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Quizalofop-p-ethyl resistance in Polypogon
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Wen Chen,a Lamei Wu,b Junzhi Wang,c Qin Yu,d Lianyang Baia,b* and
Lang Pana,b,d*

Abstract

Background: Asiaminor bluegrass (Polypogon fugax) is oneof themainweeds invadingChinese canolafields. TheP. fugax resistant
population SC-R, which survived quizalofop-p-ethyl at the field-recommended rate (67.5 g ha−1), was collected from a canola field
in Qingsheng County in China. The present study aimed to (1) characterize the SC-R resistance pattern to acetyl-CoA carboxylase
(ACCase)-inhibiting herbicides, and (2) investigate the mechanism of quizalofop-p-ethyl resistance in this population.

Results: Dose–response studies showed that resistance to quizalofop-p-ethyl and haloxyfop occurred in the SC-R population.
Four transcripts/genes encoding the plastidic ACCase carboxyl-transferase domain were isolated from the P. fugax plants. No
mutations in the four ACCase genes were detected in the SC-R population compared to the SC-S population. Pre-treatment with
the known glutathione S-transferase (GST) inhibitor 4-chloro-7-nitrobenzoxadiazole (NBD Cl), reversed resistance to
quizalofop-p-ethyl and partially reversed resistance to haloxyfop-R-methyl in the resistant population (SC-R). However, the
cytochrome P450 inhibitor malathion did not reverse the resistance. There was no difference in basal GST activity (using CDNB
as a substrate), but there was higher inducible GST activity in SC-R relative to SC-S. Two GST genes, GST2c and GSTL3, were con-
stitutively overexpressed in the resistant SC-R population.

Conclusion: This study confirmed that resistance to quizalofop-p-ethyl in the resistant P. fugax population is likely nontarget-
site based involving GST, and this resistance mechanism also partially confers haloxyfop-R-methyl resistance.
© 2020 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
Hexaploid weed Asia minor bluegrass (Polypogon fugax) is spread
across Europe, America and Asia.1, 2 It can adapt to various envi-
ronmental conditions,1, 3 causing the species to be a predominant
weed in several Chinese winter crops, especially in winter canola
fields. Strong tillering capacity of P. fugax increases its competi-
tiveness with canola seedlings, resulting in crop growth reduction
and large yield loss.4 Over many years, control of P. fugax tradi-
tionally has relied on herbicides, especially the acetyl-CoA carbox-
ylase (ACCase, EC. 6.4.1.2)-inhibiting herbicides.
In plants, ACCase is the enzyme that catalyzes the critical first

step of fatty-acid synthesis.5 This enzyme is targeted by three dis-
tinct classes of herbicides, aryloxyphenoxypropionate (APP),
cyclohexanedione (CHD) and phenylpyraxoline. ACCase-
inhibiting herbicides have been used widely to control weeds in
crops since the 1970s. Nevertheless, due to intensive use, a grow-
ing amount of weed species (48 currently) already have evolved
resistance to these herbicides,6 seriously affecting the yields of
crop. It is important to illuminate the resistance mechanisms for
evaluating resistance management strategies to avoid and delay
herbicide resistance.
There are two main types of herbicide resistance mechanisms:

target-site resistance (TSR) and nontarget-site resistance (NTSR).7

Among them, detecting target enzyme mutation or expression
can be used to determine TSR relatively easily. Currently, it has
been reported that 13 amino acid changes at seven sites (Ile-
1781, Trp-1999, Trp-2027, Ile-2041, Asp-2078, Cys-2088, Gly-
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2096) confer resistance to ACCase-inhibiting herbicides in many
weed species.8–10 Additionally, ACCase overexpression in
ACCase-inhibiting herbicide-resistant Digitaria sanguinalis also
was considered as the resistance mechanism.11 Unlike TSR, any
mechanisms that decreases the number of active herbicide mole-
cules reaching the target site belong to NTSR.12 Enhanced herbi-
cide detoxification is the most common NTSR mechanism, yet it
remains challenging to study owing to the involvement of multi-
ple genes,13 such as cytochrome P450 monooxygenases (P450s),
glutathione S-transferases (GSTs), and aldo keto reductases
(AKR).14, 15 Reports about metabolic resistance to ACCase-
inhibiting herbicides have been increasing in several weed spe-
cies, including American sloughgrass (Beckmannia syzigachne
Steud.),16 ryegrass (Lolium rigidum),17 Japanese foxtail (Alopecurus
japonicus)18 and shortawn foxtail (Alopecurus aequalis).19

Quizalofop-p-ethyl, an ACCase-inhibiting herbicide, has been
used in China for weed control in cropland for >10 years.20 The
first case of quizalofop-p-ethyl-resistant P. fugax was reported in
2014 and was conferred by the Ile-2041-Asn mutation in ACCase.4

Notably, the ACCase Trp-1999-Ser mutation plus P450s-mediated
enhanced metabolism that was reported in conferring resistance
to fenoxaprop in P. fugax, did not endow resistance to quizalo-
fop.21 In 2017, farmers in Sichuan province found that P. fugax
in canola field can survive the quizalofop-p-ethyl recommended
field dose after being controlled successfully for years. Thus, the
present study aimed to: (1) confirm the resistance level to
quizalofop-p-ethyl and cross-resistance to other ACCase-
inhibiting herbicides, and (2) investigate the resistance mecha-
nisms in the putative resistant P. fugax population.

2 MATERIALS AND METHODS
2.1 Plant material
The putative resistant P. fugax population (SC-R) was collected
from a canola field in Meishan City in Sichuan, China where
quizalofop-p-ethyl had been continuously applied for >5 years.
A reference susceptible population (SC-S) was collected from an
uncultivated land that had never been applied with quizalofop-
p-ethyl. Seeds were collected randomly by hand from 50 mature
plants for each population, dried in a GFL-series electric blast oven
(Tianjin Labatory Instrument Co., Tianjin, China), and stocked in
envelopes until use.

2.2 Herbicides and chemicals
Quizalofop-p-ethyl and other ACCase-inhibiting herbicides
(including five APPs, two CHDs and phenylpyraxoline) were used
for dose–response tests (Table 1). A GST inhibitor, 4-chloro-
7-nitrobenzoxadiazole (NBD Cl, 97%), and a cytochrome P450
inhibitor, malathion (95%), were purchased from Sigma Duer
(Beijing, China).

2.3 Dose response to quizalofop-p-ethyl
About 50 seeds were randomly selected and sown in a single
9-cm diameter pot filled with the potting mix (silty loam/organic
matter, 2:1, v/v) and then covered with fine soil. The pots then
were transferred to the artificial weather educates box (Shanghai
CIMO Medical instrument Manufacturing Co., LTD, Shanghai,
China) with temperatures of 20 °C (daytime, 14 h) and 15 °C
(night-time, 8 h). Emerged P. fugax seedlings were thinned to
20 plants in each pot. When they had grown to the 3–4 leaf stage
(four weeks after sowing), they were sprayed with quizalofop-p-
ethyl using a 3WP-2000 hand-held system (Zhongnongjidian),

equipped with a 390-mL min−1 flow nozzle TP6501E delivering
372 L ha−1 at a pressure of 3.0 kg cm−2 and returned to the glass-
house. Quizalofop-p-ethyl was applied at 0, 4.22, 8.44, 16.88,
33.75, 67.5 (label rate) and 135 g a.i. ha−1. Three weeks post-treat-
ment, the aboveground parts of surviving plants were harvested
and fresh weight was determined. There were three replicate pots
per treatment and the experiment was carried out twice during
the growing season (September to December in 2018 and 2019)
in the controlled glasshouse.

2.4 Effect of cytochrome GST and P450 inhibitiors on
quizalofop-p-ethyl resistance
When they had grown to the 3–4 leaf stage, P. fugax seedlings were
sprayed with quizalofop-p-ethyl in the presence and absence of the
known GST inhibitor 4-chloro-7-nitrobenzoxadiazole (NBD Cl) and
cytochrome P450 inhibitor malathion.22 The treatments included
quizalofop-p-ethyl, malathion, malathion plus quizalofop-p-ethyl,
NBD-CI, and NBD-CI plus quizalofop-p-ethyl. NBD-Cl (270 g
a.i. ha−1) and malathion (1000 g a.i. ha−1) were applied 48 h and
2 h, respectively, before quizalofop-p-ethyl application. Quizalo-
fop-p-ethyl doses were the same as those described in
Section 2.3. Twenty-one days after quizalofop-p-ethyl applica-
tion, the aboveground fresh weight from surviving plants was
determined. There were 20 seedlings per pot and three replicate
pots per treatment, and the whole experiment was repeated in
the glasshouse during the growing season (September to
December in 2018 and 2019).

2.5 Dose response to other ACCase-inhibiting herbicides
Cross-resistance to eight other ACCase-inhibiting herbicides
(Table 1) was characterized in the quizalofop-p-ethyl resistant
P. fugax population. Seeds were sown and transplanted, and at
the 3–4 leaf stage, seedlings were sprayed with herbicides, as
described in Section 2.3. Twenty-one days after application, the
aboveground fresh weight of surviving plants was determined.
All populations and herbicides were tested at same time, and
the experiment was carried out twice during the growing season
(September to December in 2018 and 2019) in the glasshouses.

2.6 Cloning and sequencing of the P. fugax plastidic
ACCase gene
Fresh leaf tissue of collected plants (100 mg) was used to extract
genomic DNA (gDNA) with a Plant Genomic DNA Kit (Tiangen Bio-
tech Co., LTD, Beijing, China). A pair of published primers23 (F: 5’-
TTTCCCAGCGGCAGACAGAT-30 and R: 5’-TCCCTGGAGTCTTGCTTT
CA-30) was used to amplify the P. fugax plastidic ACCase CT
domain gene fragment. A PCR was performed in a 25-μL volume,
consisting of 1 μL gDNA, 1 μL of each primer (10 mM), 12.5 μLof
2 × Taq Plus Master MIX II (TransGen Biotech, Beijing, China) and
9.5 μL ddH2O. The PCR was run with the profile as described. 23

The amplified PCR products were purified with the Easy Quick
Gel Extraction Kit (TransGen Biotech, Beijing, China), and cloned
into pClone007 Versatile Simple Vector (Tsingke, Beijing, China)
and transformed into E. coli competent cell. Plasmids were
extracted from colonies containing the right insert and
sequenced. Nine SC-R and nine SC-S samples were analyzed,
and ≥16 clones from each sample were sequenced.

2.7 GST activity assay
The GST activities of the P. fugax populations were determined
using a commercial GST Assay Kit (Nanjing, Jiancheng Bioengineer-
ing Institute, Nanjing, China) with 1-chloro-2,4-dinitrobenzene
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(CDNB) as a substrate according to the manufacturer’s instructions.
When they had grown to the 3–4 leaf stage, P. fugax seedlings were
treated with quizalofop-p-ethyl at 8.44 g a.i. ha−1. The aboveground
tissues of treated plants were collected at 0, 1, 3 and 5 d post-treat-
ment. The experiment was conducted three times in a completely
randomized design, with five replicates each time, and each repli-
cate included aboveground tissues of>30 plants. GSTwas extracted
by grinding 0.2 g leaf material in liquid nitrogen with 0.8 mL extrac-
tion buffer, then with centrifugation at 15 000×g for 20 min. GST
activity was quantified at 340 nm in a 3 mL medium containing
50 μL tissue extract, 30 mM reduced glutathione (GSH), 20 mM
CDNB and 100 mM K+-phosphate buffer (pH 7.3),21 and expressed
as nmol GSH-CDNB formed min−1 mg−1 protein.

2.8 GST gene expression analysis in P. fugax
Young leaf tissues (100 mg) of the 3–4 leaf stage P. fugax seed-
lings were harvested and snap-frozen for total RNA extraction. In
order to clone GST partial sequences in P. fugax, primers
(Table S1) were designed based on conserved regions of the
GST sequences from A. myosuroides,22 and their homologs in Triti-
cum aestivum and Brachypodium distachyon. The amplified GST
fragments were cloned and sequenced as described in
Section 2.6. Three P. fugax GST genes were cloned, and quantita-
tive reverse transcription (qRT) PCR was used to compare the
expression levels of these three genes in the SC-S and SC-R
populations as described previously.16 To identify suitable refer-
ence genes for P. fugax, three frequently used candidate genes
from other plant species were tested, including elongation
factor-1 alpha (EF-1), ubiquitin and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) genes. Based on specific-
ity and stability of the gene product,24 the EF-1 gene was
selected as an internal control. Specific qRT-PCR primer for each
GST sequence was designed using Primer 3 and assessed to
amplify the specific PCR amplification. The PCR products were
sequenced to verify amplification of the correct gene. The
qRT-PCR was carried out on the ABI-7500 Fast Real-Time PCR
System (ABI, USA) with the SYBR® Premix Ex Taq™ kit (TaKaRa,
Japan). The relative GST gene expression was calculated using
the 2-ΔΔCT method.16 Each experiment included three biological
replications and was conducted twice.

2.9 Statistical analyses
The datasets from different replicates were analyzed by SPSS v23
(IBM, Armonk, USA) using the general linear model procedure for

variance analysis. For all experiments, the run and run-by-dose
interaction effects were not significant (P > 0.05) (Tables S2 and
S3; Fig. S1). Therefore, we pooled the data from different repli-
cates and the herbicide rate causing 50% growth reduction
(GR50) was estimated by a four-parameter log-logistic curve using
SigmaPlot 13.0 (Systat Software, Inc., San Jose, CA, USA) as

Table 1 Dose–response to ACCase-inhibiting herbicides

Group† Herbicide Formulation‡ Company Doses (g a.i. ha−1)

APP Quizalofop-p-ethyl 10% EC Tianrun 0, 4.22, 8.44, 16.88, 33.75, 67.5, 135
Clodinafop-propargyl 15% ME Hansi 0, 0.55, 1.67, 5, 15, 45
Haloxyfop-R-methyl 108 g L−1 EC Flag 0, 0.17, 0.50, 1.5, 4.50, 13.5
Fenoxaprop-P-ethyl 69 g L−1 EW Bayer 0, 0.8, 2.3, 6.9, 20.7, 62.1
Metamifop 10% EC FMC 0, 50, 100, 200, 400, 800
Cyhalofop-butyl 100 g L−1EC Jiahui 0, 50, 100, 200, 400, 800

CHD Clethodim 240 g L−1 EC Cynda 0, 3.1, 6.1, 12.2, 24.3, 48.6
Sethoxydim 12.5% EC Cynda 0, 0.6, 1.9, 5.6, 16.7, 50
Pinoxaden 5% EC Syngenta 0, 1.4, 2.8, 5.6, 11.3, 22.5

†APP, aryloxyphenoxypropionate; CHD, cyclohexanedione.
‡EC, emulsifiable concentrate; ME, microemulsion; EW, emulsion in water.

Figure 1 Growth response of resistant (SC-R) and susceptible (SC-S)
P. fugax populations to (A) quizalofop-p-ethyl or (quizalofop-p-ethyl plus
270 g a.i. ha−1 NBD-CI) and (B), haloxyfop-R-methyl. Data are
means ± SEM.
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described. 21 The GR50 of the resistant population over the suscep-
tible population was used to estimate resistance index (RI).

3 RESULTS
3.1 Dose–response to quizalofop-p-ethyl and other
ACCase-inhibiting herbicides
Quizalofop-p-ethyl resistance in the SC-R population was con-
firmed by dose–response [Fig. 1(a)]. As expected, the SC-S plants
were susceptible to quizalofop-p-ethyl with significant growth
inhibition at the rate of 16.88 g a.i. ha−1 and a GR50 value of
9.6 g a.i. ha−1. Conversely, the SC-R plants were moderately resis-
tant to the herbicide with a GR50 value of 57 g a.i. ha−1. Based on
the R:S GR50 ratio, the SC-R population was approximately six-fold
more resistant to quizalofop-p-ethyl than the SC-S population.
The SC-S plants were susceptible to the eight ACCase-inhibiting

herbicides tested (Table 2). The resistant SC-R population was six-
fold more resistant to haloxyfop-R-methyl [Table 2; Fig. 1(b)],
although it could be controlled at the recommended field use rate
of haloxyfop-R-methyl (40.5 g ha−1). Pre-treatment with NBD-Cl
partially reversed haloxyfop resistance in SC-R (data not shown).
The SC-R population remained susceptible to the four APP herbi-
cides, including clodinafop-propargyl, cyhalofop-butyl, metami-
fop and fenoxaprop-P-ethyl, the two CHD herbicides sethoxydim
and clethodim, and pinoxaden (Table 2; Fig. S2).

3.2 Effect of GST and cytochrome P450 inhibitors on
quizalofop-p-ethyl resistance
Preliminary pot experiments showed that there were no visual
injury symptoms and growth reduction in P. fugax seedlings when
treated with NBD-CI at 270 g a.i. ha−1 or malathion at 1000 g
a.i. ha−1. Neither NBD-CI or malathion had an impact on dose–
response to quizalofop-p-ethyl in susceptible population SC-S
(Table 3). However, treatment of NBD-CI plus quizalofop-p-ethyl
increased quizalofop-p-ethyl photoxicity in the resistant popula-
tion SC-R, with the GR50 value being significantly reduced (from
55.97 to 14.67 g a.i. ha−1) [Table 3; Fig. 1(a)], and similar to the
level of the susceptible population SC-S [Table 3; Fig. 1(a)]. In par-
ticular, most resistant plants died after the treatment of NBD-CI
followed by full or half of the recommended dose of quizalofop-
p-ethyl. By contrast, malathion pretreatment did not have an
impact on quizalofop-p-ethyl phytotoxicity in resistant population
SC-R (Table 3).

3.3 Cloning and sequencing of P. fugax plastidic
ACCase gene
Four ACCase partial sequences were acquired from SC-R and SC-S
plants, each with length 1437 bp. Sequence alignment indicated
that the ACCase1, 2, 3 and 4 nucleotide sequence was 99–100%
identical to the documented P. fugax ACCase1,1–1 (accession
no. MK359055), ACCase1,2–1 (accession np.), ACCase1,3–1 (acces-
sion no. MK359057) and ACCase1,4–1 (accession no. MK359058)
genes, respectively. Sequence alignment between SC-R and
SC-S samples revealed no SNPs (Fig. S3), confirming no mutations
in the four ACCase genes.

3.4 GST activity
There was no difference in CDNB-GST basal activity in SC-R versus
SC-S (Day 0, P= 0.42, Student’s t-test), but there was higher induc-
ible CDNB-GST activity in SC-R relative to SC-S after Day 1 of qui-
zalofop-p-ethyl treatment (Fig. 2). GST activity in SC-R was on
the increase after Day 1 of the treatment. A sharp decrease in
GST activity was observed in SC-S on Day 1 post-treatment, thus
making SC-R GST activity 1.5-fold higher than SC-S (P < 0.001).
GST activity in population SC-R also was significantly higher than
population SC-S 3 (P = 0.02) and at Day 5 (P = 0.005) post-treat-
ment. In addition, GST activity in population SC-R was consistently
on the increase (except on Day 1) after quizalofop-p-ethyl treat-
ment, whereas it was up and down in population SC-S during
the assay period.

3.5 GST genes and their expression
Three partial EST-sequences were cloned from P. fugax, including
GST-1 (392 bp), GST-2 (326 bp) and GST-3 (334 bp). BLAST analysis
showed that GST-1 is 93% homologous to the reported A. myosur-
oides GST2c (AJ010453.1), GST-2 96% homologous to

Table 2 Growth response of the resistant (Sc-R) and susceptible
(Sc S) P. fugax to other ACCase-inhibiting herbicides

Herbicide Population
GR50

(g a.i.ha−1) (SE) a RI

Clodinafop-propargyl Sc-R 6.28 (1.44) 1.20
Sc-S 5.23 (0.47)

Haloxyfop-R-methyl Sc-R 5.65 (0.99) 6.08
Sc-S 0.93 (0.32)

Sethoxydim Sc-R 2.49 (0.54) 1.35
Sc-S 1.84 (0.56)

Pinoxaden Sc-R 3.38 (0.52) 1.07
Sc-S 3.14 (1.14)

Fenoxaprop-P-ethyl Sc-R 6.42 (2.19) 1.82
Sc-S 3.53 (0.78)

Metamifop Sc-R 70.94 (4.63) 1.15
Sc-S 61.77 (2.31)

Clethodim Sc-R 3.93 (0.16) 1.03
Sc-S 3.81 (0.33)

Cyhalofop-butyl Sc-R 44.73 (2.58) 1.11
Sc-S 40.35 (6.20)

Table 3 Effects of GST (NBD Cl) and cytochrome P450 (malathion) inhibitors on P. fugax growth response to quizalofop-p-ethyl

Populations Treatments GR50 (g a.i.ha−1) (SE) a RI

R (SC-R) NBD-CI+ quizalofop-p-ethyl 14.26 (1.09) 1.28
Malathion+ quizalofop-p-ethyl 57.18 (2.33) 5.14
quizalofop-p-ethyl 55.97 (2.48) 5.03

S (SC-S) NBD-CI+ quizalofop-p-ethyl 12.38 (0.98) 1.11
Malathion+ quizalofop-p-ethyl 12.89 (2.23) 1.16
quizalofop-p-ethyl 11.12 (1.01) 1.00
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A. myosuroides GSTL1 (FN394979.1) and GST-3 95% homologous
to A. myosuroides GSTL3 (FN394981.1), respectively. There was
no significant change in the GSTL1 expression between the SC-R
and SC-S (Fig. 3); however, the expression of GST2c and GSTL3
was 8.76- and 4.38-fold higher, respectively, in the SC-R than the
SC-S population (Fig. 3).

4 DISCUSSION
The SC-R population collected from canola fields has developed
resistance to quizalofop-p-ethyl and haloxyfop-R-methyl. Resistance
to these two herbicides is unlikely to be caused by ACCase gene
mutation, indicating involvement of NTSRmechanisms. By contrast,
another P. fugax population from a wheat field in China, which had
the target-site ACCase Trp-1999-Ser mutation and P450s-mediated
resistance, was resistant to fenoxaprop, pinoxaden, clodinafop,
sethoxydim and clethodim, but susceptible to quizalofop-p-ethyl
and haloxyfop-R-methyl.21 Different cross-resistance patterns in
our and the above studies indicates that two types of NTSR are pre-
sent in the two resistant P. fugax populations.
NBD-Cl has been shown to inhibit the expression of the phi

(F) class of GSTs in blackgrass (Alopecurus myosuroides Huds.)
and pi class of GSTs in human cancer cells.22 In our experiments

investigating NTSR, pre-processing with NBD-Cl sharply reduced
the resistance level to quizalofop-p-ethyl in SC-R population
(Table 3). Notably, the resulting GR50 value is similar to that of
the SC-S population, indicating that GST-mediated NTSR likely
was present in this particular quizalofop-p-ethyl resistant popula-
tion. We also found that CDNB-GST activities were higher in the
SC-R population compared to the SC-S population after treatment
with quizalofop-p-ethyl (Fig. 2). We speculate that the large
decrease in GST activity in the SC-S population on Day 1 after qui-
zalofop-p-ethyl treatment (Fig. 2) was due to initial herbicide dam-
age. In both crops andweeds, it has been demonstrated that GSTs
can detoxify specific herbicides.22, 25–27

Even though it has been reported that metabolic resistance to
herbicides exist in several weeds, few associated genes have been
identified.22, 28, 29 In the present study, P. fugax GST2c and GSTL3
genes were found to be constitutively upregulated in the SC-R
population (Fig. 3). Participation of GST enzymes can detoxify spe-
cific herbicides.25 It has been reported that the Phi-class GSTF1
and GSTF2 genes have key roles in conferring resistance to herbi-
cides in resistant A. myosuroides22 and waterhemp (Amaranthus
tuberculatus).26 Overexpression of Tau-class CsGSTUs conferred
alachlor and fluorodifen tolerance to tobacco plants.30, 31 These
reports indicate that GST2c and GSTL3 found in the present study
might play an important role in conferring quizalofop-p-ethyl
resistance. However, there was inconsistency in GST2c and GSTL3
expression and GST activity: higher constitutive expression of
GST2c and GSTL3 (Fig. 3) did not result in higher GST activity
(Fig. 2). The discrepancy may have resulted from the unsuitability
of using the artificial substrate CDNB in GST activity measurement,
as GST2c and GSTL3may not have preference for CDNB. Therefore,
GST2c and GSTL3 isoforms may not contribute to higher induced
CDNB-GST activity in the SC-R plants. Indeed, in Arabidopsis,
AtGSTF9 and AtGSTF10 were most active as GSTs using the CDNB
as substrate,32 whereas AtGSTF11 used BITC as a specific sub-
strate.32 In addition, the AmGSTF1 more likely serves as glutathi-
one peroxidases and/or as stress signals for metabolic
adjustment than herbicide conjugation.22, 33

Some GSTs confer herbicide tolerance by direct conjugating25 or
via antioxidant capacity.34 Plant GSTs have the ability to adjust redox
signaling pathways that trigger defense genes transcriptionally, then
mediate tolerance to abiotic stress.35 AmGSTF1 in A. myosuroideswas
proposed to confer its protective activity against herbicides by work-
ing as a scavenger of hydroperoxides released as the result of herbi-
cide injury.33 Nevertheless, if and how GST2c and GSTL3 confer
resistance to quizalofop-p-ethyl in the SC-R population is unknown.
Genetic transformation and herbicide metabolism studies are
needed to functionally characterize the two GST genes.
It is important to identify NTSR in P. fugax as it can result in an unex-

pected herbicide cross-resistance patterns and even confer resistance
to the latest herbicides.36 Even though herbicide mixtures and rota-
tions can be used as effective strategies to manage TSR, they might
be less effective to manage NTSR.37 Fortunately, the SC-R population
involving NTSR found in the present study could be controlled by the
use of several ACCase-inhibiting herbicides. However,more thorough
management methods, other than just relying on herbicides, are
needed for effective and sustainable control of P. fugax.
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resistant (SC-R) P. fugax populations without quizalofop-p-ethyl treatment.
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