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Abstract:
Wild oats (Avena fatua L.) are a serious weed competitor in small grain growing areas of North
America and the world. One of the most effective herbicides used for wild oat control in these crops is
triallate, and its continuous use in the Fairfield region of Montana has selected for populations of wild
oats which are no longer controlled by the herbicide. Many of these triallate-resistant (R) wild oats are
also resistant to the chemically unrelated herbicide difenzoquat. The objectives of these studies were to
characterize resistance levels and investigate potential mechanisms of resistance in an inbred line.

An inbred R wild oat line selected through two generations of triallate treatment was shown in
greenhouse and Petri dish dose response experiments to be 17-fold and 64-fold more resistant to
triallate and difenzoquat, respectively, than susceptible (S) lines. The R line was also cross-resistant to
diallate.

Uptake and translocation patterns of 14C triallate were not substantially different between R and S
lines.

Reverse-phase high performance liquid chromatography (HPLC) was used to compare 14C-triallate
metabolism patterns in R and S wild oat lines. Triallate was metabolized to one major product
(2,3,3-trichloropropene sulfinic acid) and two minor products (unidentified) in R and S wild oats.
However, the rate of triallate metabolism was more than 10-fold slower in R than in S lines Because
triallate is thought to be activated in vivo through formation of the triallate sulfoxide, dose response
tests were conducted to compare the toxicity of triallate sulfoxide in R and S lines. Triallate sulfoxide
was equally phytotoxic to both lines, indicating that the mechanism of triallate resistance may be
conferred by a decreased rate of sulfoxidation (activation) in R plants.

Difenzoquat uptake, translocation, and metabolism patterns were compared between R and S wild oats
using 14C-IabeIed difenzoquat. Slightly increased rates of 14C-difenzoquat uptake and translocation
were observed in the R line, which were considered unlikely to confer resistance. However, HPLC
analysis indicated that difenzoquat quickly became unextractable in R plants, suggesting the presence
of a novel difenzoquat metabolizing pathway and immobilization of the herbicide, possibly in cell wall
material.

Because triallate was shown to inhibit lipid biosynthesis in susceptible plant species, the effects of
triallate and triallate sulfoxide on lipid and wax biosynthesis in R and S wild oats were compared. Five
days after application, wax deposition was dramatically inhibited in S wild oats but not in R. In
addition, triallate reduced the amounts of long-chain free fatty acids in S but not R wild oats. However,
treatment with triallate sulfoxide inhibited long-chain lipid biosynthesis equally in R and S wild oats.
The results further support the idea that decreased synthesis of triallate sulfoxide confers resistance to
the herbicide in R wild oats. 
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ABSTRACT

. Wild oats (Avena fatua L.) are a serious weed competitor in small grain 
growing areas of North America and the world. One of the most effective 
herbicides used for wild oat control in these crops is triallate, and its continuous 
use in the Fairfield region of Montana has selected for populations of wild oats 
which are. no longer controlled by the herbicide. Many of these triallate-resistant 
(R) wild oats are also resistant to the chemically unrelated herbicide difenzoquat. 
The objectives of these studies were to characterize resistance levels and 
investigate potential mechanisms of resistance in an inbred line.

An inbred R'wild oat line selected through two generations of triallate 
treatment was shown in greenhouse and Petri dish dose response experiments 
to be 17-fold and 64-fold more resistant to triallate and difenzoquat, respectively, 
than susceptible (S) lines. The R line was also cross-resistant to diallate.
Uptake and translocation patterns of 14C triallate were not substantially different 
between R and S lines.

Reverse-phase high performance liquid chromatography (HPLC) was 
used to compare 14C-triallate metabolism patterns in R and S wild oat lines. 
Triallate was metabolized to one major product (2,3,3-trichloropropene sulfinic 
acid) and two minor products (unidentified) in R and S wild oats. However, the 
rate of triallate metabolism was more than 10-fold slower in R than in S lines 
Because triallate is thought to be activated in v/Vo through formation of the 
triallate sulfoxide, dose response tests were conducted to compare the toxicity of 
triallate sulfoxide in R and S lines. Triallate sulfoxide was equally phytotoxic to 
both lines, indicating that the mechanism of triallate resistance may be conferred 
by a decreased rate of sulfoxidation (activation) in R plants.

Difenzoquat uptake, translocation, and metabolism patterns were 
compared between R and S wild oats using 14C-IabeIed difenzoquat. Slightly 
increased rates of 14C-difenzoquat uptake and translocation were observed in the 
R line, which were considered unlikely to confer resistance. However, HPLC 
analysis indicated that difenzoquat quickly became unextractable in R plants, 
suggesting the presence of a novel difenzoquat metabolizing pathway and 
immobilization of the herbicide, possibly in cell wall material.

Because triallate was shown to inhibit lipid biosynthesis in susceptible 
plant species, the effects of triallate and triallate sulfoxide on lipid and wax 
biosynthesis in R and S wild oats were compared. Five days after application, 
wax deposition was dramatically inhibited in S wild oats but not in R. In addition, 
triallate reduced the amounts of long-chain free fatty acids in S but not R wild 
oats. However, treatment with triallate sulfoxide inhibited long-chain lipid 
biosynthesis equally in R and S wild oats. The results further support the idea 
that decreased synthesis of triallate sulfoxide confers resistance to the herbicide 
in R wild oats.



CHAPTER 1

INTRODUCTION

Since the introduction of 2,4-D (2,4-dichlorophenoxyacetic add) in 1952, 

selective herbicides have been an important tool in modern agriculture. 

Herbicides are generally very effective in reducing competition from weeds, and 

have been an integral part of the so-called “Green Revolution.” However, a 

current threat to the productivity of modern agriculture is the recent advent of 

weed populations that are resistant to previously effective herbicides, due to 

altered physiological or biochemical processes which enable the plant to escape 

injury. Under normal circumstances, wild type individuals of a plant species are 

capable of tolerating a certain amount of herbicide (herbicide tolerance).

Maxwell and Mortimer (1994) defined herbicide resistance as “the inherited ability 

to not be controlled by a herbicide” when that herbicide is applied at rates 

substantially higher than rates that normally control the wild type individuals.

In 1970, Ryan reported the first case of herbicide resistance to the 

photosynthesis inhibitor simazine (6-chloro-N’, N'-diethyl-1,3,5-triazine-2,4- 

diamine) in Senecio vulgaris (Ryan, 1970), and during the next twenty years 

several dozen instances of herbicide resistance have been documented,



involving many weedy plant species and nearly every herbicide class used in 

agriculture. For example, herbicide resistance has been reported for 

photosystem Il inhibiting herbicides in over 60 weed species (LeBaron, 1991), 

and for the photosystem I inhibiting herbicides in over 12 species (Preston,

1994). Resistance to the acetolactate synthase inhibiting herbicides was 

detected less than five years after their introduction in 1982 in Lactuca serriola 

(IVIaIIory-Smith et al., 1990), and since then over a dozen species have 

developed resistance (Saari et al., 1994). Resistance to the acetyl-coenzyme A 

carboxylase inhibiting herbicides used for grass control has been reported in nine 

weed species (Devine and Shimabukuro, 1994). Over 20 weedy species have 

been reported to be resistant to auxinic herbicides (Coupland, 1994), a class of 

,herbicides with diverse chemical structures that mimic the natural plant growth 

regulator indoleacetic acid. Mitotic disrupting herbicides, such as the 

dinitroaniline herbicides, have been used for over two decades and nearly a 

dozen weeds are now reported to be resistant (Smeda and Vaughn, 1994; 

Morrison et al., 1989).

The great diversity of weeds developing resistance to many herbicide 

classes demonstrates the high levels of phenotypic variability present in weedy 

species. In addition, there is substantial variability in the mechanisms of 

resistance adopted by weeds to escape injury. These resistance mechanisms 

can be divided into two classes based on the type of physiological alteration 

present: non-target site resistance and target site resistance.



■ ' ' Non-target Site Resistance

Plants with non-target site resistance posess altered physiological 

processes that alter the fate of a herbicide before it can influence the normal 

biochemical processes that ultimately result in plant death. Generally, non-target 

site resistance confers levels of resistance that are about 10- to 20-fold higher 

than normal susceptible biotypes (Hall et al., 1994).

Reduced Uptake or Translocation. .

Reduced herbicide uptake (absorption) through the cuticle, cell wall and 

plasmalemma may cause the applied herbicide to remain on the leaf surface, or 

slow the rate of absorption into the cell. Resistance due to decreased uptake in 

wheat (Triticum aestivum) has been documented for triasulfuron (2-(2- 

chloroethoxy)-n-[[(4-methoxy-6-methyl-1,3,5-triazin-2-yl) amino]carbonyl] 

benzene sulfonamide) (Meyer and Muller, 1989) and several Equisetum species 

exhibit tolerance to the nonselective herbicide glyphosate (N-(phosphonomethyl) 

glycine) due to limited uptake (Marshall et al., 1987). However, there are very 

few documented examples of resistance due entirely to reduced herbicide uptake 

(Saari et al., 1994). In most cases where limited uptake plays a role in herbicide 

resistance, it is coupled with reduced translocatipn (movement) within the plant to 

the ultimate site of action. One example of reduced translocation conferring 

resistance is to the non-selective bipyridilium herbicides paraquat (1:1-dimethyl- 

4,4'-bipyridinium dichloride) and diquat (6,7-dihydroipyridol[1,2-a:2',T-

3
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c]pyrazidinium dibromide). Reduced uptake and translocation of paraquat (as 

measured by autoradiography) have been noted in certain biotypes of Erigeron 

philadelphicus, Erigeron canadensis (Tanaka et al., 1986), Hordeuni glaucum 

(Bishop et al., 1987), Con.yza bonariensis (Fuerst et al., 1985), and Lolium 

'perenne (Faulkner, 1976). In all cases, paraquat and diquat were taken up and 

translocated more slowly in the resistant (R) than the susceptible (S) biotypes. 

Although the mechanism of reduced uptake and translocation appears to be 

sufficienfto confer agronomically important levels of resistance, it has not been 

observed to be a widespread means of field-selected resistance.

Sequestration

Sequestration (or compartmentalization) of herbicides into cellular 

vacuoles has been documented for diclofop-methyl (methyl, 2-[4-(2,4- 

dichlorophenoxy) phenoxy] propanoate) in Avena fatua (Devine et al., 1993), for 

paraquat in certain biotypes ô  Hordeum vulgare (Hart and DiTomaso, 1993), in a 

2,4-D resistant biotype of soybean (Schmitt and Sandermann, 1982) and for 

other auxin-analog herbicides (Davis and Linscott, 1986; and Shaner et al.,

1992). In addition, sequestration into cell walls has been proposed as a paraquat 

resistance mechanism for certain types of Conyza bonariensis (Fuerst et al., , 

1985, Vaughn et al., 1989) and Hordeum glaucum (Powles and Comic, 1987). In 

H. glaucum, several polyamines inhibited.paraquat uptake in .S biotypes, and tye 

polyamines were taken up more slowly in R biotypes than S biotypes (Preston et 

al., 1992). The authors proposed that a polyamine and/or paraquat transporter
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had been altered in R biotypes, conferring reduced paraquat uptake into 

individual cells. Paraquat thus excluded may slowly accumulate in extracellular 

matrices and become bound to cell walls via non-enzymatic processes. Although 

sequestration has not been proposed as a mechanism of field-selected 

resistance, Hart et al. (1992) showed that more than 75% of applied paraquat 

became associated with maize root cell walls within 24 hours after application, 

indicating that sequestration of the bipyridilium herbicides could confer sufficient . 

levels of resistance to allow plants to escape injury under normal field conditions.

Altered Metabolism

Although the metabolic fates of herbicides are quite diverse across plant 

species, an increase in the rate of any catabolic step of herbicide breakdown can 

reduce the concentration of its active form in vivo, thus effectively decreasing its 

phytotoxicity. There are several well-characterized examples of enzymatic steps 

common to herbicide metabolism, which have been shown to confer resistance in 

R populations. '

Cytochrome P450-mediated aryl-and alkyl-hydroxylation, O-dealkylation, 

sulfoxidation, and deesterification reactions have been reported in R biotypes of 

several species as proposed mechanisms of metabolism-based detoxification 

(Brown, 1991; Fonne-Pfisteret al., 1990; Frearet al., 1991; Omer et al., 1990). 

Increased cytochrome P450-mediated herbicide metabolism was shown to 

confer resistance to the acetolactate synthase-inhibiting herbicides such as 

chlorsulfuron (2-chloro-N-((4-methoxy-6-methyl-.1,3,5-triazin-2-yl) aminocarbonyl)

5
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benzenesulfonamide) in various species (Sweetser et al., 1982), and to the 

photosystem Il inhibiting herbicides simazine and atrazine (Ritter, 1986). In 

addition, acetyl-coenzyme A carboxylase inhibiting herbicides such as diclofop- 

methyl undergo aryl hydroxylation in R species, yielding nontoxic metabolites 

(Jacobson and Shimabukuro, 1984; Zimmerlin and Durst, 1990). Two biotypes 

of Lolium rigidum have been shown to be resistant to a number of photosystem Il 

inhibiting herbicides (including the triazines and phenylureas) due to enhanced 

N-dealkylation (Burnet et al., 1993;- Burnet et al.; 1993a), which is thought to be 

mediated by cytochrome P450-type enzymes. It is not known whether these 

increased oxidative capabilities are due to a mutant cytochrome P450 with broad 

substrate specificity, or due to increases in the activity of a number of 

cytochrome P450 isozymes. Inhibitors.of cytochrome P450s such as 1- 

aminobenzotriazole and piperonyl butoxide not only decrease the rate of 

herbicide detoxification, but can also cause the plant to revert to susceptibility.

Subsequent reactions that lead to herbicide conjugation with glutathione 

(Dean et al/, 1991), sugars (Gonneau et al., 1988), fatty acids, and other cellular 

components (Gronwald, 1994) can occur, all of which alter the chemical 

characteristics of a herbicide and can render it ineffective. For example, Abutilon 

theophrasti biotypes that are resistant to atrazine (6-chloro-N-ethyl-N’-(1 - 

methyiethyl)-1,3,5-triazine-2,4-diamine) have been shown to have a sixfold 

greater rate of atrazine conjugation to glutathione (GSH) than S biotypes 

(Gronwald et al., 1989). The enhanced rate of GSH conjugation was not due to 

an elevated GSH content, but rather to the overexpression of two glutathione-S-



transferase (GST) isozymes that exhibit activity with atrazine. The high natural 

levels of tolerance to atrazine shown by maize may be due to a similar rapid GST 

activity (Timmerman, 1989) and a high endogenous GSH content.

Herbicide resistance could also theoretically be conferred through a 

decreased rate of metabolism. For example, diclofop-methyl is considered a 

proherbicide because it must be demethylated in vivo to be activated, and thus a 

lack of metabolism would prevent formation of the herbicidally active metabolite 

of the parent molecule. Although this mechanism has been proposed for a 

number of herbicides, the phenomenon has not yet been documented in field- or 

laboratory-selected plants.

Target Site Resistance

Herbicide resistance may be caused by an alteration in the normal binding 

site of a herbicide (usually an enzyme) that results in decreased binding 

specificity or affinity. Resistance based on target site alterations has been best 

documented for photosystem Il inhibitors such as the triazines and phenylureas. 

Tischer and Strotmann (1977) reported that many herbicides in these classes 

have a common binding site on thylakoid membranes known as the D1 protein or 

the 32-kDa protein (Barber and Andersson, 1992; Trebst, 1987). Herbicides of 

these families exert their effect by displacing plastoquinone at the Qb binding site 

on the D1 protein, thereby blocking electron flow from Qa to Qb (Vermass et al., 

1983; Vermass et al., 1984). Current models propose that plastoquinone binding
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to the Qb binding niche involves hydrogen bonding between the carbonyl 

oxygens of plastoquinone with His215 and Ser264 of D1 (Fuerst and Norman, 

]991; Tietjen et al., 1991; Trebst1 1992). In all cases of target site resistance that 

have occurred in the field, a point mutation in the psbA gene (which encodes the 

D1 protein) (IVIordeh and Golden, 1989) resulted in the substitution of a Gly 

residue for Ser264; this substitution has been identified as the alteration
v ■

conferring resistance (Fuerst and Norman, 1991; Mets and Thiel, 1989; Trebst, 

1991). This amino acid substitution results in an approximate 1000-fold 

reduction in the binding affinity for atrazine, and confers an approximate 100-fold 

increase in atrazine resistance in whole plants (Pfister and Arntzen, 1979). Such 

dramatic increases in herbicide resistance levels caused by target site, mutations 

are common; similar R/S I50 (the herbicide concentration at which enzyme activity 

is inhibited by 50%) ratios have been documented for target site chlorsulfuron 

resistance in Stellaria media (Devine et al., 1991; Saari et al., 1992), Lolium 

rigidum (Saari et al,, 1994), Kochia scoparia (Friesen, 1992), and sulfometuron- 

methyl (methyl 2-[[[[4,6-dimethyl-2-pyrimidinyl) amino] -carbonyl] 

amino]sulforiyl]benzoate) resistance in Salsola iberica (Saari et al., 1992). 

Herbicide resistance levels based on target site mutations are generally greater 

than resistance based.on non-target site alterations.



Multiple- and Cross-resistance

Evolution of resistant populations under extensive herbicide selection 

pressure is not surprising (Maxwell and Mortimer, 1994), and illustrates that there 

is great diversity in resistance mechanisms and resistance levels among species 

and even within small populations. Among the many cases of herbicide 

resistance documented in recent years, an alarming and serious agricultural 

threat is the advent of populations that are resistant to more than one herbicide 

class. These populations are said to have multiple resistance, defined as the 

“expression (within individuals or populations) of more than one resistance 

mechanism, endowing the ability to withstand herbicides from.different chemical 

classes” (Hall et al., 1994). Typically, plants exhibiting multiple resistance 

possess two or more distinct resistance mechanisms, which may include both 

non-target site and target-site based resistances. The most well-characterized 

example of multiple resistance is based on a set of Lolium rigidum populations 

from Australia (Hall et al., 1994). One particular population is resistant to 24 

different herbicides, encompassing nine different chemical classes (the 

aryloxyphehocypropanoates and cyclohexanediones, which are acetyl-coenzyme 

A carboxylase inhibitors; the sulfonylureas and imadazolinones, which inhibit 

acetolactate synthase; the dinitroaniline herbicides, which appear to inhibit 

mitosis by preventing spindle microtuble formation (Hess, 1987; Morejohn et al., 

1987); the carbamates, which.are photosystem Il disrupters; the thiocarbamates 

(see discussion below); and the chloracetamides and isoxalolidinones, which
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may inhibit biosynthesis of fatty acids, proteins, isoprenoids, and flavonoids 

through conjugation with.sulfhydryl-containing compounds such as acetyl 

coenzyme A (Fuerst, 1987).

The mechanisms that confer multiple resistance to such a wide range of 

herbicides include: 1) the “membrane recovery response” which, although poorly 

characterized, allows meristematic tissue to quickly recover trans-membrane 

proton gradients after application of the aryloxyphenocypropanoate and 

cyclohexanedione herbicides (Hausler et al., 1991); 2) enhanced herbicide 

metabolism which decreases the toxicity of diclofop-methyl, possibly by 

increased glutathione conjugation (Christopher et al., 1993); 3) increased 

chlorsulfuron metabolism, which appears to be cytochrome P450- mediated 

(Christopher et al., 1991; Cotterman and Saari, 1992); and 4) target site 

resistances due to mutations in the genes encoding acetyl-coenzyme A 

carboxylase and acetolactate synthase (Matthews et al., 1990).

A somewhat less complicated mechanism by which weedy species evolve 

resistance to more than one herbicide is known as cross resistance. In species 

exhibiting cross resistance, a single mutation confers resistance to more than 

one herbicide of the same class and mode of action. Populations of Eleusine 

indica which developed resistance to trifluralin (2,6-dinitro-N,N-dipropyf-4- 

(trifluoromethyl) benzenamine) were also resistant to seven other dinitroaniline 

herbicides, and exhibited R/S I50 ratios of over 1,000 (based on mitotic indices), 

even though the population had been selected in the field by trifluralin only 

(Mudge et al., 1984). Populations of Sefar/a v/r/d/s in Canada which also
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developed resistance to trifluralin in the field were cross-resistant to five other
. < - ■ 

dinitroaniline herbicides, although R/S I50 ratios were much lower (Smeda et al.,

1992).

Herbicide Resistance in Wild Oats

Wild, oats (Avena fatua L.) are a major weed problem causing significant 

yield reductions in small grain crops in the U S. and Canada (Thurston and 

Phillipson, 1976). One of the most effective herbicides for controlling wild oats in 

spring wheat and barley is triallate (S-(2,3,3-trichloro-2-propenyl) bis(1- 

methylethyl)carbamothioate), a selective preemergence thiocarbamate herbicide. 

In certain cropping systems, the chemically unrelated bipyridilium postemergence 

herbicide difenzoquat (1,2-dimethyl-3,5-diphenyl-1/-/-pyrazolium) is also used for 

effective wild oat control. Both herbicides are widely used, and in certain areas 

triallate has been used annually for over 20 consecutive years since its 

introduction in 1972. Despite early reports of natural variation and increased 

levels of tolerance to triallate in wild oat populations repeatedly subjected to 

sublethal doses (Jana and Naylor, 1982, Thai et al. 1985), the herbicide has 

been used successfully for over two decades.

Field reports of podr triallate performance beginning in 1991 and 1992 led 

O’Donovan et al. (1994) to investigate the response of Canadian wild oat 

collections to triallate and several other herbicides. Seedlings from R collections 

exhibited about a 10-fold increase in resistance levels to triallate. In addition, the
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R collections were about 40-fold more resistant to difenzoquat than S controls.

At about the same time, wild oat field collections from near Fairfield, MT were 

tested due to complaints of non-performance. Malchow et al. (1993) reported that 

61 % of the fields sampled contained trial late-resistant wild oats. Many of these 

populations were tested at a later date and shown to be cross-resistant to 

difenzoquat (Kern et al., 1994). Although some wild oat lines with elevated 

tolerance to triallate were previously shown to be slightly cross-resistant to the 

aryloxyphenoxypropanoate herbicide diclofop-methyl and various 

cyclohexanedione herbicides (Thai et al., 1985), the collections from Canada 

(O’Donovan et al., 1994) and Montana (Kern et al., 1994) showed normal 

susceptibility to diclofop.

Triallate Use and Mode of Action

Triallate is used as a preplant incorporated herbicide for control of wild 

oats in spring wheat and barley. Although triallate is somewhat phytotoxic to 

most small grains, deep seeding (below the herbicide treatment zone) allows the 

seeds to germinate and grow through treated soil without injury. When applied at 

the recommended field rate (1.1 kg/ha), triallate normally provides greater than 

80% control of wild oats. Wild oat seedlings germinate normally but usually do 

not emerge due to severe inhibition of shoot growth, most likely because of 

elongation of the first internode, which places the shoot meristem in contact with

treated soil.
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A definitive mode of action has not been established for triallate or the 

class of herbicides to which it belongs, the thiocarbamates. There is some 

evidence that other thiocarbamates such as EPTC (S-ethyl 

dipropylcarbamothioate) and diallate (S-2,3-dichloro-2-propenyl) bis(1- 

methylethyl) carbamothioate) inhibit gibberellin biosynthesis (Wilkinson, 1983; 

Wilkinson 1986), but this effect is more likely due to general cell damage 

following inital.effects of the herbicide and not to specific enzyme inhibition.

Other research has shown that thiocarbamates inhibit the biosynthesis of surface, 

lipids such as suberin and waxes (Barrett and Harwood, 1993; Harwood et al., 

1989; Harwood and Stumpf, 1971; Kolattukudy and Brown, 1974; Still et al.,

1970). As early as 1966, Gentner noted that the total amount of wax deposition 

on developing cabbage leaves was reduced when treated with EPTC, and 

several reports confirming this have since been published (Leavitt et al., 1978; 

Wilkinson and Hardcastle, 1969). Gas chromatography was used to characterize 

wax biosynthesis inhibition by the thiocarbamates (Wilkinson, 1974; Still et al., 

1970). In nearly all cases, species having a large primary alcohol component in 

their epicuticular waxes with carbon chain lengths greater than 20 were the most 

severely affected by this treatment. Epicuticular waxes are synthesized by 

condensation of 16- or 18-carbon fatty acids such as palmitate and stearate with . 

malonyl-CoA by acyl-coenzyme A elongases in an NADPH-dependent reaction. 

Inhibition of acyl-coenzyme A elongases may thus be a primary site of action of 

the thiocarbamates (Bolton and Harwood, 1976; Harwood and Stumpf, 1971; 

Harwood, 1992; Harwood, .1994; Kolattukudy and Brown, 1974). However, total
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fatty acid biosynthesis was also strongly affected by triallate treatment in some 

studies (Harwood et al., 1971; Hawke and Leech, 1987).

The sulfoxide derivatives of thiocarbamate herbicides have been shown to 

covalently bind sulfhydryl-containing molecules and consequently have been 

classified as carbamoylating agents (Lay and Casida1 1976; Leavitt and-Renner, ' 

1979). Nonenzymatic in vitro carbamoylation of EPTC sulfoxide to coenzyme A 

has been documented in several systems (Lay and Casida, 1976; Lay et al.,

1975; Leavitt and Renner, 1979). Because of the extensive reactions in which 

coenzyme A is involved (including biosynthesis of lipids isoprenoids, and 

flavonoids), carbamoylation and subsequent depletion of coenzyme A could 

account for the wide variation in biochemical perturbations documented in 

susceptible species. It thus remains unclear whether triallate inhibits specific 

enzymes, or if the carbamoylating nature of triallate provides a more general 

enzyme inhibition.

Thiocarbamate Metabolism

Thiocarbamate herbicides have been shown to be metabolized extensively 

both in plants and mammals, and several metabolites have been identified. The 

S-alkyl (EPTC) and S-benzyl (orbencarb) thiocarbamates (Figure 1) are known to 

be proherbicides in that they require activation to exhibit herbicidal effects.

These compounds undergo metabolic sulfoxidation to form the moderately stable 

sulfoxide derivatives as shown for EPTC in Figure 2.
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EPTC orbencarb

Figure 1. Chemical structures EPTC (S-alky) and orbencarb (S-benzyl) 
thiocarbamate herbicides.

After activation, degradation of the S-alkyl and S-benzyl thiocarbamates 

has been shown to occur via the sulfoxide intermediates in various systems 

including mice, rats, and corn (Casida et al., 1975; Hubbell and Casida, 1977;

Wilkinson, 1983; Lay and Casida, 1979). Although oxygen is required for EPTC

sulfoxidation in maize microsomal fractions (Casida et al., 1975; Jablonkai and 

Hatzios, 1994), which suggests a cytochrome P450-mediated reaction, 

subsequent metabolism was not shown to be enzyme dependent. Using 3H- 

Iabeled GSH1 Leavitt and Penner (1979) showed that EPTC sulfoxide is cleaved 

during conjugation with GSH, indicating a possible degradation pathway 

producing the mercapturic acid derivative of EPTC and the sulfinic acid (Figure 

3).

The rate of glutathione conjugation with EPTC did not appear to be
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Figure 2. Cytochrome P450-mediated sulfoxidation of EPIC.

dependent on GST activity in crude enzyme extracts of maize leaves (Carringer 

et al., 1978). However, the S-alkyl and S-benzyl thiocarbamates butylate(S-ethyl 

bis (2-methylpropyl) carbamothioate), cycloate (S-ethyl

cyclohexylethylcarbamothioate), EPTC, molinate (S-ethylhexahydro-1 H-azepine- 

1-carbothioate), pebulate (S-propyl butylethylcarbamothioate), and vernolate (S- 

propyl dipropylcarbamothioate) were shown to undergo sulfoxidation in a rat 

microsome system, followed by conjugation with GSH in the liver glutathione 

transferase system (Casida et al., 1975). After GSH conjugation, subsequent 

metabolites were not identified. Similarly, Lay and Casida (1976) showed that 

GSH thiol conjugation with diallate sulfoxide was dependent on GST activity in 

maize roots. Other in vivo work showed that maize seedlings treated with 

dichloroacetamide herbicide antidotes (which elevate GST activity) rapidly 

metabolized EPTC sulfoxide in the presence of GSH, indicating that GST activity 

(dependent on the presence of GSH) increased the rate of sulfoxide cleavage
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Figure 3. Glutathione conjugation and secondary metabolism of EPTC1 as 
proposed by Leavitt and Renner (1979).

(Carringer et al., 1978).

Metabolism of S-chloroallyl thiocarbamates such as diallate and triallate is 

not clearly understood. While these compounds may undergo sulfoxidation in 

vivo like the S-alkyl and S-benzyl thiocarbamates, the sulfoxide derivatives have 

not been isolated from any plant or animal species. Work done by Casida and 

Lay (1978), Schuphan and Casida (1979a), and Schuphan et al. (1979) showed 

that the diallate and triallate sulfoxides have half-lives of less than three hours at 

room temperature. The authors suggested that these primary metabolites could 

not be isolated in living systems because of immediate in vivo conjugation with
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various compounds. In addition, the sulfoxide derivatives of S-chloroallyl 

thiocarbamates are unstable immediately after synthesis. Schuphan and Casida 

(1979a) and Schuphan and Casida (1979b) showed that triallate and diallate 

sulfoxides undergo a [2,3] sigmatropic rearrangement followed by a 1,2- 

elimination reaction in organic solvents to yield the carbamoylsulfenyl chloride 

and chloroacrolein, as shown for diallate in Figure 4.

diallate sulfoxide

/
+

0.

Cl

carbamoylsulfenyl
chloride chloroacrolein

Figure 4. Diallate sulfoxide rearrangement yielding carbamoylsulfenyl chloride 
and chloroacrolein, as proposed by Schuphan and Casida (1979) and Schuphan 
et al. (1979).
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Diallate sulfoxide was also shown to react with excess GSH in rat liver 

microsomal systems, forming the relatively stable carbamoyl-GSH derivative, 

which was subsequently converted to the mercapturic acid derivative of diallate 

(Schuphan et al., 1979). After GSH conjugation, cleavage of diallate occurred, 

liberating the unstable sulfenic acid derivative which was quickly converted to the 

dichloroallylsulfonic acid (Figure 5).

Similar metabolic fates of diallate have been documented in maize (Lay et 

al., 1975; Hubbell and Casida, 1977). In all biological systems studied, the 

dichloroallyl sulfonic acid and the mercapturic acid derivative formed after GSH 

conjugation accounted for more than 80% of the final metabolites (Lay et al.,

1975; Hubbell and Casida, 1977).

Difenzoquat Use and Mode of Action

Difenzoquat is used in small grain crops as a late postemergence 

herbicide for wild oat control. Application is made when wild oats are in the 3- to 

5-leaf stage, and 95% control is usually achieved. Sensitive plants treated with 

difenzoquat generally become stunted, exhibit excessive tillering, and the foliage 

takes on a deep green color.

Although the chromosome location conferring difenzoquat resistance in 

hexaploid wheat has been mapped (Leckie and Snape, 1992; Snape et al.,

1987), little is known about the mode of action of difenzoquat. Difenzoquat is 

thought to function in vivo like other bipyridilium herbicides, such as paraquat and
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Figure 5. In vivo conjugation of diallate sulfoxide with GSH and subsequent 
cleavage, yielding a mercapturic acid and dichloroallyl sulfonic acid (from 
Schuphan et al., 1979).

diquat, which exhibit their herbicidal effects by channeling electron flow from 

photosystem I by continuous cycling through their cationic and anionic forms 

(Goldbeck and Cornelius, 1986). Electrons are siphoned from an iron center (Fb) 

away from ferredoxin, and react with difenzoquat to form the bipyridyl cation
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radical (Figure 6).

The bipyridyl cation radical is highly unstable and reacts with oxygen to 

form superoxide, and in the process the bipyridyl cation is regenerated. 

Subsequent enzymatic reactions involving superoxide (superoxide dismutase) 

occur and create free hydrogen peroxide. Endogenous levels of Fe2+ 

subsequently catalyze the Fenton reaction (Fridovich, 1983), which ultimately 

produces free hydroxyl radicals from hydrogen peroxide. These active oxygen

species can peroxidize unsaturated molecules in cell membranes and other
(

lipids, and subsequently cause cell death. Levels of hydroxyl radicals increased 

dramatically after treatment with paraquat (Babbs et al., 1989).

Plants treated with paraquat exhibit rapid contact lesions and cell necrosis, 

especially in full sunlight, indicative of cellular disruption. Although difenzoquat 

was shown to cause perturbations in the tonoplast and plasmalemma of cells 

after application (Thai et al., 1989), difenzoquat exhibits only moderate external 

contact activity, and produces limited necrotic lesions shortly after application.

Because of additional plant stunting symptoms (Shaner, 1983; Suttle and 

Hulstrand, 1984), difenzoquat is also thought to have a second herbicidal effect 

that results in the inhibition of meristematic activity (Shaner, 1983). However, the 

mechanisms responsible for plant stunting and eventual death remain elusive. 

Pallett and Caseley (1980) showed that DNA synthesis, as measured by 

incorporation of 14C-thymidine in the meristematic.region of susceptible spring 

wheat cultivars, was inhibited after difenzoquat treatment. In contrast, the
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Figure 6. Cycling of difenzoquat and difenzoquat free radical and production of 
hydrogen peroxide mediated by photosynthetic reducing power. Modified from 
Ashton and Crafts, 1981.

authors noted no inhibition of DNA synthesis in difenzoquat-tolerant varieties of 

wheat. The authors proposed that inhibition of DNA synthesis was responsible 

for reduced cell division in susceptible species, resulting in the characteristic 

stunting observed after difenzoquat treatment.

Because difenzoquat has been shown to interfere with other electron 

transfer systems in animals (Kappus, 1986), other studies addressed the effect of 

difenzoquat treatment on photorespiration. Hailing and Behrens (1983) showed 

that at high concentrations, difenzoquat caused a slight inhibition of 

photophosphorylation. However, no differences were seen between tolerant and 

susceptible species in mitochondrial oxidative phosphorylation. The authors 

proposed that leaf necrosis and cell death may result from a bipyridilium-type 

electron acceptor activity, if sufficient quantities of difenzoquat are absorbed.
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Difenzoquat Uptake. Translocation, and Metabolism

Difenzoquat is absorbed by plants more slowly than other bipyridilium 

herbicides, although more than 90% of the applied herbicide is taken up after 48 

hours (Sharma et al., 1976). Autoradiographic studies using 14C-Iabelled 

difenzoquat showed that the majority of applied difenzoquat/greater than 70% by 

24 hours after application) remained at the site of treatment, with most of the 

absorbed radioactivity moving acropetal to the site of treatment (Clipsham, 1985; 

Sharma et al., 1976). The acropetal movement was most likely an effect of 

transport in the xylem, and only a limited amount of basipetal translocation due to 

phloem and/or intracellular transportation occurred. No metabolites, of 

difenzoquat or other bipyridilium herbicides have been reported in any plant 

species tested (Preston, 1994).



CHAPTER 2

INVESTIGATIONS INTO THE MECHANISM 
OF TRIALLATE RESISTANCE IN WILD OATS

Wild oat populations resistant to triallate were first documented in Alberta 

in 1991 (O’Donovan et al.J, and shortly thereafter in fields near Fairfield, Montana 

(Malchow et al. 1993). Because of heavy grower reliance on triallate for wild oat 

control in spring grains, there are serious concerns about the future efficacy of . 

triallate. These studies were done to determine the mechanism of triallate 

resistance in wild oats, and may provide valuable information needed to 

overcome this resistance, or to help delay the onset of resistance to herbicides 

with similar biochemical characteristics.

Work initiated by Colliver et al. (1993) showed that levels of triallate 

uptake and translocation were slightly lower in R than S plants, but the 

differences were not judged to be sufficient to explain the degree of whole plant ■ 

resistance. In addition, the same authors found.preliminary evidence that the 

rate of triallate metabolism was substantially different between R and S plants. 

Therefore, I began studies designed to more fully characterize the response of R 

populations to triallate treatment, and to compare the metabolic fate of triallate in
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both R and S plants.

Methods and Materials

Biotvpe Selection

Susceptible (S) wild oat seeds used for experiments were collected from 

field-grown populations of the nondormant inbred line SH430 (Jana and Naylor, 

1976) grown at the Arthur H. Post Research Farm in Bozeman, MT in 1993. 

Putative S seeds were also collected in 1993 from field borders or fields near 

Fairfield, MT which had not been treated with triallate for at least 16 months. 

Putative R seeds used for preliminary experiments were collected from fields 

near Fairfield, MT in which triallate had been used annually for several years 

(Malchow et al., 1993) and from plants that had survived treatment with 1.1 kg/ha 

triallate the preceeding spring. The field collections were tested in preliminary 

screening experiments to confirm resistance under greenhouse conditions.

Greenhouse soil mix (1:1:1 Bozeman silt loam:washed sand:peat moss, 

(v/v/v)) was treated with 1.1 kg/ha triallate in 187 L water/ha and mixed 

thoroughly in an electric soil mixer for 10 minutes. Treated soil was spread 

uniformly 2 cm deep over 50 seeds that had been placed on top of 5 cm of 

untreated soil in 55.x 35 x 10 cm flats. Flats were held in the greenhouse with a 

14-hr daylength under natural sunlight supplemented with mercury vapor lamps 

and day/night temperatures of 22/16° C and watered as needed. After 14 days, 

field collections from which at least 50% of the seedlings emerged and grew



without injury symptoms were'considered to be resistant to triallate.

One of these collections, FG93R22, had the highest proportion of R 

individuals and was used to develop the inbred R line used for all subsequent 

experiments. Approximately 200 FG93R22 plants surviving the initial 

greenhouse triallate treatment described above were grown to maturity, selfed, 

and the progeny (S1) subjected to an identical triallate treatment. The surviving 

individuals (about 1000 plants) were again grown, selfed, and their progeny (S2) 

used for all subsequent experiments. For all experiments, seeds were peeled 

(lemma and palea removed by hand) to aid in surface sterilization and enhance 

germination.

Greenhouse Dose Response

Three rows of 15 caryopses each from lots SH430, FG93R22, two S field 

collections, and 2 R field collections were placed in flats and treated as described 

above with 0.0035, 0.07, 0.13, 0.27, 0.55, 1.1, 2.2, or 4.4 kg/ha triallate. After 30 

days, seedlings were counted, shoot heights measured, the shoots clipped at the 

soil surface, and individual shoot fresh weights were measured. There were 3 

replicates of 15 seeds each as subsamples in a randomized complete block 

design and the experiment was .repeated once.

Petri Dish Dose Response

Caryopses of inbred lines and field accessions shown to be resistant or 

susceptible to greenhouse triallate treatment were surface sterilized by shaking
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for 15 minutes in 15% (v/v) sodium hypochlorite. After vigorous rinsing for 10 

minutes in sterile deionized water, the caryopses were incubated at 22+1-2°C on 

one sheet of Whatman No. 4 filter paper moistened with 3.5 ml of sterile 

deionized, distilled water in 25x100 mm Petri dishes in the dark. After 4 days, 

uniform etiolated seedlings with approximately 1-cm long shoots were selected 

and treated with formulated triallate (4 EC) or formulated diallate (4 EC) diluted in 

sterile water. Treatment solutions (1 pi) were placed on the proximal 0.5 mm of 

the shoot apex with a 10-pl syringe and allowed to dry. For triallate dose 

response experiments, R and S seedlings were treated with 0, 30, 50, 100, 150, 

200, or 250 ppm triallate. For diallate dose response experiments, S seedlings 

were treated with 0,1,5,10, 25, 35, 50, 75, 100, or 200 ppm and R'seedlings 

were treated with 0, 50, 100, 150, 200, 250, 300, 400, or 500 ppm diallate. Petri 

dishes were then sealed with Parafilm and incubated at 20°C.in the dark. After 7 

days, shoot lengths (within or beyond the coleoptile) were recorded. There were 

10 replicate seedlings for each treatment, and the experiment was repeated 

once.

Triallate Sulfoxide Dose Response

Triallate sulfoxide was synthesized from technical grade triallate 

(Monsanto, 98.9% pure) using the method of Lay and Casida (1979) with the . 

following modifications. A solution of 800 ppm triallate was made in 25 ml 

distilled deionized water containing 7% octyl phenoxy polyethoxyethanol (Triton 

X-100, Sigma cat. no. T9284). M-chloroperoxy benzoic acid (Sigma cat no.
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C9416) was added in a 1.4 molar excess, the mixture was vortexed for 30 

seconds, and the emulsion was incubated for one hour on ice. During the 

incubation, aliquots were removed after 5, 15, and 60 minutes and used to 

determine the reaction kinetics by analysis using high performance liquid 

chromatography (HPLC, see below). Upon completion of the reaction (>95% 

conversion), the emulsion was diluted in deionized water containing 7% octyl 

phenoxy poIyethoxyethanoI. FG93R22 and SH430 seedlings in Petri dishes 

were treated by adding 0.5 ml triallate sulfoxide solution on the filter paper to give 

treatment rates of 0, 0.1, 0.5, 1,5, 10, 50, or 100 ppm triallate sulfoxide. There 

were two replicate Petri dishes containing six seedlings each as subsamples, and 

the experiment was repeated once.

Dose Response Statistical Analysis •

Data analysis was conducted by Corey Colliver using programs written by 

Dr. Bruce Maxwell, Department of Plant, Soil, and Environmental Sciences, 

Montana State University-Bozeman. Prior to logistic analysis, data from each 

experiment were tested for possible block effects using the general linear models 

procedure (PROC GLM) of the Statistical Analysis Software. No significant 

blocking effects were detected (a = 0.05) and data were pooled for the log- 

logistic analysis.. , .

A SAS non-linear models procedure (PROC NUN) program was 

constructed for the log-logistic equation (Streibig et al., 1993) as described by 

Seefeldt et al. (1995). The program compared two biotypes by deriving
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appropriate transformations for both sides (Streibig et al., 1993) of the equation 

and the associated parameter values. Confidence intervals were computed for 

the parameter values to indicate possible differences between curves (Streibig et 

al., 1993; Seefeldt et al., 1995), and appropriate GR50 values calculated. For all 

models, the assumptions of parallel curves and equal asymptotes were not 

rejected.

Triallate Metabolism

FG93R22 and SH430 caryopses were germinated in Petri dishes as 

described above. Four day-old etiolated seedlings were treated by spotting 1 pi 

of I - 14C-IabeIIed triallate (1.67 x IO3Bq; sp. act. 3.42 x 106 Bq/mg) on the shoot 

apex. Plants were harvested after 1, 3,6, 9, 12, 24, 36, 48, 60, 72, or 96 hours, 

rinsed for 10 seconds in 60% (v/v) acetone to remove unabsorbed triallate, and 

five shoots were pooled and homogenized in a 2.0 ml Broeck glass homogenizer 

in 0.5 ml 60% (v/y) acetone. The crude homogenate was centrifuged at 13,600 x 

g for 4 minutes at room temperature and the supernatant removed. The 

supernatant was filtered through 0.22 pm nylon mesh in microspin centrifuge 

filters at 5000 x g for 5 minutes at 4°C. A 10-pl aliquot from the resulting filtrate 

was removed and radioactivity present quantified using liquid scintillation 

counting. Samples were standardized by dilution with 60% acetone to yield 0.5 

ml extracts containing 25,000 dpm and subjected to HPLC analysis. There were 

3 replications of 5 seedlings each for each time point, and the experiment was 

repeated once.
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Most HPLC analyses used a C l8 reverse phase column in 4.6mm x 

250mm format1. The mobile phase consisted of 95% water:5% acetonitrile on ■ 

injection which was ramped linearly to 50% water:50% acetonitrile over 10 

minutes, and then again ramped to 100% acetonitrile over the next 2 minutes.

The gradient programmer2 and HPLC pump apparatus3 delivered solvent at 2.0 

ml/min and separated radioactive compounds were identified using an in-line 

scintillation counter4. Radioactivity present in individual peaks was quantified 

using a dedicated integrator5.

HPLC analysis of highly charged triallate metabolites was conducted using 

a 4.6 x 125mm Weak Anion Exchange (WAX) column6 format. The mobile 

phase consisted of 100% water on injection which was ramped to 90% 

water: 10% 0.75M ammonium phosphate buffer (pH 3.2) over 10 minutes. The 

HPLC apparatus and gradient programmer7 delivered solvent at 1.0. ml/min and 

retained radioactive metabolites were quantified using an in-line scintillation 

counter8.

1Lichrosorb RP-18 5L) reverse phase HPLC column. Alltech Associates, 
Deerfield, Il 60015. '

2Isco model 2369 gradient programmer. Isco1 Inc., Lincoln, Ne 68505.
3Isco model 2350 HPLC pump. Isco, Inc., Lincoln, Ne 68505.
4Beckman model 171 Radioisotope Detector. Beckman Instruments, Inc., 

Fullerton, CA 92634. .
5Shimadzu C-R3A Chromatopac dedicated integrator. Shimadzu Corp., Kyoto, 

Japan.
6Partisphere WAX HPLC column. Waters, Inc., Milford, MA 01757.
7Waters model 510 HPLC pump and Waters Automated Gradient Controller. 

Waters, Inc., Milford, MA.01757.
8Packard Radiomatic Series A-200 Radiochromatography Detector. Packard, ■ 

Inc., Downers Grove, IL 60515.



Results and Discussion

Greenhouse Dose Response

The inbred S line SH430 was very sensitive to triallate treatment, with a 

GR50 value (the treatment rate at which seedling growth was reduced by 50%) of 

approximately 0.13 kg/ha triallate (Figure I). Because the other S lines and field 

collections tested exhibited similar visual effects after triallate treatment, SH430 

was used as.the representative S line for all experiments. S lines were sensitive 

to doses about 10-fold less than typical field use rates, due to the enhanced 

efficacy of triallate under greenhouse growth conditions. In contrast, 

the GR50 value for FG93R22 was about 2.2 kg/ha, representing a 17-fold 

increase in the level of resistance compared to S lines. Typical GR50 values for 

other R lines ranged from 1.3 to 2.2 kg/ha triallate, or a 10- to 17-fold increase in 

resistance levels (data not shown). These findings show resistance levels in 

Montana to be slightly higher than those reported for wild oat lines from Canada 

by O’Donovan et al. (1994), who found a 7- to 12-fold increase in triallate 

resistance levels in R biotypes from Manitoba.
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Trlallate Rate (In kg/ha)

Figure 7. Growth inhibition of FG93R22 (triangles) and SH430 (circles) wild oat 
lines by triallate application in the greenhouse. Florizontal error bars represent 
the 95% confidence intervals of the natural log of triallate doses needed to inhibit 
growth by 50% (±0.006 kg/ha for SH430 and ±0.109 for FG93R22; see Methods 
and Materials).

Petri Dish Dose Response

Resistance levels demonstrated in the greenhouse were again tested in 

Petri dish assays in order to confirm the suitability of this treatment method for 

subsequent experiments. In all lines compared, GR50 values and R/S ratios 

determined in Petri dish dose response assays were two- to three-fold lower than 

in greenhouse tests. For triallate, R and S GR50 values were estimated at 180



33

Trlallate Rate (In ppm)

Figure 8. Growth inhibition of FG93R22 (triangles) and SH430 (circles) wild oat 
lines by triallate application in Petri dishes. Florizontal error bars represent the 
95% confidence intervals of the natural log of triallate doses needed to inhibit 
growth by 50% (±3.3 ppm for SH430 and ±27.1 ppm for FG93R22; see Methods 
and Materials).

and 28 ppm, respectively (Figure 8), and the responses of FG93R22 and SH430 

were representative of other R and S populations tested (data not shown).

These values represent an approximate six-fold increase in triallate tolerance in 

R lines over S lines, compared with the 17-fold increase measured in the 

greenhouse dose response experiment. This decrease in observed resistance
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levels may be due to the increased exposure to liquid and vapor-phase triallate in 

the sealed Petri dish system, as compared to more limited exposure in triallate- 

treated soil.

O'Donovan (1995) and Blackshaw et al, (199_) showed that triallate- 

resistant wild oat lines from Alberta were not cross-resistant to two other , 

thiocarbamates and 17 herbicides from, other families. However, R lines had 

not been previously tested for their sensitivity to diallate, a closely related but 

discontinued thiocarbamate herbicide. Therefore, FG93R22 and other R lines 

were treated with diallate in Petri dish assays as described for triallate. S lines 

were extremely sensitive to diallate inhibition, with estimated GR50 values of 

about 26 ppm (Figure 9). In contrast, the GR50 value for FG93R22 was 

estimated at about 215 ppm, representing more than an eight-fold increase in 

diallate resistance levels. The levels of sensitivity exhibited by the R and S lines 

shown in Figure 9 were representative of other R and S lines tested (data not 

shown). Because diallate was not tested in greenhouse dose response 

experiments the R/S GR50 ratio is not known for greenhouse conditions. All 

triallate-resistant lines.tested were cross-resistant to diallate.

Triallate Sulfoxide Dose Response.

Previous reports (Casida et al., 1979, Lay & Casida, 1983) reported that 

the sulfoxide derivatives of pebulate and butylate were slightly more phytotoxic 

than the parent molecules, and the authors proposed these derivatives were the
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Dlallate Rate (In ppm)

Figure 9. Growth inhibition of FG93R22 (triangles) and SH430 (circles) wild oat 
lines by diallate application in Petri dishes. Horizontal error bars represent the 
95% confidence intervals of the natural log of diallate doses needed to inhibit 
growth by 50% (±2.8 ppm for SH430 and ±22.2 ppm for FG93R22; see Methods 
and Materials).

herbicidally active compounds. However, because of poor stability of the 

sulfoxide derivatives of the S-chloroallyl thiocarbamates such as diallate and 

triallate, this hypothesis had not been adequately addressed in in vivo plant 

studies. Therefore, dose response studies were carried out to compare 

phytotoxicity of triallate sulfoxide with triallate on R and S lines.

Because previous reports have shown that the sulfoxide derivatives of the
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S-chloroallyl thiocarbamates have half lives of less than ten minutes in powder 

form (Schuphan et al., 1979), application of 1-/J treatment solutions of triallate 

sulfoxide would likely cause rapid evaporation of the solvent and subsequently 

degradation of triallate sulfoxide. Therefore, treatments were conducted using 

the root uptake method described in Methods and Materials, which would allow 

the triallate sulfoxide to remain in solution and slow degradation. Using this 

method, triallate sulfoxide had an estimated half-life of 4 hours at room 

temperature (data not shown).

Preliminary evidence (Coliiver et al., 1994) indicated that triallate 

resistance in wild oats was due to decreased herbicide metabolism. If triallate 

sulfoxide was not being produced in R plants, externally applied triallate sulfoxide 

should be equally phytotoxic to both R and S wild oats. In addition, comparison 

of the phytotoxicity of triallate sulfoxide to triallate would provide evidence 

whether triallate sulfoxide is a herbicidally active compound. Due to the altered 

treatment methodologies, direct comparisons between the phytotoxicity of 

triallate as applied previously in Petri dish dose response assays and triallate 

sulfoxide could not be made. Therefore, concurrent tests using the root uptake 

method were done with R and S wild oats with both triallate and the triallate 

sulfoxide.

Triallate sulfoxide was slightly more phytotoxic than triallate to SH430 

seedlings in this system, with an estimated GR50 value of six ppm for triallate 

sulfoxide and 17 ppm for triallate in the Petri dish assay (Figure 10). For R 

seedlings, GR50 values for triallate and triallate sulfoxide were estimated at 150
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Figure 10. Growth inhibition of FG93R22 (triangles) and SH430 (circles) wild oat 
lines by root uptake of triallate (top) and triallate sulfoxide (bottom) in Petri 
dishes. Vertical error bars represent the standard error of the means at each 
treatment rate.
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and seven ppm, respectively. Thus, even though R seedlings were about 9-fold 

more tolerant to triallate treatment than S seedlings in this experimental system,

R and S seedlings were equally sensitive to triallate sulfoxide. These data 

support the idea that triallate sulfoxide is more phytotoxic than triallate. In 

addition, the observation that R and S seedlings were equally sensitive to triallate 

sulfoxide may provide an important insight into a probable resistance 

mechanism. The most logical explanation for these results is that R wild oats are 

deficient in triallate sulfoxidation. Further support and discussion of this 

hypothesis continues on page 43.

Triallate Metabolism

14C-IabeIed triallate and technical grade triallate were used to determine 

and quantify herbicide metabolic profiles in R and S wild oats. Suitable 

chromatographic conditions were developed to separate triallate (retention time ■ 

17.0 minutes in this chromatography system) from metabolites generated in vivo 

(Figure 11). Based on cochromatography with radiolabeled triallate under the 

HPLC conditions of Figure 11, Peak IV was identified as unmetabolized triallate.

S and R wild oat seedlings treated with 14 C-Iabelled triallate metabolize triallate 

(Peak IV) extensively, forming one major metabolite (Peak I) and two minor 

metabolites (Peaks Il and III) under our experimental conditions. Metabolites 

formed in both,R and S wild oats had identical retention times.

Peak I in Figure 11 eluted at 2.1 minutps, the void volume under these
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Figure 11. Representative HPLC chromatograms of 14C-IabeIIed triallate and 
metabolites eluted using reverse-phase HPLC. S (top) and R (bottom) wild oat 
plants were harvested 24 and 168 hours after treatment, respectively.
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conditions, prompting me to consider the possibility that it may have been 

trichloropropene sulfinic acid (TCPSA), a triallate metabolite identified in Pisum 

sativum (Hackett et al., 1994). Because of the highly polar nature of this 

compound, it would not be expected to be retained using Cl 8 reverse phase 

protocols. A Weak Anion Exchange (WAX) protocol was developed as outlined 

in Methods and Materials with the kind assistance of Kevin Young to better 

characterize Peak I and compare it with TCPSA.

Peak I was collected from fractions collected 2.0 to 2.2 minutes after 

injection in the Cl 8 system and subjected to WAX chromatography. Retention 

times for both compounds were identical (Figure 12). In addition, Peak I was 

spiked with 7,000 dpm TCPSA, resulting in a quantitative increase in peak area 

when rechromatographed (data not shown). Therefore, Peak I has been 

identified as TCPSA. For a possible in vivo metabolic scheme, see Figure 13.

Peak IV was collected from fractions eluted 16.9 to 17.1 minutes after 

injection in the Cl 8 system and re-chromatographed in a 65:35 acetonitrile:water 

isocratic mobile phase under otherwise identical HPLC conditions. Peak IV 

coeluted with the radiolabeled triallate standard at 6.6 minutes (data not shown). 

Efforts are now underway to identify Peaks Il and III using a combination of 

HPLC purification and mass spectroscopy (MS) and gas chromatography/MS.

The first characterizations of triallate metabolic patterns in R and S wild 

oats indicated that both types metabolized triallate to the same products (Figure 

11). However, rates of triallate metabolism in R and S wild oats appeared to be 

quite different. Therefore, R and S wild oat seedlings were treated with
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1.40 x 10

Figure 12. HPLC chromatograms of Peak I from Figure 11 (top) and TCPSA 
standard (bottom) in the WAX chromatography system. X axes are retention 
times in minutes; Y axes are total radioactivity measured in counts per minute.
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Figure 13. Proposed primary pathway of triallate metabolism in R and S wild 
oats, including enzymes and cofactors. Partially modified from Hackett et al. 
(1994) and Schuphan et al. (1979). Position of radiolabel indicated by asterisks.
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14C-IabeIIed triallate and harvested after 1, 3,6, 9, 12, 24, 36, 48, 60, 72, or 96 

hours and extracted as described above. After standardization of radioactivity 

present in samples as outlined in Materials and Methods, extracts were 

subjected to HPLC analysis as described above.

Representative chromatograms of extracts from R and S wild oats 24 ; 

hours after treatment are shown in Figure 14. Triallate was metabolized much 

more slowly in R than S seedlings, as indicated by the slower disappearance of 

triallate and the slower appearance of metabolites in R biotypes. To determine 

the rate of triallate metabolism in each biotype, integrated peak area values for 

triallate and its metabolites from the treatments described above were compared 

between R and S seedlings (Table 1).

In S plants, more than 50% of the applied triallate was metabolized into ' 

TCPSA and other.compounds by 9 hours after treatment, with nearly total 

disappearance of triallate after 48 hours. In contrast, about 50% of the applied 

triallate remained unmetabolized in R biotypes by 96 hours after treatment. Half- 

life values for triallate in S and R wild oats estimated from these data were 8 

hours and greater than 96 hours, respectively. Thus, although it appears that the 

R plants are producing the same metabolites as S, the rate of triallate 

metabolism is more than ten-fold slower.

Based on these data, I hypothesize that R plants contain a mutation that 

confers a significantly reduced rate of triallate sulfoxidation (activation). If the 

formation of triallate sulfoxide is required for herbicidal activity, then slower rates 

of sulfoxidation would reduce the effective herbicide concentrations in vivo, and
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T im e  a fter  
treatm ent (h) T ria lla te

S H 430

T C P S A O ther T ria lla te

F G 9 3 R 2 2

T C P S A O ther

I 90  (3.i) 2 d ) 8 (i.i) 100 (0) 0  (0) 0(0)

3 81 (4.4) 8 (2.2) 11 (2.4) 99 (i.3) 0  (O.i) I  (0.2)

6 63 (4.5) 20  (4.4) 16(4) 98  (i.3) I  (0) I  (0)

9 44  (4.2) 41 (3.3) 15 (3) 98  (2.6) 0  (0.2) I  (0.2)

12 19 (3.3) 61 (3.8) 19 (3.1) 92 (3.2) 2  (o.i) 6  (0.7)

24 7 (3.5) 82(2) 11 (2.2) 87 (2.8) 4 (0.3) 9 (0.6)

36 5 (2.2) 85 (5.5) 11 (1.7) 76  (8.2) 10 (1.7) 13 (2.5)

48 2 (1.1) 80 (8.2) 18 (6.6) 67 (2.9) 22  (3.3) 11 (2.1)

60 I  (0-7) 92 (4.i) 7  (2.4) 69 (9.3) 2 6  (5) 5 (3.9)

72 0  (0) 98 (3 ) 2 (0.3) 55 (3.6) 33 (4.6) 12 (3.4)

96 0 (0) 91 (1.6) 9 (0.8) 52  (5.6) 43 (4.8) 6(1.1)

Table I. Distribution of 14C triallate and its metabolites in R and S wild oat 
seedlings at various times after treatment. Values are expressed as a percent of 
total radioactivity for triallate, TCPCA, and other metabolites (Peaks Il and III). 
Values in parentheses are standard errors of the means.

subsequently fewer metabolites would accumulate. Less conversion of triallate 

to metabolites in R plants could also explain the reduced triallate uptake rates 

seen in R lines (Colliver et al. 1993), because of a reduced triallate concentration 

gradient across the plasmalemma. These data provide preliminary evidence for
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the first example of resistance development due to decreased metabolism of a 

proherbicide.

;
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CHAPTER 3

INVESTIGATIONS INTO THE MECHANISM OF 
DIFENZOQUAT RESISTANCE IN WILD OATS

In response to field reports of poor triallate performance beginning in 1991 

and 1992, O’Donovan et al. (1994) investigated the response of several 

Canadian wild oat populations to triallate and other herbicides. The authors 

showed that triajlate-resistant wild oats were also cross-resistant to difenzoquat. 

At about the same time, wild oat field collections from near Fairfield, MT were 

tested due to producer complaints of non-performance. Malchow et al. (1993) 

reported that 61 % of the fields sampled contained triallate-resistant wild oats. 

Some of these populations were later tested and. were shown to be cross- 

resistant to difenzoquat (Kern et al., 1994; Malchow,. 1995). Because of the 

limited number of herbicides commercially available for wild oat control in small 

grain crops, the loss of two economically important herbicides presents a serious 

concern for small grain producers. Therefore, I began studies to characterize 

and compare the physiological and biochemical fate of difenzoquat in R and S 

wild oats to gain insights into the mechanism of difenzoquat resistance in wild

oats.
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Methods and Materials

Biotvpe Selection

S wild oat seeds used for all experiments were collected from populations 

of the nondormant inbred line SH430 (Jana and Naylor, 1976) grown at the 

Arthur H. Post Research Farm near Bozeman, MT in 199.3. R seed used for 

some greenhouse dose response experiments was collected from fields near 

Fairfield, MT in which triallate had been used annually for several years 

(Malchow et al., 1993). Seeds were collected from plants that had survived 

triallate treatment the preceeding spring and that were shown to be resistant to 

triallate (Chapter 2) and difenzoquat. For uptake, translocation, and metabolism 

experiments, one difenzoquat-resistant field collection (FG93R28) and an inbred 

triallate- and difenzoquat-resistant line (FG93R22; see Chapter 2 for lineage 

development) were used. •

Greenhouse Dose Response

Three rows of 12 caryopses each from lots SH430, FG93R28, two S field 

accessions, and nine other triallate-resistant field collections were planted in 55 x 

35 x 10 cm flats in greenhouse soil mix (1:1:1 Bozeman silt loam:washed 

sand:peat.moss (v/v/v)), watered as needed, and fertilized9 weekly. Flats were 

held in the greenhouse with a 14-hr daylength under natural sunlight

9Peter1S 20:20:20. Grace Sierra Horticultural Products Co., Milpitas, CA 95035.



supplemented with mercury vapor lamps and day/night temperatures of 22/16°

C. After 21 days, four leaf-stage plants were selected for uniformity and 15 to 20 

plants for each treatment were treated with 0, 0.084, 0.21, 0.63, 0.84, 1.26, 1.68, 

or 3.36 kg/ha difenzoquat (for S plants) or 0, 0.84, 1.68, 3.36, 5.04, 6.72, 8.4, 

13.44, or 20:16 kg/ha difenzoquat (for R plants) in a volume of 194 L/ha water 

containing 0.25% nonionic surfactant10 using a moving belt sprayer. Herbicide 

solutions were allowed to dry, and the plants were returned to the greenhouse 

conditions described above, fertilized weekly; and watered as needed. After 30 

days, shoots were harvested by clipping at the soil surface, and individual fresh 

weights determined. There were 3.replications of five to seven plants each for all 

treatments and the experiment was repeated once.

Dose Response Statistical Analysis

Data analysis was conducted by Mr. Corey Colliver using programs written 

by Dr. Bruce Maxwell, Department of Plant, Soil, and Environmental Sciences, 

Montana State University-Bozeman as described in Chapter 2 (page 28). For the 

difenzoquat models the curves were not parallel.

Difenzoquat Uptake

FG93R22 and SH430 seedlings were grown in the greenhouse as 

described above until the four-leaf stage. A 2-cm section of the third leaf (I cm

10X-77 nonionic surfactant. Valent USA Corp., North Carolina Blvd., Walnut 
Creek, CA 94596.



acropetal to the ligule) was covered with aluminum foil and the plants were - 

treated with 0.84 kg/ha formulated difenzoquat as described above. After drying, 

the foil was removed and 1.67 x 103 Bq S-14C-IabeIIed difenzoquat (specific 

activity 2.29 x 106 Bq/mg) was applied in five 1-ul droplets on the unsprayed 2-cm 

leaf section using a Hamilton syringe. Treatment solutions were allowed to dry 

and the flats Were placed in a growth chamber under a 14-hour daylehgih and 

day/night temperatures of 22/18° C. To determine uptake, the treated leaf 

section was excised 12, 24, 48, 72, or 96 hours after treatment, rinsed in 3 ml 

water containing 0.25% surfactant for 10 minutes and oxidized11 *. Radioactivity 

from evolved 14CO2 and 14C present in a 0.25 ml aliquot of the leaf rinsate were 

quantified by liquid scintillation counting. Percent uptake was determined by- 

subtracting the radioactivity present in the leaf rinsate from the total applied.

Total recovery (±5%) of radioactivity was verified by summing radioactivity in the 

leaf with the radioactivity recovered by sample oxidation. There were six . 

replicates for each treatment in a randomized complete block design, and the 

experiment was repeated once.

Difenzoquat Translocation

To determine translocation, R and S plants were treated with 0.84 kg/ha 

difenzoquat and 14C-IabeIIed difenzoquat applied to the third leaf as described 

above. Plants were harvested 12, 24, 48, 72, or 96 hours after treatment and

11OX-SOO Biological Sample Oxidizer, R.J. Harvey Instrument Corp.,
Hillsdale, N.J. 07642.
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dissected into: 1) the 2-cm treated leaf section (washed as above to remove any 

unabsorbed radioactivity), 2) the leaf tissue acropetal to the treated section, 3) 

the leaf tissue basipetal to the treated section, including the leaf sheath, 4) the 

meristematic region, defined as the region of stem from root emergence to 1.5 

cm above the soil surface, and 5) the remaining portion of the plant, including 

roots. The samples were oxidized and 14C quantified as described above.

There were eight replicates for each treatment in a randomized complete block 

design, and the experiment was repeated twice.

Difenzoauat Metabolism

R and S seeds were grown in the greenhouse and four leaf-stage plants 

treated with 0.84 kg/ha formulated difenzoquat as described above. Plants were 

treated by spotting 1.67 x 103 Bq S-14C-IabeIIed difenzoquat on the third leaf as 

described above. After 12, 24, 48, 72 or 96 hours, the treated leaf was excised 

and rinsed as described above to remove unabsorbed difenzoquat/ A 3-cm 

section of leaf immediately acropetal to the treated section was excised and 

homogenized in a Broeck ground glass homogenizer containing 0.5 ml water with 

0.25% surfactant10. The homogenate was centrifuged at 13,600 x g for 10 

minutes at room temperature and the supernatant removed and filtered through a 

0.22 micron nylon centrifuge filter. The pellet was recovered, re-homogenized in 

0.5 ml 100% ethanol, the homogenate centrifuged as above, and the resulting 

supernatant was removed and filtered as above. The resulting pellet was again
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homogenized in 0.5 ml 100% benzene, the homogenate centrifuged, and the 

supernatant removed and filtered as above. The final pellet was ozidized to 

determine unextractable radioactivity. All supernatants from the serial 

extractions were then standardized to 25,000 dpm by dilution with the, 

appropriate solvent and subjected to HPLC analysis.

HRLC conditions for difenzoquat metabolism analysis used a Cl 8 reverse 

phase column in 4.6mm x 250mm format as outlined in Chapter 2. The mobile 

phase consisted of 55% acetonitrile:45% 0.5% sodium perchlorate. The HPLC 

pump delivered solvent at 1.5 ml/minute and radioactive compounds were. 

quantified using an in-line scintillation detector. Under these conditions, 

difenzoquat eluted as a single peak at 5.5 minutes.

Results and Discussion

Difenzoquat Dose Response Experiments

All triallate-resistant wild oat lines tested from Alberta were highly cross- 

resistant to difenzoquat (O’Donovan et al., 1994). Similarly, some R lines tested 

from collections near Fairfield, MT were also resistant to difenzoquat (Kern et al., 

1994), although Malchow (1995) reported that only 43% of the 23 lines tested 

were cross-resistant to difenzoquat in a field study. The inbred S line SH430 and 

other susceptible lines were very sensitive to difenzoquat treatment. Thirty days 

after treatment, characteristic injury symptoms were present at doses above 0.43



-

53

kg/ha, including profuse tillering, severe stunting, and a characteristic dark green 

color. GR50 values for S lines were estimated to be about 0.18 kg/ha 

difenzoquat, while R GR50 values were greater than 12 kg/ha difenzoquat, 

indicating an approximate 65-fold increase in resistance levels (Figure 15).

These GR50 values for R and S wild oats generally agree with the findings 

' of O’Donovan et al. (1994), who reported a 10- to 100-fold increase in 

difenzoquat tolerance in R wild oats, although results varied with repetitions. 

Accurate GR50 values could not be directly measured for some R lines tested 

because growth of these lines was not inhibited by any difenzoquat dose tested, 

including treatment with undiluted formulated difenzoquat applied to the point of 

run-off from the plant (about 80 kg/ha; data not shown).

Difenzoquat Uptake

14C-IabeIIed difenzoquat was taken up .rapidly in both R and S plants for 

the first 24 hours after application (Figure 16). About 50% of the applied 

radioactivity was absorbed within 24 hours in S leaves, and reached a maximum 

of about 70% absorption by 96 hours after application. 14C-difenzoquat uptake 

was similar in R and S lines by 12 hours after application, but uptake was 

consistently about 15 to 20% higher in R plants at the remaining time points. 

Although these differences are significant, it seems unlikely that resistance is 

caused by increased herbicide uptake in R plants. Overall, rates of difenzoquat 

uptake in both lines were similar to those reported by Sharma et al. (1976), but
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Dlfenzoquat Rate (In kg/ha)

F ig u re  15. G ro w th  in h ib it io n  o f F G 9 3 R 2 2  ( tr ia n g le s )  a n d  S H 4 3 0  (c irc le s )  w ild  o a t 
l in e s  b y  g re e n h o u s e  d ife n z o q u a t tre a tm e n t. H o r iz o n ta l e rro r  b a rs  re p re s e n t th e  
9 5 %  c o n fid e n c e  in te rv a ls  o f th e  n a tu a l lo g  o f d ife n z o q u a t tre a tm e n t ra te s  n e e d e d  
to  in h ib it  g ro w th  o f e a c h  b io ty p e  by  5 0 %  (± 0 .3 9  k g /h a  fo r  S H 4 3 0  a n d  ± 7 .4 3  k g /h a  
fo r  F G 9 3 R 2 2 ; s e e  M e th o d s  a n d  M a te ria ls ).

w e re  s lo w e r  th a n  th o s e  o b s e rv e d  fo r  o th e r  b ip y r id iliu m  h e rb ic id e s  in  o th e r 

s p e c ie s  (B r ia n  e t a l., 1967 ).

D ife n z o q u a t T ra n s lo c a t io n

14O d ife n z o q u a t  tra n s lo c a tio n  p a tte rn s  w e re  s im ila r  b e tw e e n  R a n d  S 

lin e s  u p  to  12 h o u rs  a fte r  a p p lic a tio n  (T a b le  2). H o w e ve r, a fte r  12 h o u rs  a g re a te r
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Time after treatment (h)

Figure 16. Uptake of 14C-IabeIIed difenzoquat in FG93R22 (triangles) and SH430 
(circles) wild oats. Vertical bars represent standard errors of the means.

percent of the absorbed 14C-difenzoquat was translocated away from the 2-cm 

treated section of leaf tissue in R plants than in S plants, as indicated by 

significantly lower 14C levels in the treated section of R leaves. The increased 

amounts of 14C translocated away from the treated zone in R plants appeared to 

be uniformly spread throughout the remainder of the treated leaf and the plant, 

although differences between R and S samples were not significant. Of the 

radioactivity absorbed in R and S leaves, about 15% to 30% (depending on the 

timepoint) was translocated to the leaf tissue acropetal to the treated spot, and
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Time after Application (h)

Tissue 12 24 48 72 96

Treated 
section (S) 77.7 (9.3) 58.1 (5.1)* 56.6 (4.3)* 48.6 (4)* 44.6 (4.8)*

(R) 71.4(5.2) 48.4 (4.2) 49.4 (4.2) 38.8 (5.7) 30.7 (6.5)

Leaf
acropetal (S) 12.3 (2.3) 19.8 (4.3) 16.6 (5.3) 21.9 (3.1) 23 (2.1)

(R) 15.4(2.1) 23.9 (5.1) 19.9 (3.8) 24.4 (2.3) 27.7 (3.3)

Leaf
basipetal (S) 3.1 (0.4) 6.8 (3.1) 8.2 (2.8) 8.7 (4.4) 10.2 (3.2)*

(R) 5.3 (2.1) 9.1 (2.3) 12.2 (3.6) 13.6 (2.1) 16.5 (4.1)

Remainder 
of plant (S) 6.4 (2.2) 13.1 (1.7) 14.1 (1.2) 16.3 (4.6) 17.8 (4.2)

(R) 7.8 (1.6) 15.4 (2.4) 13.4 (2.7) 18.5 (3.6) 19.6(3.1)

Meristem
(S) 0.1 (0.1) 2.4 (0.2) 4.9 (1.2) 4.6 (0.5) 4.2 (1.2)

(R) 0.1 (0.1) 3.1 (0.3) 4.8 (0.8) 4.4 (0.7) 5.7 (1.1)

Table 2. Translocation of 14C-difenzoquat in FG93R22 (R) and SH430 (S) wild 
oat tissues 12, 24, 48, 72, and 96 hours after application. Data are expressed as 
a percentage of the total radioactivity recovered from the plant at each timepoint. 
Values in parentheses are standard errors of the means. Values followed by an 
asterisk indicate significant differences between R and S within a tissue and 
harvest time.



about 5% to 15% was translocated basipetally in the treated Ieafand leaf sheath. 

Only about 5% of the absorbed radioactivity was translocated to the meristematic 

tissue by 96 hours. These values are similar to translocation amounts reported 

by Sharma et al. (1976).

The minor alterations in difenzoquat uptake and translocation patterns
.

observed in these studies do not appear to be sufficient to explain the dramatic 

resistance levels observed in the R wild oat lines. Because difenzoquat appears 

to have herbicidal activities both on meristematic growth as well as contact 

activities commonly associated with other bipyridilium herbicides (Shaner, 1983), 

it could be argued that an alteration in herbicide uptake, translocation or 

metabolism would be more likely to be selected for in the field than an alteration 

in the site(s) of action.

Difenzoquat Metabolism

HPLC analysis of extracts from 14C-difenzoquat treated R and S plants 

showed that all radioactivity eluted at 5.5 minutes, the retention time for 

difenzoquat, and no radioactive metabolites were detected at any time point 

(data not shown). In addition, more than 90% of the recoverable radioactivity 

was found in the water extracts from R and S leaf tissues. Further extraction of 

pellets with ethanol and benzene produced only trace amounts of radioactivity 

(data not shown). However, in comparing the amounts of water-extractable 

radioactivity in R and S leaf tissues over time, significant differences were 

observed (Table 3). In S plants, the total amount of radioactivity in leaf tissues
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SH430 FG93R22

Time after
treatment (h) Total Extractable Percent

extractable
Total Extractable Percent

extractable

12 12 ,1 0 0 11,800 97.5 (8.4) 14,400 8 ,2 0 0 .56.9 (8.i)

24 18,700 17,900 95.7 (6.6) 24,000 7,300 30.4 (5 .5)

48 20,400 18,900 92.6 ( io .4) 27,000 5000 18.5 (7 .8)

72 21,600 ' 20,400 94.4 (4.9) 31,400 3,100 9.8 (3 .4)

96 23,100 2 2 ,2 0 0 96.2 (7.2) 33,100 2 ,2 0 0 6.6 (6.2)

Table 3. Total and extractable radioactivity in R and S wild oats at various times 
after treatment with14Odifenzoquat. Values in parentheses are the standard 
errors of the means.

(as determined by sample oxidation) increased from 12,100 cpm to 23,100 cpm 

between 12 and 96 hours after treatment. Of these amounts, more than 90% 

was recoverable in aqueous extracts, and the percent recovery did not change 

over time. In R plants, total radioactivity increased from 14,400 cpm to 33,100 

cpm between 12 and 96 hours after treatment, most likely as a result of 

increased translocation as shown in Table 2. In contrast to recovery from S
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leaves, percent extractable radioactivity in R leaves was only 57% after 12 hours, 

and recovery steadily decreased to only 7% by 96 hours after treatment. The 

fact that this amount of radioactivity was not extractable in ethanol or benzene • 

indicates that the herbicide molecule had been altered and bound to an insoluble 

cellular component. Further experimentation is underway to determine the 

nature of this alteration and the ultimate fate of the difenzoquat molecule in R 

plant tissues.

Although there are no reports of difenzoquat metabolism in any plant 

species tested, I hypothesize that the slightly increased difenzoquat uptake 

(Figure 16) and translocation rates (Table 2) observed in R plants may indicate 

the presence of a novel metabolizing activity. If difenzoquat is being bound into 

extracellular material, R plants would be injured less than S plants. This 

decreased injury would allow continued xylem transport of solutes (including 

difenzoquat), thus increasing difenzoquat translocation. In addition, the 

apparently irreversible binding of difenzoquat, perhaps in cell wall material, 

further supports the hypothesis that resistance in. R wild oats is conferred by a 

unique difenzoquat metabolizing pathway that very effectively immobilizes 

difenzoquat present in the cell matrix, perhaps even before it crosses the 

plasmalemrha. Powles and Comic (1987) showed that H. glaucum biotypes 

resistant to paraquat had decreased cellular uptake of paraquat, resulting in non- 

enzymatic sequestration of paraquat into cell walls. In addition, Hart et al. (1992) 

showed that more than 75% of applied paraquat became irreversibly associated 

with maize root cell walls within 24 hours after application. These studies

\
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indicate that bipyridilium herbicides may have a propensity for binding to cell wall 

material. It is possible that difenzoquat resistance in wild oats results from a 

similar non-enzymatic sequestration.
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CHAPTER 4

EFFECTS OF TRIALLATE AND TRIALLATE SULFOXIDE 
ON LIPID BIOSYNTHESIS IN WILD OATS

The mode of action of trial late and the thiocarbamates is not clearly 

understood. EPTC and other thiocarbamates have been shown to inhibit the 

formation of epicuticular waxes in certain- species (Centner, 1966; Fuerst1 1985), 

but definitive inhibition of specific enzymes has not been documented. Several 

studies showed that fatty acid elongases are inhibited by treatment with the 

thiocarbamates or their sulfoxide derivatives (Harwood et al. 1989; Harwood 

1994). However, studies addressing the synthesis of long-chain fatty acids and 

their precursors have yielded conflicting results. Rajasekharan and Sastry 

(1989) reported that diallate inhibited 14C-acetate incorporation into all polar and 

neutral lipid fractions tested; however, Ezra et al. (1983) showed that EPTC had 

no effect on 14C-acetate incorporation into polar lipid fractions. Several authors 

(Abulnaja and Harwood, 1991; Barrett and Harwood, 1993; Bolton and Harwood,

1976) showed that thiocarbamates and thiocarbamate sulfoxides inhibit fatty acid 

elongation but not synthesis of 16- and 18-carbon fatty acids. However, the 

■ same authors (Abulnaja and Harwood, 1991) showed in whole plant studies 

diallate and triallate inhibited only fatty acid elongases, in contrast to inhibition of
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all fatty acid synthesis in microsomal fractions from pea. Because of these 

discrepencies, the authors proposed that S-chloroallyl thiocarbamate sulfoxides 

(which are not formed in microsomal fractions) selectively inhibited fatty acid 

elongases without affecting synthesis of short-chain fatty acids. The objectives 

of these studies were to 1) determine the effect of triallate.treatment on formation 

and deposition of epicuticular waxes in R and S wild oats; 2) determine the effect 

of triallate treatment on synthesis of nonpolar fatty acids in R and S wild oats; 

and 3) determine the effect of triallate sulfoxide treatment on synthesis of 

nonpolar fatty acids in R and S wild oats.

Methods and Materials

Epicuticular Wax Deposition

Caryopses from the inbred triallate-resistant line FG93R22 and the inbred 

susceptible line SH430 were used for all experiments (see Chapter 2 fpr lineage 

development). Caryopses were planted in greenhouse soil mix as described 

previously and grown under the conditions described above until seedlings were 

approximately 2 cm tall (about 7 days after planting). R and S seedlings were 

treated with 0.1 kg/ha triallate using a greenhouse belt sprayer as described . 

above. Five days after treatment, R and S seedlings were about 4 cm tall, and a 

clear tissue constriction was visible on the shoot, marking the location of the 

shoot apex at the time.of treatment. This visible damage allowed me to dissect
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each seedling into tissue present before and after treatment, and quantify surface 

waxes from these tissues separately. After dissection, leaf areas were quantified 

using a leaf area meter12.

Epicuticular waxes present on R and S seedlings before and after 

treatment were isolated by ten 1 -second dips in 0.5 ml hexane. Samples were 

evaporated to dryness, resuspended in a minimal volume of HPLC grade hexane 

and derivatized using trimethylsilene. The derivatives were subjected to gas 

chromatography (GC) analysis, using a 12 m capillary column13 with helium as a 

carrier gas. After sample injection, oven14 temperature was ramped from 150°C 

to 300°C at 5°/minute, and eluted compounds detected with a flame ionization 

detector. Samples were quantified by integration15 and identified by comparison 

with C26 authentic standards. There were 12 R and 12 S seedlings for the 

treatment, and the experiment was repeated once. ,

Analysis of Free Fatty Acids

To investigate the effect of trial I ate and triallate sulfoxide treatment on 

biosynthesis of short-, medium-, and long-chain fatty acids (Cl 2 to C26), 1 of 

10 or 100 ppm (v/v) triallate or 1 //I of 100 or 500 ppm (v/v) triallate sulfoxide (for 

synthesis, see Chapter 2) was spotted on the coleoptile tips of 4-day-old R

12LI-SIOO Leaf Area Meter. Li-Cor1 Inc., Lincoln, Ne 44103'
13HP-I capillary column. Hewlett Packard, Inc., Wilmington, De 19808 
14HP 5890 Series Il Gas Chromatograph. Hewlett Packard, Inc., Wilmington, De 

19808.
15HewIett Packard Model 3396 Series Il Integrator. Hewlett Packard, Inc., 

Wilmington, De 19808.
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and S etiolated seedlings as described previously. Plants were harvested after 

48 hours and homogenized in a Broeck glass homogenizer containing 0.5 ml 

HPLC-grade methanol. After 3 minutes of homogenization, 1 ml HPLC-grade 

methylene chloride added and the mixture homogenized for an additional 1 

minute. The homogenate was partitioned twice with 0.5 ml distilled deionized 

water, and the water/methanol layer removed. A 250 /J aliquot of the sample in 

methylene chloride was removed, filtered through a 0.22 )jm nylon microspin 

centrifuge filter. The samples were derivatized as above and subjected to GC 

analysis using an HP Series Il Plus gas chromatograph. Separation of fatty acids 

was achieved using an Alltech Carbowax capillary column in 30 m format using 

hydrogen as carrier gas. Trimethylsilyl derivatives of isolated fatty acids were ' 

detected using a flame ionization detector using water-free air as makeup gas for 

a total flow rate of 400 ml/min. Fatty acids were identified based on coelution 

with known standards, and quantified with a Hewlett Packard model 3396 Series 

Il integrator. There were 8 R and 8 S seedlings for the treatment, and the 

experiment was repeated once.

Results and Discussion

Epicuticular Wax Deposition

Wild oat seedlings were more tolerant to post-emergence applications of 

triallate than to preemergence applications, and 0.T kg/ha triallate proved to be



the minimum sub-lethal dose required for visible S plant injury symptoms. Two 

days after treatment, a visible pinching effect was visible on the seedlings, which 

marked the location of the meristematic region at the time of application. 

Epicuticular wax deposition was visibly inhibited in S plants after application, 

noted by a marked dulling and deep blue color of the tissues which grew after 

triallate application.

The visible reduction in epicuticular wax deposition'was verified by gas 

chromatographic analysis (Figure 17). The major wax component (95%) of 

untreated R and S seedlings was determined to be a C26 primary alcohol by 

mass spectroscopy (data not shown) as reported by Whitehouse et al. (1988), 

with typical concentrations of about 33 //g/cm2. Five days after treatment, wax 

deposition in S wild oats was inhibited by over 80%; however, wax deposition in 

R wild oats was not affected. Inhibition of epicuticular wax deposition in S wild 

oats continued to be reduced up to 21 days after treatment with no effect on R 

plants. Wax constituents were not affected in either R or S wild oats by triallate 

treatment.

These data confirm the findings of Gentner (1966) and Harwood et al. 

(1989), who reported a dramatic reduction in the deposition of epicuticular waxes 

after triallate treatment of susceptible species. However, deposition of the C26 

alcohol was not affected in R plants. Because of the lack of visual plant injury 

symptoms at this treatment rate, it is not surprising that R plants showed no 

reduction in epicuticular wax deposition. If resistance is due to a lack of triallate 

activation (see page 43), treatment with triallate sulfoxide should cause similar



66

untreated treated untreated treated

Figure 17. Deposition of new epicuticular wax in R and S wild oats five days after 
postemergence treatment with 0.1 kg/ha triallate. Vertical error bars represent 
standard errors of the means.

inhibition between R and S wild, oats. To gain better insights into the role triallate 

sulfoxide plays in this inhibition, I investigated the biosynthesis of wax and wax

precursors.
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Analysis of Free Fatty Acids.

Due to the dramatic inhibition of epicuticular wax deposition in S seedlings 

after treatment with trial late, studies were conducted to distinguish between 

triallate inhibition of short chain fatty acid synthesis, which are the precursors for 

wax biosynthesis, and the inhibition of elongation reactions. Treatment of 

etiolated S shoots with 10 ppm triallate did not reduce amounts of C l2, C l6,

Cl 8, or Cl 8:1 fatty acids (Table 4). However, C20, C22, and C260H constituent 

levels were significantly reduced. In contrast, none of the fatty acid constituents 

were affected in R shoots by treatment with 10 or 100 ppm triallate. Reduction of 

the C260H wax components agrees with the results of the wax deposition 

experiment (Figure 17) and supports the findings of Bolton and Harwood (1976), 

Abulnaja and Harwood (1991a), and Abulnaja and Harwod (1991b), who noted . 

epicuticular wax formation was inhibited by thiocarbamates in susceptible 

species. Reduction of the C20 and C22 components by triallate in S seedlings 

has not been previously reported in wild oats; however, biosynthesis of these 

constituents is thought to rely on the action of fatty acid elongases and a similar 

inhibition has been reported for other species (Bolton and Harwood, 1976; 

Harwood, 1992; Harwood, 1994; Kolattukudy and Brown, 1974). The lack of an 

effect on lipids in R seedlings does not provide insight into the mechanism of 

resistance, but does support the idea that the herbicide is not reaching or 

affecting its putative target site. Because previous evidence indicated that 

triallate resistance in wild oats was due to a decrease in the rate of triallate 

sulfoxidation (see Chapter 2), I compared the effect of triallate sulfoxide on



68

TRIALLATE TREATMENT RATE 

10 ppm . 100 ppm
uipiu

S R p value S R p value

C-|2 99 .108 0.50 89 104 .0.34 ■

C-|6 . 88 111 0.17 66 100 0.02

C-|8 84 97 0.22 69 83 0.27

Pl8:1 104 88 0.18 84 97 0.35

RO

55 106 0.02 40 90 0.0001

. C 22 28 94 ' 0.001 n.d. 101 0.0000001

IORO

28 96 0.0002 n.d. 87, 0.0000003

Table 4. P values were determined by unpaired student’s t tests between R and 
S wild oats 48 hours after treatment for each lipid component as affected by 10 
and 100 ppm triallate treatments. n.d.=none detected. ^

biosynthesis of short- and medium-chain fatty acids in R and S wild cats (Table 

5). Treatment of S seedlings with 100 ppm triallate sulfoxide reduced C20, C22, 

and. C260H amounts to levels very similar to those observed after triallate 

treatment. However, these fatty acid constituents were also reduced in R 

seedlings treated with triallate sulfoxide, in contrast to the lack of effect by 

triallate. These data again support the hypothesis that resistance is conferred by 

markedly reduced rates of triallate sulfoxidation.

Because of the experimental protocol used here, the data in Tables 4 and
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TRIALLATE SULFOXIDE TREATMENT RATE 

100 ppm 500 ppm
Lipid

S R p value S R p value

C12 88 94 0.54 81 96 0.23

C-|6 92 99 ' 0.56 74 98 0.11

C-18 86 97 0.40 77 93 0.18

Cl8:1 97 104 0.66 101 103 0.82

RO

48 64 0.14 49 52 0.82

C22 5 22 0.02 n.d. 12 0.26

XORO

n.d. 4 0.34 n.d. 5 0.14

Table 5: P values were determined by unpaired student’s t tests between R and 
S wild oats for each lipid component 48 hours after treatment as affected by 100 
and 500 ppm triallate sulfoxide treatments. n.d.=none detected

5 do not differentiate between formation of new fatty acids and those present 

before treatment. To differentiate between these possibilities, I am currently 

investigating the effect of triallate and triallate sulfoxide on the incorporation of 

14C malonate on the biosynthesis of C12 to C18 free fatty acids. These data will 

provide further insights into the mechanism of inhibition of wax biosynthesis by 

triallate in susceptible wild oats, and will also address the specific inhibition 

exhibited by triallate sulfoxide.

I
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