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A novel pyrimidynyloxybenzoic herbicide (ZJ0273) uniformly labeled with 14C on the benzoate ring

was applied to soils under sterile and nonsterile conditions to understand the effect of soil

microorganisms and selected properties on its dissipation and transformations to bound resides

and 14CO2. A significant effect of soil microorganisms was found in an acidic soil, where sterilization

significantly prolonged the half-dissipation time (DT50) of ZJ0273 from 15.57 to 34.31 days and

decreased the total amount of mineralized 14CO2 from 19.91 to 0.43%. However, sterilization

showed limited effect on the patterns of bound residue or extractable residue levels in soils having

pHg6.1. In addition, a significant suppression of high pH was found on the dissipation of extractable

residues and formation of bound residues. The enhancement of bound residue formation by low soil

pH was attributed to increased conversion of ZJ0273 to its intermediates, which were rapidly bound

to soil organic matter.
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INTRODUCTION

ZJ0273, propyl 4-(2-(4,6-dimethoxypyrimidin-2-yloxy)benzyl-
amino)benzoate, is a novel pyrimidynyloxybenzoic herbicidal
ingredient developed from the family of 2-pyrimidyloxy-N-aryl-
benzylamine derivatives (1). In recent years, ZJ0273 has been
rapidly adopted for use in China, with the total application area
reaching 533,000 ha in 2007 (2). Application of ZJ0273 at the rate
of 45-60 g (active ingredient) per hectare showed effective pre-
and postemergence weed control in oil rape fields (3). The activity
of ZJ0273 involves the inhibition of acetolactate synthase (ALS)
and consequently biosynthesis of three essential branch amino
acids, i.e., valine, isoleucine, and leucine. Studies with 14C labeling
showed negligible uptake of ZJ0273 into the rapeseed, largely due
to the poor root absorption and weak translocation of this
compound (4).

Extensive use and occurrence of negative environmental effects
mandate the need to understand the fate and transport of new
pesticide products (5,6). Studies with 14C-labeled pesticides have
shown that the parent compound and/or its metabolites may be
converted to extractable residue (ER) or bound residue (BR) or
mineralized toCO2 after application in soil. Extractable residue is
defined as the fraction that is recoverable by solvents and is
considered to have bioavailability potential and susceptibility to

degradation (7, 8). Bound residue, defined as the fraction that is
not recovered by exhaustive solvent extraction, is generally
accepted as a pathway for decreased bioavailability and hazar-
dous potential. However, studies show that a portion of BRmay
become bioavailable at a later time and impose effects on plants
and animals. For certain herbicides, such delayed release of
residues is especially problematic, as it may lead to significant
injuries to sensitive plants (9-12). On the other hand, minera-
lization to CO2 is an environmentally desirable pathway, as it
completely removes the inherent toxicity.

In the present study, five representative soils were incubated
after treatment of ZJ0273 labeled with 14C on the benzoate ring
(A ring) under sterile and nonsterile conditions to understand the
role of soil microbial activity in influencing the dissipation of this
herbicide. The formation of BR and mineralization to 14CO2

specific to the benzoate ring label were also studied. The role of
selected soil properties in these processes was further evaluated.

MATERIALS AND METHODS

Chemicals. [A ring-U-14C]-ZJ0273 (Figure 1), propyl 4-[2-(4,6-di-
methoxy-2- pyrimidinyloxy)benzyblamino]-[phenyl-U-14C] benzoate, or
14C-ZJ0273, was synthesized by the Institute of Nuclear Agricultural
Sciences, Zhejiang University (Hangzhou, China), from 4-amino[phenyl-
U-14C] benzonic acid through esterification, condensation, reduction, and
substitution (13). Analyses including high performance liquid chromato-
graphy-liquid scintillation counting (HPLC-LSC) and thin layer chroma-
tography-isotope imaging analysis (TLC-IIA) showed that both radio-
chemical purity and chemical purity were >98% with a specific activity of
40.29 ( 0.41 MBq/mmol. 2,5-Diphenyloxazole (PPO, scintillation grade)
and 1,4-bis(5-phenyloxazol-2-yl)benzene (POPOP, scintillation grade)
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were obtained fromAcros Organics (Geel, Belgium). Other chemicals and
solvents used in this study were all of analytical grade and used as received.

Soils. Five representative soils for oilseed rape growing areas were
collected from the surface layer (0-15 cm) of agricultural fields and used in
the present study: a red clayey soil (S1) from Quzhou, Zhejiang; a sandy
paddy soil (S2) fromHanzhong, Shanxi; a fluvio-marine yellow loamy soil
(S3) from Hangzhou, Zhejiang; a hydromophic paddy soil (S4) from
Jingzhou, Hubei; and a coastal saline soil (S5) from Cixi, Zhejiang. Based
on the pH, we defined S1 (pH= 4.2) as acidic soil, S2-S4 (pH is from 6.12
to 6.70) as neutral soils, and S5 (pH= 8.25) as alkaline soil. All soils were
not previously exposed to ZJ0273. Soil samples were air-dried, mixed, and
sieved through a 1-mm sieve before use. Selected physicochemical proper-
ties of the five soils were determined using standardmethods and are given
in Table 1 (14, 15).

Radioassay. Radioactivity (in dpm) was measured on a Wallac 1414
liquid scintillation counter (LSC; Wallac-1414, Wallac Co., Turku,
Finland) or an ultralow liquid scintillation spectrometer (ULLSS; Wallac
1220 Quantulus, PerkinElmer, Turku, Finland) for extremely low radio-
activity samples. Scintillation cocktail I was prepared by dissolving PPO
(7 g) and POPOP (0.5 g) in a mixture of xylene (650 mL) and
2-methoxyethanol (350 mL). Scintillation cocktail II was prepared by
dissolving PPO (7 g) and POPOP (0.5 g) in a mixture of xylene (600 mL),
2-methoxyethanol (225 mL), and ethanolamine (175 mL) and was used
for trapping 14CO2 during sample combustion. Chemoluminescence was
eliminated before radioactive measurement by placing the test scintillation
vials in the dark for 24 h.

Pesticide Treatment and Incubation. To determine the role of
microbial activity in affecting the dissipation of ZJ0273, two sets of
samples were prepared for each soil type. One set of samples was subjected
to sterilization treatment to removemicrobial activitywhile the other set of
samples was preincubated at 25( 1 �C for 7 days to allow the micro-
organisms to acclimatize. Sterilization was carried out by exposing the soil
samples to 60Co γ-irradiation at an absorbed dose of 30 kGy (dose rate
1.25 kGy/h).

Subsequently, each soil (400 g, air-dry weight) was transferred into a
500-mL flask with a rubber stopper. Then 5 mL of prepared methanol
solutionof 14C-ZJ0273 (1.905� 104Bq) was dilutedwith 15mLof distilled
water and added into the soil sample, followed by thorough mixing. The
homogenized soil samples were left in a fume hood to remove methanol.
The soil moisture content was then adjusted to about 60% of the water-
holding capacity by adding sterilized distilled water. The treated soil
samples were incubated at 25 ( 1 �C. During the incubation, the soil-
water content was maintained constant by weighing the flasks and adding
sterilized distilled water on a daily basis. ZJ0273 treatment and incubation
for sterilized soils followed a similar procedure but were performed in a
sterile environment.

Measurement of Mineralization Rate. To monitor the mineraliza-
tion rate, a 20-mLglass vial filledwith 10mLof 0.5MNaOH solutionwas
suspended under the rubber stopper of a sample flask to trap the released
14CO2 during incubation. The NaOH solution was changed every five
days, and theNaOHsolution samples were stored in refrigerator (4 �C) for
further analysis. At different time intervals (5, 10, 20, 30, 45, and 60 days
after ZJ0273 spiking), the NaOH solutions were combined and an aliquot
of 1.0 mL was removed and mixed with 1.0 mL of distilled water and then
combined with 15 mL of scintillation cocktail I. The radioactivity was
measured by ULL- LSC to derive the amount of 14CO2, from which the
mineralization rate was derived.

Analysis of 14C-Extractable Residue. At different time intervals
(5, 10, 20, 30, 45, and 60 days after ZJ0273 spiking), aliquots of 10 g of
soil (dry weight equivalent) were removed from the sample flasks and

transferred into 100-mL polypropylene centrifuge tubes. The soils were
consecutively extracted with methanol by using a previously developed
method (16). Each soil sample was extracted by mixing with 50 mL of
methanol on a horizontal shaker for 2 h, followed by centrifugation at
4000 rpm for 15 min, after which the supernatant was decanted and the
remaining soil was repeatedly extracted with fresh solvents four additional
times. Preliminary experiments showed that, after five consecutive extrac-
tions, no radioactivity could be detected in the extract following additional
extractions. After the exhaustive solvent extraction, all supernatants were
pooled and condensed to 50 mL using a vacuumed rotary evaporator
(Eyela SB-1000, Eyela Co. Shanghai, China). One milliliter of the final
extract was mixed with 15 mL of scintillation cocktail I to measure the
associated 14C-ER radioactivity.

Analysis of
14
C-Bound Residue. After the sequential extraction, the

soil pellets were left in a fume hood to remove the residual methanol and
were then homogenized. Aliquots of 1.0 g (triplicates) were combusted
using a biological oxidizer (OX-600, R.J. Harvey Instrument, Hillsdale,
NJ). The total time of oxidation was 4min at a combustion temperature of
900 �C and a catalysis temperature of 680 �C. The evolved 14CO2 was
recovered in 15 mL of scintillation cocktail II and then measured for
radioactivity by LSC as above. The recovery of this procedure was
determined to above 90% by combusting 14C-ZJ0273 standards. This
recoverywas used to correct the abovemeasurements to derive the fraction
of BR formed in the soils.

Data Analysis. All measurements were in three replicates and the
arithmetic means and standard errors of means (mean ( SEM) were
calculated from the repeated measurements. The log-transformed data for
the dissipation of total 14C-ER over time was fitted to a first-order decay
model to estimate the dissipation rate constant k (days-1) and half-
dissipation time (DT50). Datawere subjected to a linear regression analysis
(ln of mean % residual ZJ0273 versus time). Significance between
treatments was tested using a one-way analysis of variance (ANOVA)
using SigmaPlot 9.0 (Systat Software, Richmond, CA).

RESULTS AND DISCUSSION

Material Mass Balance. Material balance was calculated by
adding the 14C radioactivity recovered in methanol extracts,
14CO2 in NaOH traps, and bound residues after combustion.
The material balance averaged across the different soils ranged
from 98.2( 4.9 to 101.5( 4.6% for the nonsterile soils and from
97.9( 4.6 to 100.6( 5.1% for the sterilized soils. The goodmass
conservation suggested that the steps used for measuring the
different residue forms after soil treatment of 14C-ZJ0273 were
highly reproducible and quantitative.

Dissipation of Extractable Residue (ER). The dissipation of
extractable residue over time in the five test soils is shown in
Figure 2. The level of extractable radioactivity decreased signifi-
cantly from 0 to 60 days after 14C-ZJ0273 application. After 5
days of incubation, depending on the soil type, the amount of 14C-
ER ranged from 73.8 ( 4.6 to 92.4 ( 4.8% of the added 14C-
activity in the nonsterile soils and from 80.3( 3.3 to 93.4( 2.6%
in the sterilized soils. At the end of the incubation, the fractions of
ERwere only from 6.2( 0.5 to 50.0( 3.2% in the nonsterile soils
and from27.5( 1.9 to 52.1( 3.9% in the sterilized soils. Since the
incubation was carried out using closed systems, the losses of ER
over time may be attributed to the conversion of 14C residues to
BR and/or mineralization to 14CO2.

The dissipation of total 14C-ER over time was well fitted to the
first-order decaymodel, with the coefficient r2 ranging from 0.91 to
0.99 (Table 2). The estimatedDT50 valueswere 46.5, 52.3, 50.6, and
69.3 days, respectively, for the nonsterilized neutral and alkaline
soils (S2-S4). The correspondingDT50 values (51.3, 60.8, 53.7, and
73.7 days) obtained for their sterilized counterparts were no
different (p>0.24). Compared with the neutral and alkaline soils,
the dissipation of ER in acidic soil (S1) was much faster. The half-
dissipation time was shortened to 15.6 days in the sterilized S1 soil
and 34.3 days in the nonsterile soil. The accelerated dissipation of
ER in acidic soils was also observed in previous studies for other

Figure 1. Chemical structure of [A ring-U-14C]-ZJ0273, with asterisks
marking the position of the 14C label.
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pesticides. For instance, Ryan et al. observed that, at equivalent
water contents, prosulfuronDT50 values were positively correlated
with soil pH, varying from 6.5 days at pH 5.4 to 122.9 days at pH
7.9 (17). Ye et al. (18) investigated the degradation of 14C-
metsulfuron-methyl and 14C-chlorsulfuron in seven soils and found
that the total ER was positively related to soil pH.

Analysis of variance showed a significant effect of soil micro-
organisms on the dissipation rate of ER in S1 (p e 0.001). After
60 d of incubation, about 28% of the applied radioactivity was
extractable in the sterilized S1, but only 6% in the nonsterile soil.
Given the good mass balance, the enhanced dissipation of ER in
the nonsterile soil S1 may be attributed to increased mineraliza-
tion of ZJ0273 to CO2, and/or microbially mediated conversion
of the parent compound to intermediates that were readily bound
to soil organic matter. However, the differences caused by
sterilization were much smaller for the other four soils, and in
fact statistical test showed no significant effect in the dissipation
of ER for S2-S5 by sterilization (p>0.05).

Formation of Bound Residue.As the fraction of ERdecreased, a
gradual formation of BR was observed in all soils (Figure 3). The
fractions of BR were 5.23( 0.43 to 29.40 ( 2.65% of the added
14C-activity at 5 days in the nonsterile soils and 4.51 ( 0.11 to
25.00 ( 1.35% in the sterilized soils. At the end of incubation,
the fraction of BR increased to 48.03( 1.34 to 77.57( 3.15% of
the added 14C-activity in the nonsterile soils and 45.69 ( 0.74 to
70.04 ( 3.15% in the sterilized soils. Regardless of the steriliza-
tion treatment, the highest level of BRwas always observed in the
strongly acidic soil S1, while the lowest formation was seen in the
alkaline coastal saline soil S5 (Figure 4). The level of BR at the
various sampling times generally followed the order of acidic
soil>neutral soil>alkaline soil.

In S1, the fraction of BR was consistently smaller under
sterilized conditions (p<0.001). However, the levels of BR were
of no significant difference for the sterilized and nonsterile S2-S4
soils (p>0.05). The formation of BR for many pesticides is
usually attributed to soil microbial activity and the content of soil
organic matter (19). In addition, the decrease in residue extrac-
tability and the concomitant increase in BR accumulationmay be
caused also by physical sequestration and other abiotic binding
mechanisms (20). While the parent molecules of most pesticides
donot bind covalentlywith soil humicmaterials to any significant
extent, covalent binding to humus is often possible after conver-
sionof the parent compound to intermediates (21,22). The lackof
effect by sterilization in neutral and alkaline soils in the present
suggested that abiotic processes were involved in the formation of
BR for ZJ0273. Furthermore, it is likely that certain microbes in
the acidic soil may be involved in the active transformation of
ZJ0273 that led to the enhanced formation of soil BR.

The enhanced potential for BR formation in acidic soils may
have several implications. Formation of BR is generally consid-
ered as a detoxification process due to the loss of biological

Table 1. Basic Physical and Chemical Properties of Soils Used in This Study

particle distribution (%)

soil no. type pH (H2O)

OMa

(g kg-1)

WHCb

(%)

CECc

(cmol kg-1) clay silt sand

S1 red clayed soil 4.20 7.8 35.2 6.62 39.0 41.1 19.9

S2 sandy paddy soil 6.12 26.2 52.1 12.4 44.8 47.5 7.7

S3 fluvio-marine yellow 1oamy soil 6.50 15.2 38.4 6.40 8.0 71.2 20.8

S4 hydromorphic paddy soil 6.70 39.8 50.1 13.4 71.6 25.1 3.3

S5 coastal saline soil 8.25 24.8 39.6 16.1 24.3 71.1 4.6

aOM = organic matter. bWHC = water holding capacity. cCEC = cation exchange capacity.

Figure 2. Dynamics of an 14C-extractable residue of [A ring-U-14C]-
ZJ0273 in five soils: (A) nonsterile soil treatments; (B) sterilized soil
treatments. Each point is the mean of the three replicates, and the bars
represent standard errors.

Table 2. Parameters from First-Order Regression Analysis of log-Trans-
formed Extractable Residues of 14C-ZJ0273 in Different Soils

soil k (day-1) DT50
a (day) r 2 P

Nonsterilized Soil

S1 0.0434( 0.0001 15.6( 0.0 0.99 <0.01

S2 0.0146( 0.0004 46.5( 1.3 0.99 <0.01

S3 0.0122( 0.0008 52.3( 3.6 0.96 <0.01

S4 0.0137( 0.0004 50.6( 1.5 0.95 <0.01

S5 0.0100( 0.0005 69.3( 3.5 0.92 <0.01

Sterilized Soil

S1 0.0182( 0.0012 34.3( 2.6 0.96 <0.01

S2 0.0121( 0.0013 51.3( 6.5 0.94 <0.01

S3 0.0116( 0.0008 60.8 ( 4.0 0.95 <0.01

S4 0.0132( 0.0006 53.7( 2.4 0.93 <0.01

S5 0.0096( 0.0096 73.7( 2.7 0.92 <0.01

aDT50: half-dissipation time.
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activity (23). Therefore, the rapid formation of BR may cause a
significant loss of herbicidal activity of ZJ0273, compromising its
ability for weed control in acidic soils. This may lead to increased
pesticide use in the formof higher application rates or application
frequency. However, studies also show that microorganisms
may reverse the binding of pesticides and release the parent
or intermediates associated in BR. For instance, Khan and
Behki (24) investigated the microbial release of bound atrazine
residue and found that 30-35% of the initially bound 14C-
activity became extractable at the end of a 83 day incubation.
Bartha et al. reported that humus-bound 3,4-dichloroaniline was
liberated in its intact form and gave rise to crop contamination
due to microbial activation (25) . In our studies, significant dose-
dependent inhibition was observed for rice seedlings treated with
14C-BR of ZJ0273 at a rate of 0.6, 1.2, and 1.8 nmol g-1 within 14
days of treatment (26). On the other hand, if release of the
biologically active parent or intermediates from BR occurs, there
may be a long-lasting potential for phytotoxicity from the use of
ZJ0273 in acidic soils as well as an enhanced risk for its off-site
movement such as leaching or runoff.

Mineralization to
14
CO2. [A ring-U-14C] ZJ0273, as a tracer,

indicates the cleavage of the phenyl ring of ZJ0273 and its
mineralization to 14CO2. The mineralization rate, expressed as
the fraction of 14CO2 evolved as a percentage of the initially
spiked 14C activity, gradually increasedwith incubation time in all
soils (Figure 4). However, in sterilized soils, the cumulative
fraction of 14CO2 after 60 days of incubation was very small, at
<1% in all soils. In contrast, in the nonsterile soils, the cumula-
tive levels of 14CO2 produced were significantly higher than those
in the sterilized soils. The highest 14CO2 production was found in
the acidic soil S1, with the total 14CO2 fraction reaching nearly

20% of the applied radioactivity after 60 days of incubation. The
production of 14CO2 in the other four soils, however, was
substantially smaller, at 3.92% for S2, 1.92% for S3, 0.24% for
S4, and 6.08% for S5.

Mineralization of organic compounds in soil is known to be
mediated by soilmicroorganisms.Many studies show that there is
a good correlation between soil microbial biomass and the
mineralization rate of an organic compound. For instance, Will-
ems et al. (27) found that mineralization rates of 2,4-D and
atrazine decreased with soil depth as a result of reducedmicrobial
activity in deeper soil layers. Moreover, Winkeilmann and
Klaine (28) observed 10- to 600-fold higher mineralization rates
of four radiolabeled atrazine metabolites in nonsterile soil micro-
cosms than in sterilized soil microcosms. The lack of mineraliza-
tion in the sterilized soils as compared to the nonsterile soils (p<
0.001) clearly suggested the involvement of soil microorganisms
in the further degradation of extractable residues of ZJ0273 in
soils. It may also be concluded that the microbial activity for
mineralizingZJ0273was rather limited in the neutral and alkaline
soils as compared to the acidic soil, which was consistent with the
absence of a sterilization effect on ER dissipation in those soils.
The enhanced mineralization rate in the acidic soil S1 was also in
agreement with the rapid dissipation of ER, suggesting that
different microbial communities in this soil contributed to the
enhanced transformations.

Influence of Soil Properties. Correlation analysis was con-
ducted to characterize the effect of selected soil properties (pH,
OM, CEC, and particles distribution) on the distribution of ER,
BR, and fextractable and bound residues of ZJ0273, and they

Figure 3. Dynamics of a 14C-bound residue of [A ring-U-14C]-ZJ0273 in five
soils: (A) nonsterile soil treatments; (B) sterilized soil treatments. Each point
is the mean of three replicates, and the bars represent standard errors.

Figure 4. Dynamics of the percentage of [A ring-U-14C]-ZJ0273 minera-
lized to CO2 in five soils during aerobic incubation: (A) nonsterile soil
treatments; (B) sterilized soil treatments. Each point is the mean of three
replicates, and the bars represent standard errors.
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were found to depend closely on the soil properties. Extractable
residues were positively correlated with soil pH (0.88e r2e 0.97,
p<0.05) while BR showed a negative correlation with soil pH
(-0.98 e -r2 e-0.86, p<0.05) (Table 3). Generally, ER was
characterized as the total of parent compound and extractable
degradation products. In previous studies, the main metabolites
of ZJ0273 were identified as 4-(2-(4,6-dimethoxypyrimidin-2-
yloxy)benzylamino)benzoic acid (M1), 4-(2-(4,6-dimethoxypyr-
imidin-2-yloxy)benzamido)benzoic acid (M2), 2-(4,6-dimethox-
ypyrimidin-2-yloxy)benzoic acid (M3), and 4,6-dimethoxypy-
rimidin-2-ol (M4) (2, 29). Among the metabolites, only M1and
M2 would retain the 14C-labeled phenyl group. Therefore, 14C-
ER in the present study should contain mostly ZJ0273 and its
benzoate ring related degradation products, M1 andM2, both of
which are carboxylic acids. Acidic and anionic pesticides, such as
the phenoxyacetic acids and esters, asulum and dicamba, were
reported to have a tendency to interactwith soil organicmatter by
H-bonding at pH values below their pKa in nonionized forms
through their -COOH and -COOR (30, 31). Moreover, soil
humic substances contain in their structures electron-deficient
moieties, such as quinones. In lowpHconditions,metabolitesM1
and M2 that contain electron-rich centers tend to form charge
transfer complexes with the soil electron-deficient moieties via
electron donor-acceptor mechanisms (9).

No apparent relationship was found between the level of
extractable or bound residues and soil OM, CEC, or particle
distribution (Tables 3). The OM, CEC, or particle distribution
varied considerably among the five soils considered in the present
study, but these variations apparently did not induce any detect-
able effect on the distribution of the different forms of ZJ0273
residues.

In summary, results from the present study showed that soil
microbes influenced the formation of different forms of residues
as well as the mineralization rate of ZJ0273 in an acidic soil.
Sterilization of the strongly acidic soil (pH 4.2) significantly
inhibited the dissipation ofERandmineralization toCO2 derived
from A ring cleavage, and formation of BR. However, a similar
effect was not observed for neutral and alkaline soils. In these
soils, dissipation of ER and formation of BR appeared to be
mediated abiotically. It is likely that ZJ0273 was abiotically
activated to its intermediates in these soils, and the formed
intermediates were quickly and strongly bound to soil organic
matter. The findings of this study suggested a potential for BR
formation in acidic soils. In such soils, the release of ZJ0273 BR
and its bioavailability to nontarget rotational crops may be a

problem meriting further investigation. Moreover, mechanisms
for the formation of BR should also be explored.

ABBREVIATION USED

ER, extractable residue; BR, bound residue,HPLC, high perfor-
mance liquid chromatography; LSC, liquid scintillation counting;
TLC, thin layer chromatography;ULLSS, ultralow liquid scintilla-
tion spectrometer; IIA, isotope imaging analysis; PPO, 2,5-diphe-
nyloxazole; POPOP, 1,4-bis(5-phenyloxazol-2-yl)benzene; DT50,
half-dissipation time; DAT, days after treatment.
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