LIBRARY

Michigan State
hiversity

PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES retum on or before date due.

DATEDUE DATEDUE DATE DUE

—1—]—]

MSU Is An Affimative ActiorvEqual Opportunity Institution
cicirc\datedus.pm3-p. 1




AGRONOMIC, PHYSIOLOGICAL, AND GENETIC STUDIES INVOLVING
SULFONYLUREA HERBICIDES

By
Stephen E. Hart

a DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

Department of Crop and Soil Sciences

1992



§I7-0Y 78

ABSTRACT

AGRONOMIC, PHYSIOLOGICAL, AND GENETIC STUDIES INVOLVING
SULFONYLUREA HERBICIDES

By

STEPHEN E. HART

Chlorsulfuron {2-chloro-N-[[(4-methoxy-6-methyl-1,3,5-
triazin-2-yl)amino]carbonyl ]benzenesulfonamide} resistant
sugarbeet (Beta vulgaris L.) (CR1-B) was evaluated in
greenhouse and field studies for cross-resistance to other
herbicides that inhibit acetolactate synthase (ALS). The
physiological basis and genetic inheritance of the
resistance trait was also determined. CR1-B was cross
resistant to primisulfuron {2-[[[[[4,6-bis-difluoromethoxy)-
2-pyrimidinyl]amino]carbonyljamino]sulfonyl]benzoic acid}
and thifensulfuron {3-[[[[(4-methoxy-6-methyl-1,3,5-triazin-
2-yl)amino)carbonyl]amino)sulfonyl]-2-thiophenecarboxylate}
applied at or exceeding the field use rate. The ALS enzyme
in CR1-B was less sensitive to sulfonylurea herbicide
inhibition compared to ALS from sensitive sugarbeet.

Progeny segregation studies indicated that sulfonylurea
resistance may be inherited in a semi-dominant fashion.
Homozygous resistant sugarbeet was 2 to 3 times more
resistant to foliar applications of sulfonylurea herbicides

than heterozygous resistant sugarbeet. ALS enzyme analysis



was consistent with whole plant results. The inheritance of
sulfonylurea resistance in sugarbeet is semi-dominant.
Sulfonylurea resistance represents a potentially useful
agronomic trait that would provide an economic benefit to
sugarbeet growvers.

The potential interactions between primisulfuron and
other corn (Zea mays L.) herbicides was also evaluated.
Atrazine, {6-chloro-N-ethyl-N’-(1l-methylethyl)-1,3,5-
triazine-2,4-diamine}, dicamba (3,6-dichloro-2-
methoxybenzoic acid), and bentazon {3-(l-methylethyl)-(1H)-
2,1,3-benzothiadiazin-4(3H)-one 2,2-dioxide} antagonized
primisulfuron control of giant foxtail (Setaria faberi
Herrm.) and shattercane {Sorghum bicolor (L.) Moench.}.
Reductions in foliar absorption and/or spray retention
explained bentazon antagonism on both species and dicamba
antagonism on shattercane. Adding ammonium sulfate or
replacing non-ionic surfactant (NIS) or crop oil concentrate
with methylated seed oil (MSO) or the organosilicone DC-X2-
5394 reversed these antagonisms by restoring foliar
absorption and/or spray retention to normal levels. MSO and
DC-X2-5394 consistently increased primisulfuron control of
giant foxtail by increasing foliar absorption and/or spray
retention compared to NIS.

Applying primisulfuron in combination with atrazine
reduced velvetleaf (Abutilon theophrasti Medicus) control.
Atrazine had no effect on the foliar absorption and

metabolism of “C-primisulfuron by velvetleaf and giant



foxtail. The translocated “C-primisulfuron was found above
the treated leaves in velvetleaf and below the treated
leaves in giant foxtail indicating phloem transport.
Atrazine reduced the phloem transport of “C-primisulfuron in

both species.
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INTRODUCTION

Sulfonylurea and imidazolinone herbicides are used to
effectively control a broad spectrum of weed species in a
variety of crops including corn (Zea mays L.), soybeans
(Glycine max (L.) Merr), and small grains. These herbicides
control weeds by inhibiting the enzyme acetolactate synthase
(ALS!, also referred to as acetohydroxy acid synthase)
involved in the synthesis of the branched chain amino acids
valine, leucine, and isoleucine. Weed control is obtained at
very low use rates of these compounds. Combined with their
low mammalian toxicity, these herbicides provide attractive
weed control options from both the commercial and
environmental standpoint.

Sulfonylurea and imidazolinone herbicides vary in soil
persistence depending on the herbicide, soil, and
environmental conditions. Persistence that provides season-
long weed control is highly desirable, however, some of
these herbicides have the potential to persist in alkaline
soils for several years and subsequently injure sensitive
rotational crops. Among these sensitive rotational crops are

sugarbeet (Beta vulgaris L.) which are grown on highly

lAbbreviations: ALS, acetolactate synthase; CR1-B,
Chlorsulfuron resistant isolate 1-B; NIS, non-ionic
surfactant; COC, crop oil concentrate.
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2
alkaline soils in many regions of the United States.

The generation and development of sugarbeet cultivars
that are resistant to sulfonylurea and imidazolinone
herbicides is a potential solution to this carryover
problem. Resistant cultivars could also provide more
economical weed control options for sugarbeet growers.
Currently, weed control in sugarbeet often requires multiple
herbicide applications, several cultivations, and hand
hoeing due in part to the wide spectrum of weeds and
marginal crop tolerance to herbicides. Consequently, weed
control production costs may be as much as $250 per ha.

The following studies were conducted to evaluate a
chlorsulfuron {2-chloro-N-[[ (4-methoxy-6-methyl-1,3,5-
triazin-2-yljamino)carbonyl] benzenesulfonamide} resistant
sugarbeet clone (CR1-B), generated via somatic cell
selection in tissue culture, as a potential germplasm source
for ALS inhibiting herbicide resistance in sugarbeet. The
objectives of the following experiments were to identify
herbicides to which CR1-B is cross-resistant, the magnitude
of the resistance, and to determine the physiological basis
for resistance in CR1-B. Genetic studies were also conducted
to determine if the sulfonylurea resistance trait is
inherited in a completely dominant or semi-dominant fashion.

Primisulfuron {2-[[[[[4,6-bis-difluoromethoxy)-2-
pyrimidinyljamino]carbonyl]amino]sulfonyl]benzoic acid} was

recently registered for postemergence grass and broadleaf
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weed control in corn. Broad spectrum weed control could
potentially be obtained by tank-mixing primisulfuron with
other herbicides. However, it is not known if tank-mixing
primisulfuron will adversely affect grass control activity.

The objectives of this research were to determine the
effect of atrazine {6-chloro-N-ethyl-N’-(l1-methylethyl)-
1,3,5-triazine-2,4-diamine}, dicamba {3, 6-dichloro-2-methoxy
benzoic acid}, and bentazon {3-(l1-methylethyl)-(1H)-2,1,3-
benzothiadiazin-4 (3H)-one 2,2-dioxide} on the efficacy,
absorption, and foliar spray retention of primisulfuron
applied with standard adjuvants such as non-ionic surfactant
(NIS) or crop oil concentrate (COC) to giant foxtail
(Setaria faberi Herrm.) and shattercane {Sorghum bicolor
(L.) Moench.}. The effect of methylated seed oil (MSO),
experimental adjuvant DC-X2-5394 or ammonium sulfate on the
efficacy, absorption, and spray retention of primisulfuron
applied alone or in a tank-mix with these herbicides was
also evaluated. Physiological studies were also conducted to
determine the effect of atrazine on the efficacy,
absorption, translocation, and metabolism of Mc-
primisulfuron in giant foxtail and velvetleaf (Abutilon

theophrasti Medic.).



Chapter 1

REVIEW OF LITERATURE

HERBICIDE RESISTANT CROPS FROM CELL SELECTION

Introduction

The development and utilization of herbicide resistant
crops could potentially provide farmers with many economic
advantages. Herbicide resistant crops would allow farmers to
safely apply herbicides to crops which were normally
sensitive to these herbicides. Chemical weed control options
in minor agronomic crops such as canola (Brassica napus L.),
tobacco (Nicotiana tabacum L.), and sugarbeet (Beta vulgaris
L.) as well as numerous vegetable crops are limited.
Herbicide resistant cultivars of these minor crops would
increase the chemical weed control options for farmers. Crop
safety could be further increased for crops considered
tolerant to particular herbicides. Increasing the tolerance
of these crops would allow the possibility of increasing
herbicide at application rate to broaden weed control
spectrum. Many crops cannot be safely rotated to fields
that were previously treated with herbicides having a long
persistence in the soil. Herbicide resistant crops could
alleviate this problem. Herbicide resistant crops would also
help to decrease the incidence of crop injury from herbicide

spray drift.
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The time and cost involved in developing new,
effective, and environmentally sound herbicides to which
crops are naturally tolerant is increasing. Agrochemical
companies could realize an economic advantage by expanding
the use of proven existing herbicides to herbicide resistant
crops with a minimum of development costs.

The general public may also benefit if the use of
environmentally sound herbicides was expanded by developing
crops resistant to these herbicides. An indirect benefit of
herbicide resistances in crops is their potential use as
genetic markers in molecular biology. Herbicide resistances
might also be used as a dominant selectable markers for
classical breeding purposes. Herbicide resistance genes can
be physically linked to other genes conferring agronomically
useful traits that are difficult to monitor such as male

sterility.

Breeding Methods

There are four potential methods to generate herbicide
resistant crops; conventional plant breeding, mutation
breeding, genetic transformation utilizing recombinant DNA
technology, and in vitro somatic cell selection.

A conventional breeding method that has been
successfully used to generate herbicide resistant crops are
backcrosses with herbicide resistant weedy relatives. The

occurrence of a large variety of weed species resistant to
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triazine herbicides such as atrazine (6-chloro-N-ethyl-N'’-
(1-methylethyl)-1,3,5-triazine-2,4-diamine) has provided
potential germplasm to generate triazine resistant crops.
Resistant weeds are unaffected by triazine herbicides due to
a change in the binding affinity of triazine herbicides for
the plastoquinone B binding protein (Q; protein) in
photosystem II (23, 34). Triazine resistant canola (Brassica
napus L.) was developed by backcrossing with triazine
resistant birds rape (Brassica campestris L.). (5). The
resistance trait was cytoplasmically inherited facilitating
a simple and rapid backcross procedure due to the lack of
progeny segregation. Resistant cultivars were unaffected by
atrazine, cyanazine (2-[[4-chloro-6-(ethylamino)-1,3,5-
triazin-2-yl)amino]-2-methylpropanenitrile), and metribuzin
(4-amino-6-(1,1-dimethylethyl)-3-(methylthio)-1,2,4~-triazin-
5(4H)-one) applied postemergence at 3.0, 3.0, and 0.6 kg ai
ha!, respectively (5). However, agronomic evaluations
determined that triazine resistant cultivars yielded 20% to
30% less when compared with reciprocal susceptible cultivars
(4). This yield reduction was apparently due to a lower rate
of photosynthesis associated with the change conferring
triazine resistance on the Q,; protein (37, 75).

Mutation breeding, utilizing a chemical agent such as
ethyl methane sulfonate (EMS), has been successfully used to

generate a sulfonylurea resistant soybean line (58) and



7
imidazolinone tolerant corn?. Resistant soybean lines were
generated by soaking the seeds in EMS, while imidazolinone
resistant corn lines were generated by treating pollen with
EMS. Individual seedlings were then screened for tolerance
to herbicides of interest. Resistance in both species is due
to an altered acetolactate synthase (ALS) binding site and
inherited as a single dominant nuclear gene facilitating
transfer into commercial soybean and corn varieties. In the
case of resistant soybean the lines are being utilized to
increase the tolerance of soybean to the sulfonylurea
herbicides chlorimuron (2-[[[[(4-chloro-6-methoxy-2-
pyrimidinyl)amino]carbonyl)amino]sulfonyl]benzoic acid) and
thifensulfuron (3-[[[[(4-methoxy-6-methyl-1,3,5-triazin-2-
yl)amino]carbonylj]amino]sulfonyl]-2-thiophenecarboxylic
acid) (59).

Conventional breeding methods and mutation breeding has
been successfully used to generate triazine and sulfonylurea
resistant crops. However, the development of triazine
resistant crops is severely limited by the yield depression
associated with the resistance trait and the lack of related
resistant weeds to our crop plants. Mutation breeding
appears promising but requires a large labor and space input
for screening large numbers of seedlings. The utilization of
EMS may also cause other potentially deleterious mutations

in the plants that have become herbicide resistant.

2paul Kaylor, Personal Communication, ICI Seeds.
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An alternative to conventional breeding approaches is
to genetically engineer herbicide resistant crops utilizing
recombinant DNA technology. A glyphosate (N-
(phosphonomethyl)glycine) resistant allele, which was
isolated and sequenced from a mutant strain of Salmonella
typhimurium, was cloned in Escherichia coli (14, 68). The
allele had a single base pair change resulting in a proline
to serine amino acid substitution on the enzyme 5-
enolpyruvylshikimate-3-phosphatase (EPSP), the primary site
of action of glyphosate. This modification reduced the
binding affinity of glyphosate for the EPSP enzyme by two to
three fold. The gene was transferred to a tobacco cell line
using Agrobacterium tumefaciens as a transfer vector.
Regenerated tobacco plants from the transformed cell line
had a 2-to 3-fold increase in glyphosate resistance as
compared to untransformed plants (14).

Glyphosate resistant petunia (Petunia hybrida L.) was
also successfully generated though recombinant DNA
technology (60). Regenerated petunia plants were able to
survive foliar applications of 1.1 kg ai ha'! glyphosate. In
this case the resistance was due to a 20- fold increase in
the production of the EPSP enzyme (60). Delannay et al.
reported that these techniques had also been used to develop
glyphosate resistant tomato (Lycopersicon esculentum L.) and
canola lines (17). However, in initial field evaluations,

where resistant plants were sprayed with 0.6 and 1.1 kg ai
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ha'! of glyphosate, 30% and 100% yield reductions were
observed in canola and tomato, respectively.

Although the initial successes of developing herbicide
resistant crops though recombinant DNA technology appeared
very promising, a major limitation to the technology is the
limited number of crops that can be transformed with
Agrobacterium tumefaciens. The regeneration of fertile whole
plants from transformed somatic cells is also necessary.

A new method of transferring foreign genes into crop
plants is microprojectile bombardment. This technique has
been successfully used to generate glufosinate (2-amino-4-
(hydroxymethylphosphinly)butanoic acid) resistant corn (Zea
mays L.) plants by introducing a gene that codes for enzymes
to metabolize glufosinate into embryonic cell cultures (29).
This new method has tremendous potential to generate
herbicide resistant crops because herbicide resistant genes
can be introduced into a wide range of crop plants,
especially those in the Gramineae family. The regeneration
of transformed plants is facilitated because embryonic cell
cultures can be utilized. However, the financial investment
required for the purchase and maintenance of a "gene gun"

precludes its use by many researchers.

Sele
With the exception of mutation breeding, the

development of herbicide resistant crops, through
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conventional or recombinant DNA methods requires an existing
source of herbicide resistant genes. In recombinant DNA
technology these genes are usually obtained from mutant
bacteria or plants selected for resistance in cell cultures.
Therefore, a less expensive alternative to recombinant DNA
technology is to directly generate herbicide resistant crops
through direct cell selection where possible. The use of
cell selection as an alternative to transformation requires
less technical specilization and less specialized laboratory
equipment further reducing cost. The use of cell cultures
allows for the potential to generate resistant plants with
varying resistance mechanisms, such as an altered herbicide
target site or ability to detoxify the herbicide. Cell
cultures also allow the potential to select recessive
mutants through the use of haploid cell cultures. Finally
Resistant crops generated though cell selection are not
considered genetically transformed plants eliminating the
regulatory constraints when field tests are conducted.

The utilization of cell selection to generate herbicide
resistant crops is hampered by limitations in the number of
crops that can be easily manipulated in tissue culture. The
ability to obtain regenerated whole plants from cell
cultures is currently not possible for many crops. However,
as knowledge of physiological and genetic factors concerning
cell tissue culture increase, the potential for whole plant

regeneration will also increase.
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The remainder of this review will focus on the
generation and development of herbicide resistant crops
obtained though cell selection. The review will discuss cell
selection from a variety of sources, including suspension
cultures, callus culture, protoplasts, and microspores. The
paper will also discuss agronomic, physiological, and
genetic studies involved with herbicide resistant crops
obtained from cell cultures.

Cell selection for herbicide resistance from cultured
plant cells relies occasional spontaneous mutants which
differ from the rest of the cell population in any number of
characteristics. Placing the herbicide in the test culture
medium selects for these mutants that may be able to survive
and grow on a lethal concentration of the herbicide.

Cell selections for herbicide resistance can include
en masse stepwise selection or lethal single-step selection.
In stepwise selection, herbicide concentrations are
gradually increased over time to eliminate susceptible
cells. Surviving cells are transferred to fresh culture
medium (plus or minus the herbicide) to increase cell
populations. Herbicide concentrations are increased and the
process repeated. In single-step selection, cells are
exposed to a herbicide concentration that is lethal to all
cells in the population with the exception of possible
mutant cells that are resistant to the herbicide.

The stepwise selection procedure is more labor
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intensive and requires a longer period of time for obtaining
herbicide resistant cell lines compared to the single-step
selection procedure. Resistant cell lines that have gone
through many selection cycles may also undergo other
physiological and genetic changes reducing the potential to
obtain regenerated resistant plants. However, the use of the
multiple selection procedure rather than a single-step
procedure may improve the chances of obtaining resistant
cell lines as well as increase the possibility of obtaining

mutant cell lines with differing resistance mechanisms.

t on- ective Herbicides

The broad weed control spectrum of the non-selective
herbicides glyphosate, paraquat (1,1’-dimethyl-4,4’-
bipyridinium ion), glufosinate, and amitrole (1H-1,2,4-
triazol-3-amine) has led many researchers to attempt
selection for resistant crops to these herbicides. Fifty-one
glyphosate resistant cell lines were generated by treating
haploid cell suspension cultures of tobacco with a single-
step treatment of 1 mM glyphosate (65). Many of the
resistant cells lines maintained resistance for 3 years with
and without the presence of the herbicide. However, the
resistance of the regenerated plants was low, and
regenerated plants were not fertile (65). Dyer et al. (22)
conducted similar selections using somatic cells of tobacco

with a single-step selection on 3 mM glyphosate (22). Eleven
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resistant cell lines were generated and one cell line,
designated I7, was characterized further. The resistance of
I7 cells has been stable for over a year with and without
the presence of the herbicide. Regenerated plants were able
to survive applications of glyphosate at 0.6 and 1.1 kg ai
ha!. However, growth was severely retarded compared to
untreated regenerated plants. Physiological studies found
that I7 cells had twice as much EPSP synthase enzyme
activity than susceptible cells (22). Additional cell lines
have been selected from 17 using a step-wise selection
procedure generating cell line 17/20 which is capable of
growth on 20 mM glyphosate (28). I7/20 cells had more than
20 times the EPSP synthase activity than susceptible cells.
The increase in EPSP synthase activity was the result of
increased levels of the enzyme in resistant cells rather
than a change in the activity of the enzyme. The increase in
the level of the EPSP synthase enzyme was due to an increase
in messenger RNA levels coding for the enzyme which was the
result of amplification of two genes in resistant 17/20
cells (28).

Glyphosate resistant tomato cell lines have also been
generated via single-step selection on 10 mM glyphosate
(67) . Resistant carrot (Daucus carota L.) cell lines have
also been generated using step-wise selection procedure up
to 25 mM glyphosate (43). However, attempts to regenerate

fertile plants were not successful in either case. Analysis



14
of EPSP synthase found that both cell lines had elevated
levels of enzyme activity compared to susceptible cell lines
(43, 67). Resistant cell cultures of Corydalis sempervirens
Pers. and Catharanthus roseus L. generated by stepwise
selection were also found to have elevated levels of EPSP
synthase activity compared to susceptible cell cultures (16,
66) .

Paraquat resistant tobacco cell lines were successfully
generated from both callus and suspension cultures using
step-wise selection up to 10 mM paraquat (41). Utilization
of X-ray treatment increased the proportion of stable
resistant cell lines. Regenerated plants showed increased
resistance to foliar applications of paragquat compared to
susceptible plants (41). Resistant cell lines were also
generated from callus cultures derived from tobacco
protoplasts using stepwise selection (27). Resistant cell
lines possessed a 14- to 159-fold increase in activity of
the enzyme superoxide dismutase compared to susceptible
cells (27). High levels of superoxide dismutase activity are
believed to counteract the production of superoxide anion
radicals produced by paraquat treatment. Nineteen paraquat
resistant cell lines of tomato were generated using single-
step selection (74). However, regenerated plants from only
one cell line were slightly more resistant to foliar
applications of paraquat.

Stepwise selection procedure has been used to generate
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glufosinate resistant lines of tobacco cell suspension
cultures. The resistant cell lines were stable, with
resistance due to an overproduction of glutamine synthase,
the primary site of action of glufosinate (35). Glufosinate
resistant alfalfa cell lines were generated via a stepwise
selection procedure. These resistant cell lines were also
stable and resistance due to an overproduction of glutamine
synthase (18).

Barg and Umiel conducted early work using stepwise
selection to generate tobacco cell lines resistant to
amitrole. Two cell lines were isolated that showed greater
growth on 1 mM amitrole than unselected cell lines (2).
Thirty-one resistant cell lines were generated using single-
step selection of haploid tobacco cells in the presence of
1.9 mM amitrole (64). Seven cell lines retained tolerance
for 3 years when cultured in the presence of the herbicide.
However, none of the cell lines retained resistance when
cultured without amitrole. In contrast, amitrole resistant
cell lines generated from diploid tobacco suspension
cultures were stable not only in cell culture but also
through two sexual generations (64). An amitrole resistant
tobacco cell line was also generated using stepwise
selection up to 10 mM amitrole. The resistant cell line was
stable and regenerated plants were resistant to foliar
applied amitrole. The resistance trait was also successfully

transmitted through one sexual generation (73).
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The generation of resistant crop plants to non-
selective herbicides has enjoyed success at the cellular
level. When determined, the physiological basis of
resistance was due to overproduction of the herbicide target
enzyme or of an enzyme to counteract the deleterious effects
of the herbicide. However, results at the whole plant level
were not as successful for many reasons. In many cases
resistant cell lines were not stable or regenerated plants
were not obtained. In some cases many of the regenerated
plants from resistant cell lines did not retain resistance
at the whole plant level (64, 73). In other cases tolerance
at the whole plant level was low; this was especially true
for paraquat resistant cell lines (22, 65).

Amitrole resistant cell lines were stable in both
culture and at the whole plant level but genetic analysis
determined that the resistance trait was not inherited in a
simple Mendelian fashion making transfer of the resistance

to commercial tobacco cultivars difficult (64, 73).

Resistance to Growth Requlator Herbicides
Growth regulator herbicides such as 2,4-D {(2,4-

dichlorophenoxy) acetic acid} have been extensively used to
control broadleaf weeds in corn and small grains for over 40
years. 2,4-D was one of the first organic herbicides
developed and one of the least expensive. Cell lines

resistant to 2,4-D were generated using stepwise selection
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of diploid tobacco cells (44). The cell line was also cross-
resistant to picloram (4-amino-3,5,6-trichloro-2-
pyridinecarboxylic acid), another growth regulator
herbicide. Physiological studies were unsuccessful in
determining the resistance mechanism but eliminated uptake
and 2,4-D detoxification as potential mechanisms (45).
Resistant cell lines of white clover (Trifolium repens L.)
were generated using single-step selection of suspension
cultures to 2,4-D and 2,4,5-T {(2,4,5-trichlorophenoxy)
acetic acid} (47). A 6 -to 7-fold increase in resistance was
observed to these herbicides for selected cell lines
compared to susceptible cell lines.

The generation of 2,4-D resistant birdsfoot-trefoil
(Lotus corniculatus L.) has been attempted using single-step
selection of cell suspension cultures (40, 72). Cell lines
with increased tolerance to 2,4-D were obtained, but
tolerance at the whole plant level was not evident (40) or
only slightly higher than unselected plants (72). Reduced
chromosome numbers and reduced pollen viability of some
selected regenerated plants was also observed. Resistant
cell suspension cultures of potato (Solanum tuberosum L.)
have been generated using stepwise selection up to 50 mg 1’
of the auxin herbicide MCPA ((4-chloro-2-methylphenoxy)
acetic acid). Tolerance was expressed in tests with
regenerated shoots, but no observations were reported for

whole plants (76).
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Picloram resistant cell lines obtained from single-step
selection of suspension cell cultures have been generated
(11) . Whole plants have been regenerated and genetic studies
determined inheritance of the resistance trait as a single
dominant nuclear gene (11). The physiological basis of
resistance has not been determined, but reduced uptake or
increased detoxification of picloram by resistant cells was

not detected (9).

ioc ama Herbjcide

Single-step selection of tobacco suspension cultures
was used to generate vernolate (S-propyl-dipropyl
carbamothioate) resistant cell cultures (25). Resistance was
unstable in the absence of continued selection on vernolate,
but regenerated shoots produced plants in which resistance
was stable. However, many of the regenerated plants
displayed morphological abnormalities. A potential problem
of selecting resistant cells to a thiocarbamate herbicide
such as vernolate is the low water solubility and high
volatility of the herbicide. These physical properties may
result in a lack of consistent selection pressure on all
cells. To solve this problem a single-step selection was
made using a non-volatile thiocarbamate analog R-14705 (S-3-
methylpyridyl N,N-di-butyl-thiocarbamate) (24). Resistant
cell lines were stable in the absence of continuous

selection, and showed cross-resistance to commercial
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thiocarbamate herbicides. However, whole plant observations

were not reported.

jazine Herbicide

Triazine resistant cell lines of tobacco have been
generated using a stepwise selection procedure with cell
suspension cultures (55). Resistant cell lines were 200
times more resistant to atrazine than susceptible cells, and
the resistance was stable in the absence of selection.
Further studies revealed that the cells were resistant due
to a new base pair change on the chloroplast psbA gene which
codes for the Q; protein (63). The base pair change resulted
in an amino acid change on the Qg protein from serine to
threonine, whereas all other higher plants resistant to
triazines have had a change to glycine.

The generation of resistant crops to a wide variety of
herbicides has been successful at the cellular level.
Success has been obtained with cell suspension cultures,
callus, and protoplasts using single-step or stepwise
selection procedures, although stepwise selection appears to
generate cell lines with greater resistance. However, these
previous attempts have fallen short of producing herbicide
resistant crops for commercial production. There has been
limited research on the generation of resistant crops to the
previously mentioned herbicides outside of tobacco. Due to

the limited acreage of tobacco and negative public opinion,
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it is highly unlikely that commercial herbicide resistant
cultivars will be developed. However, tobacco was widely
utilized due to its easy manipulation in tissue culture. The
research with tobacco has greatly enhanced our knowledge of
selecting herbicide resistant mutants from cell cultures and
the physiological and genetic factors involved in herbicide
resistance. These earlier studies have also demonstrated
that there is potential for developing herbicide resistant
crops from cell cultures. If maintained, the resistant cell
lines generated in these studies could also serve as
potential sources for herbicide resistant genes that can be
cloned and introduced into crop plants using recombinant DNA
technology. A gene used to transform canola and tomato
plants for glyphosate resistance was obtained from resistant

cell cultures of petunia (69).

Resist to Lipid Synthesis Inhibiti Herbicid
Herbicides in the aryloxyphenoxypropionate family such
as haloxyfop (2-[4-[[3~-chloro-5-(trifluoromethyl)-2-
pyridinyljoxy)phenoxy)propanoic acid) and fluazifop ((t+)-2-
{4-[[5-(trifluoromethyl)-2-pyridinyl]oxy]phenoxy]propanoic
acid) and cyclohexanedione family such as sethoxydim (2-[1-
(ethoxyimino)butyl]=-5-[2-(ethylthio)propyl]-3-hydroxy-2-
cyclohexen-1l-one) are widely used postemergence to control
grass weeds in many dicot crops such as soybean. The primary

mode of action of these herbicides is the inhibition of
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acetyl-CoA carboxylase (ACCase), which is involved in the
synthesis of fatty acids. (7, 52). Until recently,
postemergence grass weed control options in corn were
limited. This deficiency, combined with the single site of
action of these herbicides, led researchers to attempt the
generation of resistant corn cultivars.

Resistant corn cell lines were generated by selecting
corn callus cultures for sethoxydim resistance using a
stepwise selection procedure (49). Selection of corn callus
cultures began at 5 uM sethoxydim and gradually increased to
100 uM. Resistant callus cultures were also cross-resistant
to haloxyfop. ACCase activity analysis indicated that
resistance was due to an overproduction of the ACCase enzyme
(49) . Selections conducted with other corn lines but using
similar procedures generated resistant corn lines that
possessed an altered ACCase enzyme that was less sensitive
to sethoxydim inhibition compared to ACCase enzyme from
susceptible callus cultures (50). Genetic studies determined
inheritance as a single dominant nuclear gene. Whole plant
studies have demonstrated that the sethoxydim resistant corn
is cross-resistant to diclofop-methyl ((%+)-2-[4-(2,4-
dichlorophenoxy)phenoxy]propanoic acid), fluazifop, and
fenoxaprop ((+)-2-[4-((6-chloro-2-benzoxazolyl)oxy]
phenoxy]propanoic acid) (20). Field studies have shown that
the corn line is resistant to sethoxydim applications at

four times the field use rate, with no effect on corn yield
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(19).

Tank-mix combinations of sethoxydim with other
postemergence corn broadleaf herbicides would provide broad
spectrum weed control if applied to sethoxydim tolerant corn
cultivars (21). Unfortunately, the potential economic
advantages for farmers has been lessened by the recent
introduction of primisulfuron (2-[([[[[4,6-
bis(difluoromethoxy)-2-pyrimidinyljamino]carbonyl]
amino]sulfonyl]benzoic acid) and nicosulfuron (2-[[[[(4,6-
dimethoxy-2-pyrimidinyl)amino]carbonyl]amino]sulfonyl)-N,6N-
dimethyl-3-pyridinecarboxamide) for postemergence control of
grass weeds in corn. Sethoxydim tolerant corn cultivars
would still provide farmers with increased chemical grass
weed control options with a different mode of action from

sulfonylurea herbicides.

S ibiti e

Sulfonylurea and imidazolinone herbicides are used to
effectively control a broad spectrum of weed species in a
variety of crops including corn, soybeans, and small grains.
These herbicides control weeds by inhibiting the enzyme
acetolactate synthase (ALS, also referred to as acetohydroxy
acid synthase) which catalyzes the synthesis of the branched
chain amino acids valine, leucine, and isoleucine (51, 61).
Weed control is obtained at very low use rates of these

compounds. Combined with their low mammalian toxicity (39),
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these herbicides provide attractive weed control options
from both the commercial and environmental standpoint. These
advantages, and the knowledge that sulfonylurea and
imidazolinone herbicides most likely have a single target
site of action, has led researchers to explore the
possibilities of generating resistant crops to ALS
inhibiting herbicides.

Chaleff and Ray conducted the first experiments to
determine the potential of generating sulfonylurea resistant
crops. Tobacco callus cultures were selected using a single-
step procedure on 5.6 nM chlorsulfuron (2-chloro-N-[{[(4-
methoxy-6-methyl-1,3,5,-triazin-2-yl)amino)carbonyl]
benzenesulfonamide) and sulfmeturon methyl (2-[[[[(4, 6~
dimethyl-2-pyrimidinyl)amino]jcarbonyl]amino]}sulfonyl]benzoic
acid) (12). Resistant cultures were obtained with and
without using the mutagen ethylnitrosourea. Resistance was
stable in the absence of the herbicides and inherited
sexually as a single dominant or semi-dominant gene in all
cases. Whole plant studies showed that regenerated plants
were at least 100 times more resistant to foliar
applications of chlorsulfuron compared to regenerated plants
from sensitive cell lines (12). The basis of resistance was
due to an altered form of the ALS enzyme that was less
sensitive to sulfonylurea inhibition compared to ALS enzyme
from susceptible plants (10). The resistance of one of the

mutant lines was increased by a second single-step selection
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on 560 nM sulfmeturon-methyl (15). This resistant line was
at least 500 times more resistant to sulfmeturon-methyl than
susceptible cell lines. ALS enzyme activity of this double
mutant was approximately 20 times more resistant to
sulfmeturon-methyl and chlorsulfuron inhibition than ALS
enzyme activity from sensitive plants. Resistant cell lines
of tobacco have also been generated using a single-step
procedure with primisulfuron (30).

The success of obtaining stable cell cultures of
tobacco that were highly resistant to sulfonylurea
herbicides without the use of a chemical mutagen, and the
knowledge that the resistance trait was inherited as a
single dominant gene, has led to attempts to develop other
crops resistant to ALS inhibiting herbicides.

Resistant callus cultures of flax (Linum usitatissimum
L.) were generated using single-step selection on 100 nM
chlorsulfuron. Fertile whole plants were regenerated and
callus cells obtained from progeny of these plants exhibited
resistance to chlorsulfuron (36). Microspores and
protoplasts of canola have been used to conduct single-step
selections for chlorsulfuron resistance (70). Regenerated
plants were 10 to 100 times more resistant to foliar
applications of chlorsulfuron than susceptible plants. The
resistance mechanism in canola was also shown to be an
altered ALS enzyme that was less sensitive to sulfonylurea

inhibition. Similar methods were used to generate
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imidazolinone resistant canola except that ethylnitosourea
was used as a mutagen (71). Regenerated plants were
- resistant to field application rates of imazaquin (2-[4,5-
dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-imidazol-2-yl]-
3-quinolinecarboxylic), imazethapyr (2-[4,5-dihydro-4-
methyl-4-(l1-methylethyl)-5-oxo-1H-imidazol-2-yl]-5-ethyl-3-
pyridinecarboxylic acid), and imazethabenz-methyl ((+)-2-
(4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-imidazol-2-
Yl)-4(and 5)-methylbenzoic acid (3:2)) in greenhouse and
field trials (70).

A single-step selection procedure with 2.8 nM
chlorsulfuron using sugarbeet cell suspension cultures was
successful in generating resistant sugarbeet plants (56).
Shoot tests showed that the resistant sugarbeet line was 300
to 1000 times more resistant than susceptible shoots.
Resistance was inherited as a single gene trait (56).
Chlorsulfuron resistant sugarbeet were highly cross-
resistant to other sulfonylurea herbicides including
chlorimuron, thifensulfuron, and primisulfuron applied at or
exceeding field use rates (32). Cross-resistance to the
imidazolinone herbicides was not detected. The physiological
basis of resistance was an altered ALS enzyme less sensitive
to sulfonylurea herbicide inhibition (32).

Imidazolinone resistant cell lines of corn were
generated using a stepwise selection with callus cultures on

imazaquin and imazethapyr. Three lines were resistant to
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only imidazolinone herbicides while a fourth line was cross-
resistant to chlorsulfuron (1). Resistance was due to an
altered ALS enzyme and was stable following four to six
backcrosses to corn inbred lines. Pioneer Hi-Bred
International is currently backcrossing the imidazolinone
resistance trait into more that 100 inbred lines of corn
(46) . Field studies have shown that imidazolinone resistant
corn hybrids are resistant to field use rates of imazethapyr
(8, 46, 54). Agronomic evaluations have indicated that there
are no deleterious effects attributed to or linked to the
herbicide resistance trait. Commercial imidazolinone
resistant corn hybrids are expected to be widely available
for the 1992 growing season. Imidazolinone resistant corn
hybrids are also being marketed by the seed division of
Imperial Chemicals Incorporated (ICI) that were generated
via pollen mutagenesis. Yield studies have shown that
resistant hybrids have the same yield potential as sensitive
hybrids (13).

The generation and development of crop cultivars that
are resistant to sulfonylurea and imidazolinone herbicides
will provide more chemical weed control options for farmers
especially in minor agronomic crops such as sugarbeet and
canola, resulting in an economic advantage for farmers. Weed
control in sugarbeet often requires multiple herbicide
applications, several cultivations, and hand-hoeing due in

part to the wide spectrum of weeds and marginal crop
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tolerance to herbicides (62, 77). Consequently, weed
control production costs may be as much as $250 per ha (57).

Heretofore, a disadvantage to the use of some
sulfonylurea and imidazolinone herbicides has been that they
may persist in alkaline soils for several years and
subsequently injure sensitive rotational crops including
corn and sugarbeets (3, 6, 26, 38, 42, 48). The generation
of sulfonylurea and imidazolinone resistant crops may
potentially solve this carryover problem. In initial field
evaluations, sulfonylurea resistant sugarbeet grew normally
in soil concentrations of chlorimuron and primisulfuron that
killed sensitive sugarbeet (31).

The generation of crops resistant to ALS inhibiting
herbicides has been very successful. Many new ALS inhibiting
herbicides are currently under development and existing
resistant crop cultivars may potentially be cross-resistant
to these new herbicides. However, further research is needed
to evaluate resistant crops, especially in the areas of the
genetics of the herbicide resistance trait and agronomic
performance of resistant crop cultivars. The initial reports
on sulfonylurea and imidazolinone crops as well as
sethoxydim resistant corn suggest no detrimental effect of
the herbicide resistance trait on agronomic performance.
However, comprehensive comparisons between herbicide
resistant and susceptible crop cultivars have not been

reported. Recent studies of sulfonylurea resistant sugarbeet
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have shown that homozygous resistant lines possessed a two
to three fold increase in resistance compared to
heterozygous resistant lines (33). Differential tolerance to
imazethapyr between homozygous and heterozygous resistant
imidazolinone corn lines has been reported in field studies
(8) . These results suggest that the highest level of crop
resistance in hybrid cultivars would be obtained by
developing homozygous resistant crop cultivars. The
commercial development of heterozygous resistant crop
cultivars would be less costly and require less time than
homozygous resistant cultivars. Extensive evaluations
comparing heterozygous and homozygous resistant lines should
be conducted to determine if heterozygous resistant
cultivars can provide a commercially acceptable level of
crop safety.

A large number of experiments have been conducted to
determine the potential of generating herbicide resistant
crops using cell selection techniques (Table 1). The
generation and development of herbicide resistant crops has
been successful for new, effective, and environmentally
sound herbicides, especially in corn, sugarbeets, and
canola. ALS inhibiting herbicides and postemergence
graminicides are an integral part of our current chemical
weed control practices and more herbicides in these chemical
families are expected to be developed. Therefore, crops

resistant to these herbicides will undoubtedly provide the
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economic and environmental advantages discussed in the
beginning of this paper.

The generation of herbicide resistant cell lines and
subsequent regeneration of whole plants is only part of the
breeding process required to obtain commercially available
herbicide resistant crop cultivars. Breeding lines utilized
in tissue culture are generally chosen and may be
specifically bred for manipulation in tissue culture. As
such, these breeding lines may not possess the same genetic
potential for superior agronomic performance compared with
breeding lines utilized to generated commercial crop
cultivars. Herbicide resistant crop plants may also possess
deleterious agronomic traits associated with other
somaclonal variation aside from the herbicide resistance
trait.

Therefore, it is necessary to incorporate the herbicide
resistance trait into superior or elite breeding lines.
Herbicide resistance traits inherited as a single dominant
or semi-dominant nuclear gene could be incorporated into
elite breeding lines utilizing conventional backcross
breeding techniques. Backcross breeding would also eliminate
undesirable somaclonal variation. However, this procedure
usually requires five to seven backcross generations for
resistance traits inherited in a completely dominant |
fashion. Herbicide resistance traits inherited in a semi-

dominant fashion would require additional time and effort if
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homozygous resistance breeding lines are desired. Herbicide
resistance traits inherited in a recessive fashion require
progeny tests for each backcrossed generation.

Conventional backcross breeding methods may be further
slowed if deleterious somaclonal variation is tightly linked
to the desired herbicide resistance trait. The utilization
of restriction fragment length polymorphisms (RFLP’s) reduce
the number of sexual generations required for incorporation
of the herbicide resistance trait into superior breeding
lines. Young and Tanksley (78) conducted RFLP-assisted
backcrossed breeding studies utilizing a high resolution map
of RFLP’s tightly linked to the Tm-2 gene which codes for
tobacco mosaic virus resistance. RFLP tightly linked to the
resistance gene are identified and progeny in a segregating
population identified that have retained the resistance
gene, as well as a crossover event near the gene. RFLP
assisted backcross breeding could also help select
segregating progeny that had the least amount of unlinked
DNA from the donor parent. Thereby allowing selection of
individuals that were most like the agronomically superior
recurrent parent.

As knowledge of cell tissue culture in other crops, in
particular soybean and small grains continues to expand, the
capability of regenerating whole plants through routine
manipulation will increase. Cell and tissue culture is an

excellent tool for the generation of new herbicide resistant
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genes. Resistant cell lines can give rise to resistant
plants in some cases or the resistant genes may also be
cloned from these crops or cell lines and transferred to
other crop plants using recombinant DNA technology. The
generation of herbicide resistant crops from cell selection
will continue to be successful in the future and will remain
an integral part of the strategies employed to generate and

develop herbicide resistant crop plants.
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Chapter 2
Chlorsulfuron Resistant Sugarbeet: Cross-resistance and

Physiological Basis of Resistance

ABSTRACT

Greenhouse and laboratory studies were conducted to
determine the extent of cross-resistance of chlorsulfuron
resistant sugarbeet (CR1-B) to other herbicides that inhibit
acetolactate synthase (ALS) and to determine the
physiological basis of resistance. Cross-resistance to
metsulfuron, imazaquin, and imazethapyr was not evident,
while only marginal cross-resistance was observed to
triasulfuron, DPX-L5300, and nicosulfuron. CR1-B was
moderately resistant to chlorsulfuron and chlorimuron and
was highly cross-resistant to thifensulfuron and
primisulfuron. Further greenhouse studies demonstrated that
CR1-B was not significantly injured by thifensulfuron and
primisulfuron applied at or exceeding the field use rate.
Studies with "“C-primisulfuron concluded that differential
absorption or metabolism of primisulfuron could not account
for the observed resistance. ALS enzyme assays showed that
the CR1-B ALS enzyme activity was 66, 26, and 13 times less
sensitive to chlorsulfuron, thifensulfuron, and
primisulfuron inhibition, respectively, compared to ALS

enzyme extracted from sensitive sugarbeets. An altered ALS
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enzyme, which is less sensitive to sulfonylurea herbicide
inhibition, appears to be the physiological basis of
resistance. Nomenclature: Chlorimuron, [[[[(4-chloro-6-
methoxy-2-pyrimidinyl)aminojcarbonyl]amino]sulfonyl)benzoic
acid; chlorsulfuron, 2-chloro-N-[[(4-methoxy-6-methyl-1,3,5-
triazin-2-yl)amino]carbonyl)benzenesulfonamide; DPX-L5300,
methyl 2-[([[N-(4-methoxy-6-methyl-1,3,5-triazin-2-
yl)methylamino]carbonyl]amino]sulfonyl)benzoate; imazaquin,
2-[4,5-dihydro-4-methyl-4-(l1-methylethyl)-5-oxo-1H-imidazol-
2-yl)-3-quinolinecarboxylic acid; imazethapyr, (t)-2-[4,5-
dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-imidazol-2-yl]-
5-ethyl-3-pyridinecarboxylic acid; metsulfuron, 2-{[[[(4-
methoxy-6-methyl-1,3,5-triazin-2-yl)amino]
carbonyl]amino]sulfonyl]benzoic acid; nicosulfuron, 2-
[[[[(4,6-dimethoxy-pyrimidin-2-yl)amino]carbonyl]-
amino]sulfonyl]-N,N-dimethyl-3-pyridinecarboxamide
monohydrate; primisulfuron, (2-([3-(4,6-bis-
(difluoromethoxy)pyrimidin-2-yl)ureidosulfonyl]benzoic acid
methylester; triasulfuron, 2-(2-chloroethoxy)-N-[[4-methoxy-
6-methyl-1,3,5-triazin-2-yl)amino]carbonyl]-
benzenesulfonamide;thifensulfuron, methyl 3-[[[[ (4-methoxy-
6-methyl-1,3,5-triazin-2-yl)amino]carbonyljamino]sulfonyl]-
2-thiophenecarboxylate; sugarbeet, Beta vulgaris L. ’‘CR1-B’,
'REL-1'
Addjtional index words. Chlorimuron, imidazolinone,

primisulfuron, sulfonylurea, thifensulfuron. Acetolactate
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synthase, tissue culture.

INTRODUCTION

Sulfonylurea and imidazolinone herbicides are used to
effectively control a broad spectrum of weed species in a
variety of crops including corn (Zea mays L.), soybeans
(Glycine max (L.) Merr), and small grains. These herbicides
control weeds by inhibiting the enzyme acetolactate synthase
(ALS?}, also referred to as acetohydroxy acid synthase) which
catalyzes the formation of the branched chain amino acids
valine, leucine, and isoleucine (14, 20). Weed control is
obtained at very low use rates of these compounds. Combined
with their low mammalian toxicity (11), these herbicides
provide attractive weed control options from both the
commercial and environmental standpoint.

Sulfonylurea and imidazolinone herbicides vary in soil
persistence dependent upon the herbicide, soil, and
environmental conditions. Persistence that provide season-
long weed controlvis highly desirable. However, some of
these herbicides have the potential for persistence in
alkaline soils for several years and potential injury to

sensitive rotational crops (5). Sugarbeets are extremely

JaAbbreviations: ALS, acetolactate synthase; TLC, thin
layer chromatography; FAD, flavin adenine dinucleotide;
CR1-B, Chlorsulfuron resistant isolate 1-B; NIS, non-
ionic surfactant; MSO methylated seed o0il; REL-1,
Regenerating East Lansing-1.
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sensitive to these herbicides with severe stand and root
yield reductions observed in fields treated 2 or 3 yr
earlier with chlorsulfuron (2, 13). Renner and Powell (15)
reported reduced sugarbeet root yields from fields that had
received applications of imazaquin, imazethapyr, or
chlorimuron 1 or 2 yr earlier.

The generation and development of sugarbeet cultivars
that are resistant to sulfonylurea and imidazolinone
herbicides is a potential solution to this carryover
problem. Resistant cultivars could also provide more
economical weed control options for sugarbeet growers.
Currently, weed control in sugarbeets often requires
multiple herbicide applications, several cultivations, and
hand hoeing due in part to the wide spectrum of weeds and
marginal crop tolerance to herbicides (21, 24).
Consequently, weed control production costs may be as much
as $250 per ha (19).

The development of resistant germplasm has been
initiated by the USDA sugarbeet breeding group at Michigan
State University. A chlorsulfuron resistant sugarbeet clone
(CR1-B) has been successfully generated via somatic cell
selection in tissue culture using susceptible regenerating
East Lansing-1 (REL-1) as the source material (17).
Resistance to chlorsulfuron has been confirmed in tissue
culture shoot tests and whole plant greenhouse tests.

However, the extent of cross-resistance in CR1-B to other
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ALS inhibiting herbicides has not been evaluated. The
physiological basis for resistance is also unknown.
The objectives of the following experiments were to
identify herbicides to which CR1-B is cross-resistant and
the magnitude of the resistance and to determine the

physiological basis for resistance in CR1-B.

MATERIALS AND METHODS

Whole Plant Bioassay
CR1-B S, seeds (obtained by self pollinating resistant

CR1-B ramets) and S, seeds of REL-1 were planted in 55 ml
peat pots containing greenhouse potting soil. Plants were
grown in the greenhouse at 24 2 C with supplemental
lighting from high pressure sodium lights to provide 1200 uE
m? s? for both supplemental and natural light. The day
length was 18 h. Two wk after planting, individual sugarbeet
plants were transplanted into 945 ml plastic pots. Plants
were watered and fertilized as needed to insure maximum
growth. Ten ALS inhibiting herbicides were tested on these
sugarbeets at one-half the commercial use rate. All
herbicide treatments were applied POST with a continuous
link-belt sprayer at 170 Kpa and 230 L ha' spray pressure
and volume respectively, when sugarbeet plants were in the
two- to four-leaf growth stage.

The presence of susceptible S, segregates in the CR1-B
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test population made detailed evaluations and statistical
analysis of experimental results difficult. Therefore, an
additional greenhouse experiment was conducted in which a
tissue culture leaf disk test was employed to eliminate
susceptible S, CR1-B segregates from the test population
prior to herbicide application. Plants were grown and
cultured as above except that the 3rd and 4th leaves were
removed, surface sterilized for 20 min with 15% NaOCl
solution, and cut into 10-mm diameter leaf disks. Two leaf
disks were placed in 100 by 20 mm sterile petri dishes
containing a solidified growth media developed by Doley and
Saunders (4) for rapid sugarbeet leaf disk expansion and
callus production. The growth media contained either 0 or
140 Nm chlorsulfuron and the plates were incubated in the
dark for 7 d at 31 C. Plants whose leaf disks exhibited
vigorous tissue expansion on 140 nM chlorsulfuron were
chosen for the greenhouse experiment.

Herbicides to which cross-resistance was evident in the
previous experiment were applied at or exceeding the
commercial use rate with various adjuvant combinations to
determine the magnitude of observed resistance. Herbicide
treatments were applied as described above except that
plants were in the three- to six-leaf growth stage. Dry
weights of the above ground foliage were taken 20 d after
treatment of plants that were not completely desiccated.

Both experiments were completely randomized with four
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replications per treatment. An analysis of variance test was
conducted as a two-factor (variety by herbicide treatment)
factorial. Each experiment was conducted twice, and analysis
of variance revealed that treatment means did vary
significantly between experiments; therefore, the combined
results are presented. Treatment means were separated by a
least significant difference test at the 5% probability

level.

Absorption and Metabolism

The absorption and metabolism of C-primisulfuron
(spec. act. = 1.88 x 10° Bq mg' URL) was examined on both §,
CR1-B and REL-1 plants in the greenhouse. S, CR1-B plants
were identified as resistant prior to the experiment by the
tissue culture leaf disk test as described above. Plants
were sprayed in the three- to six-leaf growth stage with 40
g ai ha'! unlabeled primisulfuron plus non-ionic surfactant!
(NIS). Immediately after application, five 1 ul drops, each
containing 3.7 x 10? Bq, were applied to both the 1st and
2nd leaves. Spotting vials contained the “C-primisulfuron
with appropriate amounts of formulation blank and NIS.
Treated leaves were rinsed with 40 ml of 100% methanol 12

and 72 h after treatment to remove the unabsorbed “c-

‘Non-ionic surfactant was X-77 which is a mixture of
alklarylpoly-oxyethylene glycols, free fatty acids, and
isopropanol. Chevron Chemical Co., Richmond, CaA.
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primisulfuron. Two 1-ml aliquots were sampled from the rinse
solution and radioassayed by liquid scintillation
spectrometry.

Absorbed “C-primisulfuron was extracted and analyzed by
thin-layer-chromatography (TLC) with a modification of
previously published methods for chlorimuron (23) and
sulfometuron (2-[[[[(4,6-dimethyl-2-pyrimidinyl)amino]-
carbonylj]amino]sulfonyl]-benzoic acid) (1). Treated leaves
were ground in a tissue homogenizer’ in 40 ml of 100%
methanol. The homogenized mixture was centrifuged and the
resulting pellet was resuspended in methanol and
recentrifuged. The combined supernatants were concentrated
under a stream of nitrogen to 1 ml and used directly for TLC
analysis. The residue pellet was air dried and oxidized® to
quantify unextracted radioactivity.

A 200 ul sample of extract were spotted onto 20 by 20
cm TLC silica gel plates and developed in a solvent system
of methanol:benzene (2:1 v/v). Ten pl of “C-primisulfuron
standard (1.8 x 10? Bq) was also spotted onto each plate.
Radioactive spots were located with a radioactive plate
scanner’, removed, and quantified by liquid scintillation

spectrometry.

Ssorvall Omni-mixer. Sorvall Inc., Newton, Conn.

*Biological oxidizer. R.J. Harvey Inst. Corp.,
Hillsdale, N.J.

'Radioactive plate scanner. AMBIS Inc., San Diego, CA.
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The experimental design was completely randomized with
four replications per treatment. The experiment was
conducted twice and the combined results presented. Data was
subjected to an analysis of variance and means separated by
the least significant difference test at the 5% probability

level.

Acetolactate Synthase Activity

ALS activity levels were determined in the leaves of
plants obtained from ramets of resistant CR1-B and
susceptible REL-1 plants. Plants were grown in a growth
chamber with day and night temperatures of 24 and 20 C,
respectively. Supplemental lighting was provided by
fluorescent and incandescent lamps at 250 wE m? s! with an 8
h 4 length.

ALS was extracted and enzyme activity levels measured
in the presence of primisulfuron, thifensulfuron, and
chlorsulfuron with a modification of methods outlined by Ray
(14) and Shaner (20). All extraction, centrifugation, and
column procedures were conducted at 4 C. Forty to 50 g of
plant leaves were homogenized in a volume of cold
homogenization buffer [0.1 M K,HPO,, Ph 7.5, 1 mM sodium
pyruvate, 0.5 mM MgCl, 0.5 mM thiamine pyrophosphate, 10 uM
flavin adenine dinucleotide (FAD), 10% v/v glycerol] twice
the weight of the tissue. Polyvinylpolypyrrolidone (2.5 g)

was also added for every 10 g of plant material homogenized.
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The homogenate was filtered through eight layers of
cheesecloth and then centrifuged at 27000 g for 20 min.
Saturated cold (NH,),SO, solution was added to the
supernatant to bring the final (NH,),SO, concentration to 50%
saturated. The solution was centrifuged at 15000 g for 15
min and the pellet redissolved in resuspension buffer (0.1 M
K,HPO,, Ph 7.5, 20 mM sodium pyruvate, 0.5 mM MgCl) and
placed on a Sephadex G-25 PD-10° column. The desalted
protein was immediately used for enzyme assays.

ALS enzyme activity was assayed by mixing 0.5 ml of
enzyme preparation with 1 ml of reaction buffer (25 mM
K,HPO,, pH 7.0, 0.625 mM MgCl, 25 mM sodium pyruvate, 0.625
mM thiamine pyrophosphate, 1.25 uM FAD) and incubated for 1
h at 35 C. Reaction tubes contained either 0, 5, 25, 50,
500, or 5000 nM of chlorsulfuron, thifensulfuron, or
primisulfuron. The reaction was stopped by the addition of
50 ul of 6 N H,SO, and the solutions were heated at 60 C for
15 min. Then 0.5 ml of 0.5% (w/v) creatine and 0.5 ml of 5%
(w/v) a-naphthol freshly prepared in 2.5 N NaOH were added.
The solutions were heated for an additional 15 min at 60 C
and the acetoin content measured by the method of
Westerfield (22). Protein concentration was determined by
the method of Lowery (12).

The experiment was conducted twice with two

'PD-10 column. Pharmacia, Inc., Piscataway, N.J.
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replications of each herbicide concentration per experiment.
ALS enzyme activity is presented as a percent of control
assays and data subjected to a linear regression analysis
using a log,, transformation of herbicide concentrations.
Paired T-tests were conducted to determine if the slopes of
the regression lines were significantly different. I, values
(herbicide concentration required to inhibit enzyme activity

by 50%) were calculated from the regression analysis.

RESULTS AND DISCUSSION

Pl ioassa

All REL-1 plants were completely desiccated by 8 of 10
of the ALS inhibiting herbicides applied at one-half the
commercial use rate (Table 1). Several REL-1 plants were
able to survive applications of 20 g ha'! primisulfuron and
nicosulfuron. CR1-B was able to survive all herbicide
treatments with the exception of metsulfuron, imazaquin, and
imazethapyr. However, applications of triasulfuron, DPX-
L5300, and nicosulfuron severely reduced CR1-B dry weights
as compared to untreated controls. Factorial analysis of dry
weight means revealed a highly significant variety (p <
.001) and variety by herbicide interaction (p < .001). CR1-B
exhibited a moderate degree of resistance to chlorsulfuron
and chlorimuron. Shoot dry weights for CR1-B plants treated

with primisulfuron were significantly higher compared to
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Table 1. Dry weights of S; CR1-B and REL-1 sugarbeet shoots 20 days after

postemergence herbicide treatment®.

Shoot dry
weights
Treatment Rate CRI-B  REL-1
g ha - g/plant -
Chlorsulfuron 15 1.8 0.0
Metsulfuron 5 0.0 0.0
Triasulfuron 8 0.4 0.0
DPX-L5300 8 0.5 0.0
Chlorimuron 10 2.1 0.0
Thifensulfuron 2 3.4 0.0
Primisulfuron 20 3.2 0.2
Nicosulfuron 20 0.6 0.1
Imazaquin 60 0.0 0.0
Imazethapyr 30 0.0 0.0
Untreated 3.8 4.0
LSD (.05) 0.4

*All herbicide treatments included NIS at 0.25% (v/v).
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CR1-B plants treated with the other ALS inhibiting
herbicides except thifensulfuron. Shoot dry weights for
CR1-B plants treated with thifensulfuron were the same as
untreated control plants. Although the response of CR1-B to
the ALS inhibiting herbicides was variable, a high degree of
cross-resistance was clearly evident to the sulfonylurea
herbicides chlorimuron, thifensulfuron, and primisulfuron.
These herbicides were selected for further whole plant
studies.

Due to the presence of susceptible S, segregates in the
CR1-B test.population, a second whole plant study was
conducted employing the tissue culture leaf disk test to
eliminate the susceptible segregates prior to herbicide
application. The leaf disk test helped to provide a more
uniform population for the evaluation of the potential of
CR1-B to tolerate selected sulfonylurea herbicides applied
at or exceeding commercial use rates.

All S, CR1-B plants survived all herbicide treatments,
indicating that the leaf disk test was completely successful
in eliminating susceptible S, CR1-B segregates (Table 2).
Factorial analysis of dry weight means revealed a highly
significant variety (p < .001) and variety by herbicide
treatment interaction (p < .001). All REL-1 plants were
completely desiccated by all herbicide treatments.
Therefore, REL-1 treatment means are not presented and CR1-B

treatment means analyzed separately (Table 2). The CR1-B
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Table 2. Dry weights of resistant S, CR1-B sugarbeet shoots 20 days after

postemergence herbicide treatment.*

Treatment Rate Shoot dry weight
g ha’ g/plant

Primisulfuron + NIS® 40 6.6
80 6.8
160 6.1
Primisulfuron+MSO* 40 6.2
Thifensulfuron+NIS 4 6.4
8 6.2
Thifensulfuron+NIS+28% N° 4 5.9
8 4.8
Thifensulfuron+MSO 4 5.7
Thifensulfuron +chlorimuron +NIS 4 +2 6.6
4 +4 5.9
Thifensulfuron+chlorimuron+NIS+28% N 4 +2 4.2
4 +4 34
Untreated 6.6
LSD (.05) 0.6

*S, CR1-B plants identified as resistant by tissue culture leaf disk test prior to
herbicide application.

*NIS applied at 0.25% (v/v).

‘MSO was methylated seed oil applied at 0.75% v/v.

928% N was ammonium nitrate and urea applied at 4.0% (v/v).



N
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sugarbeets were resistant to all rates of primisulfuron and
thifensulfuron applied with NIS, as indicated by the lack of
an effect of these herbicides on CR1-B dry weights
(Table 2). However, the addition of 28% N or replacing NIS
with methylated seed oil (MSO)’? increased the activity of
the thifensulfuron treatments to the extent that injury to
the CR1-B sugarbeets occurred. CR1-B sugarbeets were
resistant to combinations of thifensulfuron and chlorimuron
applied at 4 and 2 g ha'! respectively, but significant
injury occurred when the chlorimuron rate was increased to 4
g ha'!. Addition of 28% N to both herbicide combinations had
the most detrimental effect on the growth of CR1-B.

The lack of cross-resistance in CR1-B to all the ALS
inhibiting herbicides tested in this experiment was not
surprising. The response of chlorsulfuron resistant weeds
and transgenetic plants to other ALS inhibiting herbicides
has been reported to be variable. A high degree of cross-
resistance to thifensulfuron has been observed in resistant
kochia [Kochia scoparia (L.) Schrad] (16), and tobacco
(Nicotiana tabacum L.) (6) which had been transformed with
the csr-1 gene coding for chlorsulfuron resistance (9).
However, the same kochia was only slightly more tolerant to
metsulfuron (16), while cross-resistance to imidazolinone

herbicides in plants containing the csr-1 gene has not been

Methylated seed o0il was SCOIL, from Agsco Inc., Grand
Forks, N.D.



58
observed (6, 8).

CR1-B exhibited a high degree of tolerance to
primisulfuron and thifensulfuron applied with a standard
adjuvant at or exceeding the commercial use rates of these
compounds. The resistance in CR1-B appears adequate for
potential direct use of these herbicides for weed control in
resistant sugarbeet varieties. Although no direct
evaluations of CR1-B were made to date for ALS inhibiting
herbicides applied PRE to a field soil, it is reasonable to
assume that CR1-B would have a high potential to tolerate
residues of thifensulfuron, primisulfuron, chlorimuron, and
possibly even chlorsulfuron remaining in the soil from

applications in previous years.

Absorption and Metabolism.

Both resistant CR1-B and susceptible REL-1 absorbed !c-
primisulfuron with values ranging between 36 and 44% at 12
and 72 h, respectively (Table 3). Differences in foliar
absorption could not account for the resistance mechanism.
Total % recovery of “C-primisulfuron averaged 86 and 84% at
both sampling times (translocation losses were not
measured). Extraction of absorbed “C-primisulfuron averaged
94 and 91% at 12 and 72 h, respectively.

TLC analysis of alcohol-soluble "“C-primisulfuron
revealed two radioactive spots. One with an R, of 0.89 which

co-chromatographed with the "“C-primisulfuron standard and
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Table 3. Absorption and metabolism of *C-primisulfuron in resistant S, CR1-B* and

susceptible REL-1 sugarbeet plants.

Absorption Metabolism
Sugarbeet Line 12 h 72 h 12 h 72 h
-- % of applied -- - % of extracted -
CRI1-B 30 43 6 10
REL-1 42 44 5 12
LSD (.05) NS NS NS NS

*S, CR1-B plants identified as resistant by tissue culture leaf disk test prior to

herbicide application.
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another that remained at the origin. There were no
differences in the percentage of radioactivity remaining at
the origin in either species. Metabolism of “C-primisulfuron
increased from 6% at 12 h to 11% at 72 h. Although
differences in metabolism could not account for the
mechanism of resistance (Table 3), metabolism of C-
primisulfuron was detectable in both species and may help
explain the tolerance of sugarbeets to primisulfuron as

compared to other ALS inhibiting herbicides.

ALS enzyme assay

ALS enzyme activity was assayed in leaves obtained from
plants derived from resistant CR1-B and susceptible REL-1
ramets. Activity was measured in the presence of
primisulfuron, thifensulfuron, and chlorsulfuron
concentrations ranging from 5 to 5000 nM (Figures 1-3). ALS
activity in control assays averaged 118-124 and 122-132 nM
acetoin h'! mg? protein for CR1-B and REL-1, respectively.
Paired t-tests to determine if the slopes of the linear
regression lines were different were highly significant (p <
.001) for all three herbicides. CR1-B still retained 35 to
45% of the activity of the control assays, while REL-1
activity was reduced to less than 10% at 5000 nM of all

three herbicides (Figures 1-3).
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Fiqure 1. CR1-B and REL-1 ALS activity in the presence

of primisulfuron.
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Figure 2. CR1-B and REL-1 ALS activity in the presence

of thifensulfuron.
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re 3. CR1-B and REL-1 ALS activity in the presence

of chlorsulfuron.
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Calculated I, values (herbicide concentration required
to inhibit enzyme activity by 50%) obtained from the linear
regression line equations show large differences between
CR1-B and REL-1 in the sensitivity of the ALS enzymes to
herbicide inhibition (Table 4). The greater activity of the
ALS enzyme in CR1-B in the presence of primisulfuron,
thifensulfuron, and chlorsulfuron may explain the tolerance
of CR1-B to these herbicides on the whole plant level.
These differences between the ALS enzyme activity in CR1-B
and REL-1 appear to be the primary physiological basis for
the differential tolerance of CR1-B to these herbicides.

REL-1 I, values are in close agreement with previously
reported values for a wide variety of plants susceptible to
chlorsulfuron (8, 14, 16) and thifensulfuron (6, 16).
Values for resistant species ranged widely and varied
depending on whether the resistance occurred naturally (7,
16), was obtained by transforming plants with the csr-1 gene
(6, 8, 9), or was selected for in tissue culture (18).
Several researchers have determined that several different
amino acid changes in the ALS enzyme can confer resistance
to sulfonylurea herbicides (3, 10, 25). Therefore, it is not
possible to compare the values obtained for CR1-B to values
obtained from other resistant sources.

The resistance of CR1-B to various sulfonylurea
herbicides represents a potentially useful agronomic trait.

The resistance trait in CR1-B, if incorporated into
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Table 4. Herbicide concentrations (nM) required to inhibit ALS enzyme activity 50%

in leaves of resistant CR1-B and susceptible REL-1 sugarbeet plants.

Sugarbeet Clone
Herbicide CR1-B REL-1 Ratio (R/S)
Primisulfuron 880 70 13
Thifensulfuron 1468 56 26

Chlorsulfuron 2371 36 66
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commercial sugarbeet varieties, may potentially increase
rotational flexibility for growers using sulfonylurea
herbicides in other crops by decreasing, or possibly
eliminating, the rotational restrictions of sugarbeets for
the long soil residual sulfonylurea herbicides. Development
of the resistance trait may also provide new and effective
chemical weed control options for sugarbeet growers and help

to decrease weed control costs.
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Chapter 3
Semi-dominant Nature of Monogenic Sulfonylurea Herbicide

Resistance in Sugarbeet

Abstract

Greenhouse and laboratory studies were conducted to
determine the degree of dominance of the monogenic
sulfonylurea herbicide resistance trait in diploid sugarbeet
by comparing the response of homozygous and heterozygous
resistant sugarbeet to primisulfuron, thifensulfuron, and
chlorimuron on the whole plant and acetolactate synthase
(ALS) enzyme level. Progeny tests suggested that the
monogenic sulfonylurea herbicide resistance was semi-
dominant. Subsequently, heterozygous resistant (R-1) and
homozygous resistant (R-2) sugarbeet lines were sprayed with
increasing rates of primisulfuron, thifensulfuron, and
chlorimuron, and herbicide rates required for 50% growth
reduction (GRy)) determined. GR;, values were also determined
for susceptible counterpart sugarbeet lines (S-1 and S-2).
GRs, values indicated that the R-2 sugarbeet was 377, 269,
and 144 times more resistant to primisulfuron,
thifensulfuron, and chlorimuron, respectively, than the
susceptible counterpart S-2 sugarbeet. In contrast, R-1
sugarbeet was only 107, 76, and 57 times more resistant to

primisulfuron, thifensulfuron, and chlorimuron,

73
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respectively, than the counterpart S-1 sugarbeet, indicating
at least a two-fold difference in the magnitude of
resistance between homozygous resistant and heterozygous
resistant sugarbeet lines. ALS enzyme activity analysis were
consistent with whole plant results. Thus, based on these
two criteria, the monogenetic sulfonylurea herbicide
resistance trait is semi-dominant in nature, indicating that
maximum crop resistance can be obtained by developing
homozygous resistant cultivars. Nomenclature: Chlorimuron,
2-[[[[ (4-chloro-6-methoxy-2-pyrimidinyl)amino)carbonyl]
amino)sulfonyl)benzoic acid; primisulfuron, (2-[[[[[4,6-
bis(difluoromethoxy)-2-pyrimidinyljamino)carbonyl]amino]
sulfonyl)ureidosulfonyl]benzoic acid; thifensulfuron 3-
(([{[((4-methoxy-6-methyl-1,3,5-triazin-2-yl)amino]
carbonyljamino]sulfonyl]-2-thiophenecarboxylate; sugarbeet,
Beta vulgaris L. ‘CR1-B’, ’'REL-1’.
Additional index words. Chlorimuron, primisulfuron,

thifensulfuron, Acetolactate synthase.
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INTRODUCTION

Sulfonylurea herbicides are used at very low use rates
to effectively control a broad spectrum of weed species in a
variety of crops by inhibiting the enzyme acetolactate
synthase (ALS!, also referred to as acetohydroxy acid
synthase) (15). Combined with their low mammalian toxicity
(11), these herbicides provide attractive weed control
options from both the commercial and environmental
standpoint. Consequently, the development of sulfonylurea
herbicide resistant crops has become a research goal in
recent years.

A chlorsulfuron resistant sugarbeet clone (CR1-B) was
successfully generated via somatic cell selection in tissue
culture using susceptible self-fertile clone REL-1 as the
immediate source material (18). Preliminary genetic analysis
determined inheritance via a single dominant nuclear gene,
heterozygous in CR1-B. Further studies indicated that CR1-B
is cross-resistant to postemergence applications at or
exceeding field use rates of primisulfuron and
thifensulfuron and that the physiological basis of

resistance is an ALS enzyme less sensitive to sulfonylurea

aApbreviations: ALS, acetolactate synthase; CMS,
cytoplasmic male-sterile; FAD, flavin adenine
dinucleotide; CR1-B, chlorsulfuron resistant isolate 1-
B; REL-1, Regenerating East Lansing-1; NIS, non-ionic
surfactant. S;, generation produced by self
pollination.
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herbicide inhibition (5). The successful incorporation of
the sulfonylurea herbicide resistance trait into commercial
sugarbeet varieties would not only increase the herbicide
options for weed control in sugarbeet, but would also
provide growers with increased sugarbeet rotational
flexibility when sulfonylurea herbicides having a long soil
persistence are used in other crops.

Genetic analysis of sulfonylurea herbicide resistance
in soybean {Glycine max (L.) Merr.} (19) and Lactuca spp.
(13), as well as imidazolinone herbicide resistance in corn
(Zea mays L.) (14) has indicated that the resistance trait
in these species is inherited as a single nuclear gene in
semi-dominant fashion. Consequently, heterozygous resistant
plants may display a lower level of resistance than
homozygous resistant plants. Recent field evaluations of
imidazolinone herbicide resistant corn demonstrated that in
some instances homozygous resistant lines showed less injury
when treated with field use rates of imazethapyr {(+)-2-
{4,5-dihydro-4-methyl-4~(1-methylethyl)-5-oxo-1H-imidazol-2-
yl]-3-quinolinecarboxylic acid} than the heterozygous
resistant lines (1, 16). Therefore, the development of crop
cultivars with the highest level of resistance may require
that all parents be homozygous resistant. Most modern
sugarbeet hybrid seed production consists of a 3-way cross
[A X B] X C (21); therefore, the inheritance of the

sulfonylurea herbicide resistance trait and the differential
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tolerance between homozygotes and heterozygotes is of
crucial importance to sugarbeet breeders.

The objective of this study was to determine if the
monogenic sulfonylurea herbicide resistance trait is
inherited in a completely or semi-dominant fashion in
sugarbeet. The differential tolerance between homozygous and
heterozygous resistant lines to primisulfuron,
thifensulfuron, and chlorimuron was also determined on a

whole plant and ALS enzyme basis.

MATERIALS AND METHODS

Progeny Evaluation

CR1-B S, seeds (obtained by self-pollinating heterozygous
resistant CR1-B ramets) were planted in 55-ml peat pots
containing greenhouse potting soil. Plants were grown in the
greenhouse at 24 + 2 C with supplemental lighting from high
pressure sodium lights to provide a maximum 1200 kE m? s’
for both supplemental and sunlight. The day length was 18 h.
Two weeks after planting, individual sugarbeet plants were
transplanted into 945-ml plastic pots. Plants were watered
and fertilized as needed to insure maximum growth. Blocks of

70 to 80 S, plants of CR1-B were sprayed POST with 320 g ai
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ha! primisulfuron plus non-ionic surfactant (NIS)! with a
continuous link-belt sprayer at 170 Kpa in 230 L ha’l.
Sugarbeet plants were at the two- to four-leaf stage at time
of application.

Ten DAT plants were evaluated for visual injury by
comparing with untreated control plants. Plants showing less
than 25% injury, 25% to 75% injury, and 75% or greater
injury were classified homozygous resistant, heterozygous
resistant, and susceptible, respectively. A separate block
of 70 to 80 S, CR1-B Plants were also evaluated under the
same conditions except that dry weights were recorded at 10
DAT. Dry weight values were compared to the average dry
weight of 12 untreated control plants. Dry weight was
converted to a percent of control. Plants showing less than
25% dry weight reduction, 25% to 75% dry weight reduction,
and greater than 75% dry weight reduction were classified
homozygous resistant, heterozygous resistant, and
susceptible, respectively.

Six plants classified homozygous resistant and four
plants classified heterozygous resistant were randomly
selected from the visual injury experiment and test-crossed
in paper bags with susceptible CMS line LO3. F, test-cross

progeny and S, progeny were sprayed with 80 g ha’

"The Non-ionic surfactant was X-77 which is a mixture
of alklarylpolyoxyethylene glycols, free fatty acids,
and isopropanol. Chevron Chemical Co., Richmond, CA.
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primisulfuron plus NIS as described above to determine if
the selections were true breeding (homozygous resistant) or
segregating (heterozygous resistant).

The visual injury and biomass experiments were repeated
with random plant selections taken from both visual injury
experiments. All progeny segregation ratios were analyzed by
the "goodness of fit" Chi square test at the 5% probability

level.

Whole Plant Bioassay

Further whole plant studies were conducted to compare
the response of F, heterozygous resistant (R-1)!?, CR1-B S,
homozygous resistant (R-2), F, susceptible (S-1), and REL-1
S, susceptible (S-2) sugarbeet to POST applications of
primisulfuron, thifensulfuron, and chlorimuron.
Primisulfuron was applied at rates ranging from 40 to 1280
g ha'! to R-1 sugarbeet, 80 to 2560 g ha'! to R-2 sugarbeet,
and 0.6 to 20 g ha! to both S-1 and S-2 sugarbeet lines.
Thifensulfuron was applied at rates ranging from 1 to 32 g
ha'!, 2 to 64 g ha'!, and 0.02 to 0.5 g ha! to R-1, R-2, and
both susceptible sugarbeet lines, respectively. Chlorimuron

was applied at rates ranging from 2.8 to 88 g ha'!, 5.5 to

2R-1, F, progeny of susceptible CMS LO3 X homozygous
resistant S, CR1-B plants; R-2, S, progeny of homozygous
resistant S, CR1-B plants; S-1, F, progeny of
susceptible CMS LO3 X susceptible S, REL-1 plants; s-2,
S, progeny of susceptible S, REL-1 plants.
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176 g ha'!, and 0.04 to 1.38 g ha! to R-1, R-2, and both
susceptible sugarbeet lines, respectively. All treatments
were applied when sugarbeets were in the two- to four-leaf
growth stage and included a NIS at 0.25% (v/v). Shoot dry
weights were recorded at 20 DAT and converted to a
percentage of untreated control plants.

The experiments were conducted and analyzed separately
for each herbicide. The experiments were repeated with four
replications per treatment. Treatment means were subjected
to an analysis of variance and separated by the least
significant difference test at the 5% probability level.
Data was also subjected to a curve linear regression
analysis (Y = B(0) + B(1) * X + B(2) * X?) and GR,, values
(herbicide rates required to reduce shoot dry weight by 50%)

calculated from the regression analysis.

et e n tivi

ALS activity levels were determined in the leaves of R-
1, R-2, S-1, and S-2 sugarbeet plants. Plants were grown in
a growth chamber with day and night temperatures of 24 and
20 C, respectively. Supplemental lighting was provided by
fluorescent and incandescent lamps at 250 uE m? s! with an 8
h day length.

ALS was extracted, and enzyme activity levels then
measured in the presence of primisulfuron, thifensulfuron,

and chlorimuron with a modification of methcds outlined by
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Ray (15) and Shaner (20). All extraction, centrifugation,
and column chromatography clean-up procedures were conducted
at 4 C. Twenty to 30 g of plant leaves were homogenized in
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