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ABSTRACT: Herbicide resistance identification is essential for effective chemical weed control. In this study, we quantified the
differences in growth response between penoxsulam resistant (R) and sensitive (S) Echinochloa crus-galli populations, explored
the changes in ALS, and performed genetic analyses to identify metabolic genes that are up-regulated by the application of
penoxsulam and other common herbicides. The R population showed a 26.0-fold higher resistance to penoxsulam and varied
resistance to most tested herbicides with indices ranging from 4.9 to 145.9. A Trp-574-Arg amino acid mutation in ALS and low
penoxsulam ALS sensitivity were the main mechanisms underlying herbicide resistance. The penoxsulam resistance can be
significantly reversed by two P450s inhibitors and one GST inhibitor. By RNA-Seq, thirty-six highly expressed contigs were
selected, and 30 of them were up-regulated in the R population treated by penoxsulam. Many of these genes were significantly
expressed when treated with pyroxsulam, metamifop, and quinclorac. These upregulated genes appear to be complementary for
plant resistance to penoxsulam and other common herbicides.
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1. INTRODUCTION

Weeds are a major threat in most rice planting systems, causing
grain yield losses of up to 100%.1 Barnyardgrass, or Echinochloa
crus-galli (L.) P. Beauv, one of the most malignant weeds in rice
fields, can generally be controlled only by herbicides.2 Long-
term herbicide applications, primarily of acetyl-CoA carboxylase
(ACCase, EC.6.4.1.2)- and acetolactate synthase (ALS, EC
2.2.1.6)-inhibiting herbicides that act on a single target enzyme,
have caused resistance to multiple-herbicides in E. crus-galli and
other Echinochloa species.3−9 ALS is the first enzyme in the
biosynthesis pathway of three essential branched-chain amino
acids, namely, leucine, isoleucine, and valine, and is the target of
many commercial herbicides. These include sulfonylureas
(SUs), imidazolinones (IMIs), triazolopyrimidines (TPs),
pyrimidinylthiobenzoates, and sulfonylaminocarbonyltriazoli-
nones.10 Penoxsulam, a typical TP ALS-inhibitor, was widely
promoted in rice fields since being introduced to the herbicide
market.11 Penoxsulam has become themost important herbicide
used for weed control in rice fields; however, resistance to this
herbicide rapidly developed following annual application,
especially in eastern China.12

Herbicide resistance mechanisms can be divided into target-
site resistance (TSR) and nontarget-site resistance (NTSR).13

TSR is conferred by the change of herbicide target protein genes
in the nucleotide sequence and/or the expression level.14,15

Twenty-eight types of amino acid substitutions at eight
conserved positions (Ala122, Pro197, Ala205, Asp376, Arg377,
Trp574, Ser653, and Gly654, numbered on the basis of the
corresponding sequence of Arabidopsis thaliana) of ALS have
been reported in various weed species in relation to ALS
inhibitors.16 Mutations of the ALS gene at the codon for Ala122,
Trp574, and Ser653 confer resistance to ALS-herbicides in E. crus-

galli and other Echinochloa species.8,9,17,18 Recently, we also
found that twomutations (Ala-205-Val and Ala-122-Gly) ofALS
in E. crus-galli might be the target-site basis for penoxsulam.19

Compared with TSR, NTSR is less understood due to its
complexity and unpredictability.13 Reduced penetration,
impaired translocation, and enhanced metabolism that reduces
the dose of herbicide that binds with the target protein are the
three mechanism categories for NTSR, and metabolic resistance
is the most important of these.20 Herbicide metabolism and
resistance-related genes are gradually being identified and
characterized and include cytochrome P450 monooxygenases
(P450s), glutathione S-transferases (GSTs), glycosyltrans-
ferases (GTs), ATP-binding cassette (ABC) transporters,
oxidases, esterases, hydrolases, and peroxidases.20 In most
ALS-herbicide resistance cases, P450-mediated metabolism
resistance has been identified. For example, 39 putative P450
gene fragments from bispyribac-resistant E. phyllopogon were
isolated, and their nucleotide sequences and expression levels
were compared; the amino acid polymorphisms and upregulated
candidate gene expression were found.21 Then, the over-
expression of two P450s, CYP81A12 and CYP81A21, were
confirmed to confer resistance to bensulfuron-methyl and
penoxsulam in E. phyllopogon.22 Transcriptome sequencing
(RNA-Seq) was performed in a quinclorac and penoxsulam-
resistant E. crus-galli biotype, and the genes of four nontarget
gene families were identified; however, the sequence and
expression information were not reported.23 Therefore, to
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completely understand the mechanism of action, unravelling the
complete profile of metabolism resistance-related genes is
required. To achieve this objective at the genetic level,
transcriptome sequencing is currently the most effective tool
for identifying metabolism-related genes with the gene
sequences and expression profiles.24 Reported cases using
RNA-seq have primarily involved ALS-and ACCase-inhibitor
herbicides, such as mesosulfuron-methyl,25 fenoxaprop-p-
ethyl,26 tribenuron-methyl,27 and pyroxsulam,28 and other
herbicides involved paraquat and glyphosate.29−31 In these
studies, many contigs were identified as major candidate genes
for metabolic resistance; combining this information with a
qRT-PCR validation study will improve our understanding of
the metabolic resistance of herbicides.
Therefore, this study aimed to (1) determine the level of

resistance to penoxsulam and other common herbicides in the R
population of E. crus-galli, (2) explore the target-site basis of this
penoxsulam resistance, (3) determine the effect of P450 and
GST inhibitors on the R population resistance to penoxsulam,
(4) confirm the information on RNA-seq by qRT-PCR in R and
S populations, and then (5) explore whether the confirmed
genes were overexpressed in the R population after other
herbicides treatment. The information provided in this study
could provide previously unavailable information regarding the
precise genes and mechanisms of action involved in the
herbicide resistance of an economically important weed,
Echinochloa crus-galli (L.) P. Beauv.

2. MATERIALS AND METHODS
2.1. Plant Materials. AXXZ-6 (R) population seeds were collected

from rice fields (30.78°N, 118.23°E) in the Anhui Province of China,
where the application of penoxsulam at the recommended dose has
failed to control this weed since 2012. The seeds of the JLGY-3 (S)
population were collected from a leisure field (34.83°N, 119.12°E) in
the Jiangsu Province of China that has never been treated with any
herbicides. All seeds were collected by hand, air-dried in the shade, and
stored in paper bags at 4 °C until use.
2.2.Whole-PlantDose−ResponseBioassay. 2.2.1. Penoxsulam

Dose−Response Bioassay. The whole-plant dose−response bioassay
was identical to that in our previous report.19 Twenty seeds from each
of the three populations were sown in plastic pots (9 cm diameter × 10
cm height) and grown in incubators at 30 °C/25 °C (light/dark
temperature) with a 12-h light/12-h dark cycle, a light intensity of 8000
lx, and 85% relative humidity. Prior to herbicide treatment, seedlings
were thinned to 10 plants per pot. At the three- to four-leaf stage,
herbicides were applied using a laboratory sprayer equipped with a flat-
fan nozzle, delivering 280 L ha−1 at 230 kPa. Based on a preliminary
experiment (data not shown), penoxsulam was applied at 0, 3.75, 7.5,
15, 30, and 60 g of active ingredient (a.i.) ha−1 to the R population and
at 0, 0.94, 1.88, 3.75, 7.5, and 15 g a.i. ha−1 to the S population. Two
weeks after penoxsulam application, the fresh aboveground biomass
was determined. This experiment was conducted twice in a completely
randomized design with four replications.
2.2.2. Multiple Herbicide Resistance Tests. Sensitivity to other

herbicides was also determined via whole-plant bioassays, as described
previously.19 Application doses were based on the results of a
preliminary experiment (data not shown), and detailed information
was listed in Supplementary Table S1. The experiment was performed
as described in Section 2.2.1.
2.2.3. Effect of Metabolic Inhibitors on Penoxsulam Sensitivity.

This test was conducted at the same time as the penoxsulam dose−
response bioassay. At the three- to four-leaf stage, two P450 inhibitors,
PBO and malathion, and one GST inhibitor, NBD-Cl, were used to
evaluate the effect of metabolic inhibitors. The applied doses and
methods of PBO (4200 g a.i. ha−1),32 malathion (1000 g a.i. ha−1),32

and NBD-Cl (270 g a.i. ha−1)33 were previously reported. Malathion
and PBO were applied 1 h prior to herbicide application, and the NBD-

Cl were applied 48 h prior to herbicide application. The experiment was
performed as described in Section 2.2.1.

2.3. ALS Activity Assay. Analyses of the ALS enzyme response to
penoxsulam were based on the methods of Yu et al.34 with slight
modifications and were the same as those in our previous report.19 The
assay was performed twice with independent extractions, each with
three replications per herbicide concentration.

2.4. Gene Cloning and Sequencing. The DNA extraction, PCR
procedures, and sequencing methods were the same as those described
previously.19

2.5. RNA-Seq and Metabolic Profile Establishment.
2.5.1. Plant Treatment. For each population, plants were cultivated
to the three- to four-leaf stage under the experimental conditions
described previously.19 After penoxsulam treatment (7.5 g a.i. ha−1), the
aboveground tissues were harvested at 0, 6, 24, and 72 h. The plants at 0
h were used as the control plants, and leaves (0.1 g) from four or five
plants per time point were pooled for each biological replicate. Leaf
samples were harvested, immediately frozen in liquid nitrogen, and
stored at−80 °Cuntil use. Three replicates were collected for each time
point and pooled together for the RNA extraction described in Section
2.5.2.

2.5.2. RNA Extraction, cDNA Library Preparation, Transcriptome
Sequencing, and RNA Sequencing Analysis.Total RNAwas extracted
from each plant, including the base of the aboveground stem using
RNAiso Plus (Takara Biotechnology Co., Ltd., Dalian, China)
according to the manufacturer’s instructions. cDNA library preparation
and transcriptome sequencing were performed as previously
reported.35,36 Clean reads were mapped to the Echinochloa crus-galli
genome37 (https://www.ncbi.nlm.nih.gov/bioproject/414998) using
TopHat2 software,38 and only unique mapping reads were retained for
calculating gene expression. RNA-seq data analysis was performed
according to previously published protocols.39,40 Contigs were selected
on the basis of statistical significance (P < 0.05), the magnitude of
expression differences, and annotations related to known herbicide
metabolism genes and signaling functions using the Echinochloa crus-
galli genome. Differentially expressed genes were identified by the edge
package (http://www. r-project.org/) with an FDR < 0.05 and an
absolute log2 ratio value ≥ 1.

2.6. qRT-PCR Validation. Plants were cultivated, treated with
penoxsulam, and harvested at 0, 6, 24, and 72 h under the experimental
conditions described in Section 2.5.1. RNA extraction was conducted
using the RNA simple Total RNA Kit (Tiangen, Beijing, China)
following the manufacturer’s instructions. cDNAs were synthesized by
HiScript II Q RT SuperMix for qPCR (+gDNA wiper) (Vazyme
Biotech Co., Ltd., Nanjing, China). The E. crus-galli β-actin gene
(Genbank accession number: HQ395760) was used as a candidate
reference gene, whose stability had been previously confirmed.41−43

Thirty-six selected genes in the metabolizing enzyme library were used
to design primers for qRT-PCR (Supplementary Table S2). All primers
were assessed for a single specific PCR amplification, and no PCR
amplification was detected on the negative control. qRT-PCR analyses
were performed on an ABI-7500 Fast Real-Time PCR System (Applied
Biosystems, Waltham, MA, USA) using ChamQ SYBR qPCR Master
Mix (Vazyme Biotech Co., Ltd., Nanjing, China) following the
manufacturer’s instructions. A dissociation curve was added to verify
the primer specificity after the cycles, and the default settings were used.
Gene expression level fold changes were calculated using the 2−ΔΔCT

method.44 Each experiment included three biological replicates and was
repeated at least twice. Significant differences in the expression levels
were analyzed using Welch’s t test.45 Two threshold values, a t test (P <
0.05), and a 2-fold change were used to determine up- or down-
regulation.

2.7. Exploring Confirmed Genes Expression Patterns under
Other Herbicide Treatments. Plants were cultivated, treated with
three herbicides (pyroxsulam at 3.5 g a.i. ha−1, metamifop at 30 g a.i.
ha−1, and quinclorac at 187.5 g a.i. ha−1, respectively), and harvested at
0, 6, 24, and 72 h under the experimental conditions described in
Section 2.5.1. According to the result of Section 2.6, 30 highly expressed
contigs were used to explore the expression patterns of metabolic genes
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under these herbicide treatments by qRT-PCR as described in Section
2.6.
2.8. Data Analysis. Whole-plant dose−response data were

subjected to an analysis of variance (ANOVA) using SPSS 21.0
(SPSS Inc., Chicago, IL, USA). The ANOVA results showed no
significant differences between assay repetitions; thus, the repeated
assay results were averaged. Data were then pooled and fitted to the
four-parameter nonlinear logistic-regression model presented below
that was calculated using SigmaPlot 10.0 (SigmaPlot Software Inc.,
Chicago, IL, USA) to determine the effective herbicide dose that caused
50% fresh weight inhibition (ED50):

= + − [ + ]Y c d c x g( )/ 1 ( / )b

where Y denoted fresh weight, expressed as a percentage of the
nontreated control at dose x of the herbicide; b was the slope; c was the
lower limit; d was the upper limit; and g was the herbicide dose at the
point of inflection, the halfway point between the upper and lower
limits.46

The same analysis was used to calculate the herbicide concentrations
required to inhibit 50% of ALS activity (IC50) in enzymatic assays.
Resistance indexes (RIs) were calculated by dividing the ED50 (or IC50)
of the R population by the ED50 (or IC50) of the S population.

3. RESULTS
3.1. Whole-Plant Dose−Response. 3.1.1. Sensitivity to

Penoxsulam. The ED50 of the R population (50.96 g ha−1) was
considerably higher than the recommended application dose
(15−30 g ha−1), whereas that of the S population (1.96 g ha−1)
was lower than the recommended dose (Table 1 and Figure 1).
The RI of the R population was 26.0, indicating a high resistance
to penoxsulam, according to Beckie and Tardif.47

3.1.2. Sensitivity to Other Herbicides. The R population also
showed resistance to other ALS inhibitors, ACCase inhibitors,
and synthetic auxins (Table 2). For ALS inhibitors, the R
population was sensitive to imazapic (RI = 1.7) and showed
moderate resistance to rest of the ALS inhibitors, with RIs
varying from 6.4 to 9.1. For ACCase inhibitors, the R population
showed low resistance to metamifop (RI = 4.9) and high
resistance to cyhalop-butyl (RI = 15.2) and pinoxaden (RI =
18.3). For the two synthetic auxin herbicides, the R population
conferred very high resistance to quinclorac (RI = 145.9) and
moderate resistance to florpyrauxifen-benzyl (RI = 7.8).
Notably, the plants of R population were strongly inhibited
under the recommended dose of several herbicides (though the
RIs values were all over 6.4), like propyrisulfuron, pinoxaden,

and florpyrauxifen-benzyl, while the plants of S population could
not survive.

3.1.3. Sensitivity Change to Penoxsulam with Three
Metabolic Inhibitors. When three metabolic inhibitors (PBO,
malathion, and NBD-Cl) were applied before penoxsualm
treatment, the ED50 of the R population significantly decreased
by 72%, 78%, and 60%, respectively, compared to that of the

Table 1. Sensitivities of Penoxsulam Resistant and Sensitive
Populations with/without Three Metabolic Inhibitorsa

ED50
b ± SE of tested populations

(g a.i. ha−1)

treatment AXXZ-6 JLGY-3
resistance
indexes

penoxsulam 50.96 ± 6.08 a 1.96 ± 0.57 c 26.0
PBOc+ penoxsulam 14.28 ± 3.14 b 2.00 ± 0.26 c 7.1
malathion +
penoxsulam

12.23 ± 3.69 b 2.12 ± 0.14 c 5.8

NBD-Cld+
penoxsulam

20.36 ± 3.35 b 2.21 ± 0.75 c 9.2

aThe letters a, b, and c indicate ED50 with different letters that are
significantly different at the P = 0.05 significance level. bED50 refers to
the effective dose of herbicide causing 50% inhibition of fresh weight
and is indicated as grams of active ingredient per hectare (g a.i. ha−1).
Data were the means of two experiments. cPBO: piperomyl butoxide.
dNBD-Cl: 4-chloro-7-nitro-2,1,3-benzoxadiazole.

Figure 1. Fresh weight of the aboveground parts of Echinochloa crus-
galli treated with penoxsulam. Vertical bars represent the mean ±
standard error. R: AXXZ-6 population; S: JLGY-3 population (the
following population names in Figures 2−5 are consistent with this).

Table 2. Sensitivity of the Two Echinochloa crus-galli
Populations to Other Herbicides

herbicide populationa ED50 (SE)
b RIc

pyribenzoxim R 87.39(19.92) 9.1
S 9.56(1.64)

imazapic R 13.15(2.79) 1.7
S 7.58(1.18)

flucarbazone-sodium R 61.20(14.44) 9.0
S 6.80(3.24)

pyroxsulam R 18.57(1.94) 7.1
S 2.62(0.22)

flucetosulfuron R 23.55(2.21) 8.7
S 2.71(0.63)

propyrisulfuron R 35.31(5.00) 6.4
S 5.49(1.36)

cyhalofop-butyl R 156.45(14.45) 15.2
S 10.30(0.89)

metamifop R 107.93(17.05) 4.9
S 22.04(2.65)

pinoxaden R 26.75(3.88) 18.3
S 1.46(0.52)

quinclorac R 3008(1356.52) 145.9
S 20.62(6.02)

florpyrauxifen-benzyl R 10.24(2.33) 7.8
S 1.32(0.25)

aR: AXXZ-6 population; S: JLGY-3 population. bED50 refers to the
effective dose of herbicide causing 50% inhibition of fresh weight and
is indicated as grams of active ingredient per hectare (g a.i. ha−1).
Data were the means of two experiments. SE: standard error. cRI is
the resistance index. Herbicide resistance was classified into five
groups: no resistance (RI < 2); low resistance (RI = 2−5); moderate
resistance (RI = 6−10); high resistance (RI = 11−100); and very high
resistance (RI > 100).
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penoxsulam only treatment, while the ED50 of the S population
rarely changed (Table 1). This indicated that P450 and GST
metabolism might contribute to penoxsulam resistance.
3.2. Target-Site Basis of Penoxsulam Resistance.

3.2.1. Low ALS Sensitivity to Penoxsulam in Vitro. The
inhibitory effect of penoxsulam on ALS activity was lower in the
R population than in the S population (Figure 2). After the

calculation, the R IC50 value was 12.31 μM, which was 8.4-fold
that of the S population (1.46 μM), suggesting that low ALS
sensitivity confers resistance to penoxsulam in E. crus-galli
populations.
3.2.2. An ALS Trp-574-Arg Mutation. The R population

possessed three copies of ALS sequences that were submitted to
the NCBI database (GenBank accession numbers MH013489,
MH013490, and MH013491 for ALS1;3, ALS2;3, and ALS3;3,
respectively). After DNA and predicted amino acid analyses, a
nucleotide mutation (TGG to CGG) was detected in the
ALS3;3 sequence of the R population, resulting in the
substitution of Trp to Arg at position 574 (position is numbered
relative to A. thaliana ALS). None of other mutations known to
confer resistance to ALS inhibitors were detected in the current
study.
3.3. Metabolic Resistance Mechanisms. 3.3.1. RNA-Seq

Data. cDNA samples were sequenced using the Illumina
sequencing platform, and each one generatedmore than 6.7 G of
clean data (Supplementary Table S3). After further filtering,
each one produced more than 6.5 G of high quality clean data.
The Q20 percentages all exceeded 98.85, and the Q30
percentages all exceeded 96.44%; the GC content of each
sample varied from 54.15% to 57.53% (Supplementary Table
S3). The number of unigene clean reads differed for each
population (47792984−74113826), but the ratio (98.7%) of
clean reads was consistent (Supplementary Table S4), indicating
highly accurate sequencing. The read alignment tool bowtie2
(2.2.8) was used to compare high quality clean reads to the
ribosome of the species. After removing the aligned rRNA reads,
the retained data was used for subsequent analysis.
3.3.2. Penoxsulam-Resistance Metabolic Profile. A total of

108771 genes were annotated in the Echinochloa crus-galli
genome, and 63643 (approximately 58%) were known genes.
After the expression level comparison, the E. crus-galli genome

was used to sequence the annotation. Approximately 850
metabolizing enzyme genes distributed in eight families20,26

were acquired by transcriptome sequencing, and approximately
700 of these genes were significantly differentially expressed
(Supplementary Table S5). The details of these genes were
supplied as a supplementary excel file named the Penoxsulam
Metabolic Profile.

3.3.3. Candidate Metabolic Resistance Contigs Selection
and Validation. Given the important roles of metabolic
enzymes in herbicide metabolism and resistance, the contigs
that were up-regulated in at least one time point in the R samples
and annotated as metabolic enzymes were selected as candidate
metabolic resistance contigs. A total of 36 contigs were selected
as candidate genes that could potentially confer penoxsulam
resistance. Of these, 14 contigs were annotated to P450 families,
2 to esterase families, 6 to peroxidase families, 4 to oxidase
families, 2 to hydrolase families, 3 to GST families, 2 to GT
families, and 3 to ABC transporter families (Supplementary
Table S6). The results (Table 3) showed that 30 candidate
contigs exhibited significantly higher expression levels in the R
samples compared to those of the S samples.

3.3.4. Confirmed Genes Expression Patterns under Other
Herbicide Treatments. Among the 30 confirmed up-regulated
genes, 18 were up-regulated in the R population after
herbicide(s) treatment (Figures 3−5). In the R the population,
the expression levels of remaining 12 genes were not significant
higher than that in the S population (Supplementary Figure S1).
Under the pyroxsulam treatment, 14 genes were overexpressed
(4 P450s, 1 esterase, 5 peroxidases, 1 hydrolase, 2 GSTs, and 1
ABC transporter). Under the metamifop treatment, 11 genes
were up-regulated (4 P450s, 1 esterase, 1 oxidase, 1 peroxidase, 1
hydrolase, 1 GST, and 2 ABC transporters). Under the
quinclorac treatment, 5 genes were up-regulated (2 P450s, 1
esterase, 1 oxidase, and 1 hydrolase). Of note, two P450s,
EC_v6. g088422 (Figure 3A) and EC_v6. g045480 (Figure
3C), 1 esterase, EC_v6. g099076 (Figure 3F), and 1 hydrolase
EC_v6. g096321 (Figure 5B), were overexpressed in all three
herbicide treatments.

4. DISCUSSION
In this study, the R population showed high penoxsulam
resistance, and this resistance can be significantly reversed by
three metabolic inhibitors (Table 1). Meanwhile, the R
population also displayed different levels of resistance to other
common herbicides (Table 2). Potential resistance mechanisms
were explored in this multiherbicide resistant population.

4.1. TSR Mechanisms and Cross-Resistance. The TSR
mechanism of penoxsulam resistance is well understood, since
the target-site change is easy to detect. ALS amino acid
substitutions and the lower sensitivity of ALS in vitro have been
reported multiple times in relation to penoxsulam resistance. In
the current study, the ALS sensitivity in vivo decreased 8.4-fold
in the R population, and one relatively rare mutation (Trp-574-
Arg) was found in the ALS gene of the R population. Trp-574-
Arg was first reported in a kochia (Kochia scoparia) population
that was resistant to two SU herbicides (thifensulfuron and
tribenuron).48 Recently, this mutation was also detected in
crabgrass (Digitaria sanguinalis) and conferred broad resistance
to ALS-inhibiting herbicides, such as nicosulfuron, flumetsulam,
and imazethapyr (SU, TP, and IMI herbicides, respectively).49

Characterization of the resistance to other ALS-inhibiting
herbicides provided unique results and demonstrated that the
R population also showed resistance to pyroxsulam (a TP),

Figure 2. In vitro acetolactate synthase activity of three Echinochloa
crus-galli populations when treated with penoxsulam. Vertical bars
represent the mean ± standard error.
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pyribenzoxim (a pyrimidinylthiobenzoate), flucarbazone-so-
dium (a sulfonylaminocarbonyltriazolinone), flucetosulfuron,
and propyrisulfuron (two SUs). It was expected that the R
population would show resistance to another TP herbicide
pyroxsulam, since the two herbicides belong to the same
chemical group and have a similar structure. Interestingly, the R
population was still sensitive to imazapic (an IMI), possibly
because this mutation does not inherently confer resistance to
imazapic herbicides in E. crus-galli, which was different from
previously reported findings.49 This also indicated that cross-
resistance cannot be judged by the response to one herbicide
with a particular chemical structure. Additionally, the IMI
herbicides demonstrated high effectiveness and have not yet
been applied in Chinese rice fields. This indicates that the E.
crus-galli samples had never been exposed to IMI herbicides and
could be controlled by IMIs. As in our previous study, the two
mutated AXXZ-2 (Ala-205-Val) and JNRG-2 (Ala-122-Gly)
populations were also relatively sensitive to imazapic (RIs = 2.68
and 0.32, respectively).19 The ED50 values to imizapic in these
three populations were far lower than the recommended rate

(108−144 g a.i. ha−1). These findings indicate that these three
mutations might not confer resistance to this IMI herbicide.

4.2. Multi-Herbicides Resistance. The R population also
showed resistance to three ACCase-inhibiting herbicides and
two synthetic auxin herbicides (Table 2). Among them,
metamifop, cyhalop-butyl, and quinclorac have been widely
used to control barnaryardgrass, while pinoxaden has only been
used in wheat fields;50 florpyrauxifen-benzyl is a new herbicide
promoted for use in rice fields in 2018 in China. Thus, it is
predicted that the R population may develop some mechanisms
conferring herbicide resistance with different modes of action,
especially on the induction of herbicides similar to those that
have already been applied to this population. These mechanisms
are often related to herbicide metabolism.47,51 At present,
metabolic resistance mediated by P450s have been well
elucidated, and some genes have been clearly shown to confer
metabolic resistance to some ALS and ACCase-inhibiting
herbicides.21,22,52,53 The sensitivity changes to penoxsulam in
the R population with three metabolic inhibitors indicate that
metabolism may be related to herbicide resistance.

Table 3. Identification of the Up-Regulated Genes Annotated to Metabolism in Echinochloa crus-galli Penoxsulam Resistance via
RNA-Seq and qRT-PCR

relative expression change (R/S)a

RNA-seq qRT-PCR

definition gene ID function annotation 6 h 24 h 72 h 6 h 24 h 72 h

cytochrome P450s EC_v6.g024971 CYP74A2 0.84 1.98 2.42 9.07b 3.26 4.52
EC_v6. g021245 CYP93A1 2.98 1.35 6.68 4.02b 1.38 1.26
EC_v6.g088422 CYP74B2 1.21 1.20 2.08 3.45b 1.29 2.33b

EC_v6. g024973 CYP74A2 0.54 1.37 3.22 4.81b 3.35 2.52
EC_v6. g045480 CYP78A9 1.31 1.30 1.00 7.20b 4.35 13.8b

EC_v6.g073605 CYP90A1 1.18 1.16 1.23 2.30b 2.52 2.82b

EC_v6.g082320 CYP734A1 2.09 3.64 11.32 5.93b 5.15b 5.24b

EC_v6.g091909 CYP93A1 2.83 0.95 4.52 4.88b 4.30b 5.87
EC_v6.g105576 CYP98A1 9.66 1.25 11.72 4.06b 2.14b 11.0b

EC_v6.g041677 CYP714B1 0.86 2.05 1.05 1.82 2.34b 2.16
EC_v6.g010864 CYP72A15 1.01 1.64 0.28 2.70 4.93b 1.31
EC_v6.g096099 CYP81E1 3.80 5.09 4.03 1.32 3.35 5.51b

esterase EC_v6.g099076 palmitoyl-protein thioesterase 1 0.91 1.18 1.23 0.89 3.74b 2.60b

oxidases EC_v6.g024163 1-aminocyclopropane-1-carboxylate
oxidase

1.39 1.69 3.28 2.24b 2.25b 2.15b

EC_v6.g073396 oxygen-dependent coproporphyrinogen-
III

1.28 0.83 2.55 3.76b 2.12 2.44

EC_v6.g100130 polyamine oxidase-like 4.82 6.08 2.37 4.24b 104b 8.71b

peroxidases EC_v6.g098075 probable L-ascorbate peroxidase 6 2.93 2.89 2.35 8.00b 4.79 4.59b

EC_v6.g107834 peroxidase A2-like 5.01 9.49 3.35 14.7b 6.07b 12.0b

EC_v6.g107836 peroxidase 54 precursor 15.50 5.22 8.08 93.9b 25.93b 6.21b

EC_v6.g021711 peroxidase 11 1.94 0.33 1.23 5.26b 44.5b 39.1b

EC_v6.g065624 peroxidase A2-like 0.72 0.94 1.75 1.32 1.50 3.53b

EC_v6.g002096 peroxidase 2-like 0.82 2.17 1.20 2.67b 5.77 4.72b

hydrolases EC_v6.g096321 hydroxyacylglutathione hydrolase 0.59 2.19 9.19 2.82b 1.24 3.26b

EC_v6.g007915 ubiquitin carboxyl-terminal hydrolase 0.57 1.56 1.09 4.64b 1.94 1.70
glutathione S-transferase EC_v6.g020710 glutathione S-transferase 2 1.22 1.94 0.42 2.56 1.45 3.57b

EC_v6.g027657 glutathione S-transferase T1 1.64 1.54 1.42 18.1b 2.93 2.15
EC_v6.g052496 glutathione S-transferase F11-like 1.99 1.21 1.72 2.04b 4.32b 5.44b

ABC transporter EC_v6.g050762 ABC transporter G family member 11-like 5.23 19.95 0.77 2.72 1.14b103b 155b

EC_v6.g018324 ABC transporter I family member 11 0.55 0.37 1.79 0.77 1.64 4.85b

EC_v6.g030014 ABC transporter C family member 1 0.76 0.92 1.76 0.73 1.57 2.54b

aRelative expression change was calculated using the 2−ΔΔCT method. R/S values were calculated by dividing the expression level of the R
population by that of the S population at a relative time point. bIndicated that the genes expression level of the R population was significantly
higher than that of the S population (P-value < 0.05, SPSS analysis).
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4.3. Potential Metabolic Resistance Mechanisms.
RNA-seq was conducted to identify metabolic resistance-related
genes and for a better understanding of the evolution of
metabolic resistance in this weed species. The 30 genes

identified in this study can be candidate genes that involve
metabolic resistance driven by the expression patterns differ-
ences under the penoxsulam treatment. Previous studies have
suggested that the P450 genes could play a key role (e.g.,

Figure 3. qRT-PCR validations of six genes annotated to cyt P450s and esterases families treated with three herbicides: (A) EC_v6.g088422, (B)
EC_v6. g024973, (C) EC_v6. g045480, (D) EC_v6.g073605, (E) EC_v6.g082320, and (F) EC_v6.g099076. Echinochloa crus-galli β-actin was used
as internal control genes; means and standard errors from three biological replicates are shown. An star symbol ★ indicated that the gene expression
level of the R population was significantly higher than that of the S population; P-value < 0.05, SPSS analysis (this also applies to Figures 4, 5 and S1).
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cleaving and oxidation) in phase I during the herbicide
metabolism,21−23,53 and 12 P450 contigs were validated

among the seven families in this study. At present, CYP72A
and CYP81A subfamilies have been confirmed to involve the

Figure 4. qRT-PCR validations of six genes annotated to oxidases and peroxidases families treated with three herbicides: (A) EC_v6.g024163, (B)
EC_v6.g073396, (C) EC_v6.g098075, (D) EC_v6.g107834, (E) EC_v6.g107836, and (F) EC_v6.g021711. See Figure 3caption for additional
information.

Journal of Agricultural and Food Chemistry Article

DOI: 10.1021/acs.jafc.9b01641
J. Agric. Food Chem. 2019, 67, 8085−8095

8091

http://dx.doi.org/10.1021/acs.jafc.9b01641


resistance to ALS and ACCase herbicides resistance.22,53,54

Similarly, a contig (EC_v6.g010864) from the CYP72A
subfamily was identified in this research (Table 3) and might
confer resistance to penoxsulam. In addition to the P450 genes,

Figure 5. qRT-PCR validations of six genes annotated to hydrolases, glutathione S-transferases, and ATP-binding cassette transporters families treated
with three herbicides: (A) EC_v6.g065624, (B) EC_v6.g096321, (C) EC_v6.g027657, (D) EC_v6.g052496, (E) EC_v6.g018324, and (F)
EC_v6.g030014. See Figure 3caption for additional information.
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six peroxidase genes, three oxidase genes, two hydrolase genes,
and one esterase were identified under the penoxsulam
treatment. In this phase, herbicides were modified to more
hydrophilic metabolites; meanwhile, the oxidases and perox-
idases may protect plants against oxidative stress.20 In phase II,
these molecules were conjugated to glutathione or sugar
acceptors related to GSTs and GTs, respectively.20 In the
current study, three GST genes were overexpressed in the R
population, while the two selected GTs were not confirmed by
qRT-PCR. The four genes annotated to GTs occurred
minimally among the eight families. The expression levels of
the two selected GTs were relatively close as shown by RNA-seq
(Supplementary Table S6), and therefore their expression levels
did not differ significantly by qRT-PCR. These three GST genes
may have played a more important role than those of GT genes
in phase II during penoxsulam metabolism. After conjugation,
metabolite(s) are exported from cytosol by ABC transporters in
phase III.20 Three ABC transporters were highly expressed in the
R population and could play an important role in the transport of
penoxsulam metabolites. Due to the complexity, the herbicides
metabolism information was little known. Changes in the
expression of these candidates could provide preliminary
evidence to the understand of penoxsulam metabolic resistance.
Functional characterization of these candidates needs to be
further clarified.
Additionally, the expression pattern of these 30 genes under

pyroxsulam, metamifop, and quinclorac treatments were
documented by qRT-PCR. Metamifop and quinclorac are
widely applied herbicides that initially control E. crus-galli and
other E. species efficiently.55 Pyroxsulam is a TP herbicide
similar to penoxsulam in chemical structure that is widely used in
wheat fields to control many weed species.56 In the present
study, the R population was found to be resistant to pyroxsulam,
metamifop, and quinclorac (Table 2). It was interesting that the
R population showed a 7.1-fold resistance to pyroxsulam, even
though this herbicide had never been applied to that population.
This might be caused by NTSR mechanisms, especially for
metabolic resistance, as pyroxsulam is chemically similar to
penoxsulam. Thus, the 30 confirmed genes in response to
penoxsulam were selected as candidates to explore whether
these genes were overexpressed under the pyroxsulam,
metamifop, and quinclorac treatments. The results showed
that a number of these 30 genes were still up-regulated in the R
population in response to three herbicides and that these genes
may be the candidates conferring potential resistance tomultiple
herbicides. Unsurprisingly, the highest number of genes (14)
were detected under pyroxsulam treatment, considering that the
chemical structures of penoxsulam and pyroxsulam are the most
similar. The corresponding numbers for metamifop and
quinclorac (11 and 5, respectively) were lower, since their
chemical structures differ from penoxsulam. These overex-
pressed genes might take part in the metabolism of chemically
similar herbicides. This is especially true for the two P450s,
EC_v6. g088422 and EC_v6. g045480, one esterase, EC_v6.
g098075, and one hydrolase, EC_v6. g096321, as these genes
were overexpressed in pyroxsulam, metamifop, and quinclorac
treatments, as well as in the penoxsulam treatment. It is possible
that these four genes contribute to a common progressive
herbicide metabolism and that their overexpression conferred
resistance to the tested herbicides. To the best of knowledge, the
present study is the first to identify metabolic genes that
response to herbicides with three different modes of action. It is
possible that this would eventually result in the invalidation of

certain herbicides due to NTSR mechanisms, even in newly
developed herbicides used for weed control. Using tran-
scriptome-sequencing to identify NTSR-related genes provided
necessary information about the molecular basis of herbicide
resistance in E. crus-galli. This study might greatly improve our
understanding of herbicide metabolism resistance mechanisms.
In conclusion, TSR and NTSR mechanisms coexist and co-

contribute to herbicide resistance in E. crus-galli. The overex-
pressed metabolism-related genes identified in this study may
confer resistance to multiple herbicides in the E. crus-galli
population, and this hypothesis requires further gene function
validation in a model plant species.
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