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 This manuscript described a comprehensive study on a pesticide degradation factor OsBR6ox that promoted the deg-
radation of pesticides atrazine (ATZ) and acetochlor (ACT) in rice tissues and grains through an epigenetic mechanism.
OsBR6ox was transcriptionally induced under ATZ and ACT stress. Genetic disruption of OsBR6ox increased rice sen-
sitivity and led to more accumulation of ATZ and ACT, whereas transgenic rice overexpressing OsBR6ox lines (OEs)
showed opposite effects with improved growth and lower ATZ and ACT accumulation in various tissues, including
grains. OsBR6ox-mediated detoxification of ATZ and ACT was associated with the increased abundance of brassinolide
(one of the brassinosteroids, BRs), a plant growth regulator for stress responses. Some Phase I-II reaction protein genes
for pesticide detoxification such as genes encoding laccase, O-methyltransferase and glycosyltransferases were tran-
scriptionally upregulated in OE lines under ATZ and ACT stress. HPLC-Q-TOF-MS/MS analysis revealed an enhanced
ATZ/ATC metabolism in OE plants, which removed 1.21–1.49 fold ATZ and 1.31–1.44 fold ACT from the growth
medium but accumulated only 83.1–87.1 % (shoot) and 71.7–84.1 % (root) of ATZ and 69.4–83.4 % of ACT of the
wild-type. Importantly, an ATZ-responsive demethylated region in the upstream of OsBR6ox was detected. Such an
epigenetic modification marker was responsible for the increased OsBR6ox expression and consequent detoxification
of ATZ/ACT in rice and environment. Overall, this work uncovered a new model showing that plants utilize two mech-
anisms to co-regulate the detoxification and metabolism of pesticides in rice and provided a new approach for building
up cleaner crops and eliminating residual pesticides in environments.
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1. Introduction
Over the last decades, great efforts have been made to bio-remediate
pesticide-contaminated soils (Besse-Hoggan et al., 2009; Jiang et al.,
2019). One of the most prevalent approaches for dealing with the
pesticides-contaminated soils is to increase the enzymatic activity in local
soil microbial community to transform the chemicals into less or non-toxic
metabolites (Sánchez-Trasviña et al., 2019). Although the promiscuous
activities provided by microbes usually are a good start for detoxification,
it is hard to figure out the evolutionary pathways for the metabolism of
pesticides through an intermediate (Copley, 2009; Liu et al., 2020a). Unlike
in bacteria, the majority of cellular absorbed drugs or xenobiotics are
degraded through several canonical pathways in mammalian cells and
similarly in plants (Scialli et al., 2014; Zhang and Yang, 2021). Both animals
and plants have diverse and conservative genes following defined or
currently undefined mechanisms to combat the influx of xenobiotics
(Zhang et al., 2017).

Technically, understanding the insightful mechanisms for detoxifica-
tion and specifics of pesticide metabolism in plants is also critical to devel-
oping engineered plants for bioremediation or cleaner healthy crops
(Su et al., 2019; Ma et al., 2021). Currently, many catalytic processes for
xenobiotics in plants like Phase I and II reactions such as hydroxylation,
dealkylation or conjugation are well defined as the early stage of conver-
sion, while Phase III or later stages as deep degradative metabolism through
transport, compartmentation and mineralization remains elusive (An et al.,
2017; Zhang and Yang, 2021). Interestingly, several plant signal molecules
such as salicylic acid (SA) and jasmonic acid (JA) for defense responses
have been recently reported to actively involve the pesticide metabolism
and detoxification (Lu et al., 2015; Ma et al., 2018; Ma et al., 2021). The
loss of function mutants with defective activities in rice phenylalanine am-
monia lyase and isochorismate synthase for the biosynthesis of salicylic
acid accumulated drastically higher levels of pesticide isoproturon with
phytotoxic phenotypes, while administration of exogenous SA can restore
the normal growth status of plants (Lu et al., 2020). Ma et al. (2021)
functionally identified a rice F-box family member named COI1a
(CORONATINE INSENSITIVE 1) to mediate atrazine degradation in plants
through epigenetic demethylation of genomic DNA at CG context in the
promoter region of COI1a. COI1a as a JA receptor was strongly induced
by atrazine in rice. The atrazine-induced demethylated region in the
COI1a promoter led to an enhancement of COI1a expression with an addi-
tional activity for atrazine degradative metabolism.

Brassinosteroids are a group of steroidal hormone-like molecules
including castasterone (CS), brassinolide (BL), and 6-deoxocastasterone
(6-DeoxoCS) in the BRs biosynthetic pathway (Yokota, 1999). BRs bind
the receptor-like kinase BRI1 (brassinosteroid-insensitive 1) on the cellular
surface through several biochemical events (e.g. autophosphorylation and
dissociation of an inhibitory protein of BRI1 kinase Inhibitor 1) to activate
the signal transduction cascades, leading to the changed expression of
numerous genes and physiological consequences (Divi and Krishna, 2009).
Recent review articles summarized the functional roles of BRs involved in
plant growth, development and adaptation to environmental stress (Siddiqi
and Husen, 2021; Zhang and Yang, 2021). Application of exogenous BRs
increased plant resistance to pesticide toxicity by regulation of antioxidant
system (Zhou et al., 2015; Sharma et al., 2018). In cucumber and grapevine,
for example, pretreatment with the BRs variant 24-epibrassinolide alleviated
the oxidant stress response caused by insecticides chlorpyrifos and
chlorothalonil (Xia et al., 2009; Wang et al., 2017). Castasterone, one of the
BRs, was reported to mitigate imidacloprid (pesticide)-responsive toxicity in
Indian mustard (Brassica juncea) (Sharma et al., 2019). Even though BRs
protect plants against pesticides, how BRs regulate the metabolic processes
and enhance the detoxification is yet to be documented.

Atrazine (ATZ) and acetochlor (ACT) are two pesticides that have been
used in large quantities worldwide over the last decades. Both chemicals
are persistent in environments, and >0.01 mg/L ATZ residue was detected
in groundwater (0.021 mg/L), surface streams (0.042 mg/L) and paddy soil
(0.015–0.02 mg/kg) (Powell et al., 2011; Arora et al., 2014). In China,
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acetochlor concentrations range from 0.03 to 709.37 μg/kg in riparian
soils of Songhua River Basin, and 0.012–0.071 mg/kg in the farmland of
northern regions (Sun et al., 2011). Investigation of ATZ/ACT uptake, accu-
mulation, and degradation in plants can provide insights into bioremedia-
tion and development of ATZ/ACT resistant crops (Zhang and Yang,
2021). In this study, we found that both OsBR6ox transcription and BRs
concentrations were significantly induced in rice exposed to ATZ or ACT.
The processes were associated with the repressed DNA methylation at the
CG context in the upstream of OsBR6ox. Overexpression of OsBR6ox in
rice promoted plant detoxification, reduced accumulation of the pesticides,
and facilitated the production of specific metabolites, whereas OsBR6ox
knockout mutants displayed opposite effects. Expression of OsBR6ox pro-
moted the Phase I and II metabolic reactions and the expression of corre-
sponding pesticide degradation genes under ATZ and ACT stress. This is
the first report on the functional characterization of OsBR6ox in mediating
rice resistance to pesticides. The messages also signified a novel epigenetic
mechanism (e.g. DNA methylation) that involves the signaling pathway of
BRs in regulating the metabolism of xenobiotics in rice plants.

2. Materials and methods

2.1. Plant material, growth condition and treatment

Seeds of rice (Oryza sativa, Japonica) wild-types including Nipponbare
(NP, WT1), Dong Jing (DJ, WT2), Kitaake (KT, WT3), and Hwayoung
(HY, WT4), along with two independent osbr6ox-1/2 T-DNA insertion
lines (WT2) were sterilized and germinated at 28 °C. Two days later, germi-
nating seedlings were transferred to the half-strength Hoagland solution
and grown under simulated natural conditions for 10 days (Ma et al.,
2019). The nutrient solution was changed every two days. Seedlings for
acute experiments (six days) were exposed to 0.2 mg/L ATZ or ACT for
analysis of physiological responses and accumulation of pesticides in rice
tissues. The long-term (chronic) experiments were exposed to 0.01 mg/L
ATZ or 0.02 mg/L ACT for 6–16 weeks. The ATZ and ACT concentrations
of short-term exposure were below the real dosage of field application
(ATZ, 22.3 kg/km2; ACT, 21.6 kg/km2), and the ATZ and ACT concentra-
tions for long-term exposure were referred to the reports on the environ-
mental residues.

2.2. Subcellular localization of OsBR6ox

The coding-sequence (CDS) of OsBR6ox was isolated from wild-type
using the forward and reverse primers (Table S1). The amplified frag-
ments were inserted into the pCAMBIA1300-GFP vector under the con-
trol of a constitutive 35S CaMV promoter. The 35S::OsBR6ox-GFP
fusion vector was transformed into leaf epidermis of tobacco (Khan
et al., 2020). The GFP fluorescence signals were visualized on the
confocal laser scanning microscopy and photographed (Confocal
System-UltraView VOX, PerkinElmer).

2.3. Transcript analysis by qRT-PCR

The fresh tissues were harvested and frozen in liquid nitrogen. Total
RNA was extracted using the Trizol following the instruction by the manu-
facturer (Monad Biotech Co., Suzhou) and treated with RNase-free DNase I
(Takara). The RNA reverse transcription was performed using a TransGen
kit (Biotech, Suzhou). The reaction mixture (20 μL) contained 1 μL of
template cDNA, 10 μL of 2×TransScrip Green q-PCR SuperMix, 8.2 μL
RNase-free water and 0.4 μL primers (Table S1), with the following steps
for reaction: one cycle of 94 °C for 30 s for denaturation, 40 cycles of
95 °C for 5 s and 60 °C for 30 s for annealing and extension (Lu et al., 2016a).

2.4. Preparation of OsBR6ox-overexpression lines

The full length of the OsBR6ox (LOC_Os03g40540) coding sequence
was PCR-amplified using the specific primers (Table S1). The PCR product
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was digested with BglII and SpeI (Table S1) and cloned into the correspond-
ing sites of pCAMBIA1304 vector driven by a CaMV35S promoter (Liu
et al., 2020b). The fusion vector was transformed by Agrobacterium
tumefaciens into embryonic callus of rice. Thirty transgenic seedlings (T0)
were built up. The initial transgenic generation was further cultivated and
screened until homozygous lines (T3) were obtained. Three of overexpres-
sion (OE) lines were selected for subsequent functional identification.

2.5. Determination of growth and physiological responses to ATZ and ACT
exposure

For chlorophyll determination, fresh leaf tissue (0.1 g) was collected,
placed in a centrifuge tube containing 80 % acetone (pH 7.8), and stood
under darkness for 24–36 h (Song et al., 2017). The mixture was centri-
fuged at 5000 g for 5 min. The supernatant was used for chlorophyll quan-
tification. Chlorophyll were determined by reading the absorbance at
665 nm and 649 nm with a spectrophotometer, and calculated using the
formula: chlorophyll content (mg/g FW) = (6.10 × OD665 + 20.04 ×
OD649) × 5 / 0.1.

The electrolyte permeability for cellular membrane damage was mea-
sured by placing fresh tissues in a tube with 20 mL deionized water. The
sample stood at room temperature for 2.5 h and its solution was measured
using an electrical conductivity meter with the reading as EC1. The conduc-
tivity of the killed tissues (EC2) was measured after boiling and cooling
down to the room temperature. The electrolyte leakage was calculated as
the ratio of EC1/EC2 × 100 (Sun et al., 2021).

2.6. Analysis of McrBC-based DNA methylation and chromatin immunoprecipi-
tation

The percentages of methylation at the CG, CHG and CHH contexts were
estimated using the method of DNA bisulfate-sequencing technology (Lu
et al., 2016a). Genomic DNA was isolated and digested by McrBC enzyme
(methylation-dependent endonuclease). In parallel with it, a mock reaction
was run at 37 °C for 16 h. The qRT-PCR was used to determine DNA meth-
ylation level. The level of methylation was inversely proportional to the
ratio of McrBC/-McrBC. Histone methylation (H3K9me2) was measured
by chromatin immunoprecipitation (ChIP) method (Feng et al., 2020).
Samples were fragmented by sonication treatment and purification. The
chromatin immunoprecipitation was tested using an assay Kit. The histone
methylation level was analyzed by RT-PCR. Ubi10 and Actin1 were used for
RT-PCR control. The amount of DNA immunoprecipitated by a Histone
3-specific antibody was applying to normalizing the relative abundance.
Primer sequences were shown in Table S1.

2.7. Determination of ATZ and ACT accumulation in rice

Rice samples were harvested and pestled with liquid nitrogen. Five mL
ultra-pure water and 10 mL acetonitrile were added to the sample, and the
mixture was shaken. After 30 min, NaCl (2 g) was added and vibrated for
10 min. The extraction solution was centrifuged at 4000 g for 5 min. The
upper acetonitrile phase (5.0 mL) with ATZ was concentrated to acetoni-
trile in a vacuum rotary evaporator (40 °C). The dried samples were
dissolved and transferred to a 2 mL centrifuge tube with 30 mg graphitized
carbon black and 50 mg primary-secondary amine, vortexed for 2 min, and
centrifuged at 10,000 g for 3 min (Anastassiades et al., 2003). The superna-
tant was filtered through a 0.22 μm syringe membrane for analysis. For
ACT, the upper acetonitrile phase was removed by evaporation (42 °C).
The sample was mixed with a solvent (15:85 methanol:dichloromethane)
and purified by a Florida Silica SPE column. The effluent was dried and
dissolved in acetone (1 mL). The solution was through a 0.22 μm syringe
membrane for analysis.

The ATZ analysis was performed by HPLC (Waters 515; Waters Tech-
nologies Co. Ltd.) equipped UV detector under the following conditions:
Hypersil reverse phase C18 column (Thermo, 250 mm × 4.6 mm) was
used for liquid chromatography separation under conditions; the mobile
3

phase, acetonitrile and water (35/65, V/V); rate, 0.8 mL/min; wavelength,
235 nm. The ACT analysis was performed by gas-chromatography (GC, Sys-
tem 7820A, Agilent) with an electron capture detector. An HP-5 capillary
column(30 m × 0.320 mm, 0.25 mm internal diameter)was run with the
oven temperature program as follows: 80 °C (starting temperature), in-
creased to 210 °C at a rate of 40 °C/min, hold for 2 min at 210 °C, increased
to 220 °C at a rate of 2 °C/min, once reached 220 °C, increased to 280 °C at a
rate of 40 °C/min, and hold for 5 min at 280 °C. The total running time was
17.75 min. The carrier gas (Helium 99.999 % purity) was set at a flow rate
of 0.8 mL/min. The injection sample volume was 1 μL without split. The
spiked recovery of ATZ and ACT determination in rice tissues and nutrient
solution was shown in Table S2.

2.8. Determination of ATZ and ACT metabolites and conjugates in rice

The extraction process of ATZ and ACT in rice was the same as
Section 2.7. Unpurified extraction was concentrated and dissolved by
1 mL 50 % methanol. Samples were filtered and analyzed by UPLC-Q-
TOF-MS/MS. The UPLC system (Shimadzu, Japan)) equipped with a
Poroshell 120 ECC18 (50 mm × 2.1 mm, 2.7 mm particle size, Agilent).
The column temperature was 35 °C; the injection volume was 10 μL. The
mobile phases A and B were ultrapure water with 0.1 % formic acid and
acetonitrile, respectively. All the transformation products were character-
ized using Q-TOF-MS/MS (5600, AB Science, Redwood, CA, USA) with a
positive electrospray ionization mode. The parameters are as following:
ion spray voltage floating, 5500 V; temperature, 500 °C; ion source gas pres-
sures, 50 psi; declustering potential, 80 V; collision energy, 35 eV; and
collision energy spread, ±15 eV. The mass spectrometer operates in a full
scan TOF-MS mode with a 100–1000 m/z range and MS/MS (50–1000)
mode (Ma et al., 2021).

2.9. In vivo determination of brassinosteroids in rice

The endogenous brassinolide (22R,23R,24S-2a,3a,22,23-tetrahydroxy-
24-methyl-B-homo-7-oxa-5a-cholestan-6-one) was quantified using an
Enzyme Linked Immunosorbent Assay (ELISA) Kit (Ruifan Biological
Technology Co., Shanghai). Briefly, 50 μL of the sample extracted was
added into the microwells pre-coated with brassinolide antibody, followed
by addition of 100 μL horseradish peroxidase labeled detection antibody.
The mixture was incubated at 37 °C for 60 min, and the substrate
3,3′,5,5′-Tetramethylbenzidine was added. The sample was incubated at
37 °C for 15 min under darkness and measured at 450 nm.

2.10. Docking analysis

The three-dimensional conformations of ATZ and ACT were drawn
using SYBYL 2.0 software (Shanghai Tri-I. Biotech. Inc., China). Molecular
energy optimizations of three-dimensional conformations with a conver-
gence criterion of 0.005 kcal/mol (Å) were obtained using conjugate gradi-
ent procedure, Tripos force field and Gasteiger-Huckel charge (Jiao et al.,
2021). The crystal structure of OsBr6ox was downloaded from the RCSB
(Research Collaboratory for Structural Bioinformatics) Protein Data Bank
(PDB code 6a17, https://www.rcsb.org/). The ligand (9RL) was extracted
and all H2O molecules were removed from the structure. The obtained
three-dimensional binding modes between ATZ and ACT compounds and
6a17 were determined using PyMol 1.7.6.

2.11. Statistical analysis

All experiments were independently performed at least in triplicate. For
each replicate, >10 plants were used for analysis. One-way analysis of var-
iance (ANOVA) was performed to determine the difference between treat-
ments, and the significance was set at p < 0.05. All statistical analysis was
carried out with SPSS (Version 22.0).

https://www.rcsb.org/
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3. Results

3.1. OsBR6ox is located to chloroplasts and upregulated under ATZ and ACT
stress

To clarify the subcellular localization of OsBR6ox, the OsBR6ox-GFP
(green fluorescent protein) vector was constructed and expressed in
tobacco leaves through Agrobacterium tumefaciens transfer protocol. The
green fluorescence of OsBR6ox-GFP coincided with autofluorescence of
chloroplast under the confocal microscopy, indicating that OsBR6ox resi-
dues in the chloroplast (Fig. S1A).

OsBR6ox was transcriptionally upregulated in ATZ-exposed roots and
shoots. The significant expression occurred at 0.4–0.8 mg/L, with the
shoot expression levels being 1.45–11.34 fold and those of root being
1.20–5.83 fold over the controls (Fig. S2A). A similar pattern of OsBR6ox
expression was observed under ACT stress, in which the transcript levels
were increased by 1.73–4.21 and 1.53–4.08 fold in shoots and roots,
respectively (Fig. S2B).

3.2. Overexpression of OsBR6ox repressed ATZ and ACT toxicity in rice

To examine whether the expression of OsBR6ox could detoxify ATZ and
ACT, transgenic rice overexpressing (OE) OsBR6ox was constructed. The
qRT-PCR analysis showed that three OE lines had 12.5–33.9 fold higher
transcripts than the wild-type (WT1) (p < 0.05) (Fig. S3). In the meantime,
we took an advantage of two OsBR6ox-knockout mutants osbr6ox-1 and
osbr6ox-2 with functional detects (Fig. S4). To ensure whether OsBR6ox
Fig. 1. Analysis of brassinolide generation in the shoots of OE lines, mutants and their cor
day-old rice was treated with 0 (-ATZ/-ACT) and 0.2 mg/L ATZ or ACT for 4 d and 6 d. (
after treatments for 4 d (A) and 6 d (C). (B, D): The brassinolide concentrations in the mut
the means ± SD (n = 3). Means followed by different letters are significantly different
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expression correlated with the abundance of endogenous products of BRs,
the Enzyme-Linked Immunosorbent Assay (ELISA) was adopted to quantify
the end product brassinolide catalyzed by OsBR6ox. There was a basal level
of brassinolide without pesticides; upon exposure to the pesticides, the OE
plants were found to accumulate more brassinolide, whereas the mutant
lines accumulated less brassinolide in their shoots (Fig. 1) and roots
(Fig. S5) than the wild-types, pointing out that the higher brassinolide con-
centration should be the result of OsBR6ox overexpression in OE lines.

We then performed a toxicological experiment using the transgenic ma-
terials. The OE and wild-type plants were exposed to 0.2 mg/L ATZ or ACT
for six days. The growth response without ATZ and ACT was similar be-
tween the OE and WT1 plants (Fig. 2). When pesticides were administered,
the OE rice showed better growth than WT1 in elongation and chlorophyll
accumulation but low cell membrane permeability (Fig. 2; Fig. S6). The
elongation of OE lines was increased by 53.1–62.5 % for shoot and
75.4–84.7 % for root compared to WT1. The increased expression of
OsBR6ox was also beneficial to chlorophyll accumulation, with 1.14–1.33
(for ATZ) and 1.13–1.23 (ACT) fold over the WT1 control (Fig. 2D, I;
Fig. S6). The OE lines had a weaker electrolyte leakage of biomembrane
(or cell membrane permeability) than the WT1 (Fig. 2E, J; Fig. S6), suggest-
ing that less cellular injury occurs in OE lines. The regulatory role of
OsBR6ox was also proved by demonstrations of two independent dysfunc-
tion mutant lines osbr6ox-1 and osbr6ox-2. In the presence of ATZ and
ACT, both mutants showed a negative impact on plant fitness including
the compromised plant growth and chlorophyll concentration and signifi-
cantly increased electrolyte leakage (Figs. S7, S8). These results suggest
that OsBR6ox is required for defense to the toxicity of the pesticides.
responding wild-types (WT1: NP, WT2: DJ) under ATZ and ACT stress by ELISA. Ten
A, C): The brassinolide concentrations in the OE lines and wild-type were measured
ants and wild-type were measured after treatments for 4 d (B) and 6 d (D). Values are
between the genotypes of plants (p < 0.05, ANOVA).



Fig. 2. Growth analysis of shoots in OE lines and wild-type (WT: Nipponbare) under ATZ and ACP exposure. Ten-day-old rice plants were exposed to ATZ (0.2 mg/L) and ACT
(0.2 mg/L) for 6 d. (A): Phenotypes of WT and OE lines. (B, G): Elongation of shoots. (C, H): Dry mass of shoots. (D, I): Chlorophyll content. (E, J): Membrane permeability of
shoots. Values are the means ± SD (n = 3). Means followed by different letters are significantly different within each biotype or treatment (p < 0.05, ANOVA).
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3.3. Overexpression of OsBR6ox reduced ATZ and ACT accumulation in rice

A short-term experiment with 0.2 mg/L ATZ and ACT exposure for six
days was conducted to examine the removal of the pesticides by rice from
its growth environment and plants. The OE plants removed more ATZ
and ACT from rice growth medium and accumulated less ATZ and ACT in
5

plant tissues compared to WT (Fig. 3; Fig. S9). Meanwhile, both osbr6ox-1
and osbr6ox-2 mutant plants displayed an opposed effect (Fig. 3; Fig. S9).
A long-term experiment (up to 16 weeks) with realistic environmental con-
centrations of the pesticides was further performed. Both OE and mutant
plants were grown on the nutrient solution containing 0.01 mg/L ATZ or
0.02 mg/L ACT. Maturity plants were sampled at their stages of vegetative



Fig. 3. Short-term experiment with ATZ removal from growth medium and accumulation in OE, mutant lines and wild-types (WT1: Nipponbare; WT2: DJ). (A, C): Ten day-
old rice plants were treated with 0.2 mg/L ATZ for 2 d and the removal of ATZ from growth media by the plants were measured. (B, D): Ten day-old rice plants were treated
with 0.2 mg/L ATZ for 6 and ATZ accumulation in plants were measured. Values are the means ± SD (n = 3). Means followed by different letters are significantly different
between the genotypes of plants (p < 0.05, ANOVA).
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(6 weeks), heading (12 weeks), filling (14 weeks) or maturity (16 weeks),
respectively. Overall, all OE lines accumulated lower levels of ATZ
(Fig. 4) and ACT (Fig. S10) than the WT and mutant lines. Notably, the
ATZ and ACT concentrations in the ripening grains in OE plants were con-
stantly much lower than the wild-types (Fig. 4; Fig. S10C). The concentra-
tions of ATZ in OE lines were reduced by 24.2–33.3 % and those of ACT
in OE lines were decreased by 22.5–37.3 % compared to the wild-type con-
trols. On the other hand, the mutant plants had a higher level of ATZ and
ACT (Fig. 4; Fig. S10). These results suggest that OsBR6ox can play a pri-
mary role in reducing the pesticides in rice plants.

3.4. Overexpression of OsBR6ox promoted expression of major genes in Phase I
and II

To investigate whether OsBR6ox was able to promote the expression of
genes related to pesticide degradation, we selected six Phased I and II pro-
tein genes including two CYPs (CYP74A2, CYP88A5) (Tan et al., 2015),
laccase (Huang et al., 2016), O-methyltransferase (Lu et al., 2016b), gluta-
thione S-transferase (Zhang et al., 2016) and glycosyltransferase (GT)
(Zhang et al., 2017) for qRT-PCR analysis. Following exposure to
0.2 mg/L ATZ or ACT for six days, all tested genes were upregulated in
the shoots of OE lines, whereas the genes were downregulated in the knock-
out mutant although their expression varied differently (Fig. 5). These
results suggest that expression of OsBR6ox can confer detoxification and
metabolism of ATZ and ACT through its downstream degradative enzymes.

3.5. Overexpression of OsBR6ox generated more ATZ and ACT metabolites

The metabolites of OE line, mutants and their corresponding wild-types
(WT1 and WT2) were characterized by UPLC-Q-TOF-MS/MS. The key
6

factors for characterization, retention time and degradation products
were illustrated (Table S3–4). The extracted ion chromatograms of ATZ
and ACT metabolites and conjugates in rice were shown in Fig. S11, S12.
Nine metabolites and ten conjugates of ATZ were detected (Fig. 6A,
Figs. S13, S14). We also successfully characterized 12 metabolites and 11
conjugates in rice exposed to ACT (Fig. 6B, Figs. S15, S16).

Further quantitative analysis on the metabolites revealed that compared
to the wild-type, the relative contents of metabolites of both ATZ and ACT
in the OE plants were significantly higher, while those in the mutant lines
were lower (Fig. 7). For ATZ, more metabolites were found in rice shoots
than roots; and the additional metabolites in shoots were those m/z 228
and three conjugates m/z 315, m/z 343, and m/z 430 (Fig. 7A–D). In
shoots, the concentrations of dominant metabolites m/z 230 and m/z 214
in OE lines were 1.14 and 1.70 times larger than those in the wild type,
whereas the concentrations of the two metabolites in the mutants were
lower (0.24 and 0.13 times lower than the ones in the wild type). With
regards to the conjugates created by Phase II reaction, the cysteine
(m/z 301) and glutathione (m/z 487) conjugates also displayed higher
levels in OE plants, with 1.16 and 1.23 times over the wild type. Additional
conjugates in the OE lines were detected (Fig. 7B). As for ACT, the contrast-
ing changes in metabolites or compounds between the OE and mutant
plants were detected (Fig. 7).

3.6. Molecular docking study on interaction of OsBR6ox and ATZ/ACT

Using the amino acid sequence of OsBR6ox as a template, three-
dimensional structures of CYP90B1 (PDB:6a17) was selected for homology
modeling, and ATZ and ACT were molecularly docked with OsBR6ox
(Fig. 8). ATZ was embedded in the active pocket of OsBR6ox protein via
connection of hydrogen-bonding and hydrophobic interactions with some



Fig. 4. Long-lasting experiment with ATZ accumulation in OE, mutant lines and WTs. Ten day-old rice seedlings were exposed to 0.01 mg/L ATZ for 6, 12, 14, and 16 weeks
(lifespan). Different tissues were harvested and ATZ concentrations were measured. Values are the means ± SD (n = 3). Means followed by different letters are significantly
different between genotypes of plants (p < 0.05, ANOVA).
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crucial amino acid residues including those of tyrosine at 280 position (TYR
280), threonine at 285 position (THR 285), tyrosine at 101 position (TYR
102), arginine at 455 position (ARG455), and alanine at 106 position
(ALA 106) (Fig. 8). The hydrogen bonds were formed by ARG 455 and
TYR 102 with the nitrogen atom on the ATZ triazine ring and side chain
amino group. The residues TYR 280, THR 285, and ALA 106 were similarly
critical in a continuous belt of hydrophobic interactions encircling the car-
bon atom on the side chain of ATZ. ACT had a hydrophobic interaction with
amino acid residues including residues methionine at position 125 (MET
125), valine at position 381 (VAL 381), and alanine at position 311 (ALA
311). In addition, residue serine at position 307 (SER 307) formed a halo-
gen bond with the chlorine atom on ACT. Systematic analysis of the crystal
structure in PDB revealed that the interaction between the halogenated
ligand and target protein is the basis of many biomolecular interactions
(Taylor, 2017). Based on the results, OsBR6ox would likely work in this
way of targeting ATZ and ACT residues.

3.7. Expression of OsBR6ox was promoted by demethylation in the upstream of
the gene

During the investigation, we found that in the promoter region (R1) up-
stream of OsBR6ox, there is a specific fragment (−446 to −353) where the
CG and CHG methylation is dynamically changed in the absence or pres-
ence of ATZ (Fig. S17A). With ATZ, the total methylation level in this region
decreased by 39.8 %, and the methylation at CG and CHG (H: A, C, T or
G) declined by 52.1 % and 23.5 %, respectively (Fig. S17A). To clarify
whether or not ATZ-induced DNA demethylation was associated with
7

OsBR6ox expression, a couple of mutant lines lacking DNA methylation ac-
tivities come into application. DNA methylation levels in the Osmet1–2 and
Osmet1–2 lines (mutation at CG) were significantly lower compared to the
wild-type control (Fig. S17B). Since the CG methylation at cytosine
was linked to the histone H3K9me2 marker catalyzed OsSDG714 in
the chromatin (Ding et al., 2007), the H3K9me2 level in the upstream
of OsBR6ox was examined in the Ossdg714 mutant using a specific
H3K9me2 antibody depending on the chromatin immunoprecipitation
technique. The H3K9me2 marks were also reduced in the R1 of OsBR6ox,
whose level was only 81.4 % of the control, and yet, such specific marks
at R2 and R3 remained unchanged (Fig. S17). Furthermore, the OsBR6ox
expression was measured in a DNA demethyltransferase mutant called
Osros1. There was a negative connection between the OsBR6ox methylation
and transcription (Fig. S17), indicating that hypermethylation of OsBR6ox
in rice would repress OsBR6ox transcription. These results signified that
the expression of OsBR6ox was dynamically regulated by DNA methylation
in the presence of ATZ.

4. Discussion

This study demonstrated the comprehensive identification of a new
function of OsBR6ox as a major regulator in the BR synthetic pathway
that displayed active participation in detoxification and metabolism of
the pesticides ATZ and ACT. OsBR6ox overexpression was found to gener-
ate more brassinolide, whereas knocking out OsBR6ox drastically lowered
brassinolide accumulation in rice. Intriguingly, identifying an ATZ-
exposed methylome revealed a specific region in the OsBR6ox promoter



Fig. 5. Analysis of transcriptional expression of defense genes in the shoots of OE-2, osbr6ox-1 and their corresponding wild-types (WT1: NP, WT2: DJ) under ATZ and ACT
stress by quantitative RT-PCR. Ten-day-old rice plants were exposed to 0 (-ATZ/-ACT) and 0.2 mg/L ATZ or ACT for 6 days. Defense-related genes including CYP74A2
(LOC_Os03g12500) (A), CYP88A5 (LOC_Os06g02019) (B), laccase (LOC_Os12g15680) (C), O-methyltransferase (LOC_Os04g09604) (D), glycosyltransferase
(LOC_Os04g40520) (E) and glutathione-S-transferase (LOC_Os10g38489) (F). Values are the means ± SD. Means followed by different letters are significantly different
between the genotypes of plants, upper and lower case letters are used to distinguish different wild-types (p < 0.05).
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region with a significantly lower DNA methylation at CpG context and his-
tone H3K9me2 marks associated with the enhanced transcription of
OsBR6ox. This finding represents a new layer of how the pesticides broke
down through the plant biosystems with a complex mechanism of rice
plants to adapt to their environments. This is the first instance so far
reported.

BRs respond to a variety of internal and external factors (Siddiqi and
Husen, 2021). Several studies focus on the impact of its external supply
on pesticide detoxification in plants (Sharma et al., 2018). Treatment
with 24-epibrassinolide, a component in the BRs synthetic pathway of
plants like tomatoes, cucumbers, strawberries, and mustard attenuated
toxic symptoms and conferred less accumulation of pesticides (organo-
phosphorus, organochlorine and carbamate) (Xia et al., 2009; Zhou
et al., 2015; Wang et al., 2017; Sharma et al., 2019). Such resistant re-
sponses following BRs treatment were associated with a lower degree
of oxidative stress due to the promoted expression of antioxidants and
other degradative enzymes such as superoxide dismutase (SOD), perox-
idase (POD), catalase (CAT), respiratory burst oxidase (RBOH) and
CYP450 (Zhou et al., 2015; Sharma et al., 2019). However, the up-
stream regulatory mechanisms underlying the detoxification of pesti-
cides are not understood, and the biological processes of pesticide
metabolism and degradation remain elusive.

The molecular structures of ATZ and ACT are different, but rice plants
seemingly had similar biochemical metabolisms for physiological responses
upon exposure to the pesticides. OsBR6ox overexpression improved the
growth and resistance to ATZ and ACT, which should be attributed to the
enhanced generation of endogenous BRs in rice (Fig. 1; Fig. S5). This con-
firmed that OsBR6ox-regulated detoxification of ATZ and ACT in rice was
at least partially through the BRs signaling pathway. External BRs-
promoted resistance to pesticides was associated with upregulation of
some Phase I reaction enzymatic genes such as GSTs (Glutathione
S-transferases) and CYP450s (Sharma et al., 2017; Wang et al., 2017). How-
ever, whether these genes specifically regulate the metabolism and
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degradation of pesticides requires functional validation. To address the
question, we analyzed the transcripts of some canonical phased reaction
genes whose functions have been well characterized. We found that all se-
lected genes encoding CYP74A2, CYP88A5, laccase, O-methyltransferase,
glycosyltransferase and GST in OE plants were transcriptionally upregu-
lated under ATZ and ACT exposure (Fig. 5) (Tan et al., 2015; Huang
et al., 2016; Lu et al., 2016b; Zhang et al., 2016; Zhang et al., 2017), sug-
gesting that they were most likely involved in the BRs-mediated metabo-
lism and degradation pathway.

To bridge the gap between the Phase I enzymes and their catalyzed me-
tabolites, we characterized a total of nine ATZ and twelve acetochlor me-
tabolites (in Phase I) by UPLC-Q-TOF-MS/MS. Amongst the metabolites,
the ATZ dehydrogenation product (DHA) and a variety of ATZ dealkylated
metabolites (DACT, DEA, DMA, and DIA) were identified to link the func-
tion of CYP450s (Tan et al., 2015; Zhang and Yang, 2021). Notably, the
metabolic product DACT was identified for the first time in rice and most
likely associated with the function of CYP450 in ATZ dealkylation. Another
ATZ metabolite hydroxyatrazine (HA) was identified (Fig. S13). These
identified metabolites usually do not pose an environmental risk. For exam-
ple, Scialli et al. (2014) reported that HA fails to affect the rat or rabbit
embryo-fetal development even though the dosage comes up with the
level of producing maternal toxicity; Tai et al. (2021) concluded that ATZ
degradation products DIA and DACT have no potential risks to zebrafish
hatchability, somite formation, heart, and embryo under environmentally
realistic concentrations. Laccase is a unique kind of multi‑copper contain-
ing oxidase, playing important roles in molecular modification and detoxi-
fication by catalyzing the oxidation of multi-substrates (Sánchez-Trasviña
et al., 2019). Our previous demonstration pointed out that ectopic expres-
sion of a rice laccase gene conferred yeast (Saccharomyces cerevisiae) toler-
ance to ATZ by accumulation of deaminated and hydroxylated ATZ
(HDHA)(Huang et al., 2016). The present study characterized an HDHA
precursor HEA without deamination, suggesting that laccase may be also
engaged in the ATZ degradative process in rice.



Fig. 6. Proposed metabolic pathways of ATZ and ACT pesticides. (A): ATZ and (B): ACT in shoots and roots of rice. The metabolites and conjugates of ATZ and ACT were
characterized using HPLC/Q-TOF-MS/MS.
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Fig. 7. Relative contents of ATZ and ACT metabolites and conjugates in WT (WT1, WT2), OE lines and mutants. Relative contents of ATZ metabolites in shoots (A) and roots
(B). Relative contents of ATZ conjugates in shoots (C) and roots (D). Relative contents of ACT metabolites (E) and conjugates (F) in rice tissues. Ten-day-old rice seedlings
were exposed to 0.2 mg/L ATZ for 6 days. Values are the means ± SD (n = 3). Asterisks indicate significant differences between WT, OE line and mutant (p < 0.05).
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Of the twelve metabolites of ACT, metabolites CMEPA, MEA and
MEAOH could be produced by highly conserved human CYP450 isoforms
CYP3A4 and CYP2B6 (Coleman et al., 2000). Transgenic Arabidopsis by
chloroplast transformation expressing an acetochlor-degradative N-
dealkylase gene named CndA (from a bacterium Sphingomonas wittichii
DC-6) also showed an ACT-resistant phenotype manifested by a significant
reduction of its residues including CMEPA in soil and water (Chu et al.,
2020). In this study, more ACT metabolites were identified with smaller
molecules and simpler structures such as MEP and MP. The metabolites
were derived from CMEPA through dealkylation, hydroxylation or other
metabolic reactions, which were most likely catalyzed by a CYP450 in the
BRs pathway.
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In Phase II reaction, ten ATZ conjugates were identified including two
glycosylation and eight amino acid derivatives. Many glycosyltransferases
in plants actively glycosylate their targets such as secondary metabolites
and artificial herbicides to make them detoxified by modifying their polar-
ity (Li and Yang, 2013; Zhang et al., 2017). We identified a compound that
binds DACT to a glucose (DACT-HCl + Glc), and its formation was likely
relevant to the upregulated expression of the glycosyltransferase. There
was another glyco-conjugate metabolite DIA + Glc, which was consistent
with the previously reported compound in rice (Zhang et al., 2017). The
combination of DACT and DIA with glucoses was implied that ATZ was eas-
ier to establish active sites to bind to glucose after CYP450-catalyzed
dealkylation.



Fig. 8. The receptor-ligand interaction of ATZ (A, C) and ACT (B, D) with the BR6ox active site using PyMol soft from molecular docking.
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There was another important pathway linking the metabolism of amino
acid to ATZ, by which some types of thiol compounds were synthesized to
diminish ATZ-induced reactive oxygen species (ROS) (Adil et al., 2020).
Most of the low molecular weight thiol compounds originate from glutathi-
one and cysteine (Pivato et al., 2014). GSTs promote glutathione to conju-
gate a variety of substrates including herbicides for detoxification (Dixon
et al., 1998). We detected a conjugate (ATZ-HCl + GSH) and cysteine or
cysteine-containing dipeptide conjugates such as ATZ-HCl + Cys and
ATZ-HCl + Cys/Gly. Further analysis found that the amino acid conjugates
ATZ-HCl + GSH and ATZ-HCl + Cys. The glucose conjugate DIA + Glc
had higher abundance in the overexpression rice, which allowed us to as-
sume the contribution of GST and GTs promoted by BRs under ATZ stress.

The eleven ACT conjugates identified comprisedfive glucose conjugates
and six amino acid conjugates. Apart from ACT-HCl + Glc, four glucose
conjugates (MEP-H2O + M Glc, MP-H2O + MA Glc, CMEPA-HCl + Glc,
and CMEPA-HCl + E Glc) came from dealkylated ACT and glucose combi-
nations. These results confirmed our speculation that BRs-induced upregu-
lation of CYP450s would make it easier to bind glucose to pesticides by
forming an active site after dealkylation. As amounts of all ACT conjugates
in OE rice exceeded those of wild type, it confirms that OsBR6ox overex-
pression can promote the metabolism and degradation of ACT.

The genomic DNA methylation typically occurring at CG, CHG, and
CHH sites is an important epigenetic mechanism for gene expression,
crop domestication and adaptation to environmental stress (Feng et al.,
2021; Ma et al., 2021). Up to date, only limited knowledge is available on
the epigenetic mechanisms for detoxification and accumulation of pesti-
cides like atrazine in plants (Scarpato et al., 2020; Zhang and Yang,
2021). Previous studies showed that DNA methylation is sensitive to envi-
ronmental pesticide residues (Lu et al., 2016a; Wirbisky-Hershberger
et al., 2017; Ma et al., 2019). In the current study, a dynamic change in
methylation/demethylation at the specific region of OsBR6ox promoter
11
by ATZ stress was identified. This reaction was also observed in a recent
study on zebrafish larvae (Wirbisky-Hershberger et al., 2017), where they
reported a reduced expression of DNMTs (DNA methylases) after atrazine
treatment and consequently led to a lower level of DNA methylation.

To dissect where ATZ-induced DNA demethylation in OsBR6ox is able
to alter the gene expression and contribute to phenotypic resistance to
ATZ toxicity, several mutants defective in DNA methylation activity were
assessed (Feng et al., 2020; Ma et al., 2019). ATZ-mediated demethylation
in the specific region (R1) of OsBR6ox was found to be associated with in-
creased expression of OsBR6ox (Fig. S17). Furthermore, the ATZ-induced
OsBR6ox demethylation was also detected in OsSDG714 mutant, because
loss of the gene (OsSDG714) function led to a lower level of histone
H3K9me2 marks, pointing out that the reduced DNA methylation in the up-
stream of OsBR6ox is closely related to its surrounding histone demethyla-
tion. Overall, the upregulation of OsBR6ox expression by the epigenetic
mechanism through DNA and histone demethylation should be responsible
for the BRs signal transduction pathway for degradation of the pesticides.

5. Conclusions

This study demonstrated that rice exposure to ATZ and ACT increased
the transcriptional expression of OsBR6ox by triggering DNA demethyla-
tion mainly at CpG context in the promoter region of OsBR6ox. The func-
tional role in detoxifying ATZ and ACT played by OsBR6ox is most likely
through the BRs signal molecules which in turn promoted the expression
of Phase I and II reaction components responsible for the metabolism and
detoxification of the pesticides. Our study illustrated a new layer of regula-
tory mechanisms for pesticide dissipation through the BRs signaling path-
way with a detoxic function to regulate plant adaptation to xenobiotic-
polluted environments, and also provide a model for biological engineering
of plants or crops to facilitate the complete mineralization of pesticides
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residues. Further investigation will focus on the genetic connection be-
tween OsBR6ox and its downstream enzymes involved in the metabolism
of pesticides in rice plants.
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