase, peroxidase, and tyrosinase), clay
minerals, and metal oxides (5,6).

Several studies have been conducted to investigate the covalent
binding of halogenated phenols to humic constituents. Initial
experiments were performed with 2,4-dichlorophenol, a degradation
product of the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D).
2,4-Dichlorophenol was incubated in the presence of a phenoloxidase
with humic-derived compounds such as orcinol, syringic acid,
vanillic acid, and vanillin, and the formation of cross-coupling
products was determined (7). The initial step is the enzymatic
formation of an aryloxy radical that can then react with the humus
constituents. The hybrid products formed from these reactions
ranged from dimers to pentamers. Subsequent experiments
demonstrated that a wide variety of halogen-substituted phenols
could be cross-coupled to naturally occurring humic materials.

In additional experiments, phenols containing one to five
chlorines (4-chlorophenol, 2,4-dichlorophenol, 2,4,5-
trichlorophenol, 2,3,5,6-tetrachlorophenol and pentachlorophenol)
were incubated with syringic acid in the presence of a laccase from
the fungus Rhizoctonia praticola (8). The resulting products were
isolated by thin-layer chromatography (TLC) or high-performance
1iquid chromatography. (HPLC) and then characterized by mass
spectroscopy (Table I). Two types of cross-coupling products were
formed: (1) quinonoid oligomers in which chlorophenols were bound
by ether linkages to orthoquinoline products of syringic acid; and
(2) phenolic oligomers in which chlorophenols were bound by ether
Tinkages to decarboxylated products of syringic acid.

The enzymatic coupling of phenolic compounds to soil substances
seems to be a naturally occurring phenomenon. Martin et al. (9)
have demonstrated that l4C-catechol in soil is rapidly polymerized
by soil enzymes or by autooxidation. Cheng et al. (10) have
reported that 2,4-dichlorophenol 1is degraded in soil to a Tlesser
extent than other chlorinated phenols and is gradually incorporated
into the soil organic matrix.

In Pesticide Transformation Products, Somasundaram, L., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1991.



PESTICIDE TRANSFORMATION PRODUCTS

124

punodwod uaAL6 e 4O an|eA Z/w pue SwWO}e BULIO|YD 4O 4aQUNU UO Paseq uoiL3isodwod Je|ndsjou

q
uoy Jegndajou jo anjeA z/u,
8 "jo4 wouy pardepy :324NOS
mpomﬁommzwmu mpucﬁ G2 omu mpun LT NNo —oe 6 ¢~o
2L8 02L 896 184 -—- —-—- Louaydouo | yoejuad
epomﬁowmzmmo e—ucaowmzono eponowﬁzmmo e—ueooﬂzeao
8€8 989 1 2%°] 28¢ -—- --- Louaydodo|yoeu3al-9°G‘e‘e
mpomaommzwmo m—ooaohwzomo mponommzmmu m—ueoﬁﬁxe mpoeonzmﬁo
t08 2s9 00s 8he -—- 2gee LouaydouoydLuj-5 ‘2
Fumaomm:wmo N—ooﬁowmzomo N—onoomzmmo Npoeouﬁzeﬁo N—uoooﬁzﬂmo Npoeowzmﬁo
0LL 819 99¢% pie 123 862 Louaydouo|yd1a-p°2
—omﬂONmzwmo Fooﬁ 62 omo FunoﬁN:NNo poeomﬁ ﬁ a—oeomzm
9¢L ¥8S 4% 08¢ --- e?92 Lousydodoyd-t
Jawejuad Jauwedya] dawid) Jawtq dsuitd] Jautq tYy3Lm pLoe

SAauobL [0 ot |ousyd

sJdsuwobL [0 ptoutnp

o1buLafks jo uoLjoeay

3sA|e3ed se ¥|0D0t3edd TLUOFO0ZLUY WOJS @SeIIR| © YILM

s|ouaydouo|ys pue ptoe dLbutufs jo s3onpoud Hui|dnod-SSOJ4D JO UOLIBWIO4

“I 378Vl

600U2'6570-T66T-10/TZ0T 0T :10p | TE6T ‘TZ Yo A 9%eq Uoedljond

Bio'sge'sgnd;/:dny | 210 ' SNy Lo Hg |7 NIFHO AINN QHOANVLS Ag pepeojumod

In Pesticide Transformation Products, Somasundaram, L., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1991.



Publication Date: March 21, 1991 | doi: 10.1021/bk-1991-0459.ch009

Downloaded by STANFORD UNIV GREEN LIBR on August 2, 2012 | http://pubs.acs.org

9. BOLLAG  Enzymatic Binding to Soil Organic Matter 125

In order to further study the coupling reaction, we have
examined the polymerization of phenols to humus under conditions
which approximate the natural habitat. 14c-1abeled 2,4-
dichlorophenol was incubated with stream fulvic acid in the presence
of various oxidoreductases (11). The binding of chlorophenol to
humic material was determined by measuring the amount of
radioactivity incorporated into fulvic acid. Chromatographic
analysis indicated that although a 1large portion of the
radioactivity remained in the solution, no unbound 14¢-2 3-
dichlorophenol was present in the supernatant. Two types of
polymers were formed during the coupling reaction: hybrid molecules
containing fulvic acid and 2,4-dichlorophenol and polymers of 2,4~
dichlorophenol alone. Importantly, the presence of fulvic acid in
the reaction mixture essentially doubled the removal of 2,4-
dichlorophenol.

Other parameters which affect the enzymatic polymerization
process have also been analyzed. When substituted phenols were
incubated with peroxidase, tyrosinase, and laccases from R.
praticola and Trametes versicolor, the removal of phenol through
polymerization depended on the chemical structure and concentration
of substrate, pH of the reaction mixture, activity of the enzyme,
length of incubation, and temperature (12).

Recent work has focused on the stabilization of phenoloxidases
through their immobilization on solid supports. Laccase immobilized
on kaolinite and silt loam soil was shown to effectively promote the
polymerization of 2,4-dichlorophenol (13). The immobilization of
enzymes enhances their thermostability, dinhibits their degradation
by proteolytic enzymes, and increases their half-l1ife. Because of
their enhanced stability, immobilized enzymes may provide a more
eff$ctive method for promoting phenolic detoxification reactions in
soils.

Furthermore, in several studies we have found that the addition
of a highly reactive humic monomer, such as guaiacol, vanillic acid,
ferulic acid or syringic acid, to a phenoloxidase-containing medium
can effectively initiate the binding of a molecule which by itself
is only poorly, if at all, transformed. For example, when syringic
acid was added to 2,4-dichlorophenol, the amount of xenobiotic
removed by the laccase of R. praticola increased by more than two-
fold (14). The quantity of 2,4-dichlorophenol removed was dependent
on the concentration of syringic acid added. This observation may
be potentially very important, as by the appropriate choice of co-
substrate(s), various xenobiotics which are relatively inert to
oxidative coupling enzymes could be efficiently removed from
contaminated soil or water.

Oxidative Coupling of Anilines

Anilines (aromatic amines) are released to the environment during
the industrial production of dyes and pigments and during microbial
and/or chemical decomposition of pesticides. These compounds are
transformed in the soil by a variety of processes. One of the major
transformation reactions involves the binding of substituted
anilines to soil organic matter, namely the humic acid fraction. As
with the phenols, the nature of the binding can range from sorptive
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forces such as charge-transfer, hydrogen bonding, and hydrophobic
interactions to irreversible covalent bonds that are more resistant
to acid and base hydrolysis, thermal treatment, and microbial
degradation.

Studies were conducted to identify the chemical products formed
as a result of covalent reactions occurring between anilines and
humic materials. The laccase from the fungus R. praticola was shown
to catalyze the cross-coupling of anilines (4-chloroaniline, 3,4-
dichloroaniline, and 2,6-diethylaniline) (Figure 1) and humic
monomers (ferulic, protocatechuic, vanillic, and syringic acids)
(15). The reactions yielded a number of hybrid oligomers ranging
from dimers to tetramers.

To further investigate the binding mechanism, studies were
carried out on the polymerization of guaiacol and 4-chloroaniline
(16). Polymerization reactions were catalyzed by a variety of
inorganic and biological soil components, including manganese
dioxide, horseradish peroxidase, tyrosinase, and laccases from the
fungi T. wversicolor and R. praticola. Each of these catalysts
promoted the formation of the same oligomeric products. During the
initial stages of polymerization, five co-oligomeric compounds and
six guaiacol-derived compounds were formed. The co-oligomers were
found to have aminoquinone, carbazole, and iminodiphenoquinone
structures. Figure 2 shows the proposed pathway for the formation
of these co-oligomers. Overall, two different mechanisms for the
incorporation of anilines in humic substances can be proposed: (1)
formation of addition products with quinones; and (2) condensation
of hydroquinones with anilines 1leading to the formation of
heterocyclic structures. The reactions are believed to occur via
nucleophilic additions and through free-radical coupling reactions.

The use of enzymatic coupling and polymerization for soil
decontamination purposes may be hindered by the relative inertness
of some pollutants to enzymatic action. For example, while the
laccase from Rhizoctonia readily oxidizes halogenated phenols, the
enzyme does not oligomerize anilines under certain conditions (17).
However, when 2,4-dichlorophenol was added to a medium containing a
halogenated aniline (e.g. 2,4-dichloroaniline) and Tlaccase, the
aniline was effectively transformed. The coupling of the aniline to
the products of 2,4-dichlorophenol is thought to be of a chemical
nature. In fact, further studies have shown that the quinone
products generated from 2,4-dichlorophenol react with various
anilines 1in the absence of enzyme. Therefore, the addition of
easily oxidized substrates may enhance the reactivity of some
anilines and may be a useful strategy for the removal of inert
pollutants.

Fate of Bound Xenobiotics

The implications surrounding the binding of xenobiotic compounds to
humic materials are -not easy to assess. It is clear, however, that
once bound to humic materials, xenobiotic residues often persist in
the soil for long periods. In one study, 46% of the applied 3,4-
dichloroaniline remained in the soil in the form of bound residues 2
years after treatment (18). Theoretically, the binding of
pesticides or their derivatives to humic materials should . decrease
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Figure 2. Suggested pathway for reaction products formed by
incubation of 4-chloroaniline and guaiacol in the presence of
various catalysts. (Reproduced from ref. 16. Copyright 1989
American Chemical Society.)
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the toxic effects of these substances. Binding reduces the amount
of compound available to interact with the biota and as the amount
of available xenobiotic is reduced, the toxicity of the compound
also declines.

In order to demonstrate the decrease in toxicity of bound
xenobiotics, a variety of phenolic pesticides were incubated with
laccase and a naturally occurring phenol in the presence of the
fungus R. praticola (19). The amount of pesticide added was based
on the minimum concentration that would inhibit the growth of the
fungus. The addition of laccase to p-cresol and to 2,6-xylenol and
the addition of laccase and syringic acid to o-cresol allowed growth
of the previously inhibited R. praticola. The toxicity of the
phenolic pesticides decreased as a result of the transforming and/or
polymerization reactions catalyzed by the laccase.

Any acceptable detoxification procedure based on the
polymerization and binding of xenobiotics must take into account the
possibility of release of the pollutant from the humic material. If
environmentally significant concentrations of the bound material are
released at a later time, the accumulation of released residues
would constitute a potential health hazard. The mechanism of
residue release from soil and organic matter is not yet well
understood. Experimental data suggest that the release of bound
xenobiotics 1is mediated primarily by microbial activity. Certain
soil fungi, such as Penicillium frequetans, are capable of degrading
humic substances and in so doing free bound xenobiotics for plant
uptake or further mineralization (20).

Experiments were conducted in order to determine the extent to
which bound residues were released from humic complexes. l4c-
labeled chlorophenols (4-chlorophenol, 2,4-dichlorophenol, 2,4,5-
trichlorophenol, and pentachlorophenol) were covalently bound to a
synthetic humic acid polymer and incubated with microbial soil
cultures (21). Insignificant quantities of 1%C were released during
a 10-week incubation period, and this release was accompanied by a
simultaneous mineralization of 1.2 to 6% of the initially bound
material to 1%C0p. Most of the radioactivity remained bound to the
humic material (Table II).

In a second study, l4C-labeled-2,4-dichlorophenol was bound to
synthetic and natural humic materials or polymerized by enzymes
(22). After 12 weeks of incubation with forest soil microorganisms,
the amount of radioactive substance released into_the media was very
small (a maximum of 2.2% of the initially bound 14C). Differences
were observed between the humic acid bound and the polymerized forms
of 2,4-dichlorophenol. The radioactivity that remained bound to the
2,4-dichlorophenol-polymer at the end of the incubation was much
higher (91.7%) than that observed for the 2,4-dichlorophenol bound
to humic material (64.3%). The rate of 14C02 evolution from the
2,4-dichlorophenol-polymer was minute (0.5%) as compared to that for
the 2,4-dichlorophenol-synthetic humic acid complex (4.8%). The
mineralization of free and humic bound 2,4-dichlorophenol was also
studied. The pattern of 14C0; release indicated that the major
source of 14C0, production may not be 2,4-dichlorophenol but rather
a derivative of this compound. It was concluded that the binding of
xenobiotics to humic material may enhance their ability to be
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TABLE II. Percentage distribution of radioactivity after a 10-week
incubation of synthetic humic acid polymers containing
14¢c-1abeled substituted chlorophenols

Aqueous phase

Extracted
Humic acid with 14 Total
Bound compound (precipitate) CH2c12 Remaining CO2 recovered
4-Chlorophenol 79.0 0.9 11.7 6.0 97.6
2,4-Dichlorophenol 77.2 0.5 7.9 3.9 89.5
2,4,5-Trichlorophenol 83.8 2.1 7.7 1.8 95.4
Pentachlorophenol 78.9 12.4 6.3 1.2 98.8

SOURCE: Adapted from ref. 21

mineralized, which may actually be an advantage 1in the
decontamination process.

Our results are in agreement with the findings of other
laboratories (23-25). To date, most available data indicate that
the release of bound xenobiotics is minimal. Furthermore, once the
xenobiotics are released they are mineralized by the activities of
microorganisms and therefore do not accumulate to large levels in
the soil.

Conclusions

Results obtained in our laboratory have shown that xenobiotics, such
as phenols and substituted anilines, can be covalently cross-1inked
to humic constituents. The reactions can be catalyzed by both
microbial enzymes and by abiotic agents. Two mechanisms by which
xenobiotics can become incorporated into soil organic matter have
been proposed: (1) direct chemical attachment of the substance to
reactive sites on colloidal organic surfaces; and (2) incorporation
of the substance into the structure of newly formed fulvic and humic
acids during the process of humification. Given that xenobiotics
can be covalently bound to soil constituents, the question arises
whether this binding can be used and applied as a method of
detoxification.

The incorporation of toxic xenobiotics into soil humus has
three important consequences: (1) bound xenobiotics form frequently
insoluble precipitates, and therefore leaching of these substances
is reduced; (2) the amount of bioavailable compound is diminished;
and (3) the polymerized xenobiotic appears to be less toxic than the
parent compound. Therefore, the enzyme-induced immobilization of
xenobiotic pollutants would appear to be an effective method for
soil decontamination. However, the primary problem associated with
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this method 1is the potential for the release of the bound
xenobiotic. The release of bound xenobiotics appears to occur very
slowly and to a minimal extent. Furthermore, once released, the
xenobiotics are mineralized by microorganisms and abiotic factors.
A11 available information indicates that the release of humus-bound
xenobiotics does not appear to pose a health hazard. Thus, enhanced
rates of enzyme-induced binding of xenobiotics continues to provide
a promising technique for the decontamination of environmental
sites.
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Chapter 10

Mineralization of Pesticide Degradation
Products

Cathleen J. Hapeman-Somich

Pesticide Degradation Laboratory, Beltsville Agricultural Research
Center, Agricultural Research Service, U.S. Department of Agriculture,
Beltsville, MD 20705

Pesticides and pesticide degradation products, which are not
mineralized to carbon dioxide, ammonia, water and inorganic
salts, can leach and contaminate water supplies. Altering
pesticides by photolysis or ozonation has been shown to enhance
significantly the rate of mineralization. Photodegradation
products of s-triazines, chloroacetanilides and paraquat were
dechlorinated and/or oxidized. Ozonation of these same
herbicides afforded products in which the alkyl side chains were
oxidized or removed and the aromatic ring was oxidized or
cleaved, however, dechlorination did not occur. In some cases,
the matrix in which these compounds were found affected
microbial activity.

Pesticides applied to soil may dissipate through a variety of processes
including volatilization, adsorbtion to soil particles and/or chemical
transformation. In addition, pesticides may be degraded by indeginous soil
microorganisms to structurally simple compounds or eventually mineralized to
water, CO,, NO;" and other ions. Microbial degradation is dependent on
microbial populations and a number of environmental conditions including
temperature, soil moisture, pesticide toxicity, and bioavailability of co-
metabolic substrates and other nutrients. The rate of pesticide degradation is
often times slow and under less than ideal conditions, the rate of pesticide
transport through the soil may exceed rate of degradation, thus posing a
groundwater contamination risk.

Chemical alteration of pesticides by photolysis or ozonation affords
products that are more amenable to biological degradation. Photolysis
requires that the emission spectrum of the light source overlap with the
absorbtion spectrum of the compound to be degraded. For most organic
pesticides, high energy UV (wavelengths less than 254 nm) lamps must be

This chapter not subject to U.S. copyright
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used. Aqueous ozonation of organic compounds generally involves strong
oxidants, such as hydroxy radicals and superoxide, which are formed from the
degradation of ozone, as opposed to direct ozonolysis (I-3). The addition of
hydrogen peroxide can increase the reaction rate under certain conditions.

This paper discusses some recent developments in the combined use of
chemical pretreatment and microbial degradation to mineralize four widely
used herbicides: alachlor, metolachlor, paraquat and atrazine. Much of the
work described was initially conducted as part of an overall scheme to prevent
point source pollution arising from pesticide storage areas, contained spills
and collected equipment rinsates. However, the information obtained may
also be useful in predicting the fate of these pesticides and their degradation
products in the environment.

Experimental

Photolysis and ozonolysis were carried out in a 220-mL reactor equipped with
a Hanovia-Conrad medium pressure lamp in a quartz water cooled immersion
well, a sintered glass disk in the bottom for introducing gases, a gas outlet and
liquid sampling valve at the bottom (4). Some ozonation product studies were
conducted in a low efficiency reaction chamber (5).

Product isolation and characterization studies were carried out using
HPLC, direct insertion probe or gas chromatography mass spectroscopy, and
'H-NMR techniques. MS data were acquired by William R. Lusby, Insect
Hormone Laboratory, USDA/ARS, and NMR data by Rolland Waters,
Environmental Chemistry Laboratory, USDA/ARS. Specific methodologies
are referenced accordingly.

Biodegradation of pesticide degradation products on soil was carried out
in biometer flasks (6). Mineralization of *C-labelled pesticides and pesticide
degradtion products was determined by trapping released **CO, in KOH
added to the side arm flask. Samples were removed, counted and fresh base
added at specific intervals. Experimental details are referenced. '

Results and Discussion

Alachlor. The major products resulting from irradiation of alachlor in water
were hydroxyalachlor (1) and the lactam 2 (4). Three other products,
norchloralachlor (3), 2’,6"-diethylacetanilide (4) and 2-hydroxy-2’,6’-diethyl-N-
methylacetanilide (5), were also identified. A suggested mechanism for the
formation of these products is shown in Scheme I. Absorbtion of a photon by
the carbonyl moiety presumably gives rise to homolytic cleavage of chlorine
and the resonance stabilized radical 6. Trapping of this radical with water
affords 1 and in some cases 3. The radical 6 can also undergo intramolecular
hydrogen abstraction which upon collapse of the resultant radical leads to the
formation of 2. Other secondary reactions, such as loss of a methyl, methoxy
or methylmethoxy moiety, afforded a variety of products. All of these
compounds underwent further photodegradation to compounds which eluted
near the void volume on reverse phase HPLC. Studies using either [carbonyl-
**Clalachlor or [U-ring-**CJalachlor as starting material showed that over 70%
of the radiolabel was retained in these secondary compounds. This suggests
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that during photolysis, the overall acetanilide structure remained intact in the
majority of the products. This is in sharp contrast to the microbial
degradation of alachlor where cleavage of the amide bond was observed in
most of the metabolities (7), although 3 has been observed in anaerobic
degradation studies (8).

Experiments were conducted to determine if partial breakdown of
alachlor by UV light resulted in enhanced microbial degradation in soil.
Solutions of formulated alachlor (Lasso) with carbonyl- or ring-labelled
alachlor were irradiated. These solutions and similar solutions that had not
been irradiated were added to soil in biometer flasks and the evolution of
*CO, monitored to determine the extent of mineralization (Figure 1). After
two days nearly 50% of the label was released in the flasks with irradiated
alachlor. A continued slow release of *CO, was observed over the next 33
days to give a 60% total label recovery from irradiated alachlor. Only 3% of
the label from nonirradiated alachlor was mineralized during the same period
(35 d). Carbonyl- and ring-labelled alachlor gave virtually the same result.

Alachlor was also treated with ozone (9). GC/MS data indicated that the

chlorine was not removed in any of the initial products. Ozonation was
carried out using carbonyl- and ring-labelled alachlor as above. Ninety-seven
percent of the carbonyl label remained over the course of the reaction,
whereas 83% of the ring label was retained, indicating that the amide bond
remained intact and that in some products the aromatic ring was cleaved.
The most abundant intermediate was 7 where one of the ethyl side chains was
converted to an acetyl group. The mass spectrum of this compound showed a
base peak at 174 m/z and a molecular ion peak of 283 (285) m/z. Other ions
observed are listed in Table 1.

le 1 m of o)

Hzc/ \C H3
240 (242) co)cH cngh | CH,CI
3
206 C(O)CH,CI N et
188 CH,Cl, CH,O0CH,, H I
174 C(O)CH,CI, HOCH, ccrl
160 C(O)CHZCI, CHZOCH;,, H " 3
132 C(O)CH,CI, CH,OCH,, CH,CH, o 7

Microbial degradation studies using organic rich soil showed that
ozonated labelled-alachlor was rapidly mineralized in several days whereas
only 3% of the **CO, was released from the untreated alachlor after 35 days
(Figure 2). Interestingly, more **CO, was recovered using carbonyl-labelled
substrate (80%) as compared to ring-labelled compounds (60%). Perhaps, the
ring carbons are more resistant to degradation than the carbonyl carbon, but
more probable is that the ring carbons are more likely to be incorporated into
biomass than the carbonyl carbon.
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Figure 2. Metabolism of ozonated and non-ozonated alachlor in soil. &,
Non-ozonated [U-nng- C]alachlor;i O, non-ozonated [carbonyl-
C]alachlor, @, ozonated [U-ring-*Clalachlor; O, ozonated [ecarbonyl-
4Clalachlor. (Reproduced from ref. 4. Copyright 1988 American

Chemical Society.)
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Metolachlor. The ozonation of metolachlor has been investigated and the
products shown in Figure 3 (10). Oxidation generally occured at the electron
rich secondary carbons such as the ethyl side chain (8), the methoxy carbon
(9) and the carbon attached to the methoxy group (10). The chlorinated
carbon which is electron deficient was not oxidized. In addition, NMR data
and MS data of several unidentified products suggested that the aromatic ring
was partially oxidized. All the initial products contained chlorine except for
11. Formation of this compound can easily be rationalized as an
intramolecular displacement reaction not involving ozone or another oxidizing
species, followed by oxidation of the cyclized intermediate (Scheme II). Only
9 has also been identified as a metabolic intermediate (11). All these
products underwent further oxidation before introduction to soil and, as with
alachlor, were mineralized more rapidly when compared to parent material
(12). Eighty percent of the label was recovered as **CO, after two days using
ozonated [U-ring-**CJmetolachlor as substrate compared to no mineralization
after nine days using untreated material (Figure 4).

Paraquat. Slade (13) and Funderburk et al. (14) have shown that photolysis
of paraquat (1,1’-dimethyl-4,4’-bipyridinium dichloride) afforded 4-carboxy-1-
methylpyridinium ion (12) and methylamine through a somewhat transient
ketone or aldehyde (Scheme ITI). Kearney et al. (15) found that when
paraquat was irradiated in the presence of oxygen, 4,4>-bipyridyl (13).and 4-
picolinic acid (14) were also formed. Sequential loss of methyl from paraquat
was presumed to give rise to monoquat (1-methyl-4,4’-bipyridinium ion) (15)
and 13. 4-Picolinic acid was postulated to form either by oxidative ring
cleavage of 13 or by demethylation of 12. Further irradiation of these
paraquat degradation products afforded oxalate, succinate, malate and N-
formyl glycine.

The major microbial degradation product of paraquat was found to be
monoquat, which was further metabolized to 12 (16). Wright and Cain (17-
19) demonstrated that Achromobacter D, isolated from soil, utilized 12 as a
sole carbon and nitrogen source and produced CO,, formate, methylamine
and succinate. The mineralization of 2-picolinamide was found to proceed
through hydroxylation of the pyridine ring of 2-picolinic acid. Subsequent ring
opening and hydrolysis yielded maleic acid (20). These studies did not
include 4-picolinic acid; however, mineralization of this isomer would be
expected to proceed via a similar pathway (21).

Oxidation of paraquat in the presence of hydrogen peroxide and sodium
hydroxide occured at the 2- and/or 2’-carbons to afford 12, 16 and 17
(Scheme IV) (22). Ozonation of paraquat at high pH in the presence of
hydrogen peroxide has been examined cursorily examined as part of a disposal
effort for pesticide rinsate (12). No products were isolated in this
investigation; however, soil metabolism studies were conducted using [methyl-
4*Clparaquat. Sixty percent of the radiolabel was recovered from ozonated
paraquat after 13 days compared to less than 5% for untreated parent
material (Figure 5).

Atrazine. Many dialkylated-s-triazines, including atrazine, have been shown to
undergo rapid photodehalogenation in aqueous solution to afford the
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corresponding hydroxy-dialkylated-s-triazine (23). This reaction proceeds in
quantitative fashion as shown for atrazine in Figure 6 (24). Dehalogenation
was also found to be a major metabolic process (25). Subsequent
photodealkylation of hydroxylated compounds to give the mono- and
nonalkylated species has been demonstrated (26). A series of [U-ring-**C]-
and [ethyl-**C]di- and mono-N-alkylated-hydroxy-s-triazines and [U-ring-**C}-
hydroxy-s-triazines were subjected to microbial degradation in soil (27). The
results showed that the alkyl substituents strongly retard degradation.
Cyanuric acid, ammelide and ammeline were nearly completely degraded
within 30 days, whereas, after 90 days, mono-N-alkylated ammeline and
ammelide were only mineralized ca. 5% and less than 1% hydroxysimazine
was mineralized.

Ozonation of atrazine did not yield dechlorinated compounds. Rather the
alkyl groups were either removed or oxidized to the acetamide giving rise to
four primary products 18-21 and three secondary products 22-24 (Scheme V)
(5). The monoalkylated-chloro-s-triazines, 18 and 19, have also been
observed as atrazine metabolities (25). The dealkylated products 22-24 are
presumed, based on the above study with hydroxy-s-triazines, to be more
biolabile than 18-21, which possess an N-alkyl moiety. Initial experiments
(28) using indigenous soil microorganisms indicated that ozonation enhanced
mineralization (Figure 7), but at a slower rate than observed for the other
herbicides (12). Further work has shown that the biodegradation rate of
these final ozonation products can be increased by innoculation of the soil
with a Pseudomonas sp. (28); however, these organisms were metabolicly
inhibited under field conditions (12). Several organisms have recently been
isolated which degrade 24 more efficiently, and characterization of these
strains is in progress (21).

Conclusion

The chemical degradation products of four pesticides have been characterized
and in a few cases were found to be similar to products observed in microbial
processes. Ozonation reactions typically did not involve chlorine removal.
Rather ozone and other oxidants formed during the reaction cleaved double
bonds, opened aromatic rings, removed or oxidized alkyl groups giving rise to
alcohols, carbonyls or carboxylic acids. Similar oxidation products were
obtained in photolytic reactions although dechlorination readily occured. In
all cases, chemical pretreatment was. found to enhance the rate of microbial
mineralization, although the s-triazines were more slowly mineralized than
paraquat or the chloroacetanilides, alachlor and metolachlor. It may be
necessary, therefore to provide organisms capable of carrying out the desired
transformations as opposed to relying on indigenous soil microbes to
mineralize these chemical degradation products. Development of methods to
insure rapid mineralization of pesticides in aqueous matrices will reduce the
threat of contamination to surface and groundwater supplies.
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Chapter 11

Computer-Assisted Molecular Prediction
of Metabolism and Environmental
Fate of Agrochemicals

Mahmoud Abbas Saleh

Department of Chemistry, Texas Southern University,
Houston, Texas 77004 and Environmental Research Center,
University of Nevada, Las Vegas, NV 89154

Knowledge about metabolism and environmental degradation of
agrochemicals is the key to evaluating their toxicological effects
and environmental fate. It is also a part of the requirement for
registration of the chemical by the U.S. EPA for field
applications. Laboratory identification of metabolites and
studies of environmental degradation are very costly and time-
consuming. Several artificial intelligence software packages
capable of predicting metabolism and their hazardous effects
and environmental fate have recently become available. In this
paper, the results of using computer-assisted modeling for the
prediction of metabolism in target and non-target organisms and
their hazardous effects are discussed and compared to those
actually obtained from data derived by laboratory techniques for
selected groups of agrochemicals.

Computer-aided artificial intelligence has recently been demonstrated to have
great potential applications in the fields of chemistry and environmental
research (1). Artificial intelligence normally deals with situations that require
symbolic rather than numerical data and whose solutions rely more on logical
reasoning than calculation. Within the agrochemical systems there is great
opportunity for the use of artificial intelligence techniques to predict structures
and biological or environmental degradation products along with their
properties and associated data. A possible application of artificial intelligence
to pesticide chemistry and biochemistry is the utilization of the technology of
"expert” systems. Such systems are characterized by their ability to extrapolate
from information that may be inexact or incomplete, operating on a system of
rules containing the knowledge required to solve a particular problem.
Recently, several software packages targeted at specific areas of prediction
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have been developed for possible application in the field of pesticide
metabolism and environmental degradation. This paper deals with the
application of Computer-Aided Molecular Prediction (CAMP) software for
prediction of pesticide metabolism, estimation of metabolites partitioning
between water and octanol calculated as log P, and their possible
environmental hazardous effects. These programs were developed by
CompuDrug USA Inc. of Austin, Texas. The software systems encode the
knowledge of an expert in the form of rules, which can be used to reach a
conclusion based on the user’s input into a database.

Prediction of Pesticide Metabolism

Exogenous chemicals entering a living system can undergo a number of
chemical modifications by a wide array of enzymes which use these chemicals
as substrates. Rarely does a compound simply produce a single metabolite.
In general, complex metabolic patterns of competitive and sequential reactions
occur. Metabolic pathways can be classified into two groups, Phase I and
Phase II. Reactions in Phase I involve the transformation of specific functional
groups in the molecule, thus introducing new reactive functional groups. As
a general rule, the resulting metabolite displays an increased water solubility
as compared to the parent molecule. On the other hand, Phase II enzymes
bring about conjugations to various endogenous substrates, such as sugars and
amino acids, thus forming exceedingly water-soluble products that are readily
excreted. The metabolic fate of a molecule is highly dependent upon its
structural elements. This fact provides the basis for treating molecules as sets
of substructures when formulating the rules of possible metabolic
transformations. For,example, although direct conjugation is not infrequent,
Phase I reactions usually precede Phase II reactions in the biotransformation
of most compounds. While products of Phase II reaction are not usually
metabolized further, a metabolite generated through a Phase I reaction may
undergo subsequent biotransformations. In general, closely related substances
have rather similar metabolic fates. Therefore, it is reasonable to make use
of the accumulated data in the literature or from direct experimentation to
predict the metabolic fate of unstudied compounds. Data concerning species
specificity and prioritization of the predicted metabolites can also be used for
similar prediction.

The most important requirement of a Computer-Assisted Molecular
Prediction (CAMP) system is that it should significantly contribute to the
realization of the long-range scientific objective of the field, the formation of
a unified theory of structure-metabolism relationship. Based on a reliable
theoretical foundation, CAMP is expected to meet the most important
practical aim of many metabolism researchers by providing substitution or
partial substitution of time consuming and expensive experimentation with
economical calculations.

Two programs were used in this study: 1) AGROMETABOLEXPERT,
which was developed for predicting metabolic pathways of agrochemical
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compounds in plants; and 2) METABOLEXPERT, which predicts metabolites
in several organisms such as microorganisms, insects, and mammals, including
man. They also allows the user to modify and complete the metabolism
transformation knowledge base by drawing from his own experiences or from
updated literatures. The knowledge base and the inference rules of these
programs are based on literature data of the metabolic fate of many important
pesticide types in various plant species. METABOLEXPERT might be used
to improve the predictive ability of the system in a specific case. During the
generation of metabolite predictions, METABOLEXPERT tries to match
generalized metabolic transformation rules listed in the knowledge base with
substructures of the parent compound or its metabolites. In addition to this
mainly retrosynthetic approach, the program can also "reason by analogy” on
the basis of a representative collection of compounds with known metabolic
trees.

The knowledge base of both programs is composed of the following
four elements: 1) the substructure changed during the metabolic
transformation, 2) the new substructure formed, 3) a list of substructures from
which at least one should be present in the molecule for the transformation to
occur, and 4) a list of those substructures whose presence prevents the
metabolic transformation. An example of one of the basic transformations of
the program knowledge data base, the acylation of glycine is shown in Figure
1.

TRANSFORMATION NAME: F23_CONJUGATION WITH GLYCINE
REAGENT: Glycine-N-Acylase
REACTION CLASS: Phase II
REACTION TYPE: 8_Amino acid conjugations
ACTIVE SUBSTRUCTURE: 2-04
REPLACEMENT SUBSTRUCTURE: 2-N5-6-9=010,9-011
POSITIVE SUBSTRUCTURES: 1-2=03
NEGATIVE SUBSTRUCTURES: 04-X12 :1-N13-14=015
14-X16 :017-1-18-019

Figure 1. Example of basic transformation of the knowledge maintenance data
base.

In this example the hydroxyl group (2-O4) of the active substructure (acyl
group) are replaced by -NH-CH,COOH group. The presence of a structural
part described in positive substructures ( C=0O ) is essential for the
performance of the transformation, i.e., the hydroxyl group must be a part of
a carboxylic acid group. The presence of any of the negative substructures will
prevent the reaction from occurring. In Figure 1, the presence of any atom
other than hydrogen connected to the oxygen of the carboxyl group will
prevent the reaction from proceeding.

The description of a transformation rule is completed by its
classification as a Phase I or Phase II reaction and its type. The product of a
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Phase I reaction will not be metabolized further, while a metabolite generated
through a Phase I reaction may undergo subsequent biotransformation. In the
example shown in Figure 1, the glycine conjugate will not be metabolized
further, since its high hydrophilicity will most likely result in rapid elimination
from the body rather than further metabolism. The Agrochemical program
contains 60 pesticides stored in the data base with their metabolites. The
metabolexpert contains 200 compounds in the analog knowledge base, all of
which are pharmaceutical drugs.

The predictability of metabolites of three pesticides ( unknown to the
programs data base) belonging to three groups were examined. The first
compound is the herbicide 2,4,5-trichlorophenoxy acetic acid (2,4,5-T). The
second compound is one of the toxic components (toxicant B) of the toxaphene
mixture (2), an example of chlorinated insecticide. The third compound is
malathion, an organophosphate. The AGROMETABOLEXPERT program
was used to predict metabolites in plants, while the METABOLEXPERT
program was used to predict metabolites in animals. Predicted metabolites of
the three selected compounds are shown in Figures 2, 3 and 4 respectively.
The results for the major metabolites of the 2,4,5-T (figure 2) are identical to
those obtained in laboratory measurement, except in the case of conjugation
reactions (Phase II). The program predicted conjugation with glutamic acid
rather than the laboratory observed conjugation with aspartic acid (3).
Metabolites of toxaphene component B (figure 3) were predicted in general
mammals using the METABOLEXPERT program, and the predicted products
were similar to those reported in laboratory measurements on mammals
(24,5). Predicted metabolites of malathion (figure 4) agree with those
reported by laboratory experiments (6).

The metabolic pathways may be generated automatically or under
manual control. Transformation possibilities are searched in the order in which
they appear in the knowledge base. After finishing the prediction of the first-
order metabolites, second- and higher-order products are predicted. It is
possible to limit the maximum number of predicted metabolites. By searching
manually, it is possible to exclude the prediction of a metabolite and its higher-
order metabolites. The program does not look up the metabolites in a data
base. Rather, the database stores inference rules based on literature data of
the metabolic fate of some pesticides in various plant species. The program
examines the structure of the compound of interest at every possible
transformation site and uses the stored rules of metabolism to predict what will
happen. The software also allows users to modify, teach, and complete the
metabolism transformation knowledge base. This teaching ability is very useful
for improving and updating the prediction ability of the system. The ability to
modify and expand the knowledge data base can also provide a means for
building new data bases for nonbiological transformations such as
photochemical and chemical degradation of compounds. The user simply
provides the active functional group, the product of photochemical or chemical
reactions and the functional groups in the rest of the molecule that allow or
prevent the transformation. Metabolites can also be listed in one or more
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Figure 2. Predicted metabolites of 2,4,5-trichlorophenoxy acetic acid.
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selected species, along with their respective excretion percentages. These
percentages represent the total amount detected in the various excreted fluids
and waste products following administration of the parent substance.

In our experience the system has the following theoretical and practical
problems:

1 Current formulation of the rules treats compounds as
independent sets of substructures. This approach makes it
difficult to draw conclusions when a property assigned to the
whole compound controls the metabolic transformation. A good
example is the p-hydroxylation of aromatic rings in non-
condensed polyaromatic compounds, where normally only one
or a few benzene rings will be hydroxylated.

2, Stereoselectivity is not handled by the system, while a number
of metabolic reactions cannot be treated without considering
stereoselectivity.

3. Controversial difficulties arise on attempting to formalize rules
when selectivity within and between species, or dependency on
experimental conditions may seriously influence metabolite
formation.

Prediction of Bioconcentration and Environmental Hazards of Metabolites

Metabolites that were predicted by METABOLEXPERT or AGROMET-
ABOLEXPERT or determined experimentally can be evaluated for their
physical and toxicological properties by using another package which calculates
lipophilicity as the partition of the compound between octanol and water as a
log (pK,,.) as well as bioavailability and bioconcentration factors. Lipophilicity
is a very important molecular description because it is often well correlated
with the bioactivity of chemical entities. There are numerous difficulties in the
experimental determination of real log P, often due to hydrolysis, chemical
degradation or extremely low solubility of the tested compound. For these
reasons, a wide range of partition coefficients may be measured depending
upon the solvent systems, the selectivity of the analytical method, and the
method of detection. Since published data are measured on a wide range of
temperatures, the likelihood of comparing published versus experimental data
is not good.

A number of theoretical methods have been developed to predict log
P, the Rekker’s method (7) is the most widely used method. The program
PRO-LOGP, a logic based expert system, calculates hydrophobicity of organic
compounds using the Rekker’s algorithm.  Another expert system,
HAZARDEXPERT is capable of predicting the overall health hazard effect
of the metabolites relative to the parent compound and also calculates log P
and pK,. It can estimate both chronic and acute toxicity of organic chemicals
in different animals, plants, and microorganisms. The log P and pKa
calculated by this program are not quantitative and can only be used for
comparing a set of chemicals of the same family. The PRO-LOGP program is
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more accurate. However, its results were still found to diverge widely from
observed values recorded in the literature. Toxicological evaluation of the
metabolite malaoxon for a medium oral dose to mammals as compared to the
parent compound malathion, are shown in Figs. 5 and 6. The program predicted
a stronger hazardous effect for maloxon relative to malathion. It also showed
that the metabolite is more water soluble than the parent compound. The
columns on the right side of the figure represent different toxicodynamic
effects (i.e., oncogenicity, mutagenicity, teratogenicity, and membrane irritation
as well as other chronic, acute, and neurotoxic characteristics). The two
columns on the left side of the figure provide information on the modifying
effects of the internal intensive parameters of the molecule on the toxic effects.
The areas above and below the horizontal axis express the ratio of arguments
supporting and opposing the hypothesis that the molecule is toxic. The three
characteristics of the compound being investigated (MW, log P and pKa) are
shown in the bottom right corner of each illustration. The striped areas on the
right side of the figure can be larger or smaller than the respective columns
corresponding to the toxico-dynamic effects, according to the deviations of the
external factors from the basic interpretations. The striped part of the column
represents the role of bioaccumulation which increases with exposure. The
integrated prediction shown at the bottom summarizes the partial judgements
corresponding to the properties of the molecule and all its inherent toxic
characteristics, and the effects originating from the interaction with the
organism. The top right column refers to the greatest toxico-dynamic
component in the molecule. The left column represents the average of the
intensive internal factors which support the toxicity of the given substance.
The bottom left column represents the average of the intensive internal, which
opposes the toxicity of the given substance. The bottom right column
represents the uncertainty of the judgment expressed in the top right column.
This uncertainty is calculated from a ratio of the unsubstantiated answers of
the experts surveyed in the referenced EPA report (8). The dotted line is
calculated from the toxico-dynamic effect (i.e., the top right column), modified
by the results of the intensive factors (represented by the left-hand side of the
diagram). The solid line that marks the final result of the estimation is
derived from the result above, taking into consideration the effect of the
external parameters. Its value is a number between 0 and 100. A percentage
shown in the lower portion of the screen in brackets (following a statement
concerning the measure of the overall health hazard effect of the compound)
lies in the following ranges:

(0-4) NO Hazardous Effect, (5-14) Low, (15-29) weak, (30-44) Medium, and
(45-100) Strong.

Conclusion
CAMP offered great advantages in organizing and updating databases for

biotransformation of agrochemicals and to predict their metabolism,
toxicological properties and environmental hazardous effects. The compound
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Figure 5. Predicted toxicity of malathion.
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can be known, or it can be a new structure. The programs do not look up the
products or effects in the database; they examine the structure at every
possible transformation site and use stored rules to predict its effects. While
CAMP can provide the means for suggesting possibilities, it will not totally
replace laboratory experiments. The learning ability of the programs allows
further application for predicting nonbiological transformation such as
photochemical and chemical degradation. This capability will greatly enhance
the storage and knowledge information of pesticides degradation.
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Chépter 12

Interactions Between Pesticides and Their
Major Degradation Products

L. Somasundaram and Joel R. Coats

Pesticide Toxicology Laboratory, Department of Entomology,
Iowa State University, Ames, IA 50011

The interactions between parent pesticide compounds and
their degradation product(s) can influence the fate of
both pesticides and degradation products. The role of
pesticide degradation products in influencing the
persistence and degradation of parent compounds, and the
enhanced degradation of degradation products are
discussed. The significance of these interactions in
crop protection is also addressed.

Pesticides applied to agricultural lands are degraded through
biological, chemical, and physical mechanisms (1). Some pesticides
have very low persistence levels, resulting in rapid transformation
to degradation products. For example, 50% of applied terbufos was
oxidized to its sulfoxide within three days of application (2).
More than 90% of applied metham-sodium was transformed to methyl
isothiocyanate within 3 hrs (3). In the environmental matrices,
parent compounds and their degradation products have been detected
simultaneously. The interactions between pesticides and their
degradation products could be synergistic, antagonistic, or
additive. This paper focuses on the interactions between some of
the commonly used pesticides and their major degradation products
(Table I).

Degradation Products as Inducers of Pesticide Degradation

The failure of some soil-applied pesticides to control their target
pests (4) has resulted in significant research on microbial
adaptation to pesticides (5). The enhanced biodegradation of some
pesticides has been attributed to the substrate value of their
degradation products (6-8). Degradation products of pesticides
belonging to different classes such as phenoxyacetic acids,
carbamothioates, N-methyl carbamates, and organophosphates have been
reported to condition soils for rapid degradation of their
respective parent compounds (Table II).

0097—-6156/91/0459—0162$06.00/0
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Table II. Degradation products as inducers of pesticide degradation

Inducer/
substrate Susceptible pesticide Reference
Inducers of their respective parent compounds
2,4-dichlorophenol 2,4-D (8,9)
EPTC sulfoxide EPTC (10)
butylate sulfoxide butylate _ (10)
carbofuran phenol carbofuran 7
1-naphthol carbaryl N
p-nitrophenol parathion (6,8,11)
salicylic acid isofenphos (8)
2-aminobenzimidazole carbendazim (12)
Inducers of degradation of other parent compounds
butylate sulfoxide EPTC (10)
EPTC sulfoxide butylate (10)

Hydrolysis Products. Hydrolytic reactions seem to play an important
role in the initiation of pesticide metabolism by adapted soil
microorganisms (13,14). In several instances, the presence of
pesticide hydrolysis products has resulted in induction of a
pesticide degrading population of soil microorganisms (6,7). In one
of the first studies on the biodegradation of pesticides, Newman and
Thomas (9) observed decreased persistence of 2,4-D in soils
pretreated with its hydrolysis metabolite, 2,4-dichlorophenol. 1In
that study, pretreatment of soils with closely related compounds
such as phenoxyacetic acid and 2-chlorophenol, however, had no
effect on the persistence of 2,4-D. Steenson and Walker (15)
reported the ability of an Achromobacter strain to use 2,4-
dichlorophenol as a substrate. In a recent study in our laboratory,
the mineralization rate of 2,4-D increased with the number of
pretreatments with 2,4-dichlorophenol (8).

Fungicide carbendazim rapidly degraded in soils previously
treated with its metabolite 2-aminobenzimidazole. (12,16) 2-
Aminobenzimidazole and carbendazim were equally effective in
conditioning the soil to carbendazim. Pretreatment of soils with
another potential metabolite, benzimidazole, however, resulted in
only a slight reduction in the parent compound’s persistence.
Benzimidazole rings are generally less susceptible to microbial
degradation (17), and the benzimidazole-induced nonenhanced
degradation of carbendazim (12) is not clearly understood.

Carbofuran phenol, a hydrolysis product of carbofuran,
conditioned soils for enhanced degradation of carbofuran under
anaerobic environment (7) but did not have any effect in aerobic
conditions (8,18). Although the presence of carbofuran phenol in
anaerobic soils accelerated carbofuran hydrolysis, the phenol was
not used as an energy source and accumulated in the soil. This
finding suggests that besides substrate value, other properties of
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degradation products may be involved in the induction process. The
different results obtained from aerobic and anaerobic soils reveal

the importance of environmental factors in the interaction between

pesticides and their degradation products.

Oxidation Products. The sulfoxides of EPTC and butylate induced
enhanced degradation of their parent compounds, and the potential of
the sulfoxides to promote rapid degradation of their parent
compounds was similar to that of the parent compounds themselves
(10). Although butylate sulfoxide conditioned the soils,
pretreating soils with butylate sulfone did not have any effect on
the rate of degradation of the parent compound.

Cross-enhancement. Degradation products can also enhance the
degradation of pesticides other than their precursors. Prior
exposure of soils to butylate sulfoxide accelerated the degradation
of EPTC (10). Similarly, a higher butylate degradation rate was
observed in soils exposed to EPTC sulfoxide. This type of cross-
enhancement is generally limited to structurally similar pesticides.
Location differences were also observed in cross-enhancement tests
for EPTC and butylate degradation in soils pretreated with
sulfoxides of EPIC or butylate, suggesting the role of soil
properties in intensifying the enhancement (10).

Degradation Products as Promoters of Pesticide Persistence

Most of the available information on degradation products indicates
their potential to accelerate the degradation of subsequently
applied pesticides. Contrary to this, some degradation products
could prolong the persistence of pesticides in soil.

Hydrolysis Products. Particularly when applied to the soil
repeatedly, 3,5,6-trichloro-2-pyridinol (TCP), a hydrolysis
metabolite of chlorpyrifos and trichlopyr, slowed the degradation of
chlorpyrifos (8). At 100 ppm, TCP inhibited the degradation of
carbofuran and DOWCO 429X in problem soils but did not have any
effect at 1 and 10 ppm (19). Recent studies have demonstrated the
antimicrobial activity of this metabolite (20,21); the inhibitory
effect of TCP could be a result of its microbial toxicity. The
levels required to affect the microbes, however, are so high that
the effect of a single application of chlorpyrifos or trichlopyr may
not be sufficient to produce a significant effect. In contrast,
under field conditions, pesticides are not homogeneously distributed
through soil but are concentrated in and around the particles of a
granular formulation. This could result in a high concentration of
the pesticide or metabolite in a particular microenvironment.

Cross-retardation. Fonofos, an organophosphorus insecticide,
increased the persistence of EPTC in problem soils (22).
Dietholate, an extender used in the new formulations of EPTC, is
structurally very similar to fonofos. In laboratory toxicity
studies, methyl phenyl sulfone (a metabolite of fonofos) was more
toxic to Photobacterium phosphoreum, a bioluminescent bacterium
phylogenetically related to several important soil bacteria, than
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fonofos (20). The antimicrobial activity of fonofos (22) could
result from the toxicity of its degradation product, methyl phenyl
sulfone. The mechanism of the inhibitory effect of fonofos under
field conditions has yet to be clearly elucidated, however.

Enhanced Degradation of Degradation Products

Repeated applications of some pesticides can also accelerate the
degradation of the products formed (Table III). 2-
Aminobenzimidazole rapidly dissipated in soils exposed to its
parent, carbendazim, with only 6% remaining 4 days after application
(16). In these soils, degradation of 2-aminobenzimidazole was
faster than that of the parent. The rate of degradation of
benzimidazole, a structurally similar metabolite, however, was not
affected by carbendazim history. Carbendazim, also a fungitoxic
hydrolysis product of benomyl, degraded more rapidly in soil with a
benomyl history than in a soil without one (23). The half-life of
carbendazim was reduced from 11 to 4 days in benomyl-treated soils.
This reduction has been attributed to the short lag-period observed
in these soils. .

The degradation of desmethyldiphenamid (diphen M-1), a
monodemethylated metabolite of diphenamid, was much faster in soils
pretreated with its parent compound than in an untreated soil (24).
There was no difference in the degradation rate of Diphen M-2, a
bidemethylated product of diphenamid, in soils with and without a
diphenamid history. The rate of degradation of diphen M-2 was also
much slower than for diphenamid or diphen M-1.

Repeated applications of metham-sodium enhanced its
transformation rate to methyl isothiocyanate and subsequent
mineralization of the pesticidal metabolite. The half-life of
methyl isothiocyanate ranges from 0.5 to 50 days with the shorter
half-1life in soils previously treated with metham-sodium (3).

Laboratory studies have investigated the fate of degradation
products as influenced by their prior treatment (8,12). The purpose
of these studies was to confirm the substrate value of the
degradation products. Self-enhancement of methyl issthiocyanate
(3), 2-aminobenzimidazole (12), and 2,4-dichlorophenol (8) has been
previously reported. The microbial adaptation to degradation
products is significant, particularly when the pesticidal effect is
caused by the degradation product.

Table III. Pesticide degradation products susceptible to
enhanced degradation

Susceptible degradation product Reference
2-aminobenzimidazole (16)
carbendazim (22)
methyl isothiocyanate (3)
desmethyldiphenamid (24)

In Pesticide Transformation Products, Somasundaram, L., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1991.
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Conclusions

A better understanding of the mechanisms of pesticide-degradation
product(s) interactions is important for studying the fate and the
effects of pesticides in the environment. Synergistic interactions
could result in inadequate host protection leading to restricted use
or withdrawal of parent compound and thus influence the pesticide
class to be used in subsequent applications. The information
generated from such studies will help make effective use of existing
biodegradable pesticides by promoting an understanding of the
specificity and development of enhanced biodegradation.
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