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Abstract. The patterns of clomazone (2-[(2-chloro-
phenyl)methyl-4,4-dimethyl-3-isoxazolidinone) ab-
sorption, translocation, and metabolism and their
contribution to the piant selectivity of this herbicide
were studied in tolerant soybean [Glycine max (L.)
Merr.] and Amaranthus hybridus and in susceptible
A. retroflexus and A. lividus. Differential root ab-
sorption appeared to play a significant role in the
differential response of these four plant species to
clomazone. Absorption of root-applied “C-cloma-
zone was greater by the two sensitive Amaranthus
weeds than by the tolerant soybean and A. hybri-
dus. Following application of '“C-clomazone to
roots, most of the absorbed radioactivity was trans-
located to the leaves of all four species. Approxi-
mately 50% of the absorbed '“C-clomazone was me-
tabolized by all four plant species as early as 12 h
after treatment. Thin layer chromatographic (TLC)
analysis of plant tissue extracts from all four species
revealed the formation of two major metabolites of
clomazone. These unidentified metabolites had Rf
values of 0.4 and 0.8, respectively, in a butanol:ace-
tic acid:water (12:3:5, vol/vol/vol) developing sys-
tem. The Rf value of unaltered clomazone in this
system was 0.95. Differential metabolism or differ-
ential rate of metabolism of clomazone was not ob-
served in this study and did not seem to account for
the tolerance of soybean and A. hybridus or the
suceptibility of A. retroflexus and A. lividus to this
herbicide.
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Clomazone is a recently introduced herbicide for
the selective control of many grass and broadleaf
weeds in soybeans, following preemergence appli-
cations at rates ranging from 0.6 to 1.1 kg a.i./ha.
Species controlled include large crabgrass (Digi-
taria sanguinalis L.), foxtails (Setaria spp.), vel-
vetleaf (Abutilon theophrasti Medik.), and common
lambsquarters (Chenopodium album L.) (Anony-
mous 1986, Liebl and Norman 1989, Wallinder et al.
1986).

Clomazone is an isoxazolidinone derivative
which reduces carotenoid and chlorophyll levels
causing a bleached appearance in treated suscepti-
ble plant species (Duke and Paul 1986, Duke et al.
1985). Sandmann and Béger (1986, 1987) reported
that clomazone inhibits the enzymes isopentenyl
pyrophosphate isomerase and prenyltransferase
and disrupts the formation of key components of
the isoprenoid pathway needed for the synthesis of
plant pigments, such as carotenoids and chloro-
phylls.

Amaranthus species are among the 10 most im-
portant weeds in soybeans produced in Virginia
(Hagood 1986). Amaranthus hybridus (smooth pig-
weed) is the predominant weed species of the genus
Amaranthus in Virginia, while Amaranthus retro-
flexus (redroot pigweed) is a weed problem only in
some areas (Harville et al. 1981). Field studies have
indicated that clomazone only sporadically controls
Amaranthus species and that A. retroflexus is more
susceptible to clomazone than A. hyrbidus (Wal-
linder et al. 1986). Amaranthus lividus (livid ama-
ranth) has also been observed to be susceptible to
clomazone under field conditions. The basis for the
observed differential sensitivity of these three Am-
aranthus weed species to clomazone is unknown.

Differential absorption, translocation, and metab-



128

olism have long been recognized as important fac-
tors contributing to herbicide selectivity (Hatzios
and Penner 1982, Shimabukuro 1985). Weston and
Barrett (1989) reported recently that differential me-
tabolism does not appear to contribute to the selec-
tivity of the herbicide clomazone. Differences in
clomazone metabolite levels between tolerant bell
pepper (Capsicum annum L.) and susceptible to-
~mato (Lycopersicon esculentum L.) were negligi-

ble. Similar observations have been reported also
by Norman and Liebl (1989) who found that differ-
ential metabolism alone could not account for the
selectivity of clomazone in photomixotrophic cell
suspensions of tolerant soybean and susceptible
cotton (Gossypium hirsutum L.).

The objectives of this research were (1) to study
the absorption, translocation, and metabolism of ra-
diolabeled clomazone in tolerant soybean and A.
hyridus and in susceptible A. retroflexus and A. liv-
idus following root application of this herbicide and
(2) to determine the potential contribution of differ-
ential absorption, translocation, and metabolism in
the selectivity of this herbicide.

Materials and Methods

Chemicals

Technical (95% pure) and radiolabeled samples of clomazone
were provided by FMC Chemical Corporation (Princeton, NJ,
USA). Radiolabeled clomazone was uniformly labeled with *C
on the aromatic ring with a specific activity of 28.0 mCi/mmol.
Clomazone was dissolved in acetone and made up to volume
with distilled water.

Plant Material

Seeds of each species were planted in a potting soil mixture of
vermiculite:weblite:sphagnum peat moss (2:2:1, vol/vol/vol) in
400-ml cups. Plants were grown in a growth chamber at a con-
stant temperature of 25°C, and a photoperiod of 14 h light at 400
upE - m~2 - s~ ! provided by both incandescent and fluorescent
lamps. At the 1- to 2-leaf stage of growth of the Amaranthus
species and unifoliate stage of soybeans, seedlings were trans-
ferred to half-strength Hoagland’s solution (pH 6.0) in foil-
wrapped 150-ml glass containers, one plant per container
(Hoagland and Arnon 1950). After 2 days, plants were grown
in full-strength Hoagland’s nutrients solution.

Uptake and Distribution of [**C]-clomazone

At the 3- to 4-leaf stage of Amaranthus species and first trifoliate
stage of soybeans, plants were exposed to radiolabeled cloma-
zone following root application. Seedlings of all species were
placed in nutrient solution containing 5 nCi/L radiolabeled clo-
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mazone adjusted to 100 uM concentration with technical clo-
mazone.

Plants were harvested at 12, 48, and 96 h after treatment. The
roots of treated plants were washed with distilled water to re-
move any radioactivity from their surface. Radioactivity in root
washes was determined by liquid scintillation spectrometry
(Beckman LS 8100 Model). At the end of each harvesting period,
a 1-ml sample of the remaining nutrient solution was used to
determine the amount of radioactivity remaining in the solution
by means of liquid scintillation spectrometry. Harvested plants
were separated into roots, shoots, and leaves. Plant parts were
weighed and ground to a fine powder with liquid nitrogen. Then
they were combusted in a biological sample oxidizer (Tricarb
Model B0306, Packard Instruments, Downers Grove, IL, USA),
and the released *CO, was trapped and counted by liquid scin-
tillation spectrometry to quantitatively determine absorption and
translocation of the radiolabeled clomazone.

Autoradiography

A set of seedlings of all species treated with radiolabeled clo-
mazone was used for analysis by autoradiography following the
procedures of Crafts and Yamaguchi (1964). The plant samples
were dried after harvest and placed on x-ray film (Kodak X-
Omat AR). Three weeks later, the film was developed for qual-
itative analysis of clomazone translocation.

Separation and ldentification of
Clomazone Metabolites

Seedlings of all four species were grown hydroponically as de-
scribed earlier. '*C-Clomazone was supplied to the plants
through their roots and was added to the nutrient solution at a
concentration of 10 uM containing 5.0 oCi/L of nutrient solution.
Plants were again harvested at 12, 48, and 96 h after treatment.
Harvested plants were divided into roots and shoots plus leaves,
weighed, and ground to fine powder with liquid nitrogen. Radi-
olabeled herbicide and its metabolites were extracted with two
aliquots of 50 ml of 80% acetone primarily from shoot and leaf
tissues, since most of the root-applied clomazone was found to
accumulate in the leaves of all four species examined in this
study. The acetone aliquots were combined and concentrated to
1 ml by rotoevaporation at 40°C. A 0.1-m} sample of each extract
was then counted by liquid scintillation spectrometry. Unex-
tracted plant samples were oxidized as described earlier and
counted by liquid scintillation spectrometry. To analyze plant
extracts for clomazone and its metabolites, 50-pl aliquots were
spotted on silica-gel thin-layer chromatography (TLC) plates
(Whatman Silica Gel 150 A LKSDK, Whatman Inc., Clifton, NJ,
USA). The plates were developed in butanol:acetic acid:water
(12:3:5, vol/vol/vol) and co-chromatographed with standard ra-
diolabeled clomazone (Rf = 0.95). Developed TLC plates were
separated into l-cm segments from the origin to the solvent
front, scraped, and radioactivity was quantitatively determined
by liquid scintillation spectrometry.

Statistical Analysis

Three replications of all treatments were made, and each exper-
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Table 1. Absorption and distribution of total 'C recovered in various parts of soybeans and Amaranthus species at 12, 48, and 96 h after

root application of *C-clomazone.*

Distribution of radioactivity

(% of absorbed)
Time after Absorption
Species application (h) (% of applied) Root Stems Leaves
Soybean 12 38 20 17 62
48 27 15 16 68
) 96 53 17 17 65
LSD (time within species) 18 NS NS NS
A. hybridus 12 24 14 17 70
48 17 13 15 72
96 34 15 16 69
LSD (time within species) NS NS NS NS
A. retroflexus 12 23 22 17 61
48 43 16 22 62
96 80 9 24 67
LSD (time within species) 14 NS NS NS
A. lividus 12 46 8 19 73
48 64 10 9 80
96 83 13 15 72
LSD (time within species) 22 NS NS NS
LSD (between species) 23 NS NS NS

LSD, Fischer's protected least significant difference; NS, not significant.

2 Data are means of two experiments with three replications each.

iment was repeated twice in time. Means were separated by
Fisher’s protected least significance difference (LSD) test at the
5% level.

Results
Clomazone Absorption and Translocation

In general, absorption of clomazone via root appli-
cation increased over the course of the study in all
four species (Table 1). Clomazone absorption by
the sensitive weeds A. lividus and A. retroflexus
was greater than that observed with tolerant soy-
beans and A. hybridus. At 96 h after treatment,
greater than 80% of the applied “C-clomazone was
absorbed by A. retroflexus and A. lividus. During
the same time period, absorption of *C-clomazone
by soybean and A. hybridus was 53 and 34%, re-
spectively (Table 1). Thus, in terms of their effi-
ciency in absorbing root-applied clomazone, the
four species can be ranked as follows: A. lividus >
A. retroflexus > soybean > A. hybridus.

Of the absorbed radioactivity, 61 to 80% was
translocated to the leaves of all four plant species
examined following application of 1*C-clomazone to
the roots (Table 1). The rest of the absorbed radio-
activity from root-applied *C-clomazone remained
either in the roots or translocated to the shoots of
the four species (Table 1). Autoradiographic analy-

sis of all plant species revealed the same pattern of
distribution (acropetal translocation) of the ab-
sorbed radioactivity. Autoradiographs in Fig. 1, il-
lustrate the distribution pattern of root-applied *C-
clomazone in the sensitive weeds A. lividus (Fig.
la) and A. retroflexus (Fig. 1b) as well as in the
tolerant species A. hybridus (Fig. 1c). The move-
ment of absorbed radioactivity from roots to shoots
and leaves appeared to be independent of the time
after treatment with root-applied '*C-clomazone in
all four species (Table 1).

Clomazone Metabolism

Because of the greater absorption and more uniform
distributon of root-applied clomazone to, all four
species, studies on the metabolism of this herbicide
were conducted by feeding *C-clomazone to the
roots. Approximately 50% of the applied clomazone
was metabolized by all four species by 12 h after
treatment. The levels of unaltered clomazone and
those of clomazone metabolites did not change sig-
nificantly with time of treatment, suggesting either a
steady-state uptake and metabolism or only an ini-
tial metabolism of the herbicide. Therefore, only
data for the 96-h period are presented in Table 2.
TLC analysis of combined shoot and leaf extracts
from soybeans and the three Amaranthus weeds re-
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Fig. 1. Autoradiographs showing the distribustion of root-applied '*C-clomazone in (a) Amaranthus lividus, (b) A. retroflexus, and (c) A.

hybridus.

Table 2. Metabolism of root-applied clomazone in leaf tissue of soybeans and Amaranthus species, 96 h after treatment.

% of radioactivity spotted®

Metabolite Rf value® Soybean. A. hybridus A. retroflexus A. lividus
Unknown no. 1 0.4 23 21 22 25
Unknown no. 2 0.8 24 29 38 30
Clomazone 0.95 52 50 40 45
LSD (within each species) 15 14 NS 13

LSD, Fisher’s protected least significant difference; NS, not significant.

2 Data are means of three replications repeated in time.

® Metabolites were separated by TLC using a solvent system of butanol:acetic acid:water (12:3:5, vol/vol/vol).

vealed the formation of two major metabolites of
clomazone. These metabolites had Rf values of 0.4
(unknown no. 1) and 0.8 (unknown no. 2), respec-
tively (Table 2). Unaltered clomazone had an Rf
value of 0.95 (Table 2). The levels of unknown no.
1 metabolite of clomazone formed in soybean and
the three Amaranthus weeds were very similar. Al-
though not statistically significant, the levels of the
unknown no. 2 metabolite of clomazone that were
formed in the three Amaranthus weeds were higher
than the levels of this metabolite formed in soybean
(Table 2).

Discussion

Data obtained from the root absorption studies and

autoradiography indicate that clomazone is mainly
a xylem-mobile herbicide moving acropetaly fol-
lowing root application. Clomazone absorption ap-
pears to be species-dependent, especially among
weeds of the genus Amaranthus. A. retroflexus and
A. lividus, which are clomazone-sensitive species,
absorbed more clomazone through the roots than
clomazone-tolerant soybean and A. hybridus. Of
the clomazone absorbed in all species, most was
translocated to the leaf tissue which is in agreement
with data of other researchers (Anonymous 1986;
Weston and Barrett 1989).

The identity of the two metabolites of clomazone
found in all plant species examined in this study is
not presently known. The chlorine present in the
phenyl ring of the clomazone molecule may react
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with endogenous compounds containing sulfhydryl
groups such as glutathione. In fact, the production
of a synthetic conjugate of clomazone with reduced
glutathione (GSH) under in vitro conditions has
been reported by Vencill et al. (1989). The unknown
no. 1 metabolite of clomazone detected in extracts
from all four plants appeared to have similar chro-
matographic properties to those of the synthetic
GS-clomazone conjugate in the TLC developing
system (butanol:acetic acid:water, 12:3:5, vol/
vol/vol) used in this and an earlier study (Vencill et
al. 1989). Additional studies are needed, however,
to conclusively characterize this metabolite as a
GS-conjugate of clomazone.

The detection of polar metabolites of clomazone
in extracts obtained from both tolerant and suscep-
tible plant species has been reported also by
Weston and Barrett (1989) and Norman and Liebl
(1989). Weston and Barrett (1989) postulated that
the polar metabolites of clomazone formed in toler-
ant bell peppers, as well as in susceptible tomato,
were conjugates of clomazone with sugars such as
glucose. Treatment of these metabolites with
B-glucosidase which cleaves B-1,4-glucose linkages
and hesperidinase which cleaves a-1,6-glucose link-
ages did not result in any significant release of 'C-
clomazone from these suspected glucose conjugates
(Weston and Barrett 1989). On the other hand, acid
hydrolysis of these metabolites with HCI was very
effective in releasing '“C-clomazone. The results of
Weston and Barrett (1989) suggest that the polar
metabolites of clomazone detected in their study
may not necessarily be glycosides of this herbicide.
Alternatively, it is possible that clomazone may be
forming conjugates with both sugars and glutathi-
one similar to the case of the bleaching herbicide
pyridate (Gaillardon et al. 1989, Zohner 1987).

Differential metabolism or differential rate of me-
tabolism of clomazone did not appear to explain the
tolerance of soybean and A. hybridus or the suscep-
tibility of A. retroflexus and A. lividus to this her-
bicide. This conclusion is in agreement with the
findings of Weston and Barrett (1989) and Norman
and Liebl (1989) who reported that differential me-
tabolism does not seem to play an important role in
the selective action of the herbicide clomazone.

Our data showed that tolerant plants such as soy-
bean and A. hybridus absorbed less root-applied
clomazone than the sensitive species A. retroflexus
and A. lividus. The observed differences in cloma-
zone uptake may be part of the reason why A. ret-
roflexus and A. lividus are more sensitive to this
herbicide. Differences in the distribution of the ab-
sorbed radioactivity following root application of
14C_clomazone were not significant enough to ac-
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count for the differential sensitivity of the three Am-
aranthus weed species to this herbicide.

An alternative hypothesis for explaining the se-
lectivity of the herbicide clomazone was proposed
recently by Norman and Liebl (1989). They postu-
lated that clomazone may be actually a proherbicide
which is metabolized to an active form by both tol-
erant and susceptible plants and differences at the
site of action (carotenoid biosynthesis) may account
for the selectivity of this herbicide. However, Nor-
man and Liebl (1989) did not present any data to
support their hypothesis. Further research is
needed to substantiate this hypothesis and conclu-
sively elucidate the exact basis or bases for the ob-
served selectivity of the herbicide clomazone.
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