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ABSTRACT

Mineral deficiencies can reduce the absorption and translocation of the urea herbicide [14C]-
buturon and its metabolites in wheat. The efflux of [*4C]buturon and its metabolites from
mineral-deficient plants was increased as compared to normal-grown plants.

The metabolism rate of herbicide in the roots of normal-grown plants increased for 24 h,
then decreased again, whereas in shoots a continuous increase was observed for 7 d; at this
time, the metabolism rate was 25-0 per cent of the radioactivity present in the roots and 23-7
per cent in the shoots. In the nutrient-deficient plants, the metabolism of buturon was signifi-
cantly increased as compared to the plants grown in normal medium. In the N-deficient nutrient
medium, the ratio of metabolites to parent compound was higher than in the complete medium.

Four groups of metabolites were observed in plants: a small group of carbamates (metabolite
group I), a group of mainly unstable compounds decreasing rapidly in roots (II), a group
comprising, among others, p-chloroacetanilide (IIT), and a group of conjugates (IV); the groups
IIT and IV increased continuously during 7 d. The metabolites were 1solated through column
and thin layer chromatography and identified by comparison with reference compounds and
combined gas chromatography/mass spectrometry analysis.

INTRODUCTION
Urea herbicides are being used in agriculture to control weeds in various crops. It
is important to know their mode of action, absorption, movement, and degradation
in crops in which they are used. The degree of penetration of a synthetic compound
into plant roots and the extent of its subsequent translocation into other plant
parts are both functions of the particular plant, soil type, and physicochemical
properties of the compound. Several investigators have reported nutritional in-
fluences relative to the penetration and translocation of pesticidal compounds
within plants (Hacskaylo and Ergle, 1955; Yu and Morrison, 1969; Talekar and
Lichtenstein, 1971 ; Al-Adil, White, McChesney, and Kilgore, 1974). They observed
either positive or negative correlations between the nutrient supplies and the uptake
of pesticides into roots or shoots. However, due to differences in the chemical struc-
ture of various pesticides, the rate and mechanism of uptake and translocation
are different for each pesticide and the plant species used for the study.

The objective of the present study was to determine the effects of nutritional
conditions upon absorption, eflux, and metabolism of buturon (N-(p-chlorophenyl})-
N'-methyl-N'-isobutinylurea, Fig. 8) in wheat plants.
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MATERIAL AND METHODS

Culture of plants

Seeds of spring wheat (T'riticum aestivum L., cv. Kolibri) were germinated in moist paper towels
for 3 d. After the first leaf emerged from the coleoptile, about 100 seedlings were transferred
into each of five black-painted 11 jars containing CaClga solution (1 mmol I-1), and all the jars
were placed into a growth chamber under a light intensity of 20 klx with 16 h photoperiod. The
temperature was maintained at 24 °C during the day and 16 °C during the night. The relative
humidity was about 60 per cent.

One week after the seedlings were depleted of their endogenous minerals, they were trans-
ferred into modified Hoagland—Arnon half-strength nutrient solutions (Hoagland and Arnon,
1938), one being a full nutrient solution and the other four being deficient in N, K, P, or Mg.
The compositions of the nutrient media were as follows:

1. Full nutrient solution: Ca(NOg)e.4H:0, 0-821 g; KNOj, 0-506 g; KH;PO4, 0-136 g;
MgS04.7H:0, 0:120 g; in 11 of water.

2. N-deficient solution: KeSOy4, 0-871 g; Ca(HoPOy)s, 0-117 g; CaS04.2H0, 0-344 g;
Mg80,4.7H:0, 0:060 g; in 1 1 of water.

3. K-deficient solution: Ca(NOg)2.4H20, 1-231 g; Ca(H2POu4)s, 0-117 g; MgSO,4.7TH-0,
0-241 g; in 11 of water.

4. Mg-deficient solution: Ca(NOg)s.4H20,0-821 g; KNO3, 0-5068 g; K2S04, 0436 g; KH,POy,
0-136 g; in 11 of water.

5. P-deficient solution: Ca(NOj3)z.4H:0, 0-821 g; KNOg, 0-253 g; K9S0y, 0-435 g; MgSO,.
7H»0, 0-241 g; in 1 1 of water.

Miocroelements were given to all the plants (for each pot 0-56 ml of the following stock solution:
HaBOa, 2-50 g; ZnClz, 0-50 g; CllClz.HgO, 0-05 g; MOOa, 0-06 g, MnClz.‘i—HgO, 0-50 g) Iron
was supplied as Fe-EDTA salt (56 mg 1-1 Fe). The nutrient solutions were aerated continuously
throughout the experiment. Before treatment with the herbicide, the nutrient solutions were
renewed and thereafter maintained at & constant level with distilled water.

Treatment with [14C buturon

‘When 15 d old and showing moderate deficiency symptoms, the plants received 84 uCi of
{14C]buturon per pot through the roots in the nutrient medium, corresponding to about 3-5
mg 1-1 medium. The ring-labelled [14C]buturon used (specific activity 5:0 mCi mmol-1) was
synthesized in this Laboratory (Attar, Ismail, Biemek, Klein, and Korte, 1973) and was of 99-2
per cent radiochemical purity at the time of application. The herbicide was applied by dis-
solving in asmall amount of acetone and adding to the nutrient solutions. Thereafter thenutrient
solutions were bubbled extensively to eliminate acetone.

Absorption and translocation studies

After supplying the plants with the herbicide [14C]buturon, seven plants from each pot were
collected at 2, 4, 24, 48, 72, 96, and 168 h intervals. The roots were washed 1n a mixture of water
and methanol (1:1, by vol.) and blotted dry between folds of filter paper. They were then
separated into roots and shoots and weighed. There were variations in the fresh weights of
individual plants, and, to reduce these, the mean weight of two plants was taken. The defi-
ciency in plants was of moderate order and there were no substantial differences in fresh weight
between sets of deficient plants when compared to those grown in complete nutrient medium.

The radioactivity taken up was determined in each part by separate combustion of two plants
from each pot in an automatic oxidizer (Packard, Model 306), where the 14CO3 liberated was
trapped in a toluene-based scintillation solution with phenethylamine, and the radioactivity
was counted in a liquid scintillation counter (Packard, Tricarb 3380). The average of two such
determinations was taken to calculate the total concentration in each plant part (Fig. 1).
The remaining five plants collected from each pot were extracted fresh in a mixture of chloro-
form and methanol (1:1, by vol.) by homogenizing with an Ultra Turrax. The extracts were
filtered and dried over NazSO4. The residue was washed several times with the same solvent
mixture. The shoots were extracted similarly to the roots. All extracts were concentrated in a
rotary evaporator cooled with methanol. They were stored at 0 °C till further use.
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Efflux studies

After uptake of [14C]buturon for 2 d, five plants from each pot were transferred into each of
five vessels containing nutrient solutions identical to those in which they were grown previously.
Roots were rinsed with distilled water before transfer. The plants were allowed to grow in the
growth chamber under the conditions described above. Samples from the aqueous medium
were taken at intervals and the radioactivity measured (liquid seintillation counters Tricarb,
Packard 3375 and 3380; scintillant based on dioxane). An average of three determinations was
made. The volume of the nutrient solutions was maintained with distilled water.

Separation and 1solation of plant metabolites

To determine the metabolism rates in plants, the extracts obtained from the absorption and
translocation studies were spotted on precoated, thin layer chromatography (TLC) silica gel
plates (20 cm x 20 em) (Merck, Darmstadt) and separated with a dichloromethane solvent
system (developed twice). Standard [14C]buturon was spotted on TLC plates parallel with each
set of extracts in order to compare the position of the parent compound. The radioactive com-
ponents on the plates were localized by means of a dot-print scanner (Berthold/Frieseke,
Germany). Each radioactive region was then scraped off from the plate and radioactivity in
them was counted by liquid scintillation counting (scintillant based on dioxanse).

To isolate the metabolites, all the root extracts were combined and preliminary cleaning
and separation by column chromatography was made. A silica gel (70-200 mesh) column
and different gradient elution systems were utilized. Dichloromethane was the starting solvent
system with increasing proportions of ethyl acetate, and the second system consisted of ethyl
acetate with increasing proportions of methanol. The column was connected to a scintillation
counter (Berthold/Frieseke, Germany) and the flow of radioactivity in the elute passing through
the counter was registered on a chart. Each radioactive fraction recovered was concentrated on
a rotary evaporator and purified on precoated and self-made silica gel plates. The most hydro-
philie fraction was eluted from the column with methanol and hydrolysed in aqueous medium
with 6 N HCI for 8 h. The hydrolysate was extracted with ether and the extract separated and
purified by T.L.C. with various solvent systems. The substances were identified by gas-liquid
chromatography (GLC) and combined gas chromatography/mass spectrometry (GLC/MS;
for details seo Haque, Weisgerber, Kotzias, Klein, and Korte, 1976).

Separatton and tsolation of converston products in the nutrient media

At the end of the experiment (7 d), the complete and the N-deficient nutrient media were
separately freeze-dried ; the residues were taken up in methanol and separated by TLC (method
as for plant extracts, dichloromethane solvent).

An aliquot of the separated fractions was used for determination of radioactivity; the re-
maining radioactivity of the non-polar metabolite fraction was purified by repeated TLC
and identified by GLC and GLC/MS.

RESULTS AND DISCUSSION

[14C] Buturon translocation and growth of plants

Moderate deficiency symptoms were apparent on the plants grown in various defi-
cient nutrient solutions at the time of [14C]buturon treatment in nutrient solutions.
After an uptake period of 2 d, [14C]buturon caused a reduction in both shoot and root
fresh weight of wheat whether the plants were grown in a complete nutrient solu-
tion or in a solution deficient in N, K, P, or Mg. After 5 d growth, the fresh weight
of shoots and roots at all levels of nutrition showed a tendency to decrease. This may
be due to high accumulation of [14C]buturon and its metabolites which continued
to increase both in root and shoot tissues irrespective of growth (Fig. 1).
Although no evidence is presented, it appears that the translocation of buturon
is largely a passive process which is closely associated with the movement of water
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Fia. 1. Absorption of [14C]buturon and conversion products by wheat plants from various

mineral-deficient nutrient media. Concentration of radioactive substances are in ug g-!

fresh plant weight. The nutrient media contained 3-5 mg 1-1 {14C]buturon at the beginning

of uptake. A: shoots; B: roots. Complete nutrient medium (0); complete medium lacking:
P(m), K (8), Mg (), N (D).

in the transpiration stream. With the absence of one of the nutrient elements the
transpiration is probably altered which in turn also affects the uptake of buturon.
Shone and Wood (1972) examined the absorption and translocation of simazine by
barley and found that the herbicide decreased the transpiration rate as well as re-
duced the uptake of phosphate and rubidium ions. In the present experiment the
situation may be accentuated in that both mineral deficiency and herbicide possibly
influence the transpiration as well as the metabolic processes of the plants.

Within 2 h the concentration in the root tissues rose to a value greater than that
applied to the ambient medium (Fig. 1). In the absence of one of the nutrient ele-
ments, within 4 h the concentration of [14C]buturon was variably different. The con-
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Fic. 2. Efflux of radioactive substances into various mineral-deficient nutrient media after a
period of 2 d of [14C]buturon uptake. After the uptake period, the plants were transferred into
non-radioactive buturon-free media. For key to symbols see Fig. 1.

centration in the shoot tissues increased slowly and after 24 h reached a concen-
tration between 3-0 parts 10-6 in N-deficient shoots and 7-4 parts 10-8 in complete-
nutrient shoots (Fig. 1).

After 2d growth the concentration of [14C]buturon and its metabolites in deficient
roots reached a maximum which was at leastfive toeighttimeshigher than thatin the
ambient medium. The concentration in the roots increased further after a lag phase
of 1-2 d. The roots in the complete nutrient solution did not show such & lag phase,
and [14C]buturon concentration increased continuously but waslower thanin K- and
N-deficient roots. It appears that the herbicide was retained in the root tissues
and, after a period of time, released into the growth medium causing a lag phase in
the root concentration. This lag phase may be true of deficient plants. However,
it does not seem that the transpiration plays any role in causing the lag phase as no
such lag phase or increase in shoot concentration was observed during the same
period. The concentration in shoots of complete-nutrient plants rose faster than in
the deficient shoots and showed the highest concentration of 27-8 parts 108 in
contrast to 8-5 parts 108 in N-deficient shoots (Fig. 1).
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Efflux of radioactivity

The low uptake of radioactivity in mineral-deficient plants as compared to normal-
grown plants after [14C]buturon application prompted us to find whether a faster
elimination of radioactivity occurs in mineral-deficient plants. Therefore, the eflux
of radioactivity from the roots into the nutrient medium was measured.

Figure 2 shows the eflux of [14C]buturon from roots into nutrient solutions defi-
cient in N, P, Mg, and K. The amount of loss of radioactivity was determined from
five plants in each set of experiments. From the initial amount of radioactivity
present in the complete-nutrient plants, an average of 24 per cent radioactivity was
lost into the nutrient medium during the 72 h period. This loss was mainly during the
first 5 h of the experiment. For the plants grown in mineral-deficient solutions, the
elimination of radioactivity was greater and also occurred mainly during the first
24 h.

. N-deficient medium
Complete medium

A
16 —

nr-

Percentage of radioactivity

| 1 |
0
1 3 s 1 3 5 7

Days

Fig. 3 Fig. 4
Fias 3-7. Time-course study of metabolite groups from wheat plante grown in various
minersal-deficient nutrient media. Metabolite groups were quantitatively determined after
geparation of extracts by silica gel TLC (developed twice with dichloromethane). The percent-
age of metabolites are based on the total radioactivity recovered from the extracts. The
metabolite groups had the following Ry values: I, 0-7-0-8; IT, 0-4; ITI, 0-1-0-2; and IV, < 0-1.
The unconverted buturon ( R 0-48) is not shown. a: shoots. B: roots. Metabolite group I (0);

II (e); ITL {A); IV (4).

~
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[14C] Buturon metabolism in plants

The time course sequence of [14C]buturon metabolism in wheat plants grown in
various deficient nutrient solutions was followed. A continuous supply of [14C]-
buturon in nutrient solutions resulted in a rapid metabolism in complete-nutrient
plants which after 24 h was 32-7 per cent of the total radioactivity extracted in
the roots and 8-3 per cent in the shoots (Fig. 3a, B). Further growth of plants in the
same medium for a period of 7 d increased the total percentage of metabolites of the
shoots to 23-7 per cent, while that of roots decreased to 25-6 per cent. This suggests
that the metabolism of [14C]buturon may be occurring in the shoots and roots in-
dependently. The herbicide and the metabolites of the roots probably are partly
transported through the transpiration stream to the shoot and partly leached out
into the growing medium, which results in the decrease of the total metabolites in
the roots and increage in the shoots.

K-deficient medium P-deficient medium

A A
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2 o =" w—
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1 3 5 7 1 3 5 7
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Fia. 5 Fi1c. 6

The rate of metabolism in the various nutrient-deficient plants was generally
higher compared to the complete-nutrient plants. The N- and K- and P-deficient
plants (Figs 4-6) showed 24-0, 31-5, and 29-5 per cent, respectively, of the total
radioactivity as metabolitesin the shoots, while in the rootsit was 24-3, 26-0, and 32-7
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per cent, respectively, towards the end of the 7 d experiment. Only for Mg-deficient
plants (Fig. 7a, B), was the metabolism rate in the shoots comparable to that of the
normal plants (21-4 per cent after 7 d), whereas in roots it was higher than for normal
plants, which is in line with the observations in the other deficient plants.

The groups of metabolites designated as I, II, ITI, and IV were separated by TLC
(Figs 3-7); the concentration of these was followed with time in various plants grown
in nutrient-deficient media. Metabolite group I (Rg 0-7-0-8), which was in the lowest
concentration, remained almost constant both in the shoots and roots. Metabolite
group II ( Ry 0-4), which appeared to be, in the beginning, in major concentration in
the roots, fell rapidly after one day’s growth of plants, whether they were grown
in complete or deficient nutrient solution. In the shoot this group, which was below
2 per cent in concentration, stayed constant during the growth of the plants. It
appears that group I contains metabolites formed first in the roots. Metabolite
groups ITT (Rg 0-1-0-2) and IV (Rp <0-1) increased to a greater amount in shoots than
in roots. This pattern of metabolism was the same whether the plants were grown in
complete or deficient nutrient medium.

Identification of root metabolites

The metabolites from the combined root extracts were isolated and identified.
From the metabolite group I (Figs 3-7), two metabolites were identified by GLC-
MS. By mass spectrometric analysis, one metabolite (Fig. 8, formula A) gave &
molecular ion of 185 and was identical to an authentic sample of N-(p-chloro-
phenyl)-O-methy! carbamate; the most significant mass spectral fragments were
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at mfe 1563 (M+-CH3OH) and 127 (p-chloroaniline). The other metabolite (Fig. 8,
formula B) gave a molecular ion of 199 and was identical to N-(p-chlorophenyl)-¥-
methyl-O-methyl carbamate. The more significant mass spectral peaks were as
follows: 153 (M+-OCHj3-CHjg), 140 (M+-CO-OCHs3), and 127 (p-chloroaniline, base
peak). These two metabolites were also identified in a previous work with winter
wheat under outdoor conditions (Haque et al., 1976). They occur only in low con-
centration in all experiments.

0
Cl—@—NH—g—-lTJ-CH,
HC-CH,
Buturon éECH
®
A u-@—NH—c—OCH, C C|—©-N=c=o
1] n
B Ci- ‘lTl-C—OCHJ D /@-Iﬁ— C - NH- CH;,
CH, ClI" OH CHJQ
E CI—@-NH-C—CH,

Conjugates
Acid hydrolysis

O
i

0—©—NHZ+ a-(O) -~ NH-CHO + CI —@—N-C=O+Cl—-©—NH-C—OCH3
F G C

Fic. 8. Structural formulae of buturon and conversion products in wheat roots in hydroponic
culture.

The metabolite group IT in Figs 3-7 was separated by TLC into at least two com-
ponents. The major metabolite upon GLC/MS was decomposed and formed N-
(p-chlorophenyl) isocyanate (Fig. 8, formula C). These reactive properties of the
main component of group II probably cause the decrease of this group in roots during
the experiment. A small component with Rr 0-57 in hexane/ethylacetate/acetone
(10:2:1, by vol.) solvent gave a molecular ion of 214. On the basis of its fragmenta-
tion this metabolite was tentatively identified as N-chlorohydroxyphenyl-¥-
methyl-N'-methylurea (Fig. 8, formula D). The more significant mass spectral
peaks of this metabolite were as follows: 214 (M*), 199 (M*+-CHj3), and 169 (M*-
CH3-NHCH3). The proposed structure is & methylation and hydroxylation product
of the debutynylated buturon, a metabolite isolated from microorganisms
(Wallnofer, Safe, and Hutzinger, 1973), higher plants (Haque et al., 1976), and in
u.v. studies (Kotzias, Klein, and Korte, 1974). The enzymatic introduction of
hydroxyl groups into urea herbicide molecules seems to occur preferably into the
side chains (Frear and Swanson, 1972 ; Schuphan, 1974); however, for buturon this
has not been observed (Haque et al., 1976).
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From buturon, a ring-hydroxylated derivative was isolated from leaching water
of buturon-treated soil; however, its biological origin could not be unequivocally
demonstrated (Haque et al., 1976). The abiotic formation of such derivatives was
demonstrated by u.v. irradiation studies (Kotzias et al., 1974; Crosby and Tang,
1969). Nevertheless, the biological origin of ring-hydroxylated buturon derivativ es
is possible since ring hydroxylation is a well known general enzymatic process.
Ernst and Béhme (1965) and Bohme and Ernst (1965) demonstrated ring hydroxyla-
tion in 4-monochlorinated urea herbicides from rat urine. In monuron and mono-
linuron the hydroxylation was preferably in the ortho and to a smaller extent in the
meta positions. For the metabolite described here, the position of the hydroxyl group
is proposed according to the mass spectrum.

The metabolite group I1 contained, among other substances, a product with Ry
0-06 in benzene/ethylacetate (10:1, by vol.) on TLC and a molecular ion of 169
upon mass spectrometry. Upon comparison of its mass spectrum with an authentic
reference compound, this metabolite was identified as p-chloroacetanilide (Fig. 8,
formula E).

Some conjugates (metabolite group IV) have also been found in the present study.
Their percentage of total radioactivity increased during the experiment, as did the
metabolite group II1. The nature of conjugation was not examined. The conjugate
fraction, upon acid hydrolysis, gave several products, four of which were identified
by GLC/MS analysis and comparison with reference compounds. These products
were: p-chloroaniline (Fig. 8, formula F), p-chlorophenyl isocyanate (Fig. 8,
formula C), N-(p-chlorophenyl)-O-methyl carbamate (Fig. 8, formula A), and p-
chloroformanilide (Fig. 8, formula G). The formation of artefacts during the hydro-
lysis process cannot be excluded.

[24C | Buturon conversion products in the nutrient media

Of the different nutrient media used in this study, only the complete and the N-
deficient media were analysed for conversion products.

Fig. 9 shows thin layer chromatograms of both media, along with a chromato-
gram of parent [14C]buturon. In this figure, the start peak (on the right side)

corresponds to the metabolite groups IT-1V of the plants (Figs 3-7), the middle peak -

corresponds to unchanged buturon, and the less polar peak (at left) to the carba-
mate fraction (group Lin Figs 3-7). Uponisolation, the carbamate fraction was found
to be only one substance, N-(p-chlorophenyl)-O-methyl carbamate (Fig. 8, formula
A). Whereas, in all plant extracts, this substance amounts to only a few per cent of
the total radioactivity present, in the aqueous medium it equals the sum of all
other metabolites. From this fact it may be concluded that the N-(p-chlorophenyl)-
O-methyl carbamate is formed preferably in the nutrient medium and taken up by
the plants. In the plants, this carbamate is accompanied by its N-methylated deriva-
tive (Fig. 8, formula B), indicating that N-methylation of the carbamate A occursin
plants. However, the possibility that both carbamates are formed in the roots can-
not be completely excluded.

In the N-deficient solution, the percentages of all metabolite groups are signifi-
cantly higher than in the complete nutrient solution. The same is true for the plant
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Complete nutrient solution

— 17:5¢, 6637, 1637,
N- deficient nutrient solution
L 352% 3309 3189
{4C] Buturon standard
sl
- 96:0 7,
Front — Start

Fi16. 9. Thin layer chromatograms of complete and of N-deficient nutrient media 7 d after
application of [14C]buturon and growth of wheat plants.

Dichloromethanesolvent ; chromatogramsrecorded with TLC-scanner from Berthold/Frieseke,
Germany.

samples (Figs 3—7). As to the increase of carbamates in the N-deficient solution and
plents, there remains the interesting question whether microorganisms and/or
plants are able to consume the side-chain nitrogen of the buturon and leave the
remaining molecule moiety as carbamate in the nutrient medium.

From these experiments it is evident that mineral deficiency reduces the uptake of
buturon and increases its efflux from the roots and its metabolism.

The present results appear to be comparable with the work of other authors
who found a positive correlation between the mineral supply and pesticide uptake
(Yu and Morrison, 1969; Talekar and Lichtenstein, 1971 ; Al-Adil ef al., 1974).
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