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(ABSTRACT)
Determining the basis of intraspecific herbicide tolerance
was expected to be a useful way of revealing factors which
are regulated by safeners in providing their protective
effect. Differential tolerance to the chloroacetanilde
herbicide metolachlor and the thiocarbamate herbicide EPTC
was examined‘in 11 corn hybrids. Tolerance to one of these
herbicides does not imply similar tolerance to the other.
Detoxication of these herbicides in plants is mediated via
conjugation with glutathione (GSH). GSH levels from 1.8 to
2.4 pmol/g fresh weight were determined for the eleven corn
hybrids tested. There was no correlation between GSH
content and herbicide tolerance. The monooxygenase
inhibitor piperonyl butoxide (PBO) acted synergistically
with EPTC on 8 of the tested corn hybrids. A similar
antagonism by the oxygen evolving compound calcium peroxide
provided additional evidence for the importance of oxidative
processes in EPTC tolerance which were not important in

determining metolachlor tolerance. The more rapid



absorption and greater accumulation of **C-metolachlor by
‘Northrup-King 9283’ corn relative to ‘Cargill 7567°' corn at
least partially explains the increased susceptibility of the
former hybrid to metolachlor. The in vitro metabolism of
14C-metolachlor was similar for both hybrids. A lag in the
expression of glutathione S-transferase (GST) activity
during early seedling development of ‘Northrup-King 9283’
corn may be of additional significance in its limited
tolerance to metolachlor. The safener benoxacor was
effective in protecting ‘Northrup-King 9283°' and other
susceptible corn hybrids from metolachlor injury. Benoxacor
had no effect on metolachlor uptake or the rate of
non-enzymatic conjugation of metolachlor. Seedlings of
‘Cargill 7567’ and ‘Northrup-King 9283° treated with 1 nM
benoxacor metabolized metolachlor to the GS-conjugate at a
rate 1.7 times that of untreated seedlings. GST activity
was stimulated by 35% by similar treatment. GST isozymes
with metolachlor conjugating activity (GST-metolachlor
activity) were found in the cytosol and microsomal fractions
of corn extracts. At least two GST-metolachlor isozymes
were separated by DEAE-Sepharose chromatography. The
activity of both isozymes was increased by benoxacor
treatment. It appears that benoxacor regulates metolachlor
tolerance by inducing GST isozymes that consequently

increase the rate of metolachlor detoxication.
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I. INTRODUCTION

The success of modern chemical weed control is primarily
due to the selectivity of herbicide action. The basis of
this concept is that weeds can be controlled without injury
to the crop plant (1), A certain measure of selectivity can
be afforded by cultural practices which minimize the
exposure of the crop plant to phytotoxic chemicals (1).
This concept has been expanded and capitalized on to its
fullest by exploiting the inherent tolerance of crop plants
to certain herbicides. Thus, a herbicide can be applied to
control noxious weeds which are sensitive to its phytotoxic
action without any injury to the crop plant. This approach
is not without its limitations. It seems that botanically
and/or physiologically similar weeds will always be present
which can tolerate particular herbicides or herbicide
mixtures as well as the crop (2). Crop tolerance is not
always absolute and under certain conditions injury may
occur. Of additional concern is the development of weed
tolerance, or resistance, following continued usage of
certain herbicides (3).

Herbicide tolerance may be determined by a number of
factors (4). These include plant modifications which limit
the uptake/and or translocation of the herbicide, the

ability of a tolerant plant to detoxify the herbicide,



modification of a target site so that it is not sensitive to
the herbicide, increased synthesis of a target enzyme in
response to the herbicide, or the synthesis of substrates
which can reverse the herbicide effect. Understanding these
factors is important to weed scientists in designing new
herbicides, to plant breeders in developing tolerant crops,
and to plant physiologists using herbicides as tools in
understanding fundamental processes in plants.

The development of herbicide safeners in the last two
decades has done much to extend the concept of herbicide
selectivity. The most successful commercialized safeners
are dichloroacetamide derivatives which are very effective
in protecting corn against injury from thiocarbamate and
chloroacetanilide herbicides (5). Other safeners include
oxime ethers and 2,4-disubstituted thiazoles which are
commercially useful in protecting sorghum from
chloroacetanilide herbicide injury (5). In general, the
safeners presently available are most effective in
protecting grass crops against injury from thiocarbamate,
chloroacetanilide, and aryloxyphenoxypropionate herbicides
(5). Some degree of inherent tolerance appears to be
necessary for safeners to achieve their protective function.
They essentially confer enhanced tolerance to the protected
crop plant.

The exact mechanisms by which safeners exert their



protection is unknown. Hatzios (5) has summarized four
general mechanism which may be involved in herbicide safener
action. These include: (a) a safener-induced reduction in
herbicide uptake and/or translocation; (b) competition of
the herbicide and safener at a common site of action within
the protected plant; (c¢c) a safener-induced stimulation of
herbicide detoxication within the protected plant; (d) a
combination of the above processes. Note that these
mechanisms are directly analogous to the determinants of
herbicide tolerance given above.

The view that herbicide safeners act primarily by the
enhancement of metabolic detoxication of selected herbicides
has gained wide acceptance. In this role safeners may
induce the formation of specific co-factors such as reduced
glutathione (GSH) or enzymes involved in herbicide
biotransformation such as mixed function oxidases
(monooxygenases), glutathione S-transferases (GSTs), and
glucosyl transferases (6,7,8,9,10).

The metabolism of both thiocarbamate and
chloroacetanilide herbicides involves conjugation with
glutathione in a process enzymatically catalyzed by
glutathione S-transferase (10, 11). Moreover, the
GS-conjugation of thiocarbamate herbicides is obligately
preceded by a sulfoxidation believed to be mediated by a

microsomal monooxygenase (12,13). Similarly, monooxygenase-



mediated reactions may be occurring in the final steps of
chloroacetanilide metabolism (11). Certain safeners have
been shown to increase GSH levels (6,7,14,15). Gronwald et
al. (15) found the degree of protection conferred by
safeners to grass crops against chloroacetanilide herbicides
to be strongly correlated with the ability of safeners to
stimulate GST activity.

In addition to the above similarities in metabolism and
ability to be protected by safeners the chloroacetanilide
and thiocarbamate herbicides share other common properties
including similar utility, and proposed mechanism(s) of
action (16). These herbicides have been shown to inhibit a
variety of physiological processes (16,17,18) and it is
perhaps this lack of specificity in their mode of action
that has allowed their protracted use without the
development of weed resistance (3). This lack of a complete
understanding of their mode of action warrants continued
research on these herbicides.

Differential tolerance to thiocarbamate and
chloroacetanilide herbicides and differential response to
safeners have been observed for a number of corn lines
(19,20,21,22,23,24). These differences may be useful in
further understanding the basis of both endogenous and
safener—-conferred herbicide tolerance. These studies however

have not determined if tolerance or susceptibility to one



class of herbicide is paralleled by similar tolerance to the
other.

Recently Ciba-Geigy synthesized a new dichloroacetamide
safener, benoxacor (also known by the code name CGA-154281),
for use with the cloroacetanilide herbicide metolachlor in
corn (25). This is the first safener designed for this
specific application. The chemical structures of
the herbicides EPTC and metolachlor, and of the safener
benoxacor are given on page ix. Benoxacor has been shown to
stimulate the metabolism of metolachlor by certain corn
lines (24,26,27). This increase in metabolism appears to be
due to the induction of GST activity without a corresponding
increase in GSH content (27). This safener has also been
reported to stimulate the metabolism of the sulfonylurea
herbicide primisulfuron presumably by the induction of a
cytochrome P450-dependent monooxygenase (28). A number of
questions remain to be answered concerning the mechanism of
action of this safener, particularly in terms of its effect
on herbicide uptake, glutathione-mediated metabolism, and

involvement in oxidative processes.
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GOALS AND OBJECTIVES OF THE DISSERTATION

The overall goal of this dissertation research was to
elucidate the mechanism(s) which determine the tolerance of
corn to the chloroacetanilide herbicide metolachlor, both
naturally occurring and that induced by the herbicide
safener benoxacor. Specifically, the objectives of these
studies were:

a) to compare the growth responses of eleven corn
hybrids to treatment with EPTC and metolachlor and ascertain
the importance of glutathione levels, glutathione
S-transferase activity and oxidative processes in these
responses;

b) to determine the basis of the differential response
of the metolachlor~tolerant corn hybrid, ‘'Cargill 7567°', and
the metolachlor-susceptible corn hybrid, ‘Northrup-King
9283’ in terms of herbicide uptake and translocation,
glutathione S-transferase activity, and metabolism of
metolachlor;

c) to characterize the safener benoxacor by examining
its efficacy, uptake and translocation;

d) to study the mechanism of action of benoxacor in
terms of its effect on metolachlor uptake, non-enzymatic
conjugation of metolachlor with glutathione, and involvement
of oxidative processes;

e) to determine the effects of benoxacor on metolachlor



metabolism, glutathione S-transferase activity, and
glutathione content in seedlings of two corn hybrids known
to respond differentially to metolachlor to determine if
predisposition to herbicide injury is a factor in their
response to the safener;

f) to describe the glutathione S-transferase isozymes
from the metolachlor-tolerant corn hybrid, ‘'Cargill 7567°,
and the metolachlor-susceptible corn hybrid, ‘Northrup-King
9283’ ;

g) to develop a molecular probe for a corn glutathione
S-transferase gene using polymerase chain reaction (PCR)

technology.
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ITI. COMPARATIVE RESPONSES OF SELECTED CORN (Zea mays)

HYBRIDS TO EPTC AND METOLACHLOR

INTRODUCTION

The thiocarbamate herbicide EPTC and the
chloroacetanilide herbicide metolachlor are widely used to
control grass weeds in corn (Zea mays L.). Corn is
marginally tolerant to these and other thiocarbamate and
chloroactanilide herbicides. These are growth retardant
type herbicides with incompletely characterized mechanisms
of action. The inhibition of multiple physiological
processes including the synthesis of proteins, nucleic
acids, lipids, flavonoids, and isoprenoids including
gibberellins is a characteristic shared by both classes of
herbicides (1). The injury symptoms displayed by
susceptible plants, severe stunting and twisting as a result
of abnormal leaf emergence, is nearly indistinguishable for
the two types of herbicides. Differential tolerance to
thiocarbamate herbicides has been reported by a number of
investigators (2, 3, 4). Similarly, differential tolerance
to chloroacetanilide herbicides has also been observed (5,
6). Herbicide tolerance is believed to be largely a
function of the ability of a plant to detoxify the herbicide
in question to non-phytotoxic metabolites. Thiocarbamate

and chloroacetanilide herbicides are primarily detoxified in
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tolerant plants by conjugation with reduced glutathione
(GSH) (7). This reaction is enzymatically catalyzed by
glutathione-S-transferase (GST) (EC 2.5.1.18). GST activity
has been described from corn with the sulfoxide of the
thiocarbamate EPTC as substrate (8), withtthe
chloroacetanilides alachlor and metolachlor (9, 10), and
from sorghum with metolachlor (11),.

Thiocarbamate herbicides must first be oxidized to their
respective sulfoxide before conjugation to glutathione
occurs (12). This reaction is believed to be catalyzed by a
microsomal monooxygenase (EC 1.14.14.1) (12, 13) or a
peroxygenase (14). Microsomal monooxygenase preparations
from grain sorghum capablie of metabolizing metolachlor in
vitro have been reported (15), but the significance of such
reactions in chloroacetanilide herbicide metabolism in vivo
remains unclear. Piperonyl butoxide (PBO) is a potent
inhibitor of microsomal monooxygenase activity (16) and is
commonly used as an insecticide synergist. Hatzios found
synergistic interactions between EPTC and PBO in corn (17)
and between metolachlor and PBO in sorghum (18). Molecular
oxygen is an obligatory substrate for monooxygenase activity
(19).

Metolachlor injury on corn or grain sorghum has been
reported to be particularly severe under conditions of

excessive soil moisture (20). Hatzios (18) suggested that
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