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a b s t r a c t
Racemic triadimefon (TF) was applied to wheat and soil at three sites (Beijing, Huaibei, and Zhengzhou in
China) under open ﬁeld conditions. Its enantioselective degradation and stereoselective transformation
to the major metabolite, triadimenol (TN), in wheat straw, grain and soil were investigated. At all sites,
the degradation of TF enantiomers in straw and soil followed ﬁrst-order kinetics. In soil from Beijing and
Zhengzhou R-(−)-TF was preferentially degraded; however, preferential enantioselective degradations
were not recorded in soil from Huaibei or in the straw from all sites. There were noticeable differences in
the stereoselective formation of TN stereoisomers in all straw and soil samples. TN diastereomer A with
high animal toxicity was preferentially produced via a reductive reaction in straw. In contrast, diastereomer B, was preferential in soil across the experimental period. Different TN concentrations were found
in the order of SR-(−)-TN > RR-(+)-TN > RS-(+)-TN > SS-(−)-TN in straw, and RR-(+)-TN > SS-(−)-TN > SR(−)-TN > RS-(+)-TN in soil. Neither TF nor TN was found in wheat grain at harvest. Because of differences
in degradation, formation, and toxicity, the characterization of enantiomers and stereoisomers in this
study contributes toward comprehensively assessing the fate and risk of chiral agrochemicals in the
environment and food.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Triadimefon (TF), 1-(4-chlorophenoxy)-3,3-dimethyl-1-(1H1,2,4-triazol-1-yl)-2-butanone (Fig. 1), is a broad spectrum,
systemic triazole fungicide that acts by inhibiting steroid demethylation. This fungicide is used to control rusts, powdery mildews,
and other fungi on agricultural crops including fruits, vegetables,
and wheat etc. It possesses 2 enantiomers due to a single chiral
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center in the molecule [1]. TF may be enzymatically transformed
in plants, soil, and fungi by the reduction of a carbonyl group to its
corresponding alcohol, triadimenol (TN; ␤-(4-chlorophenoxy)-␣(1,1-dimethylethyl)-1H-1,2,4-triazole-1-ethanol; Fig. 1), which is
also registered separately as a systemic fungicide and has greater
fungicidal activity than TF [2]. TN possesses 2 chiral centers, thus it
consists of 4 stereoisomers including 2 pairs of diastereomers, TNA [(1R, 2S)- and (1S, 2R)-enantiomers] and TN-B [(1R, 2R)- and (1S,
2S)-enantiomers]. Each stereoisomer of TN could be produced from
TF in different relative amounts in soil [1,3], plants [4], rainbow
trout [5,6], and fungi [2,7]. Also, each stereoisomer has a different
level of fungitoxicity [8]; (1S, 2R)-isomer shows the highest fungicidal activity (up to 1000-fold more active than the other 3 isomers)
[9].
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Fig. 1. Chemical structures of TF enantiomers and TN stereoisomers.

Due to the wide range of applications of TF and TN in agricultural
systems, there is concern regarding potential human exposure, as
well as wildlife exposure, from their residues in food and environment [10]. Previous reports have conﬁrmed that TF and TN are
harmful to the mammalian nervous system, and might induce clear
teratogenic effects on rat embryos and branchial arches at very low
concentrations [11,12]. Unique among conazoles, they could cause
neurotoxicity, including stereotyped and hyperactivity behavior in
rodents exposed to 50–400 mg kg−1 via oral gavage [13]. Both TF
and TN have been classiﬁed as “possible human carcinogens” by
the Environmental Protection Agency (EPA) in the USA [14].
TF is commonly marketed and released into environmental as a
racemate, some studies have focused on rac-TF in soil [15,16], plant
[17,18], and animal [19,20], enantioselective transformation of TF
to TN in soil in the laboratory [1,3], and stereoselective degradations of TN in plant [10,21] and soil [22]. However, there have been
no studies on the involvement of TF and its enantioselective transformation to TN in wheat and soil under ﬁeld conditions, and make
it difﬁcult to accurately assess the fate and risk of TF enantiomers
and TN stereoisomers in wheat straw, grain, or soil after its application in agriculture. This is because the straw is generally used as
animal feed or returned to environment as fertilizer, while grain
represents a major food source for humans.
Hence, the possible stereoselective formation of TN along with
the enantioselective loss of TF in the environment is an important issue for both human health and ecological risk assessment
[1]. In this study, we investigated the dissipation of TF and the
biotic transformations of TF to TN at 3 open ﬁeld sites in China.
This report provides the baseline experimental evidence of stereoselective degradation and transformation of TF to TN in plants and
soil under ﬁeld conditions, and may be applied to risk assessment
of TF and TN to the environment and food.

Group, Institute of Plant Protection, Chinese Academy of Agricultural Sciences. Based on the recommended dosage, a 15% solution
of TF EW (emulsion in water) was applied to wheat and soil.
Acetone, petroleum ether (60–90 ◦ C), and sodium chloride,
all of analytical grade, were purchased from Beijing Chemical
Reagent Co., Ltd. (Beijing, China). The petroleum ether was distilled
before use. Activated carbon (particle size < 100 m, water-soluble
matter ≤ 0.5%) was obtained from Merck (Darmstadt, Germany).
Acetonitrile and methanol, HPLC grade, were purchased from
J.T. Baker (Phillipsburg, NJ, USA). Wahaha pure water was used
(Wahaha Group Co., Ltd., Hangzhou, China). Florisil cartridges
(1000 mg, 6 mL) were purchased from Agela Technologies Company (Beijing, China) and used for sample cleanup.
2.2. Field trial
The trials were carried out in Beijing (BJ: 116.6◦ E, 39.8◦ N),
Huaibei (HB: 116.8◦ E, 34.1◦ N) in Anhui Province, and Zhengzhou
(ZZ: 113.7◦ E, 35.0◦ N) in Henan Province of China in 2010. Plots with
no history of the application of triazole fungicides were selected.
During the trial period, the use of any other fungicides with structures similar to TF and TN was forbidden. The average rainfall in BJ,
ZZ, and HB was 26 mm, 19 mm, and 20 mm, respectively; the average temperature was 18.7 ◦ C, 19.1 ◦ C, and 21.7 ◦ C, respectively; and
the average relative humidity was 49.7%, 67.9%, and 51.8%, respectively. Trials were conducted from April 22 to June 21 in BJ, April
12 to June 11 in ZZ, and April 21 to June 20 in HB.
The characteristic properties of the soil in the ﬁelds were as follows: sandy clay loam in BJ with organic matter of 12.3 g kg−1 and
pH of 8.24; sandy loam in HB with organic matter of 18.6 g kg−1
and pH of 8.20; and sandy clay loam in ZZ with organic matter of
32.8 g kg−1 and pH of 7.26. The pH was measured using water mixed
with soil at a ratio of 2.5:1 (water/soil, w/w).

2. Materials and methods
2.3. Trial scheme
2.1. Materials and chemicals
Reference standards of racemic TF (99.55%) and TN (99.1%) were
purchased from the Institute for Control of Agrichemicals, Ministry of Agriculture of China (MOA). The analytical standards of
TN-A (racemate of RS- and SR-enantiomers, 99.9% purity) and TNB (racemate of RR- and SS-enantiomers, 99.9% purity) were kindly
provided by the Pesticide Residues and Environmental Toxicology

The trials were designed according to “Guidelines for Pesticide
Residue Field Trials” (NY/T 788-2004), issued by MOA. At each site
three 30 m2 trial plots were set up (2 experimental plots and 1 control plot). There was a 1-m buffer zone between plots, and each
plot was established in triplicate. To investigate the degradation
of TF and the formation of TN in straw and soil, TF (15% EW) dissolved in water was sprayed to wheat plots and soil plots once
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Fig. 2. Degradation curves of TF enantiomers and TN stereoisomers in straw.

by using a back-pack manual sprayer (PS16-7, 16 L volume, maximum pressure of 1.0 MPa), at a dosage of 270 g a.i. ha−1 (grams of
active ingredient in EW per hectare, 1.5 times of the recommended
dose) at the elongation stage of wheat seedlings. The theoretical
total concentration of TF in soil was calculated as 1.2 mg kg−1 , using
this application dosage, and according to theoretical soil weight
(150 kg m−2 at 0–15-cm soil sampling depth).
2.4. Sampling and storage
Representative samples were collected from each plot at various
times. Straw samples (>2 kg, including straw and leaves) were collected at 2 h, and 1, 3, 5, 7, 10, 14, 21, 30, and 45 days after spraying.
Grain samples (>2 kg) were collected at harvest at 53 days (June 14)
after application in BJ, 54 days (June 5) in ZZ, and 46 days (June 6) in
HB. Soil samples (at least 8 randomly selected sampling points for
each plot, from the top 15 cm of soil, >2 kg) were collected at 2 h,
and 1, 3, 5, 7, 14, 21, 30, 45, and 60 days after spraying with a soil
auger in the degradation trial. All samples were stored at −20 ◦ C
until further analysis.
2.5. Stereoselective analysis of TF and TN
According to our previous report [23], all stereoisomers of
TF and TN were extracted from the samples with acetonitrile,
cleaned up by solid phase extraction or with activated carbon,

directly separated on a Lux cellulose-1 chiral column, and detected
by liquid chromatography–electron spray ionization-tandem mass
spectrometry (LC–ESI-MS/MS). Using this method, TF enantiomers
obtained baseline separation. The four stereoisomers of TN were
separated reasonably well, except for ﬁrst and second peaks (SR(−)- and RS-(+)-TN), which showed a separation of ∼ 80% valley.
Although this separation was not baseline, the results of method
validation suggested that this method is accurate and suitable for
quantiﬁcation of TF and TN stereoisomers. The recoveries of TF and
TN stereoisomers in grain, straw, and soil ranged from 83.97% to
106.78%. The intra-day and inter-day precisions (relative standard
deviations, RSDs) were below 12.2%. The limits of detection (LOD)
were between 0.001 mg kg−1 and 0.005 mg kg−1 in three matrices.
The absolute conﬁgurations of TF enantiomers related to their
optical rotations were R-(−)-TF and S-(+)-TF [2], while those of TN
stereoisomers were (1R, 2S)-(+)-TN, (1S, 2R)-(−)-TN, (1R, 2R)-(+)TN, and (1S, 2S)-(−)-TN [24]. Their optical elution orders on Lux
cellulose-1 were (−)-TN-A, (+)-TN-A, (−)-TN-B, (+)-TN-B, (−)-TF,
and (+)-TF with methanol/water as the mobile phase. However,
the optical rotation signals of TF enantiomers were reversed when
the solvents were changed to CCl4 from methanol/water, whereas
those of TN stereoisomers did not change [23]. Hence, if using the
general deﬁnition of optical rotation in CCl4 , the elution orders of TF
and TN with absolute conﬁgurations should be SR-(−)-TN, RS-(+)TN, SS-(−)-TN, RR-(+)-TN, S-(+)-TF, and R-(−)-TF on Lux cellulose-1
with methanol/water.
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Fig. 3. Degradation curves of TF enantiomers and TN stereoisomers in soil.

2.6. Degradation kinetics
The degradation rates of TF enantiomers were evaluated using
the kinetic equation of Ct = C0 e−kt . First-order rate constants (k)
were derived from “ln(C0 /C) versus t plots by regression analysis” (Excel 2007, Microsoft), in which the half-lives of degradation
(DT50 ) was equal to ln 2/k. The variables were deﬁned as follows:
Ct denotes the concentration of enantiomer at sampling time (t), C0
denotes the initial concentration, k denotes the rate constant, and
DT50 denotes the time required for the pesticide residue level to
fall to half of the initial level after application.

2.7. Stereoselectivity in degradation and transformation
To investigate the fates of TF enantiomers and the stereoisomers
of TN-A and TN-B, the enantiomer fraction (EF) for each chiral analyte was calculated using: EF = [peak 1]/([peak 1] + [peak 2]), where
[peak 1] and [peak 2] are the peak areas of the ﬁrst and second
eluted enantiomers. The deﬁned range of EF values is from 0 to
1, in which the racemic mixture is represented by EF = 0.5 [25].
The original EF value of the TF product (15% EW) was found to
be 0.52 ± 0.025 (mean ± standard deviation [SD], n = 5) based on
the method described here. The diastereomer fraction (DF) was
used to measure the stereoselective formation of TN diastereomers including TN-A and TN-B. The DF was calculated using:

DF = [Da]/([Da] + [Db]), where [Da] and [Db] were the peak areas
of TN-A and TN-B, respectively. Signiﬁcant differences between
the DT50 or EF values of TF enantiomers in different samples were
statistically analyzed using Student’s pair t-test (P < 0.05).

3. Results and discussion
3.1. Nonselective degradation of TF in straw
The degradations of TF enantiomers, both in straw (Fig. 2) and
soil (Fig. 3), complied with ﬁrst-order kinetics with correlation coefﬁcients (r) ranging from 0.9219 to 0.9942. TF in straw degraded
more slowly in ZZ (DT50 = 2.5 days, 2.7 days) than in BJ (DT50 = 1.5
days, 1.6 days) or HB (DT50 = 1.8 days, 1.8 days) under ﬁeld conditions (Table 1). However, there was no signiﬁcant differences
(P < 0.05) between DT50 values of R-(−)- and S-(+)-enantiomers
in straw. In parallel, the EF values were nearly constant at the 3
locations (Fig. 4A), with no signiﬁcant difference to that of the TF
product. In 7 days after application, both enantiomeric concentrations declined by more than 95% in BJ and HB, and only declined by
85% in ZZ (Fig. 2). For wheat grain, no residues of TF enantiomers and
TN stereoisomers were found in samples obtained at the harvest
period.
No signiﬁcant differences between the estimated DT50 values
or EF values suggest that the dissipation of TF enantiomers in
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Table 1
Degradation parameters of TF enantiomers under ﬁeld conditions.
Sample

Location
BJ

Straw

HB
ZZ
BJ

Soil

HB
ZZ

a
b

Enantiomer

Kinetic rate constants k (day−1 )

Regression equation
−0.441t

DT50 (days)a

Correlation coefﬁcient (r)

S-(+)-TF
R-(−)-TF
S-(+)-TF
R-(−)-TF
S-(+)-TF
R-(−)-TF

0.441
0.461
0.385
0.388
0.254
0.277

y = 6.1391e
y = 6.3004e−0.461t
y = 8.502e−0.385t
y = 9.003e−0.388t
y = 2.5913e−0.254t
y = 3.1237e−0.277t

1.6
1.5
1.8
1.8
2.7
2.5

±
±
±
±
±
±

0.96
0.81
0.08
0.12
0.19
0.11

0.9869
0.9895
0.9913
0.9942
0.9666
0.9805

S-(+)-TF
R-(−)-TF
S-(+)-TF
R-(−)-TF
S-(+)-TF
R-(−)-TF

0.024
0.029
0.047
0.047
0.073
0.085

y = 0.3887e−0.024t
y = 0.4109e−0.029t
y = 0.4338e−0.047t
y = 0.4066e−0.047t
y = 0.2391e 0.073t
y = 0.1863e−0.085t

28.9
23.9
14.8
14.8
9.5
8.2

±
±
±
±
±
±

1.54b
2.55b
1.04
1.37
1.38b
0.22b

0.9219
0.9386
0.9672
0.9677
0.9673
0.9799

Mean ± SD.
Signiﬁcantly different from each other (Student’s paired t-test, P < 0.05).

straw was not enantioselective under ﬁeld conditions. This result
was different from previous observations made for other triazole fungicides in vegetables and fruits. For example, under open
ﬁeld conditions, (S)-tebuconazole was preferentially degraded in
Chinese cabbage, whereas (R)-tebuconazole was preferential in
cucumber [26]; the residues of (+)-hexaconazole decreased more
rapidly than (−)-hexaconazole in cucumber and head cabbage
[27]; (−)-stereoisomer of epoxiconazole degraded faster than (+)stereoisomer, and resulted in relative enrichment of (+)-form in

grape [28]. It may be explained that different enzymatic systems play a critical role in the stereoselective degradation and
metabolism of chiral pesticides in plants, and lead to this enantioselective differences.
The DT50 values of the TF enantiomers in straw were similar to
those in vegetables [29,30] and rape [31] with half-lives (t1/2 ) of
2.2–4.5 days. The physical and chemical factors (such as light, temperature, pH, and moisture) might affect pesticide degradation in
plants, growth dilution factors and agrometeorological conditions
might have also had signiﬁcant roles. In this study, precipitation
may have had an important effect on the degradation rates of TF
in straw as BJ has a greater rainfall frequency than HB and ZZ. In
addition, different growth rates might present another inﬂuencing
factor.

3.2. Stereoselective degradation of TF in soil

Fig. 4. EF values of TF in straw (A) and soil (B), and DFs of TN in straw and soil (C).

As shown in Table 1, TF enantiomers exhibited slower dissipation rates in soil than in straw, and degraded the fastest in ZZ
(DT50 = 8.2 days, 9.5 days), followed by HB (DT50 = 14.8 days, 14.8
days), and BJ (DT50 = 23.9 days, 28.9 days). Other DT50 values for TF
enantiomers were reported as 9.40–10.49 days in Baoding alkaline
soil, and 15.40–19.04 days in Wuhan acidic soil under laboratory
conditions [3]. These studies indicate that TF has different degradation rates in different soil types and environmental conditions.
The initial sum of TF enantiomers concentrations in soil at 3 locations were 0.491–0.768 mg kg−1 at 0 day (2 h after application,
Fig. 3), which were much lower than the theoretical concentration of 1.2 mg kg−1 at current application dosage. The reasons for
this difference might be the drift of pesticides during the process of
spraying, slow deposition in soil, and deviation from the calculative
method of theoretical concentration. In addition, TF yielded a high
concentration of TN (approximately 60–80% of the initial concentration of TF) after 60 days in soil (Fig. 3). This ﬁnding is consistent
with a previous report in silty clay loam soil, where TF had a DT50
of 15 days and produced an almost equimolar concentration of TN
after about 30 days [32].
Differences in the DT50 values of the 2 enantiomers were found
in BJ and ZZ (Table 1), indicating that R-(−)-TF degraded more
quickly than S-(+)-TF at these 2 locations. In the same time, the
average EF values (Fig. 4B) in soil increased from 0.48 to 0.61 at BJ
in 60 days after application and from 0.51 to 0.73 at ZZ in 45 days,
suggesting preferential enrichments of S-(+)-TF in BJ and ZZ. This is
helpful to reduce the toxicity of TF because the (−)-TF was 2-fold
more toxic than the racemate to the black ﬂy larvae, and that of
(+)-TF fell in between the racemate and (−)-TF values [33]. However, similar degradations of S-(+)-TF with its antipode were found
in HB as no signiﬁcant differences were observed between their
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DT50 values (Fig. 4B). The results for soil from BJ and ZZ are similar to a previous study, in which faster degradation of (R)-TF than
(S)-TF was found under aerobic conditions in Chinese Baoding (pH
7.86) and Wuhan soil (pH 6.25), whereas there was no enantioselectivity in sterilized soil [3]. However, preferential degradation of
S-(+)-TF was also reported in 3 different aerobic soils (pH 4.8–6.3)
from Georgia in the USA [1]. The differences in the stereoselective degradations of soils in Georgia versus China are probably due
to differences in the microbial populations and pH of soil that are
present in the different soils.
According to previous reports [34], the factors that inﬂuence
pesticide persistence in soil are microorganisms, the physical and
chemical properties of the soil (texture, organic matter and humus
content, soil moisture, leaching, pH, and mineral ion content), and
the pesticide properties. In this study, the differences in the dissipation rates of TF enantiomers might be explained by the different
amounts of organic matter in the soil (ZZ > HB > BJ). As reported by
Garrison et al. [1], a correlation between the percent soil organic
matter and rate of TF loss was observed. More organic matter is
helpful to produce more microbes, which would lead to a faster
reaction rate of TF in soil. The degradation of TF enantiomers was
mainly biologically mediated in nonsterilized soil under laboratory
conditions [1,3], which also may be the major reason for the enantioselective degradation of TF in soil under open ﬁeld conditions.
In addition, the pH of soil and enantiomerization between TF
enantiomers may also explain the presence of enantioselectivity.
There is a rate dependence on pH in the present study, e.g., the
degradation rates of TF enantiomers in ZZ soil with pH 7.26 were
higher compared to those in BJ soil with pH 8.24 and in HB soil
with pH 8.20. At the same time, according to a previous study, R(−)-TF increased with time in Baoding alkaline soil that was only
incubated with S-(+)-TF [3]. This result suggested enantiomerization might occur during the degradation process, and lead to the
enantioselectivity of TF in soil.
3.3. Stereoselective transformation of TF to TN in straw and soil
As shown in Fig. 2, the stereoselective transformation from TF
enantiomers to TN stereoisomers occurred in 2 h after application under ﬁeld conditions, although the degradation of TF was
not enantioselective in all straw. As a major and higher fungicidal metabolite of TF, TN concentrations ﬁrst increased and then
decreased after 45 days as the parent compound quickly decreased
and disappeared after 15–20 days in all experiments (Fig. 2). This
indicates that the fungicidal activity would still hold over time
because of an increase of TN levels, and its slow degradation. The
DFs in straw were 0.52–0.83, 0.64–0.77, and 0.55–0.75 in BJ, HB, and
ZZ, respectively (Fig. 4C). The total concentrations of RS-(+)-TN (A1)
and SR-(−)-TN (A2) were higher than those of RR-(+)-TN (B1) and
SS-(−)-TN (B2) (Fig. 2), indicating that TF enantiomers were preferentially metabolized to TN-A diastereomer by wheat plants during
the experimental period (Fig. 1). This result supports that of Garcia
et al. [17], who reported the preferable conversion of rac-TF to TNA in the 2 uppermost leaves when Bayleton (TF and captafol) was
applied to winter wheat. This ﬁnding is of note, as TN-A had been
shown to be 10 times more acutely toxic to rats (oral LD50 ) than
TN-B [35]. The proportion of TN diastereomers may be from different fungi species because a direct correlation with the sensitivity
of the fungal species to TF was observed [36].
The order of the stereoisomeric concentrations was SR(−)-TN > RR-(+)-TN > RS-(+)-TN > SS-(−)-TN in straw throughout
the experiments, indicating the preferential formation of (−)enantiomer of TN-A and (+)-enantiomer of TN-B under ﬁled
conditions. The preferential formation of SR-(−)-TN and its predominant concentration is very helpful for bioactivity because it is
the highest fungi-active stereoisomer of the 4 TN stereoisomers [9].

Then, these stereoisomers also would degrade with different rates.
For example, after the application of rac-TN to cucumber plants
by the root irrigation mode under ﬁeld conditions, RS-isomer was
degraded faster than SR-isomer, while SS-isomer degraded faster
than RR-isomer, which also resulted in the enrichments of SR- and
RR-isomers in plants [5].
However, contrary to the results from straw, the concentration
of TN-B in soil was higher than that of TN-A across the experimental periods with the opposite DFs of 0.12–0.18 in BJ, 0.16–0.2 in
HB, and 0.18–0.2 in ZZ (Fig. 4C). Similar results were also observed
in previous reports [1,3,9], suggesting the metabolism processes
of TF enantiomers to TN diastereomers in soil was similar under
laboratory and under ﬁeld conditions, with the preferential formation of TN-B. More percentage of TN was transformed from TF
in soil than that in straw compared to their initial concentrations
(Fig. 3). The microorganism may mediate stereospeciﬁc biotransformation of TF to TN, and unique levels of the 4 optical isomers
of TN are generated from exposure TF in the medium when the
different microorganisms were used in the medium [2].
The trend of TN stereoisomers produced from TF varied little
with time or soil type (Fig. 3), although TF degraded enantioselectively in BJ and ZZ soil, but not in HB soil. There are some differences
in the sum concentrations of all 4 TN stereoisomers between
ZZ and other two locations (Fig. 3). It increased with time in BJ
and HB, but increased to a maximum and then decreased slowly
in ZZ. This reason might be differences between different ﬁled
conditions. The order of the stereoisomeric concentrations were
RR-(+)-TN > SS-(−)-TN > SR-(−)-TN > RS-(+)-TN at all sites throughout the experiments, and SR-(−)-TN showed a lower concentration
compared to RR-(+)- and SS-(−)-TN. Fig. 5 shows a comparative
chromatogram of TF and TN in straw and soil at different time
after application. Thus, in terms of the formation of SR-(−)-TN for
improvement of fungicidal activity, the biotransformation of TF
enantiomers to TN stereoisomers contributed more in straw than in
soil, because of the predominance of SR-(−)-TN. However, SS-(−)TN was produced the fastest and was more predominant compared
to other 3 stereoisomers when TF was incubated in 3 soil-water
slurries [1], or after exposure of rainbow trout hepatic microsomes
to rac-TF in vitro for 480 min with production of the most fungitoxic SR-isomer at the slowest rate [6]. Anyway, compared with
the transformation of TF to TN in straw, this biotransformation in
soil provides a pathway for reducing the toxicity of TF by producing
one of the least toxic combinations of TN stereoisomers.
Enantioselectivity on the formation of TN-A (A1 + A2) or TN-B
(B1 + B2) in soil was respectively similar to that in straw, with the
respectively preferential formation of SR-(−)-TN (A2) for TN-A and
RR-(+)-TN (B1) for TN-B compared to their antipodes under ﬁeld
conditions. However, there were some obvious differences among 4
stereoisomers, such as SR-(−)-TN having the highest concentration
in straw whereas RR-(+)-TN in soil. The reason for different stereoselectivity might be due to the transformation being regulated by
microbes in soil and by enzyme in the straw, with the epimerization
or enantiomerization among different stereoisomers. Clark et al.
[22] reported that in the soil surrounding barley seeds that were
ﬁrstly used individual TN stereoisomers to treat, partial epimerization was observed from RS-isomer to RR-isomer, and from
SR-isomers to SS- and RR-isomers. However, in the plant study,
epimerization of the SR-isomer was not detected, yet epimerization
from RS-isomer to RR-isomer also was present.
One complicating factor of including enantioselectivity in risk
assessments is the possible shift of selectivity in transformation
with changes in environmental conditions; this leads to a corresponding shift in enantiomer persistence [37]. Nevertheless, the
above data show that different TN stereoisomer patterns could be
produced in different environmental matrices. It is known that the
stereoisomers of TN differ in their toxicities to fungi, rats, rainbow
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or ecotoxicological effect of TF. As one of some more comprehensive understanding of enantioselectivity from TF to TN, this study
is imperative to improve the accuracy of risk assessments and regulation of these chiral pesticides.
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