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• ACCase/ALS inhibitor resistance in
Echinochloa crus-galli is non-target-site
based.
• CYP81A68 is responsible for penoxsu
lam resistance in E. crus-galli.
• In addition, CYP81A68 gene can confer
resistance to cyhalofop-butyl and
metamifop.
• Epigenetic regulation may play a role in
resistance evolution.
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Long-term and excessive herbicide use has led to some environmental concerns and especially, herbicide resis
tance evolution in weeds. Here, we confirmed acetolactate synthase (ALS) inhibiting herbicide penoxsulam
resistance and cross resistance to acetyl-coenzyme carboxylase (ACCase) inhibiting herbicides (cyhalofop-butyl
and metamifop) in a global weed Echinochloa crus-galli population resistant to these herbicides (R). Penoxsulam
metabolism study indicated that degradation rate was significantly higher in R than susceptible E. crus-galli
population (S). RNA-sequencing revealed that a cytochrome P450 (P450) gene, CYP81A68, expressed higher in R
versus S. Rice seedlings overexpressing this CYP81A68 gene are resistant to penoxsulam, cyhalofop-butyl and
metamifop, and penoxsulam resistance is due to enhanced metabolism via O-demethylation. Deletion analysis of
the CYP81A68 gene promoter identified an efficient region, in which differential methylation of CpG islands
occurred between R and S. Collectively, these results demonstrate that upregulation of E. crus-galli CYP81A68
gene endows generalist metabolic resistance to commonly used ALS- and ACCase-inhibiting herbicides in rice
fields and epigenetic regulation may play a role in the resistance evolution. This research could contribute to
strategies reducing herbicide environmental impacts by judicious selection of alternative herbicide and nonchemical control tactics.
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Echinochloa species are the most frequent weeds infesting global rice
cultivation (Kraehmer et al., 2016), and E. crus-galli is the most prevalent
species (Aoki and Yamaguchi, 2008). Worldwide losses of rice yield due
to E. crus-galli competition are estimated to be around 35% (Oerke and
Dehne, 2004). Control of E. crus-galli relies largely on the use of synthetic
herbicides, and the acetolactate synthase (ALS)-inhibiting herbicides (e.
g. penoxsulam and bispyribac-sodium), are particularly widely used in
China and the world. Acetyl-coenzyme carboxylase (ACCase)-inhibiting
herbicides metamifop and cyhalofop-butyl are increasingly applied as
alternative products for control of E. crus-galli. However, this heavy
reliance on chemical weed control has resulted in a surge in ALS- and
ACCase-inhibiting herbicide resistance in E. crus-galli (Chen et al., 2016;
Fang et al., 2020; Heap, 2021; Le et al., 2018; Norsworthy et al., 2014;
Xia et al., 2016; Yang et al., 2021). ALS target-site mutations involving
Ala-122-Val/Gly and Trp-574-Leu/Arg were identified in penoxulam
resistant E. crus-galli populations (Fang et al., 2019a, 2019b; Panozzo
et al., 2013; Riar et al., 2013; Yang et al., 2021), and the ACCase
target-site mutation Asp-2078-Glu was found to confer cyhalofop-butyl
(but not metamifop) resistance in E. crus-galli (Fang et al., 2020).
Non-target-site resistance to cyhalofop-butyl and penoxsulam was
indicated in E. crus-galli populations from Japan and China due to the
lack of resistance-endowing target-site mutations (Iwakami et al., 2015;
Yang et al., 2021). Although P450-mediated metabolic mechanism to
penoxlsulam in E. crus-galli was indicated (Fang et al., 2019b), specific
P450 genes responsible for the resistance have yet to be identified.
Here, we identified a penoxsulam-resistant E. crus-galli population
and revealed NTSR based cross resistance to cyhalofop-butyl and met
amifop. Deploying RNA-seq, rice genetic transformation, structural
modelling we identified, cloned and characterized a P450 gene (desig
nated as CYP81A68) that metabolizes penoxsulam, and endows meta
bolic resistance to this and other herbicides. This, together with pioneer
CYP81A gene discovery in E. phyllopogon and L. rigidum by other
research groups (Dimaano et al., 2020; Han et al., 2020; Iwakami et al.,
2014, 2019), demonstrate convergent evolution of P450-mediate
generalist metabolic herbicide resistance in different grass weedy spe
cies. In addition, we investigated possible epigenetic regulation of
CYP81A68 gene expression in resistance evolution driven by differential
methylation in the gene promoter.

1. Introduction
Pesticides are of great benefit in agriculture by protecting crops
against pests, including weeds, fungi, and insects. The intensification of
the agricultural production associated with problems of overuse and
misuse of pesticides has increased the research interest on environ
mental effect of pesticides. A wide spectrum of pesticides can be found in
environmental matrices, including water, sediments and biota (Devault
et al., 2009; Loos et al., 2009). Weeds drastically reduce the world
agricultural crop yields up to 34% (Oerke, 2005). Synthetic chemical
herbicides, one of the commonly used pesticides, are the main tools for
weed control. Nevertheless, herbicide overuse (e.g. organochloride
herbicide 2,4-dichlorophenoxyacetic acid) has caused certain environ
mental and health problems, such as damage of non-target organisms;
air and water pollution; and potentially toxicity of herbicide residues on
food consumers (Choudri et al., 2020; Magnoli et al., 2020; Sun et al.,
2006).
Herbicide resistance in weeds is a good example of plant adaptive
evolution responding to human selective pressures. Distinct herbicide
selection pressure has resulted in global resistance evolution to a wide
range of herbicide chemistries in many weed species (Heap, 2021).
Weeds resist herbicides through two major mechanisms, target site
resistance (TSR) and non-target site resistance (NTSR) (Gaines et al.,
2020; Powles and Yu, 2010). TSR involves target site gene mutations or
deletions, or gene copy number variations and endows specialist resis
tance to herbicides within a special chemical class (Comont et al., 2020;
Gaines et al., 2020; Koo et al., 2018; Murphy and Tranel, 2019; Powles
and Yu, 2010). NTSR includes changes in herbicide uptake translocation
and metabolism, and can endow generalist resistance to herbicides
having diverse modes of action (Comont et al., 2020; Gaines et al., 2020;
Powles and Yu, 2010; Yu and Powles, 2014). Only a few NTSR genes
have been so far identified and characterized in herbicide resistant
weedy plant species including cytochrome P450 monooxygenases
(P450s), Glutathione S-transferase (GST), aldo-keto reductase (AKR),
and an ABC transporter (Cummins et al., 1999; Dimaano et al., 2020;
Gaines et al., 2020; Han et al., 2020; Iwakami et al., 2014, 2019; Pan
et al., 2019, 2021).
Enhanced herbicide metabolism (metabolic resistance) is identified
as the most common NTSR mechanism (Yu and Powles, 2014). A key
contributing enzyme superfamily, P450s, plays critical roles in metab
olizing varied synthetic and natural xenobiotics including herbicides
(Dimaano and Iwakami, 2021; Powles and Yu, 2010; Werck-Reichhart
et al., 2000; Yu and Powles, 2014). P450s-mediated herbicide meta
bolism and thus crop selectivity has been known in various crops such as
wheat, rice, corn and sorghum (Dimaano and Iwakami, 2021; Frear and
Stuart, 1995; Nandula et al., 2018; Siminszky, 2006) and genes
responsible have been cloned from rice (CYP72A31 and CYP81A6) (Pan
et al., 2006; Saika et al., 2014), corn (CYP81A9) (Choe and Williams,
2020), soybean (CYP81E22) (Kato et al., 2020), and wheat (CYP71C6v1)
(Xiang et al., 2006). Due to the lack of genome resources of weedy plant
species, identification of P450 genes involved in metabolic resistance in
weeds has been slow, until recent discovery of CYP81As in multiple
herbicide resistant Echinochloa phyllopogon and Lolium rigidum (Dimaano
et al., 2020; Han et al., 2020; Iwakami et al., 2014, 2019).
While in these mentioned cases overexpression of a specific P450
gene resulted in herbicide resistance, insight into regulation of
resistance-endowing P450s is rare. Cis-acting elements mutations in the
P450 gene promoter regions and/or alterations in the expression of
transcription factor binding to the cis-acting elements may conduce to
increase P450 gene expression in insecticide resistant insects (Li et al.,
2007; Maitra et al., 2000). It has been shown that mutations in P450
promoter region result in constitutive P450 gene overexpression
(Mugenzi et al., 2019; Weedall et al., 2019). In contrast, evidence for
alterations in trans-acting and cis-acting elements, such as epigenetic
regulation, in herbicide-metabolising P450s in weeds remains poorly
understood (Torra et al., 2021).

2. Materials and methods
2.1. Plant materials and chemicals
The putative penoxsulam-resistant (R) E. crus-galli seeds were
collected from more than 80 field plants in Hunan province, China,
where penoxsulam has been applied by succession for many years.
Susceptible E. crus-galli (S) was gathered from a non-cultivated field
where herbicide had never been used. P450-inhibitor malathion and
GST inhibitor 4-chloro-7-nitrobenzoxadiazole (NBD-Cl) were obtained
from Sigma Duer (Beijing, China).
2.2. Dose-response experiments to penoxsulam and other herbicides
Whole-plant dose–response experiments were conducted as
described (Fang et al., 2019b). Briefly, E. crus-galli seeds were
pre-germinated on 0.8% agar-solidified water in plastic containers, and
uniformly one-leaf stage seedlings were transplanted into 12 cm diam
eter pots containing moist loam soil (20 seeds per pot). The seedlings
were grew in a glasshouse to the two- to three-leaf stage during the
normal growing season, they were thinned to 15 in each pot, and
commercial formulations of penoxsulam (0, 3.75, 7.5, 15, 30, and 60 g
active ingredient (a.i.) ha− 1 for the R population, and 0, 0.94, 1.88, 3.75,
7.5, and 15 g a.i. ha− 1 for the S population), bispyribac-sodium (0, 2.8,
5.6, 11.25, 2.5, and 45 g a.i. ha− 1), flucetosulfuron (0, 1.88, 3.75, 7.5,
15, and 30 g a.i. ha− 1), cyhalofop-butyl (0, 13.13, 26.25, 52.5, 105, and
210 g a.i. ha− 1 for the R population, and 0, 6.56, 13.13, 26.25, 52.5, and
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105 g a.i. ha− 1 for the S population), and metamifop (0, 15, 30, 60, 120,
and 240 g a.i. ha− 1) were applied using a 3WP-2000 walking spray tower
(Zhongnongjidian), fitted with a 390-mL min− 1 flat-fan nozzle TP6501E
delivering 372 L ha− 1 at a pressure of 3.0 kg cm− 2.
To examine cytochrome P450 and GST effect on penoxsulam resis
tance, the presence and absence of P450 inhibitor malathion or GST
inhibitor NBD-Cl (Cummins et al., 2013) were used to perform experi
ments. Preliminary experiments indicated alone treatment of P450 in
hibitor malathion (1000 g a.i. ha− 1) or GST inhibitor NBD-CI (270 g a.i.
ha− 1) did not cause visual symptoms or growth inhibition on E. crus-galli
plants. Malathion and NBD-Cl were formulated in a mixture of emulsi
fier (Tween 80, 1 mL L− 1 in water) and acetone and applied 2 and 48 h
prior to penoxsulam treatment using the laboratory sprayer as described
above.
After treatment for three weeks, the over ground material of each
plant was harvested, and fresh weight recorded. During the summer
growing season for E. crus-galli, the experiment was conducted and
repeated with three replicates per treatment. Herbicide rate causing
50% reduction in growth (GR50) was calculated using the four param
eter log-logistic mode (SigmaPlot 13.0, Systat Software, Inc.) as
described (Wang et al., 2021).

PCR (RT-qPCR). Ten additional samples (5 R and 5 S) were also used
for P450 contig expression validation. Primers for P450 contigs were
designed (Table S1) using the online primer design software (Table S1).
The β-actin gene (accession no: HQ395760) was used as an internal
control (Gao et al., 2017). The specificity of RT-qPCR primers was
indicated by amplifying a specific single PCR product and no amplifi
cation in negative control. Primer efficiencies for RT-qPCR of all studied
genes were 95–106%. The RT-qPCR assay and the calculation of relative
expression level were conducted as described (Pan et al., 2019).
2.5. E. crus-galli CYP81A68 gene cloning
Based on E. crus-galli genome, full-length cDNA of the P450 candi
date gene CYP81A68 was amplified with the primer pair of C81A68Ffull /C81A68R-full (Table S1). PCR was performed in 25 µL volumes,
including 12.5 µL of PrimeSTAR MAX (Takara), 0.5 mM of each primer
and 1 µL cDNA. The PCR conditions were 35 cycles of 10 s at 98 ◦ C, 15 s
at 56 ◦ C and 1 min 30 s at 72 ◦ C.
2.6. Isolation of E. crus-galli CYP81A68 5′ -upstream cis-regulatory
elements and analysis

2.3. ALS and ACCase gene sequencing

Cetyltrimethylammonium bromide (CTAB) method was used to
extract genomic DNA from leaf material of R and S E. crus-galli plants.
The 5′ -upstream promoter region (− 1500 bp upstream to ATG) of the
CYP81A68 gene was amplified (Table S1) and sequenced. The online
programs PLACE (Higo et al., 1998) and Plant CARE (Lescot et al., 2002)
was used to carry out homology searches to identify the promoter
cis-regulatory elements for in silico analysis.

DNA extraction kit (Tiangen Biotech Co., Beijing, China) was used to
extract genomic DNA from fresh E. crus-galli leaf. The complete full
coding sequences of ALS gene and CT domain of ACCase gene in Echi
nochloa crus-galli were amplified using published primers (Fang et al.,
2020, 2019a) and the PCR products were cloned and sequenced as
previously described (Pan et al., 2016). Fifty seedlings surviving
penoxsulam treatment from the R population and 10 from the S popu
lation were sequenced.

2.7. Construction of E. crus-galli CYP81A68 promoter expression vectors,
tobacco transformation and GUS histochemical assays

2.4. RNA-Seq analysis and selection and validation of candidate P450
contigs

CYP81A68 promoter (CYP81A68-P) region was amplified and
confirmed after sequencing. CYP81A68-P expression vectors were con
structed by fusing the CYP81A68-P promoter with the GUS gene in
plasmid pBI121 (Table S1), and the resultant construct was named as
PP1 (upstream of ATG, containing − 1500 bp). Similarly, six 5′ -deletion
constructs of CYP81A68-P containing different lengths of the promoter
sequence were amplified with diverse primers (Table S1) and called PP2
(− 1320 bp), PP3 (− 1100 bp), PP4 (− 880 bp), PP5 (− 650 bp), PP6
(− 380 bp) and PP7 (− 140 bp), respectively. Replacing the CaMV 35 S
promoter with junk vector sequence was used to prepare the negative
vector control construct (VC), and plasmid pBI121 was used as a positive
control (PC). The promoter constructs were transformed into tobacco
leaf discs using Agrobacterium tumefaciens. Transgenic T0 plants grew in a
glasshouse and the progeny seeds were used to perform follow-up
studies. The GUS histochemical assays were implemented with trans
genic tobacco leaves (Battraw and Hall, 1990; Tiwari et al., 2014).

The origin of the chosen plants was from the individual plants within
a single population (composed of mixture of R and S plants). For RNASeq, the R and S plants were further assessed individually by vegeta
tive cloning, followed by penoxsulam treatment. Briefly, 10 R and 10 S
plants were grown to the tillering stage and their leaf materials were
individually harvested and snap frozen in liquid nitrogen. At the same
time each plant was separated to two tiller clones, and after recovery for
seven days they were treated with penoxsulam at the filed recommend
dose (8.4 g a.i. ha− 1). R and S phenotypes were determined three weeks
after treatment. In this way, three R and three S plants were selected and
their pre-harvested materials were used for RNA-Seq.
RNAiso Plus (TaKaRa Biotech, China) was used to isolate total RNA
from the R and S leaf material. Total RNA quality was analyzed using
NanoPhotometer® spectrophotometer, and quantity using the RNA
Nano 6000 Assay kit for Agilent Bioanalyzer 2100 system. An Illumina
platform was used to conduct RNA sequencing and generate paired-end
reads. Fastq format raw reads were filtered into clean reads. High quality
clean data was used to analyze all the downstream. Index of the E. crusgalli reference genome (Guo et al., 2017) was built with Bowtie v2.2.3,
and paired-end clean reads to the reference genome was aligned using
TopHat v2.0.12. Gene fragments per kilobase of exon per million frag
ments mapped (FPKM) (Trapnell et al., 2010) was calculated using
Cuffquant and cuffnorm (v2.2.1). Summing the FPKMs of transcripts in
each gene group were used as gene FPKMs, and differential expression
by the t-test at p < 0.05 was assessed between R and S samples.
Candidate P450 contigs were selected based on the criteria: (1) sig
nificant up-regulation in R vs. S samples at p < 0.05, (2) fold change > 2,
(3) contig sequence length > 500 bp, and (4) relevance to P450 gene
annotations in general. The RNA samples used for RNA-Seq were used
for validation of P450 candidate contigs using quantitative real-time

2.8. Global DNA methylation analysis for E. crus-galli
Genomic DNA was extracted from the R and S E. crus-galli leaf ma
terial using the Qiagen DNeasy Plant Mini kit. Global DNA methylation
analysis was performed as described (Pan et al., 2021). Map clean BS-seq
reads to the E. crus-galli genome (Guo et al., 2017). Cytosines (Cs)
covered over four reads were regarded in identification of differentially
methylated regions (DMRs). For CG, CHG, or CHH sequence contexts,
thymines (Ts) or Cs were considered separately in each sliding window.
Methylation level and DMRs was confirmed as described (Geng et al.,
2019). Fisher’s exact test was used to compare pairwise DNA methyl
ation levels, and the Benjamini–Hochberg method was used to adjust
p-values for multiple comparisons. The presence of CpG islands in
CYP81A68 promoter was analyzed using the UCSF program (http://
www.urogene.org/methprimer/index1.html).
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growth of the S population was 3.5 g ha− 1 (GR50), which is lower than
the recommend field rate of 8.4 g ha− 1 (Fig. 1a). However, penoxsalum,
nearly 5-fold greater than the field rate, was required to cause the same
level of growth inhibition in the R population (Fig. 1a). Twelve-fold
penoxsulam resistance was confirmed in the R population on the basis
of GR50 R/S ratio. Nevertheless, the R population is still sensitive to the
two ALS-inhibiting herbicides bispyribac-sodium and flucetosulfuron
(Fig. 1b, c).
In the S population, pre-treatment of P450 inhibitor malathion or the
GST inhibitor NBD-CI had no impact on response to subsequently
applied penoxsulam, as indicated by similar GR50 values in the in
hibitors presence and absence (Table S2). NBD-CI pre-treatment did not
affect penoxsulam phytotoxicity in the R population (Table S2). How
ever, pre-treatment of malathion enhanced penoxsulam phytotoxicity in
the R population, reducing the GR50 (by 11-fold) (from 41 to 3.8 g ha− 1)
(Table S2) to the level of the S population (Table S2). Clearly, malathion
pre-treatment can reverse penoxasulam resistance in E. crus galli, indi
cating P450 involvement in the resistance.
Additionally, the R population was found 12-fold resistant to
ACCase-inhibiting herbicides cyhalofop-butyl (with GR50 of 130 ± 16
versus 10.8 ± 0.8 g ha− 1 of the S population), and 4-fold resistant to
metamifop (with GR50 of 111 ± 11.3 versus 28.7 ± 3.8 g ha− 1 of the S
(Fig. 1d, e).

2.9. Rice genetic transformation with E. crus-galli CYP81A68
Construction of the CYP81A68 expression cassettes essentially fol
lowed Pan et al. (2019). Rice transformation was carried out following
the procedures as described (Toki et al., 2006). Overexpression of the
GFP and CYP81A68 genes in transgenic rice seedlings was confirmed by
PCR amplification of the selective hygromycin phosphotransferase gene.
Six T1 lines expressing E. crus-galli CYP81A68 were treated with 295 g
penoxsulam ha− 1, and five of them showed resistance to penoxsulam.
Three homozygous T2 lines of each gene were used for herbicide sensi
tivity test. The three- to four-leaf stage seedlings overexpressing the GFP
or CYP81A68 were foliar treated with penoxsulam (295 and 590 g ha− 1),
flucetosulfuron (150 g ha− 1), bispyribac-sodium (225 g ha− 1),
cyhalofop-butyl (525 g ha− 1), and metamifop (600 g ha− 1), using the
3WP-2000 hand-held system. The herbicide rates were selected as they
control the GFP rice seedlings. There were three replicate pots per
treatment each containing 5 plants. Three weeks after treatment,
above-ground was harvested, and fresh weight recorded.
2.10. Penoxsulam metabolism analysis in plants using HPLC-Q-TOF-MS
R and S E. crus-galli and rice seedlings overexpressing GFP and
CYP81A68 were treated with penoxsulam (2 g and 20 g ha− 1 for E. crusgalli and rice respectively) at the 3- to 4-leaf stage. Shoot material was
harvested at 12, 24, 48, 96, and 144 h after treatment. Penoxsulam was
extracted and separated as described (Yasuor et al., 2009).
HPLC-Q-TOF-MS analysis was performed as described before (Pan et al.,
2019) with modification. Known concentrations of penoxsulam analyt
ical grade were used to establish calibration equations. The assay was
performed with three extractions per time point, and repeated. The M50
(time required for 50% of penoxsulam to be degraded) was estimated
using non-liner regression (three-parameter sigmoidal-logistic mode).
For identification of penoxsulam metabolites, full scan modes (m/z
100–1000) was used for data acquisition. Mass calibration was per
formed using purine (C5H4N4, m/z 121.0508) and HP-0921
(C18H18O6N3P3F24, m/z 922.0097). Data explorer software from the QTOF instrument was used to calculate masses of the protonated molec
ular ions [M + H] +. Retention time and exact mass (<5 ppm) of the
protonated molecular ion [M + H] + or radical molecular ion [M] + was
used to identify penoxsulam metabolite. Agilent MassHunter Qualitative
Analysis software (B.05.00) was used to process HPLC-Q-TOF-MS data.

3.2. ALS and ACCase gene sequencing in E. crus-galli
No known ALS/ACCase resistance mutations were identified in R
individuals that survived the herbicide treatment. These were also
confirmed by RNA-seq SNP analysis. Therefore, resistance in the R
population to penoxsulam and the two ACCase-inhibiting herbicides are
unlikely to have been resulted from target-site mutations.
3.3. Differential penoxsulam metabolism rates in R and S E. crus-galli
Penoxsulam metabolism was indicated by measuring tissue penox
sulam concentrations after treatment. Under our HPLC-Q-TOF-MS con
ditions, the herbicide penoxsulam is clearly resolved with elusion time
at 24.5 min (Fig. 2a). Penoxsulam levels in both S and R populations
peaked 12 h after treatment and decreased over the next 160 h (Fig. 2b).
Decrease in remnant penoxsulam in plant tissue was 3-fold faster in R
than S plants, with M50 of 32 ± 1.9 h and 95 ± 9.6 h for R and S E. crusgalli plants (Fig. 2), respectively. These results implied that penoxsulam
was degraded more rapidly in R than in S plants. This, together with the
P450 inhibitor study, suggests that penoxsulam resistance in the R
E. crus-galli population is likely metabolism-based involving P450.

2.11. Homology modeling of CYP81A68 and docking of penoxsulam
E. crus-galli CYP81A68 spatial structure was rebuilt by a homology
modeling approach (Venselaar et al., 2010) using the SWISS-MODEL
web-service (Waterhouse et al., 2018). Cytochrome P450 CYP76AH1
(PDB ID 5ylw) (33% identity) was used as template for E. crus-galli
CYP81A68 reconstruction. Molecular docking experiments with the
penoxsulam, cyhalofop-butyl, metamifop and bispyribac-sodium mole
cules into the CYP81A68 active site were performed. PubChem (http
s://pubchem.ncbi.nlm.nih.gov/) was used to download the molecule
of the individual herbicide ligand and optimized using SYBYL-X 2.0
(Tripos Inc.). SYBYL-X 2.0 software with the Surflex-Dock mode was
used to carry out protein-ligand dockings between CYP81A68 and the
herbicides. The first-rank pose was selected for displaying each docking.
Penoxsulam can have two possible O-demethylation metabolic products.
In this study, two possible sites of penoxsulam O-demethylation, named
penoxsulam-OH1 and penoxsulam-OH2 (Fig. S1), were also assessed by
their distance to the heme iron in the CYP81A68 active site.

3.4. Identification of differentially expressed P450 contigs using RNA-Seq
in E. crus-galli
Using E. crus-galli genome as a reference, a total of 97,308 sequences
were annotated in the databases of Nr, KO, SwissProt, PFAM, GO, and
KOG. Differential gene expression was evaluated based on the FPKM by
the t-test (p < 0.05), and 621 contigs displayed significantly differential
expression between R and S populations. In total, 684 cytochrome P450s
were annotated and four candidate contigs that showed more than 2fold differential expression were further selected for validation with
RT-qPCR using samples prepared for RNA-Seq plus additional plant
samples (Table S3). Among two candidate contigs (EC_v6.g003580 and
EC_v6.g078124), contig EC_v6.g078124 (with a CYP81 annotation) was
prioritized for functional analysis as it met fold-change and significance
criterions in all test samples (Table S3).

3. Results

3.5. Sequence comparison of CYP81A68 between R and S E. crus-galli

3.1. Dose-response to penoxsulam and other herbicides in E. crus-galli

Full coding sequence of the 1560 bp CYP81 was amplified from R
and S E. crus-galli based on the contig EC_v6.g078124. The sequence was

Results showed that the penoxsulam rate inhibiting 50% plant
4
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Fig. 1. Does response of penoxsulam-susceptible (S) and -resistant (R) populations of Echinochloa crus-galli to penoxsulam (a), bispyribac-sodium (b), flucetosulfuron
(c), cyhalofop-butyl (d), and metamifop (e). Above-ground fresh weight was determined 21 days after treatment. Data are means ± SE of three biological replicates.

named as CYP81A68 (accession no: OK483200). The E. crus-galli
CYP81A68 protein sequence was found to be 88% homologous to Zea
mays CYP81A16 (EU955667.1), 87% homologous to Setaria italica
CYP81D1 (XM_004981628.2), and 83% homologous to Lolium rigidum
CYP81B1 gene (AB159039.1). Sequence alignment of CYP81A68 gene

between R and S E. crus-galli population showed no amino acid changes.
Therefore, metabolic resistance to penoxasulam in E. crus-galli is un
likely endowed by CYP81A68 gene mutation (s) but is due to increased
gene expression leading to a higher capacity of penoxsulam metabolism
(Fig. 2).
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starting from 58th bp upstream to the ATG codon, playing crucial
roles in CYP81A68 transcription initiation. Some cis-acting elements
were also identified in this region, and these include MSB (MYB binding
site) involved in abiotic stress tolerance, CGTCA- and TGACG-motifs
involved in phytohormone regulation, and ACE, G-Box and TCT-motif
involved in light regulation (Fig. S3).
RT-qPCR results identified the highest GUS expression for the pro
moter construct PP6 and the lowest expression for PP7 and an expres
sion drop for PP3 (Fig. 3a). This result was also confirmed by the
histochemical GUS assay which showed heavier blue color in PP6, faint
and lack of staining (white) in PP3 and PP7 tobacco leaves, respectively
(Fig. 3b). These data suggested that the promoter with particularly
important elements is located between − 140 and − 380 bp. Based on
the cis-regulatory element analysis (Fig. S3), silencers and enhancers
were likely resided in PP3 and PP6 constructs, respectively, resulting in
differential GUS expression pattern.
3.7. Methylation analysis of CpG islands in CYP81A68 promoter region
CpG islands of the S CYP81A68 promoter were located in the − 80 –
− 237 base pair region (Fig. S4a), while those of R CYP81A68 promoter
were in the − 112 – − 231 base pair region (Fig. S4b). The CpG islands
of the R and S CYP81A68 promoters were all included in the region
between − 140 and − 380 bp, indicating DNA methylation might play
important roles in CYP81A68 expression.
Global DNA methylation analysis identified one differentially
methylated region in the CpG islands of the CYP81A68 promoter be
tween the R and S samples (Fig. 4). Methylation level in the R CYP81A68
gene was 2-fold lower than in S at the CG context (0.17 versus 0.35)
(Fig. 4). This indicates that epigenetic mechanisms may be involved in
CYP81A68 expression regulation, e.g., a lower methylation level in the
promoter region is likely related to a higher level of CYP81A68
expression in R versus S plants.
3.8. Sensitivity to penoxsulam and other herbicides of transgenic rice
seedlings overexpressing E. crus-galli CYP81A68
Three homozygous T2 lines expressing E. crus-galli CYP81A68,
together with one homozygous T2 line expressing GFP, were selected for
penoxsulam screening. As expected, growth of transgenic rice seedlings
expressing the GFP gene was greatly suppressed by 295 and 590 g ha− 1
penoxsulam and the fresh weight only accounted for 12 ± 1.1% and
5.2 ± 0.8% of the untreated control (Fig. 5). In contrast, growth of
CYP81A68 transgenic seedlings was not affected at 295 g ha− 1 penox
sulam (Fig. 5a) and slightly reduced (79 ± 8.5–86 ± 9.2% of the un
treated control) at 590 g ha− 1 (Fig. 5b). These results clearly establish
that overexpression of E. crus-galli CYP81A68 in transgenic rice confers
penoxsulam resistance. However, CYP81A68 rice seedlings were not
cross-resistant to ALS-inhibiting herbicides bispyribac-sodium and flu
cetosulfuron, but resistant to ACCase-inhibiting herbicides cyhalofopbutyl and metamifop (Fig. 5c). These results are consistent with cross
resistance patterns observed in the R E. crus-galli population (Fig. 1).

Fig. 2. HPLC-Q-TOF-MS analysis of penoxsulam metabolism in penoxsulamresistant (R) and susceptible (S) populations of Echinochloa crus-galli. (a) The
elution profile of penoxsulam, and (b) -penoxsulam remaining in R and S plants
of E. crus-galli, 96 h after treatment. Data are means ± SE of three biological
replicates per time point.

3.9. Penoxsulam metabolism in transgenic rice overexpressing CYP81A68
Penoxsulam metabolism in seedlings of the T2 GFP control and two
CYP81A68 lines was investigated. By 144 h after treatment only
25–27% of penoxsulam remained in CYP81A68 transgenic plants as
compared to 46% in GFP transgenic control (Fig. 6a). Decrease in tissue
penoxsulam concentration was about 2-fold faster in CYP81A68 than in
GFP plants, with M50 of 21 ± 1.5, 21 ± 1.8, and 43 ± 6.0 h for
CYP81A68-1, CYP81A68-2, and GFP plants, respectively (Fig. 6a). This
was consistent with what was observed in R vs S E. crus-galli plants for
penoxsulam metabolism (Fig. 2), confirming overexpression of
CYP81A68 enhances penoxsulam metabolism and thus endows resis
tance to this herbicide.

3.6. CYP81A68 promoter cloning and activity analysis
To evaluate possible mechanisms for elevated CYP81A68 over
expression in R E. crus-galli, CYP81A68 promoter region (1500 bp) was
amplified from ten R and S plants in each population. Sequence align
ment identified 17 SNPs in the promoter region between the S and R
populations (Fig. S2). These SNPs may be directly related to regulation
of gene expression or may lead to CpG island changes (see below). Eight
different classes of regulatory motifs were found in E. crus-galli
CYP81A68 promoter (Fig. S3), and included CAAT-box and TATA-box
6

L. Pan et al.

Journal of Hazardous Materials 428 (2022) 128225

Fig. 3. Tabaco transformation and transient GUS expression for CYP81A68 promoter analysis. (a) Schematic representation of deletion promoter constructs and their
expression efficacy relative to the vector control (VC). (b) Histochemical GUS staining of tobacco leaves transformed with the serial promoter constructs (PP1–PP7),
pBI121 (PC), negative control (NC) and VC. Data in (a) are means ± SE of three biological replicates.
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Fig. 4. Global methylation analysis of
the CYP81A68 gene in penoxsulamresistant (R) and -susceptible (S) Echi
nochloa crus-galli samples. The region
with significant difference in CG
methylation (p < 0.05; t-test) between R
and S was indicated by an arrow (a),
and (b) enlarged differential methyl
ation area (left panel) and the level of
methylation in CYP81A68 promoter re
gion between R and S (right panel) (*,
p < 0.05). Methylation levels were
calculated by #C/(#C+#T) of individ
ual cytosine, and each cytosine used in
this analysis was covered by at least
four reads.

A major penoxsulam metabolite showing a higher magnitude in
CYP81A68 than in GFP transgenic rice plants was identified by HPLC-QTOF-MS (Fig. 6b). The molecular weight of this metabolite was deter
mined to be 469 by the mass spectrum analysis, corresponding to the Odemethylated metabolite of penoxsulam (Fig. 7a), with retention time of
24.1 min (Fig. 7b). These results suggest that penoxsulam detoxification
in plants undergoes O-demethylation on the side chain in one of the two
terminal CH3 group positions (Fig. S1).

3.10. Structural basis for penoxsulam metabolism and other herbicides by
E. crus-galli CYP81A68
AUTODOCK 4 docking of penoxsulam into the active site cavity of
the rebuilt 3D CYP81A68 was displayed in Fig. 8 and S5. These data
indicated a good affinity of the active site for penoxsulam, cyholafopbutyl and metamifop, but not for bispyribac-sodium. Docking of
penoxsulam to CYP81A68 resulted in overall binding affinity at the
lowest energy and most populated clusters of poses (Fig. 8 and S5,
Table S4). The penoxsulam molecule can fit into the CYP81A68 catalytic
site with possible involvement of amino acid residues His-375, Arg-452
and Asp486 (Fig. S5a), and the distance between the penoxsulam and
8
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Fig. 5. Response of transgenic rice expressing Echinochloa crus-galli CYP81A68
versus GFP control to herbicides of different modes of action. Seedlings of three
T2 CYP81A68 lines and one GFP line were treated with penoxsulam at (a) 295
and (b) 590 g ha− 1 at the three- to four-leaf stage. (c) The four-leaf stage
transgenic rice seedlings were treated with ACCase-inhibiting herbicides
cyhalofop-butyl (525 g ha− 1) and metamifop (600 g ha− 1), and ALS-inhibiting
herbicides bispyribac-sodium (225 g ha− 1) and flucetosulfuron (150 g ha− 1).
Each treatment had three replicate pots and five plants per pot. Photos were
taken three weeks after treatment.

the heme iron atom was 3.05 Å (Fig. 8a). The free interaction (binding)
energy between the penoxsulam and CYP81A68 was calculated to be
− 3.85 kcal mol− 1. Cyhalofop-butyl can also fit into the CYP81A68
catalytic site, with the distance between the cyhalofop-butyl and the
heme iron atom of 2.91 Å and the binding energy of − 5.02 kcal mol− 1
(Fig. 8b). Similarly the metamifop molecule can fit into the CYP81A68
catalytic site, with the distance between the metamifop and the heme
iron atom of 3.15 Å and 2.94 Å and the binding energy of
− 6.03 kcal mol− 1 (Fig. 8c). The close distance between the hemo iron in
the CYP81A68 active site and the three herbicides and low binding
energies indicate possible catalysis by CYP81A68. Conversely, the
bispyribac-sodium molecule can-not fit into this catalytic site, as the
backbone of bispyribac-sodium was in clash with major involving amino
acid residues of CYP81A68 active site (Fig. 8d).
The equidistance between the heme iron and nearest reactive group
in the herbicide likely indicates that the metabolism may occur on either
of the two carbon sites with a same probability, and when the terminal
CH3 group is closer to CYP81A68 catalytic site, the demethylation in
troduces chirality on the oxidized carbon. When docking penoxsulam to
CYP81A68 with the best pose, distance between the CYP81A68 active
site and the terminal CH3 forming penoxsulam-OH2 was predicted to be

Fig. 6. HPLC-Q-TOF-MS analysis of penoxsulam metabolism in transgenic rice
seedlings expressing CYP81A68 and GFP. (a) Levels of penoxsulam remaining in
CYP81A68 versus GFP plants after penoxsulam treatment. (b) Differential levels
of penoxsulam and its major metabolite in CYP81A68 versus GFP transgenic
plants, 48 h after treatment. Data in (a) are means ± SE of three biological
samples per time point.
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Fig. 8. Simplified binding mode of penoxsualm (a), cyhalofop-butyl (b) and
metamifop (c) molecules into the Echinochloa crus-galli CYP81A68 active site, at
the best docking pose of each herbicide with indication of distance (Å, dotted
line) between the hemo iron (in brown, in the active site) and the herbicide
molecule. (d) The bispyribac-sodium molecule cannot fit into the active site
of CYP81A68.

4.19 Å (Fig. S5b), shorter than that between the CYP81A68 active site
and the terminal CH3 forming penoxsulam-OH1 (5.8 Å, Fig. S5b), indi
cating O-demethylation is more likely to occur yielding penoxsulamOH2.
4. Discussion
Herbicide resistance evolution in weeds is an inevitable consequence
of heavy herbicide reliance, wherein an ever susceptible population is no
longer controlled by specific herbicides. Although much effort has been
made to pursue new substitutes, chemical herbicides are still the most
effective tools to control weeds. Molecular biology and chemistry
technical innovations may provide novel approaches and new herbicides
for weed control, but available evidence shows that weed resistance
evolution may surpass these endeavors (Baucom, 2019). Therefore, if we
are to cut back the ever increasingly numbers of herbicide resistant weed
populations, new approaches are needed urgently (Beckie et al., 2019)
for delaying and managing herbicide resistance evolution, and thus
alleviating overuse-related environmental impacts of herbicides.
In the current study we confirmed resistance of the E. crus-galli
population to the ALS-inhibiting herbicide penoxsulam (Fig. 1). Unex
pectedly but not surprisingly, the R E. crus-galli also conferred resistance
to two unexposed ACCase-inhibiting herbicides cyhalofop-butyl and
metamifop (Fig. 1). Therefore, it is clear that cross-resistance to
cyhalofop-butyl and metamifop was selected by the use of the ALS-

Fig. 7. Mass spectrum Identification of penoxsulam and its major metabolite Odemethylated penoxalum (a). (b) Differential levels of the penoxsulam metab
olite in CYP81A68 versus GFP transgenic plants.
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inhibiting herbicide penoxsulam.
The P450 CYP81 family has only been reported in grass species.
Several CYP81A subfamily members have been identified that are able
to metabolize a number of ALS- and ACCase-inhibiting and other her
bicides and thus endow herbicide cross resistance in E. phyllopogon and
L. rigidium (Guo et al., 2019; Han et al., 2020; Iwakami et al., 2014,
2019). Our present work provided first evidence that CYP81A68 isolated
from penoxsulam-resistant E. crus-galli is capable of metabolizing
penoxsulam and thus conferring metabolic resistance to penoxsulam
and cross resistance to cyhalofop-butyl and metamifop (Figs. 1 and 5).
Structural biology modeling also predicts possible metabolism of these
three herbicides (but not bispyribac-sodium) by CYP81A68 (Fig. 8).
In P450-catalysed herbicide metabolism, N- or O-demethylation and
alkyl- or aryl-hydroxylation are the two common reactions (Dimaano
and Iwakami, 2021). Penoxsulam is known to selectively kill Echinochloa
spp. without damaging rice due to rapid metabolic breakdown of
penoxsulam via O-demethylation at one of the heterocyclic methyl
groups (Dimaano et al., 2020; Johnson et al., 2012, 2009). Similarly, in
penoxsulam-resistant E. phyllopogon, penoxsulam was O-demethylated
by CYP81A12/21/24 (Dimaano et al., 2020). Therefore, as expected, in
penoxsulam-resistant E. crus-galli, a close relative of E. phyllopogon, the
O-demethylated penoxsulam was the major metabolite, as demonstrated
by analyzing penoxsulam metabolism in CYP81A68 transgenic rice
(Figs. 6, 7). There are other penoxsulam metabolites with the retention
time at 22.5–24 min (Fig. 6). However, these metabolites may not
contribute to metabolic penoxsulam resistance in E. crus-galli, as levels of
these metabolites did not differ between transgenic rice expressing GFP
control and CYP81A68 (Fig. 6). Similar to E. phyllopogon CYP81As,
E. crus-galli CYP81A68 did not confer cross resistance to the
ALS-inhibiting herbicide bispyribac-sodium (Fig. 5c). Conversely, unlike
E. phyllopogon CYP81A12/21/24 showing high metabolism preference
to the sulfonylurea (SU) ALS-inhibiting herbicides (e.g. azimsulfuron,
pyrazosulfuron-ethyl,
chlorsulfuron,
propyrisulfuron
and
bensulfuron-methyl) (Dimaano et al., 2020), E. crus-galli CYP81A68 did
not confer cross resistance to the SU herbicide flucetosulfuron (Fig. 5c).
Metabolism of cyhalofop-butyl and metamifop was not examined in
this current study. However, a major metabolite of metamifop, N-(2fluorophenyl)− 2-hydroxy-N-methylpropionamide, which was also
considered to be first degradation product of this herbicide (Moon et al.,
2010), was detected in soil and rice (Barik et al., 2018; Janaki and
Chinnusamy, 2012). Cyhalofop-butyl is deesterified to the herbicidal
active form cyhalofop-acid, and then further metabolized to more polar
and less toxic compounds (e.g. cyhalofop-amide, cyhalofop-diacid, etc)
(Ruiz-Santaella et al., 2006). Cyhalofop-tolerant rice was able to
metabolise cyhalofop-acid to inactive metabolites quicker than
cyhalofop-susceptible weeds (Ruiz-Santaella et al., 2006). Analysis of
cyhalofop-butyl and metamifop metabolism in CYP81A68 transgenic
rice will better characterize this metabolic P450 enzyme.
To elucidate the evolution of metabolic penoxsulam resistance in
E. crus-galli, it is necessary to identify genetic elements responsible for
up-regulation of the CYP81A68 gene. A single trans-regulatory element
in E. phyllopogon was reported to regulate CYP81A21/12 gene expres
sion simultaneously (Iwakami et al., 2014). Mechanisms underlying the
regulation of CYP81A68 expression likely involve cis-elements as SNPs
were observed in the promoter region between the R and S sequences
(Fig. S2).
It was found that the CYP81A68 promoter includes several known
stress response elements, for instance transcription factor (MYC, MYB,
MBS, etc.) binding sites and regulatory elements (W-box, I-box, P-box,
WUN-motif, etc.) (Fig. S3). Most transcription factors were gathered
around the former part of the promoter sequence between − 140 and
− 380 bp (Fig. S3). These identified elements are known to be respon
sive to abiotic stresses. For instance, low temperatures and drought
stress can induce Arabidopsis AtMYB2, thus improved plant tolerance to
these stresses (Peng et al., 2016). Additionally, MYC had a role in
response to drought (Roy, 2016). The G-box is the MYC binding site,

contributing to AtADH1 gene expression in response to drought (de
Bruxelles et al., 1996). The drought-inducible MBS elements and a
WUN-motif are considered to be in relation to abiotic stress (Qin et al.,
2012). Therefore, abiotic stress is also likely to take part in CYP81A68
gene regulation. The physiological role of CYP81A is yet to be deter
mined to better understand plant adaptation to environmental stresses
(other than herbicides).
Series of trans- and cis-acting factors in resistant pests can influence
transcription to modulate metabolic gene expression (Wilding, 2018;
Yang et al., 2020), and DNA methylation and noncoding RNA is also
implicated in regulation of resistance genes (Field et al., 1989; Russell
et al., 2015). Promoter methylation change may also be the mechanisms
causing differential gene expression (Suzuki and Bird, 2008). It has been
shown that the epigenetic regulation of an ABC transporter (ABCC8)
promoter may be a mechanism in the evolution of resistance to the
herbicide glyphosate (Pan et al., 2021). CpG dinucleotide distribution in
a genome is a vital factor for genome operation regulation, and CpG
islands located in particular gene promoters are often regulated by
methylation in these islands (Antequera and Bird, 1999). Methylation is
valid in genes containing the CpG island in their promoters as a gene
expression modulator (Feng et al., 2010). Generally, the lower the
promoter methylation level, the higher the expression level. The exis
tence of CpG islands between the CYP81A68 promoter of R and S
E. crus-galli plants and their differential methylation status (Fig. 4 and
S4) may be related to the difference in CYP81A68 gene expression levels
in R and S E. crus-galli plants. Therefore, current results suggest a
possible effect of promoter methylation in CYP81A68 gene expression
regulation and resultant enhanced herbicide metabolism and conse
quently herbicide resistance.
5. Conclusion
In conclusion, this study first revealed the P450-mediated metabolic
resistance to penoxsulam and cross resistance to cyhalofop-butyl and
metamifop in E. crus-galli involves CYP81A68. In China, resistance to the
major post-emergent herbicides (e.g. quinclorac, penoxsulam) is wide
spread and resistance to cyhalofop-buty is emerging (Fang et al., 2019a,
2019b; Heap, 2021; Peng et al., 2019), greatly reducing chemical weed
control options. Thus, understanding the full spectrum of metabolic
resistance bestowed by P450 and other genes is necessary for judicious
use of other herbicide options (e. g. mixtures and rotations) for better
control of E. crus-galli and related species. As such, environmental im
pacts of herbicide overuse due to resistance evolution in weedy species
could be reduced.
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