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ABSTRACT

Safeners are important tools used to ensure to safe useof herbicide. The aim of this paper is to evaluate the protective
effect of four safeners (R-28725, 3-dichloroacetyl oxazolidine and its two optical isomers) and investigate the mechanism
of herbicide detoxication by safener. Laboratory studies were conducted to evaluate the effectiveness of safeners for
protecting maize from the residues of preemergent herbicide fomesafen in Northeast Agricultural University, China.
Physiological and biochemical tests were herein conducted under laboratory conditions, by using seed treatment with
safeners and soil treatment with fomesafen, respectively. R-28725 provoked high glutathione level, glutathione-S-
transferase activity and affinity of glutathione-S-transferase than other safeners, but R-isomer treatment resulted in

complete reversal of injury caused by fomesafen.

Keywords: Herbicide safener; Herbicide detoxication; 3-Dichloroacetyl oxazolidine; Fomesafen; Glutathione-S-
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1. Introduction

Fomesafen [5-(2-chloro-a,a,0-trifluoro-p-tolyloxy)-
N-mesyl-2-nitrobenzamide], a diphenyl-ether
herbicide, controls broadleaf weeds by inhibiting
protoporphyrinogen oxidase (PPOX), an important
enzyme needed in chlorophyll biosynthesis.
Fomesafen applied preemergence in soybean as a
selective herbicide with both root and shoot activity
(Peachey et al 2012). But, it has been reported that
recommended dosage of fomesafen in soybeans may
cause carryover injury to corn and the injury was
varied significantly by plant variety and soil conditions
(Rauch et al 2007; Cieslik et al 2014). When sweet
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corn was sown in high pH and low organic matter
soils, injury of fomesafen was more serious compared
with other soil types. For that reason, application of
fomesafen in crops was restricted.

A key technology to increase herbicide selectivity
is safeners. Herbicide safeners are synthetic
compounds which can activate the tolerance of
plants to herbicide without decrease herbicidal
activity to weeds (Krachmer et al 2014). The concept
of safener was found by Otto Hoffman in the late
1940s. Research and development of new safeners
proceeded in late 20" century, and products of safener
were subsequently commercialized by agrochemical
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companies. Although extensive work has been done,
the mechanism of safener is not fully unveiled.
Researchers have believed that structural similarity
between herbicide and safener was essential for certain
type of safeners (Bordas et al 2000). Research about
safeners previously mainly focused on response of
plants to safener. There is now a general consensus
that some safeners enhanced the genes expression in
plants related with exogenous compounds metabolism
process such as glutathione-S-transferase (GST),
cytochrome P450, and glutathione (GSH) (Matola
& Jablonkai 2007; Del Buono & Ioli 2011). It has
been reported that GSH-mediated detoxification was
involved in the herbicide metabolism and detoxification
response of plants (Riechers et al 2010). Skipsey et
al (2011) found that a series of fenclorim derivatives
induced GST and increased herbicide tolerance in rice.
Da Silva et al (2014) also reported that fluxofenim
induced GST and protect two sorghum hybrids from
the injury of herbicide S-metolachlor. However, to our
knowledge, there is no any report about safener for
PPOX-inhibiting herbicides.

3-Dichloroacetyl-2,2-dimethyl-1,3-oxazolidine
(R-28725) was proven effective in reducing herbicidal
injury from ALS-inhibitor herbicides (Zhao et al
2014). Its analogue, 3-dichloroacetyl-2,2-dimethyl-
4-ethyl-1,3-oxazolidine, has a chiral carbon atom
that gives rise to two optical isomers. The aim of this
research was to study the bioactivity of R-28725, two
optical isomers and racemate of 3-dichloroacetyl-
2,2-dimethyl-4-ethyl-1,3-oxazolidine as safeners for
fomesafen. In addition, physiological and biochemical
tests was conducted to assess the protective ability
of these compounds and investigate the function of
GSH, GST, PPOX in herbicide detoxification.

2. Material and Methods

The tested soil was Mollisols-cryolls clay loam type
and collected from Horticulture Station, Northeast
Agricultural University with a pH of 7.37 (Figure
1). The seedlings of maize cultivar, Dongnong 253
(Zea mays L.), was germinated and raised in a growth
chamber at the Pesticide Chemistry Laboratory,
Northeast Agricultural University. Fomesafen (99.5%,
powder) was obtained from Aladdin Chemistry

(Shanghai, China) to determine the GST activity in
vitro. Fomesafen (250 g L', liquid) was obtained from
Dalian Songliao Chemical Industry Cmpany (Dalian,
China) to use in other tests. R-28725, the racemate
and two optical isomers of 3-dichloroacetyl-2,2-
dimethyl-4-ethyl-1,3-oxazolidine were synthesized
in our laboratories (99.0%) (Table 1).

a) b)

Figure 1- Tested soil (a) untreated soil (b) soil added
with fomesafen

Table 1- Chemical name of safeners

Safener  Chemical name

R-28725 3-dichloroacetyl-2,2-dimethyl-1,3-
oxazolidine

R-isomer (R)-3-dichloroacetyl-2,2-dimethyl-4-ethyl-
1,3-oxazolidine

S-isomer  (S)-3-dichloroacetyl-2,2-dimethyl-4-ethyl-
1,3-oxazolidine

Racemate (RS)-3-dichloroacetyl-2,2-dimethyl-4-

ethyl-1,3-oxazolidine

Seedlings of maize were soaking for 12 hours in
solution of safeners (0, 1, 5, 10, 25, 50, 100 mg kg™'),
the control was soaking in water (Figure 2). Then,
the seeds were germinated in dishes in a growth
chamber for 24 hours (Figure 3). The recommended
field application dose of fomesafen was 3.75 mg kg'!
and an average half-life value of fomesafen was 50
d which means that the concentration of fomesafen
in soil was 0.96 mg kg after it had been applied
100 d (Rauch et al 2007; Wu et al 2014). So, in this
study, 1 mg kg' was chosen as the concentration
of fomesafen in soil. Sown these seeds in paper-
cups (10 cm x 15 cm), 7 seeds per cup, containing
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soil added with fomesafen with a depth of 13 cm,
and incubated in a growth chamber with a 12/12
photoperiod, 26.51 °C temperature, 75% relative
humidity. Each treatment was replicated three times.

Figure 2- Zea mays seeds soaking in water and
solution of safeners

Figure 3- Zea mays seeds germinated in dishes

In order to calculate the recovery rate of maize,
four parameters (plant height, root length, fresh
weight of shoot, and fresh weight of root) of maize
were measured 7 days after treatment. Recovery
rate was calculated by Equation 1.

Recoveryrate (%) =

Where safener include the four safeners in
this research and herbicide is fomesafen. The
recovery rate of parameters of maize was calculated
respectively.

The maize was washed and cutted to collect
shoot and root tissues for biological assays. GSH
level assay: GSH level was measured by UV-visible
spectrophotomer as described previously (Ismaiel &
Papenbrock 2014). To perform the determination,
5,5’-dithiobis (2-nitrobenzoic) acid (DTNB) was used
in this study as chromogenic agent, absorbance data
collected at 412 nm, and GSH level was calculated by
comparing with standard working curve.

GST enzyme extraction and assay in vivo: The
extraction and assay GST of was performed as
described by Matola & Jablonkai (2007). The GST
activity was obtained by measuring the level of
conjugate composed from GSH and substrate. GST
activity was expressed as level of conjugate per
minute per mg of protein (wmol min"' mg ' protein).

GST activity assay in vitro: To determine the
GST activity in vitro (against fomesafen in this
study), the amount of fomesafen was determined by
high performance liquid chromatography (HPLC)
(Scarponi et al 2006; He et al 2010). GST enzyme
was extracted from root of maize, and added with
glutathione and fomesafen solution. After cultivated
2 hours, residue of fomesafen in this mixture was
measured through HPLC. The GST activity in vitro
was expressed as amount of fomesafen decreased per
minute per mg of protein (nmol min"' mg™' protein).

Parameterof maize treated by safenerand herbicide- Parameterof maize treated by herbicide

Parameterof maize untreated - Parameterof maize treated by herbicide

Kinetic parameters of GST assay: The procedure
described by Scarponi et al (2006) was followed
to measure kinetic parameters of GST with
modification. The GST activity was determined over
a range of 1-chloro-2,4-dinitrobenzene (CDNB)
concentration (0.13-4.14 mM) at a single GSH
concentration of 5 mM.

PPOX enzyme extraction and assay: To
investigate the effect of safener to target enzyme,
PPOX activity was determined as described

(M

previously (Labbe et al 1985). PPOX activity was
expressed as amount of protoporphyrin IX composed
from protoporphyrinogen IX catalyzed by PPOX per
hour per mg of enzyme (nmol h'' mg! protein).

Statistical analysis: All data was performed
by SPSS statistic software to determine statistical
significance at 95% confidence level (P= 0.05) by
Duncan’s multiple-range test. All data reported
were expressed as mean+standard deviation of three
replicates.
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3. Results and Discussion

3.1. Parameters of maize

The parameters of maize were significantly
decreased by the treatment of fomesafen. When
fomesafen applied at 1 mg kg' in soil, caused
34.42% to 39.36% decrease to root and shoot of
maize, respectively.

Effect of plant height of maize treated by fomesafen and safener

o
3
,
-4
2
111}

Recovery rate (%)
=
=

Safener concentration (mg kg1)

Effect of root length of maize treated by fomesafen and safener

The maize response to different concentrations
of these four safeners was studied to get appropriate
concentration of safeners offering maximum
protection from fomesafen. The recovery rate of
maize can be found in Figure 4. Significant differences
were observed for recovery rate of maize to different
concentration of safener in this study. Appropriate
concentration of safener significantly decreased
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Figure 4- Recovery rate of parameters of maize effected by fomesafen and safener
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herbicidal injury from fomesafen. The optimum
concentration of safener for R-28725, and R-isomer
were 25 mg kg', and for S-isomer, and Racemate
were 50 mg kg™'. The results of recovery rate of maize
soaked in the optimum concentration of safeners
indicate that the order of protective ability of safeners
was as follows: Racemate > R-28725 > S-isomer >
R-isomer. Optimum concentration for each safener
was then applied to maize for subsequent testing.

3.2. GSH level

Hatzios & Burgos (2004) reported that safeners
could elevate the conjugation of herbicide with
GSH through increasing the level of GSH in plants.
Therefore, the level of GSH in plant was taken as
an important index to check the protective ability
of safener (Table 2). GSH levels in root and shoot
of maize increased 43.4% and 30.1%, respectively,
for fomesafen treatment compared with control. The
level of GSH in root of maize treated by Racemate
or R-28725 combined with fomesafen increased
significantly by 84.0% and 101.2% compared with
control, respectively, while the level of GSH in
shoot of maize treated by Racemate combined with
fomesafen increased 77.1% compared with control.

3.3. GST activity

Response of GST in maize treated by safener and
fomesafen were investigated to discover the its role
in detoxification process. The GST activity in vivo
of maize treated by Racemate or R-28725 combined
with fomesafen increased 88.6% and 85.0%
compared with the control, respectively. The GST
activity in vitro of maize treated by R-isomer or
R-28725 increased 328.7% and 299.2% compared
with the control, respectively (Table 3). The results
of GST activity of maize indicate that R-28725
induced GST affinity for substrate significantly.

3.4. Kinetic parameters of GST

Further research was conducted for kinetic parameters
of GST. The kinetic parameters ¥ (the maximal
reaction rate of detoxification reaction) and K,
(the concentration of substrate when the velocity
of detoxification reaction is half of the maximum
velocity) of GST were calculated by linear regression
(Table 4). V. value of GST for maize treated by
R-28725 was raised to 2.02 times that of control and
K, value was decreased to 59.8% of control, indicating
the strong inducement of GST caused by R-28725. It

Table 2- Effect of safeners and fomesafen on GSH level

Treatment GSH level in root GSH level in shoot
(g g (g g

Control 3.268+0.2532 d 9.281£1.6320 ¢

Fomesafen 4.686+0.2233 ¢ 12.071+0.5690 ¢

4.732+0.1381 ¢
4.474+0.1797 ¢
6.012+0.2349 b
6.574+0.3296 a

R-isomer+Fomesafen
S-isomer+Fomesafen
Racemate+Fomesafen
R-28725+Fomesafen

14.373£0.1657 b
13.2314£0.2767 b
16.491+£0.2611 a
14.262+0.2086 b

Mean + standard deviation. Values sharing same letters differ non-significantly (P>0.05). The values correspond to averages of three replicates

Table 3- Effect of safeners and fomesafen on GST

Treatment GST activity in vivo Treatment GST activity in vitro
(umol min' mg! protein) (nmol min' mg! protein)
Control 1.67+£0.038 ¢ Control 0.254+0.0455 d
Fomesafen 2.26+0.064 d Fomesafen 0.071+£0.0158 ¢
R-isomer+Fomesafen 2.90+0.020 b R-isomer 1.089+0.1075 a
S-isomer+Fomesafen 2.54+0.088 ¢ S-isomer 0.574+0.0294 ¢
Racemate+Fomesafen 3.15+0.075 a Racemate 0.795+0.1000 b
R-28725+Fomesafen 3.09+0.120 a R-28725 1.014+0.0340 a

Mean + standard deviation. Values sharing same letters differ non-significantly (P>0.05). The values correspond to averages of three replicates
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was consistent with the results of GST activity. Other
safeners also induced the affinity of GST to substrate
of conjugated reaction in some extent.

Table 4- Effect of safeners and fomesafen to kinetic
parameters of GST

Treatment e K,
(nmol min' mg! protein) (mmol L)

Control 0.790+0.0300 e 1.950+0.0557 b
Fomesafen 0.567+0.0292 2.97340.1429 a
R-isomer 1.437+£0.0231 b 1.320+0.0100 d
S-isomer 0.913+0.0666 d 1.673+0.0569 ¢
Racemate 1.090+0.0346 ¢ 1.570+0.0173 ¢
R-28725 1.597+0.0907 a 1.167+0.1443 d

Mean + standard deviation. Values sharing same letters differ
non-significantly (P>0.05). The values correspond to averages of
three replicates

3.5. PPOX activity

Fomesafen harms plants via inhibition of PPOX,
but safener protect plants by reducing the amounts
of herbicide to reach to the targeted site in the
plant (Rushing et al 2013). For that reason, PPOX
activity is clearly critical for the resistant ability
of plants. The effect of safeners and fomesafen on
the PPOX activity was determined to investigate
the protective effectiveness of safeners (Table 5).
The results showed that fomesafen inhibited PPOX
activity in maize significantly by 56.6% compared
with the control and safeners could elevate PPOX
activity of maize significantly. It is noteworthy that
R-isomer could reverse the effects on maize caused
by fomesafen totally.

Table 5- Effect of safeners and fomesafen on PPOX
activity

Treatment PPOX Activity
(nmol ' mg™! protein)
Control 0.505+0.0312 a
Fomesafen 0.219+0.0161 d
R-isomert+Fomesafen 0.519+0.0406 a
S-isomer+Fomesafen 0.237+0.0173 d
Racemate+Fomesafen 0.403+£0.0196 b

R-28725+Fomesafen 0.332+0.0172 ¢

Mean + standard deviation. Values sharing same letters differ
non-significantly (P>0.05). The values correspond to averages of
three replicates

While fomesafen contribute to improving crop
yield, it can also pose a risk to those plants that are
sensitive to them (Cieslik etal 2014). For that reason,
effective safeners were developed to protect plants.
But no safener has been developed to protect plant
from diphenyl-ether herbicide. In order to develop
safener for fomesafen, the protective effects of four
safeners were studied in our laboratory. The results
conclusively demonstrated that the maize injured
by fomesafen was effectively protected by these
safeners. The maize seeds that had been soaked
in solution of safener were safe from fomesafen
treatment. The results indicate that the application
of these safeners produced high recovery rates
of growth level of maize ranged from 51.80% to
87.21% with fomesafen applied at 1 mg kg in soil.

For evaluation the enhancement of detoxification
of maize, induced by safeners, the GSH level, GST,
and PPOX activity of maize treated by fomesafen
and safener were investigated. Our study has shown
that these safeners caused enhancement of GSH
level, GST, and PPOX activity of maize and affinity
of GST enzyme to substrate. Enhancement of GSH
level in root of maize, GST activity and affinity of
GST to CDNB caused by R-28725 was greatest which
caused 1.40-fold, 1.46-fold and 2.82-fold increase
to GSH level, GST activity in vivo and V__of GST,
respectively. It is safe to say that these safeners induced
the conjugation of herbicide with GSH catalyzed by
GST to some extent. Consistent with previous studies,
safeners significantly change the affinity of GST to
substrate of conjugation reaction (Scarponi et al 2000).
Fomesafen resulted in inhibition to plant by inhibiting
PPOX activity. So, PPOX activity is an important
index to maize treated by safener and fomesafen.
R-isomer treatment resulted in complete reversal of
injury caused by fomesafen. This might suggest that
the protective ability of safener not only depends on
the GSH and GST in maize (Jablonkai 2013).

4. Conclusions

From this study, it can be concluded that seed treatment
with these four safeners present protective ability to
injury caused by fomesafen. In addition, the excellent
efficacy suggests that these safeners should be considered
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for reducing of herbicide toxicity in maize. Therefore,
these compounds can be a useful tool to protect maize
from the injury of herbicide and improve selectivity
between crop and weed. This study is the first one on the
effect of chiral 3-dichloroacetyl oxazolidine and their
interaction with fomesafen. However, in-depth studies
are still needed to determine the exact mechanism of the
enhancement of protective ability.
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