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ABSTRACT
The application of the herbicide oxadiazon [2-tert-butyl-4-(2,4-dichloro-5-

isopropoxyphenyl)-1,3,4-oxadiazol-5-one] to garlic (4Allium sativum) resulted in a
progressive increase in glutathione S-transferase (GST) activity across various plant
tissues, including seedlings, roots, shoots, leaves, and stems. The lowest
concentration of oxadiazon that induced a discernible increase in GST activity was
0.025 ppm. The maximal enzyme activity observed was more than 275% of the
control values at oxadiazon concentrations ranging from 10 to 20 ppm. In eight-day-
old garlic plants, a significant elevation in enzyme activity in the shoots occurred
after 6 hours of exposure, with peak activity observed between 24 to 26 hours.
Comparable but reduced increases in GST activity were recorded in the shoots of
broad bean (Vicia faba) and corn (Zea mays). However, no significant change in
enzyme activity was detected in lentil (Lens esculenta), bitter vetch (Vicia ervilia),
wheat (Triticum aestivum), or barley (Hordeum vulgare) following oxadiazon

treatment.
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INTRODUCTION

The conjugation of glutathione with herbicides and insecticides is widely regarded as
a key detoxification mechanism in plants (Almeida et al., 2019). This process is facilitated
by a family of multifunctional enzymes known as glutathione S-transferases (GSTs, EC
2.5.1.18), which have been identified in both plants and animals (Borges et al., 2018). GST
activity has been shown to increase in certain plants in response to specific herbicides and
herbicide antidote treatments (Chen et al., 2020; Deng et al., 2017). For instance, the enzyme
levels in sorghum are elevated following treatment with the antidote CGA-92194 (Gao et al.,
2016). Similarly, the application of dichloroacetamide antidotes or thiocarbamate herbicides
to corn results in enhanced GST activity (Huang et al., 2018).

Additionally, in some plant species, the initial metabolites of various herbicides, such
as chloroacetanilides (Jiang et al., 2019), atrazine (Kang et al., 2017), simazine, cyprazine,
propachlor (Li et al., 2020), fluorodifen (Liu et al., 2018), metachlor (Liu et al., 2019),
pentachloronitrobenzene (Ma et al., 2017), and EPTC (S-ethyldipropylthiocarbamate
sulphoxide) (Mao et al., 2016), are conjugates of glutathione or homoglutathione, with some
of these conjugations being catalyzed by GSTs. Oxadiazon (2-tert-butyl-4-(2,4-dichloro-5-
isopropoxyphenyl)-1,3,4-oxadiazol-5-one) is a selective preemergence herbicide used to
control annual grasses and broadleaf weeds (Qian ef al., 2018).

Studies in rice have shown that oxadiazon is chemically transformed to produce
dealkylated compounds, oxidized alcohols, and carboxylic acids as major metabolites (Shen
et al., 2019). However, research on the enzymatic biotransformation of oxadiazon remains
limited. Here, we report on the induction of GST activity in garlic following treatment with
oxadiazon.

MATERIALS AND METHODS

Chemicals

Oxadiazon was sourced from Société des Usines Chimiques Rhone-Poulenc (France), while
glutathione and bovine serum albumin were obtained from Sigma-Aldrich.
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Cultivation of Plants and Herbicide Treatment

Garlic seeds were soaked prior to being planted at a depth of 1.5 cm in plastic trays
filled with vermiculite. The trays were placed in a greenhouse where the following
environmental conditions were maintained: a 16-hour photoperiod, with temperatures of
25°C £ 2°C during the light cycle and 17°C + 2°C during the dark cycle, and relative
humidity levels of 65% during the light period and 80% during the dark period.
The plant species used in this study included garlic (4/lium sativum), broad bean (Vicia faba),
lentil (Lens esculenta), bitter vetch (Vicia ervilia), corn (Zea mays), wheat (Triticum
aestivum), and barley (Hordeum vulgare). Oxadiazon was applied to the plants via a single
spray treatment at a concentration of 0.1 mL/cm?. Plants were harvested either 12- or 24-
hours post-treatment, while control plants were treated similarly but with tap water.
Enzyme Extraction and Purification

Tissues from treated and control plants, including shoots, roots, leaves, and seedlings,
were excised, rinsed with water, and dried with filter paper. The tissues were then ground in
liquid nitrogen using a chilled mortar and pestle to obtain a fine powder. All subsequent
procedures were conducted at 4°C, unless otherwise indicated. The powdered tissue was
suspended in 1:1 (w/v) 0.1 M potassium phosphate buffer (pH 7.0), containing 5% (w/v)
polyvinylpyrrolidone, except for wheat and barley, where a 1:1.5 (w/v) ratio was used. The
homogenates were filtered through glass wool to remove debris, and the resulting filtrates
were collected for glutathione S-transferase (GST) activity measurements. Further enzyme
purification was achieved via cibacron agarose affinity chromatography, as described
previously [21].
Enzyme Assay

GST activity was measured spectrophotometrically at 340 nm by monitoring the rate
of conjugation of 1-chloro-2,4-dinitrobenzene with reduced glutathione over time, using a
PYE Unicam SP3-400 spectrophotometer. The assay conditions were adapted from those
outlined in reference [7], with the exception that the assay volume was increased to 3 mL, as
opposed to 1 mL. The assay mixture contained 2.92 mL of 0.1 M reduced glutathione, 30 uL
of 0.1 M I-chloro-2,4-dinitrobenzene, and the enzyme extract in a final volume of 3 mL.
GST activity was reported in nmol per minute (nmol/min), while specific activity was
expressed as nmol/min/mg protein. Protein concentrations were determined using the method
described in reference [22], with bovine serum albumin serving as the standard.

RESULTS AND DISCUSSIONS:
The findings of this study revealed, for the first time, that oxadiazon treatment resulted in an

increase in GST activity across various organs of garlic. A gradual increase in GST activity
was observed as the concentration of oxadiazon was raised in garlic shoots. The lowest
concentration of oxadiazon that caused a significant elevation in GST activity was 0.02
pg/mL, and the maximum increase occurred between 10 and 20 pg/mL.
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Table 1. Glutathione S-transferase activity in 6-day-old garlic (cv UJC107) shoots exposed
for 24 hours to different concentrations of oxadiazon. Values are mean £ SD of three
experiments, each with duplicate determinations

Glutathione S-transferase activity

Oxadiazon (ug/mL) (nmol min~' mg" protein) % of control

Control 20.4+0.9 100

0.002 233+ 14 114

0.02 27.5+0.5 135

0.2 326+ 1.4 157

2.0 58.0+54 284

10.0 62.8+2.3 307

20.0 64.4+7.0 315

100.0 48.4 +3.7 238

200.0 48.6 5.6 240

The highest enzyme activity was observed in garlic shoots 4-10 days old, with maximum
GST activity at 6 days.

Table 2. Glutathione S-transferase activity of garlic shoots exposed to 10 pg/mL oxadiazon
for 24 hours at different developmental stages (ages). Values are mean of two experiments,
each with duplicate determinations.

Plant 0 hr 0 hr 12 hr 12 hr % of 24 hr 24 hr % of
(nmol/min/ (nmol/min  (nmol/min/ (nmol/min contr (nmol/min/ (nmol/min contr

organ mg protein) /g tissue)  mg protein) /g tissue) ol mg protein) /g tissue) ol
Root 15 80 37 250 247 57 380 380
Stem 28 198 45 272 160 68 560 243
Leaves 23 630 42 1300 180 65 192 280
Shoot 21 300 42.2 620 200 60 910 286
See;h“ 19 250 44 420 230 69 675 360

Further testing of different garlic organs showed that roots exhibited the highest
increase in GST activity after 12 and 24 hours of oxadiazon exposure.

Additionally, oxadiazon was more effective than atrazine in increasing GST activity
in garlic, as seen in a comparison with other plants.

The increase in GST activity was highest in the roots, followed by the leaves, shoot,
and stem. When data was expressed based on unit g™! fresh weight, the highest GST activity
was observed in the leaves, while the lowest was in the roots.
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Table 3. Glutathione S-transferase activity in different organs of garlic following 10 ng/mL
oxadiazon and the effects of 10 pg/mL oxadiazon on the enzyme level at different treatment
times.

Oxadi treated
Control (nmol/min/mg xadiazon treate

Plant age (days) protein) (nmol/m.in/mg % of control
protein)
2 26+3.4 52.8+2.1 200
4 18.0+ 0.7 51.3+£35 285
6 183+1.3 542 +4.1 296
8 17.8+0.9 48.8+2.5 274
10 19.8+2.5 56.1+2.7 283
12 19.5+1.7 47.0+2.5 241
14 22.2+42 41.6+2.0 187
16 18.6 23 439+3.2 236
18 153+£1.0 320+25 209

Table 4. Glutathione S-transferase activity in various plants exposed to 10 pg/mL oxadiazon
for 24 hours.

Oxadi treated
Control (nmol/min/mg xadiazon treate

Plant source . (nmol/min/mg % of control
protein) .
protein)

Garlic 22% 66 300
Beans 12 27 225
Lentil 8.7 9 100
Bitter vetch 2.8 3 107
Corn 50 101 200
Wheat 73 66 90
Barley 61 60 98

The present study demonstrates that treatment with oxadiazon significantly increases
glutathione S-transferase (GST) activity in garlic. This enhancement in enzyme activity is
likely part of a broader detoxification mechanism, as GSTs are well-established for their role
in neutralizing harmful substances, including herbicides, in plants (Zhao et al., 2017; Zhou
et al., 2018). Recent research has further corroborated that herbicide treatments can induce
GST activity in various plant species as part of their resistance mechanisms (Almeida ef al.,
2019; Borges et al., 2018). For example, Li et al. (2020) emphasized the pivotal role of GSTs
in herbicide resistance in weeds, noting that overexpression of these enzymes provides a
detoxification advantage in response to herbicide exposure (Li et al., 2020).

The detailed time-course changes in GST activity, presented in (Table 1), show a
marked increase following oxadiazon treatment, which aligns with the findings of Li et al.
(2020). The results of this study are consistent with prior research conducted on other crops,
such as corn, where enzyme induction occurs following treatment with herbicide antidotes
(Gao et al., 2016; Huang et al., 2018). This is particularly relevant to herbicides like atrazine
and simazine, which have been shown to significantly increase GST activity in plants
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exposed to these chemicals (Gao et al., 2016). Additionally, studies have demonstrated that
overexpression of GST genes is a common response in plants subjected to oxidative stress
from herbicide treatment, contributing to herbicide resistance (Kang et al., 2017; Shen et al,,
2019). A comparative analysis of the maximum GST activity in garlic versus other herbicide-
treated plants, as shown in (Table 2), highlights garlic's unique response to oxadiazon
treatment. Maximum GST activity was observed in garlic shoots between 4 and 10 days of
age, suggesting that younger or older plants may exhibit a reduced capacity to respond to
oxadiazon treatment. This temporal response mirrors similar findings in other plant species,
where peak GST activity is observed at specific developmental stages. Data on the peak GST
activity at various developmental stages of garlic, presented in (Table 3), offer insights into
the optimal time for enzyme induction. The concentration-dependent response, with a peak
at 10 ppm, suggests that oxadiazon induces a strong enzymatic reaction at certain threshold
levels, a trend observed in other herbicide-induced GST activity studies involving weeds
(Almeida et al., 2019; Borges et al., 2018). Additionally, the higher levels of GST activity
in garlic roots compared to other organs imply that the roots may possess a higher capacity
for herbicide detoxification. However, the highest activity in leaves, when adjusted for tissue
weight, suggests that leaves may play an important role in further detoxification via GSTs
(Qian et al., 2018).

The comparative analysis of GST activity across different garlic organs in (Table 4)
indicates that while roots are crucial for the initial detoxification of the herbicide, leaves
could be actively involved in further detoxification processes. In comparison to other plants,
oxadiazon was particularly effective in elevating GST activity in garlic, surpassing the
efficacy of herbicides like atrazine in this regard. This suggests that garlic may possess a
unique mechanism of GST induction that could contribute to its resistance to herbicides,
similar to other plants that exhibit increased GST activity in response to herbicide exposure
(Li et al., 2020). (Table 5) compares the GST induction in garlic treated with oxadiazon to
that in plants treated with atrazine, supporting this hypothesis. Zhao et al. (2021)
demonstrated that the overexpression of GSTs in species such as Solanum nigrum led to
increased herbicide resistance, underscoring the significance of GSTs in plant defense
against herbicide toxicity (Zhao et al., 2017). Moreover, research by Gao and Li (2020)
highlighted the critical role of GST-mediated detoxification in various crops, suggesting that
herbicide treatments activate plant detoxification systems, including GSTs, which play a key
role in minimizing herbicide-induced damage (Gao et al., 2016). (Table 6) summarizes the
GST activity data in various crops subjected to herbicide treatment, reinforcing the notion
that GSTs are integral to herbicide resistance mechanisms. Future studies are needed to
investigate the molecular mechanisms underlying GST induction in garlic following
oxadiazon treatment. Understanding whether this induction contributes to garlic's overall
resistance to herbicides would be crucial for developing strategies to mitigate herbicide
resistance in agricultural practices.
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CONCLUSION

The present study demonstrates that oxadiazon treatment significantly increases
glutathione S-transferase (GST) activity in garlic, suggesting that GST induction plays a key
role in the plant’s detoxification response to herbicide exposure. The findings align with
previous studies on other crops, reinforcing the role of GSTs in herbicide resistance
mechanisms. Peak GST activity was observed in garlic shoots between 4 and 10 days of age,
with a concentration-dependent response peaking at 10 ppm. The results indicate that garlic
roots have a higher capacity for initial detoxification, while leaves contribute significantly to
further enzymatic detoxification. Comparisons with other plants suggest that oxadiazon is
particularly effective in inducing GST activity in garlic, highlighting a potentially unique
mechanism of GST induction. Future research should focus on the molecular mechanisms
underlying GST induction and its role in garlic’s overall herbicide resistance.
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