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Abstract

Blackgrass is a highly competitive weed in wheat fields and has increasingly evolved
resistance to acetolactate synthase (ALS)-inhibiting herbicides. Ten field populations were
screened, resulting in the selection of one highly resistant population (R-06) and one
susceptible population (S-19) for detailed study. Whole-plant bioassays, ALS gene
sequencing, molecular docking, metabolic inhibitor assays, glutathione S-transferase (GST)
and ALS activity assays, and cross-resistance profiling were conducted to dissect the
mechanisms of resistance. ALS sequencing identified three amino acid substitutions in R-06:
Pro232Thr (P232T), His363Lys (H363K), and Trp574Leu (W574L). While W574L is a well-
characterized ALS resistance-conferring mutation, P232T and H363K are outside major
resistance hotspots and may serve secondary or compensatory roles. Molecular docking
analyses predicted altered binding of mesosulfuron-methyl in the mutant ALS model,
consistent with structural changes in the binding pocket. Metabolic inhibitor assays using
malathion, piperonyl butoxide (PBO), and NBD-CI resulted in modest increases in herbicide
sensitivity, with a maximum reduction factor of 2.95 for PBO. GST activity was higher in R-
06 at a single sampling time point (3 DAT). In addition, R-06 showed reduced sensitivity to
several ALS inhibitors and reduced efficacy against selected herbicides with alternative
modes of action. High-level resistance to mesosulfuron-methyl in the R-06 population is
primarily associated with the ALS target-site mutation Trp574Leu, while the roles of
Pro232Thr, His363Lys, and metabolism appear secondary and remain unresolved. These
findings highlight complex resistance patterns in blackgrass and emphasize the need for

diversified and integrated weed management strategies.

Nomenclature: 4-Chloro-7-nitrobenzofurazan (NBD-CI); malathion; mesosulfuron-methy]l;
piperonyl butoxide (PBO); blackgrass, Alopecurus myosuroides Huds.; wheat, Triticum

aestivum L.

Keywords: Acetolactate synthase (ALS); cross-resistance; metabolic resistance; target-site

resistance
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Introduction

Blackgrass has become one of the most persistent and economically damaging weeds in
winter wheat production across temperate cropping systems. Its biological traits include
obligatory outcrossing and strong self-incompatibility. These reproductive traits, together
with high genetic diversity and rapid population expansion, promote the evolution and spread
of herbicide resistance (Cai et al. 2023; Moss 2017). When selection pressure is applied, these
same traits can further accelerate resistance evolution and dissemination. These
characteristics, combined with their ability to thrive in cool, moist, heavy soils typical of
autumn-sown cereals, allow blackgrass to establish dense infestations. These infestations
impose severe yield losses and complicate harvest operations (Moss 2017; Stankiewicz-Kosyl

et al. 2020).

Although historically regarded as a major weed in Western Europe, the species is
increasingly recognized as a growing threat in Chinese cereal systems as well
(Papapanagiotou et al. 2025; Qin et al. 2022). In China, Anhui is an important region for
winter wheat production. However, the sensitivity of local blackgrass populations to
mesosulfuron-methyl remains poorly documented, and studies evaluating multiple field
populations from this region are limited. Determining the resistance level of these
populations will improve understanding of the current status of this weed in response to ALS-

inhibiting herbicides and provide a reference for resistance monitoring in other regions.

Chemical control, particularly post-emergence treatment with ACCase-inhibiting and
ALS-inhibiting herbicides, has long served as the primary strategy for managing blackgrass
in cereal production (Cook et al. 2023; Papapanagiotou et al. 2025). However, the continuous
and intensive reliance on these herbicides has exerted strong selection pressure on field
populations, accelerating the spread of resistance. Resistance to acetolactate synthase (ALS)
herbicides is now widespread. Reduced sensitivity and multiple resistance involving ALS
inhibitors and herbicides with other modes of action, such as auxin mimics and
protoporphyrinogen oxidase (PPO) inhibitors, have been increasingly reported in Chinese
blackgrass populations. In contrast, effective ACCase inhibitors such as pinoxaden still
provide satisfactory control of many resistant populations. (Cook et al. 2023; Powles and Yu
2010). The objective of this study was to evaluate blackgrass sensitivity to herbicides with

different modes of action and to provide guidance for field management options.
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Resistance to ACCase- and ALS-inhibiting herbicides in blackgrass is primarily
associated with alterations at the herbicide target site, although enhanced metabolic
detoxification has also been reported in some populations. Target-site resistance (TSR) can
arise through specific point mutations, gene copy number alteration, or gene overexpression,
depending on the herbicide target. For ALS inhibitors, TSR is predominantly associated with
specific point mutations in the ALS gene, whereas for ACCase inhibitors in grasses, both
point mutations in the ACCase gene and gene amplification have been reported. Amino acid
substitutions at nine positions in the ALS gene have been repeatedly associated with
resistance in grass weeds: Alal22, Pro197, Ala205, Phe206, Asp376, Arg377, Trp574,
Ser653, and Gly654. Several ALS substitutions have been identified in blackgrass. Among
these, the Trp574Leu substitution is considered one of the most potent ALS resistance
mutations and has been reported in blackgrass populations (Qin et al. 2022). Other
substitutions, such as Pro197Thr, Pro197Ser, and Phe206Leu, have also been reported in
blackgrass populations and are known to reduce herbicide sensitivity (Hamouzova et al.
2023; Li et al. 2022). The widespread and repeated detection of these alleles is consistent
with long-term selection pressure imposed by repeated ALS herbicide use (Tranel and Wright

2002).

Non-target-site resistance (NTSR), particularly enhanced metabolic detoxification, has
also been reported in some blackgrass populations. This mechanism has been associated with
the upregulation of cytochrome P450 monooxygenases and glutathione S-transferases
(GSTs), as well as other detoxification enzymes. These enzymes can metabolize herbicides
before they reach their biochemical target (Délye 2013; Franco-Ortega et al. 2021). P450-
mediated hydroxylation, followed by GST-catalyzed conjugation, may contribute to broad
cross-resistance to herbicides with diverse chemical structures (Yu and Powles 2014).
Elevated GST activity has been linked with increased detoxification capacity and has been
associated with metabolic resistance in grass weeds, including A. myosuroides (Ghanizadeh
and Harrington 2017; Lowe et al. 2024). Because NTSR is polygenic and environmentally

responsive, it can evolve rapidly and unpredictably under herbicide selection.

Blackgrass has been shown to exhibit both TSR and NTSR, but the levels of resistance,
mutation combinations, and structural effects on ALS-herbicide interactions vary among
populations. Information linking very high resistance levels with detailed molecular docking
analyses remains limited (Cai et al. 2023; Kersten et al. 2023). This evolutionary flexibility is

a major driver of the escalating resistance problem observed across Europe and in China
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(Cook et al. 2023; Qin et al. 2022). In China, mesosulfuron-methyl has become a widely used
post-emergence option for blackgrass control in winter wheat, and its declining efficacy poses
a serious challenge to current production systems (Lan et al. 2022). However, the specific
combination of resistance mechanisms and their relative contributions to mesosulfuron-

methyl resistance in blackgrass agroecosystems remain insufficiently characterized.

The current study was therefore designed to investigate the resistance profile of ten
selected blackgrass populations. These included eight putatively resistant populations
collected from wheat fields in Anhui Province and two putatively susceptible populations
collected from uncultivated land in Henan Province, based on their contrasting field histories
and preliminary responses to mesosulfuron-methyl. The study aimed to: (i) quantify
resistance levels to mesosulfuron-methyl using whole-plant bioassays; (ii) assess cross- and
multiple resistance to different herbicides with distinct modes of action; (iii) identify ALS
substitutions through gene sequencing and evaluate their potential structural implications for
herbicide binding using molecular docking; and (iv) investigate the role of metabolic
detoxification using metabolic inhibitor assays, GST activity assays, and ALS activity

analyses.
Materials and methods
Populations

Seeds of ten blackgrass populations were collected from wheat fields in Anhui Province
(putatively resistant) and from uncultivated lands in Henan Province (putatively susceptible
reference populations) China (Table S1). Preliminary whole-plant greenhouse screening with
mesosulfuron-methyl was conducted to compare population responses and to identify
contrasting phenotypes. Among the two susceptible populations, the population collected in
2019 (S-19) was more sensitive than that collected in 2023 and was therefore used as the
susceptible standard. One highly resistant population (R-06) and S-19 were selected for
further analyses. The putatively resistant population (R-06) was collected from a wheat field
with a documented history of repeated mesosulfuron-methyl use, whereas the susceptible
population (S-19) was collected from an uncultivated area with no known herbicide exposure.
After collection, seeds were air-dried and subsequently stored in a seed refrigerator at 0—5 C

until further use.
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Greenhouse conditions and equipment

All experiments were conducted in a controlled greenhouse at Anhui Science and
Technology University (AHSTU), Fengyang County, Anhui Province, China, under a 16 h
light/8 h dark photoperiod. Temperature was maintained at 25 + 2 C and relative humidity at
50%—75%. Plants were grown in a 1:1 mixture of sand and nutrient soil to ensure adequate
aeration and nutrient availability. The nutrient soil used in the experiments was supplied by
Shandong Shangdao Biotechnology Co., Ltd. (Jinan, China). Urea fertilizer (42% N) was
obtained from Beijing Jinmei Sunstone Chemical Co., Ltd. (Beijing, China). Temperature and
humidity were further regulated using a GZL-P 380B biochemical incubator (Hefei Huadeli
Scientific Instrument Co., Ltd., Hefei, China). Herbicide applications were performed using
an HCL-3000A laboratory spray tower (Kunshan Hengchuangli Technology Co., Ltd.,
Kunshan, China) fitted with a TeeJet XR8002VS flat-fan nozzle. The sprayer was calibrated
to deliver 450 L ha™' at a pressure of 0.275 MPa, with the nozzle positioned 50 cm above the
plant canopy.

Dose—response

To evaluate resistance to mesosulfuron-methyl, ten blackgrass populations were
initially screened using five application rates based on the recommended field rate of 15.75 g
ai ha™ and proportional increments above and below this rate. After identifying contrasting
susceptible and resistant populations, detailed dose—response experiments were conducted
using seven rates selected to generate a full response curve spanning minimal to near-
complete growth reduction. Similar logarithmically spaced dose series have been widely used
in herbicide resistance studies to improve estimation of GRso values. IR (%) represents the
inhibition rate of plant growth, calculated as the percentage reduction in fresh weight of
treated plants relative to untreated control and SE is standard error. Resistance levels were
assigned based on the inhibition rate (IR%) at the 1X (recommended field dose): susceptible
(S), 90% < IR; low resistance (R), 80% < IR < 90%; moderate resistance (RR), 40% < IR <
80%; and high resistance (RRR), IR < 40%.

Herbicides used in the study were obtained from different manufacturers (Table S2).
Herbicide solutions were freshly prepared by serial dilution from concentrated stock solutions.
A 0.1% (v/v) Tween-80 aqueous solution was used as the diluent and to adjust final spray
volume to ensure uniform leaf coverage. An equal volume of 0.1% Tween-80 solution was

applied to untreated controls.
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For preemergence dose—response experiments, seeds were sown in plastic pots (12 cm
diameter x 10 cm height) containing the soil mixture, with 10 to 15 seeds per pot.
Preemergence herbicides were applied 24 h after sowing. Germination was recorded 10 d

after sowing, and seedling emergence reduction was assessed relative to untreated control.

For post-emergence experiments, seedlings were thinned to ten uniform plants per pot
after emergence to avoid overcrowding. Post-emergence herbicides were applied when plants
reached the 3—4 leaf stage. Pots were rotated 90° during spraying to ensure uniform coverage.

Each treatment consisted of four replicates, and the experiment was repeated twice.
Cross- and Multiple Herbicides-Resistance Assays

Cross-resistance and multiple-resistance patterns were evaluated using the previously
selected susceptible (S-19) and resistant (R-06) blackgrass populations. Cross-resistance was
defined as resistance to herbicides with the same mode of action, whereas multiple resistance
was defined as resistance to herbicides with different modes of action. A range of herbicides
representing different chemical families and modes of action, with their recommended field

application rates, is listed in Table S3.

For post-emergence assays, herbicides were applied when plants reached the 3—4 leaf
stage using the HCL-3000A laboratory spray tower fitted with a TeeJet XR8002VS flat-fan
nozzle, calibrated to deliver 450 L ha™" at 0.275 MPa with the nozzle positioned 50 cm above
the plant canopy. For preemergence assays, herbicides were applied 24 h after seed sowing.

Untreated control pots were included for each population.

Each treatment consisted of four biologically replicate pots, with ten uniform plants per
pot for post-emergence studies and 10 to 15 seeds per pot for preemergence studies. The
entire experiment was repeated twice. Herbicide effectiveness was assessed 21 d after
treatment by recording visual injury and measuring aboveground fresh biomass relative to the

untreated control.
PCR Amplification and sequencing of the ALS Gene

The blackgrass plants S-19 and R-06 were cultivated under controlled greenhouse
conditions until the 3—4 leaf stage. Fresh young leaves were harvested, wrapped in aluminum
foil and snap frozen in liquid nitrogen to preserve nucleic acids. In cases where immediate
processing was not feasible, samples were moved to a —80 C ultra-low freezer for long-term

storage. In addition, genomic DNA was extracted from approximately 100 mg of frozen leaf
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tissue using the cetyltrimethylammonium bromide (CTAB) method with minor modifications

(Doyle 1990).

The resulting DNA was quantified via NanoDrop 2000 spectrophotometry and
visualized on a 1.0% agarose gel to confirm quality and concentration prior to PCR
amplification. Moreover, a ~1922-bp fragment of the ALS gene was amplified using high-
fidelity Phusion polymerase (Thermo Fisher Scientific, USA). Primer pairs were designed
with Primer Premier 5.0 (Bio soft, Palo Alto, CA, USA) based on the reference A.
myosuroides ALS sequence (GenBank: AJ437300.2): forward (ALS-F-2): 5'-
GCCTTACCCAAACCTACTCT-3' and reverse (ALS-R-2): 5'-
AGTTGATATAACATACACCAGCA-3". PCR reactions were performed in a T100 Thermal
Cycler (Bio-Rad). Amplicons were purified using the PCR Purification Kit (Qiagen) and
submitted for bidirectional Sanger sequencing at Sangon Biotech (Shanghai, China).
Furthermore, raw chromatograms were trimmed, assembled, and aligned using DNAMAN
v5.2.2 (Lynnon Biosoft, QC, Canada). Sequences were compared against the wild-type A.
myosuroides ALS (AJ437300.2) and translated in silico to identify amino acid substitutions.

All experiments were performed in triplicate and repeated three times independently.
Effects of P450 and GST metabolic inhibitors

To investigate whether enhanced metabolism contributed to mesosulfuron-methyl
resistance, two cytochrome P450 inhibitors, malathion and piperonyl butoxide (PBO), and
one glutathione S-transferase (GST) inhibitor, NBD-Cl (4-chloro-7-nitro-1,2,3-
benzoxadiazole), were evaluated as pretreatments prior to herbicide application. Because this
assay was intended to determine the possible involvement of metabolic resistance
mechanisms rather than to quantify true synergistic or antagonistic interactions, the term

metabolic inhibitor assay is used herein.

The resistant (R-06) and susceptible (S-19) blackgrass populations were treated with
mesosulfuron-methyl alone and with mesosulfuron-methyl following pretreatment with each
inhibitor. Mesosulfuron-methyl was applied at a series of rates ranging from 1/64X to 64X
(where 1X = 15.75 g ai ha™) to generate dose-response curves and estimate GRso values.
Inhibitor-only treatments were also included to confirm the absence of phytotoxic effects.
Malathion and PBO were applied at 1,000 g ai ha™, rates commonly used in herbicide
metabolism studies to inhibit cytochrome P450 activity (Moss PRE 2007; Letouzé and

Gasquez, 2003). These two inhibitors applied 1 h before mesosulfuron-methyl treatment
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because of their relatively rapid uptake and short-term inhibitory effects. NBD-Cl was
applied at 270 g ai ha™' and sprayed 48 h before mesosulfuron-methyl treatment to allow

sufficient uptake and inhibition of GST activity prior to herbicide exposure.

Applications were made when plants reached the 3—4 leaf stage using the HCL-3000A
spray tower fitted with a TeeJet XR8002VS flat-fan nozzle, calibrated to deliver 450 L ha™! at
0.275 MPa. Each treatment consisted of four biologically replicate pots containing ten
uniform plants per pot, and the experiment was repeated twice. Aboveground fresh biomass
and visual injury were recorded 21 d after treatment. Reduction in biomass relative to the
herbicide-alone treatment was used as evidence for possible involvement of metabolic

resistance mechanisms.

All chemicals used in this study, including malathion (technical grade, 90% purity),
PBO (95% purity), and NBD-Cl (98% purity), were obtained from Shanghai Macklin
Biochemical Co., Ltd.

Determination of GST activity in blackgrass

At the 34 leaf stage, both S-19 and R-06 biotypes were treated with mesosulfuron-
methyl at 15.75 g ai ha™, the recommended field rate for blackgrass (Lan et al. 2022). After
application, aboveground tissue was harvested at four sampling intervals: 0 h (untreated
control), 1, 3, and 5 days after treatment (DAT). Each sample was immediately immersed in
liquid nitrogen to halt metabolic activity and then transferred to —80 C for storage to preserve
enzyme integrity for subsequent analyses. For GST extraction, the established protocol from
Hatton et al. (1996) was adapted to suit grass tissue. GST activity was determined using the
CDNB conjugation assay described by Irzyk and Fuerst (1993). Every assay was performed
in triplicate, and the full experiment was repeated twice to ensure robust, reproducible data.

GST activity was calculated using the following equation:

Y = (AA34O ><V)
N e XL

In the equation, Y represents the GST activity, which is defined as the amount of nmol GSH-
CDNB catalyzed and formed per milligram of protein per minute (nmol GSH-CDNB
min'mg'protein). AAss represents the change in absorbance at 340 nm measured over a 2-
min interval. V indicates the enzymatic reaction method (L). € represents the extinction
coefficient of CDNB (0.0096 L pmol™ cm™). L represents the optical path length of the

microplate (cm). C represents the amount of protein involved in the reaction method (mg).
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Determination of ALS protein abundance in blackgrass

The blackgrass plants resistant (R-06) and susceptible (S-19) biotypes served as the
core study materials. The cultivation conditions of blackgrass were the same as those
described in section Determination of GST activity in blackgrass. To evaluate ALS protein
abundance following herbicide treatment, whole above-ground tissue was harvested at four
intervals: Oh (untreated control), 1, 3, 5, and 7 days after treatment. Moreover, samples were
immediately snap-frozen in liquid nitrogen and stored at —80 C until analysis. Crude enzyme
extracts were prepared by homogenizing 0.5 g fresh weight in ice-cold extraction buffer (100
mM Tris-HCI, pH 7.5, 10 mM sodium pyruvate, 0.5 mM MgCl, 10% glycerol, 1 mM DTT, 1%
PVPP) using a pre-chilled mortar and pestle. The homogenate was centrifuged at 12,000 x g
for 15 min at 4 C, and the supernatant was used directly for the assay. Furthermore, ALS
protein abundance was quantified using a commercial plant ALS ELISA kit (MEIMAN,
Jiangsu, China) following the manufacturer’s protocol. Samples and standards were loaded in
triplicate into 96-well microplates, incubated with anti-ALS primary antibody, and developed
with TMB substrate. Absorbance readings at 450 nm were obtained using an Epoch™
microplate spectrophotometer (BioTek Instruments, Winooski, VT, USA). In contrast to
traditional acetoin-based assays, this immunological method offers higher specificity and
sensitivity for detecting native ALS protein under herbicide stress. To ensure robustness, the
entire experiment was conducted twice with three biological replicates per treatment and time
point, and data were normalized to total soluble protein (Bradford assay) to account for

biomass differences.
Molecular Docking analysis of ALS Protein with ALS-inhibiting herbicides

ALS protein models for wild-type (S-19) and mutant (R-06) were constructed using the
software SWISS-MODEL (https://swissmodel.expasy.org/) homology modeling server by
selecting a template with a high similarity, and the resulting structures were used for
subsequent analyses. Six ALS-inhibiting herbicides—mesosulfuron-methyl, pyroxsulam,
imazapic, bispyribac-sodium, flumetsulam, and flucarbazone-Na—were selected for docking
because they represent different ALS-inhibitor chemical families and were included in the
cross-resistance screening assays, thereby allowing comparison of binding interactions across
herbicides with distinct chemistries. Ligand structures were obtained from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/). Molecular docking was performed with
AutoDockTools-1.5.6. Prior to docking, the receptor and ligands were prepared by

Downloaded from https://www.cambridge.org/core. IP address: 18.97.9.169, on 13 Oct 2026 at 03:47:09, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/wet.2026.10134


https://doi.org/10.1017/wet.2026.10134
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

dehydration, hydrogen addition, and change assignment. Docking was performed using a grid
encompassing the herbicide-binding region, with flexible ligand docking. Docking was
executed separately for each herbicide. The docking results were then analyzed and

visualized using PyMOL 3.1.3.
Statistical Analysis

After 21 days of treatment, whole plants were harvested, and above-ground biomass
was recorded to determine percentage biomass reduction relative to untreated control. The

formula for the calculation of fresh-weight inhibition rate (IR):

X, — X
IR(%) = ( °X ) % 100
0

where:

IR = fresh-weight inhibition rate (%), Xo = fresh weight of the control (untreated) plant
group (g), X = fresh weight of the treated plant group (g).

GRs values (the herbicide dose required to reduce biomass by 50%) were calculated
using SigmaPlot. Dose-response models were fitted using (four replicate pots) per rate, and
parameter estimates are presented £ SE. The resistant index (RI) was determined as the ratio
of GRsy values between resistant (R) and susceptible (S) populations. SigmaPlot (v.12.5,
SigmaPlot Software, Chicago, IL, USA) based on a log-logistic model to create graphs.

D-C
b
1+ (R

The equation shown is a four-parameter logistic model, commonly used in bioassay

Y=C+

analysis and its components are: Y= Response variable (dependent variable), C = minimum
asymptote (the lower limit of response), D = Maximum asymptote (the upper limit of the
response) , X= Dose or Concentration ( independent variable), GRso = The effective dose at
which 50% of the maximum response is achieved , b = Hill’s slope (slope factor), which

controls the steepness of the curve.

For cross-resistance, multiple-resistance, metabolic inhibitor, GST activity, ALS activity,
and other biochemical experiments, data were analyzed in Linear model with R (v.3.5.3)
software and means were separated at P < 0.05 using an appropriate post hoc test. Percentage

data were checked for normality and homogeneity of variance before analysis and
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transformed when necessary; untransformed means are presented in tables and figures for

clarity.
Results and Discussion
Sensitivity of blackgrass populations to mesosulfuron-methy!

Ten blackgrass populations were initially screened with mesosulfuron-methyl at five
rates relative to the recommended field rate (1x = 15.75 g ai ha™'), with untreated controls
included for comparison. Eight populations showed reduced sensitivity, whereas two were
classified as susceptible (Figure 1; Table S1). At the recommended rate (1x), two populations
exhibited high resistance (RRR, high resistance; IR < 40%), five showed moderate resistance
(RR, moderate resistance; IR = 40-80%), one showed low resistance (R, low resistance; IR =
80-90%), and two were susceptible (S, susceptible; IR > 90%) (Table 1). In Table 1, 2x =
31.50 g ai ha™.

These screening results indicate that reduced sensitivity to mesosulfuron-methyl is
widespread among the surveyed populations. Based on the preliminary screening, the highly
resistant population R-06 and the most sensitive population S-19 were selected for detailed

dose—response and mechanistic studies.

Dose-response experiments were subsequently conducted only with R-06 and S-19
using untreated controls and herbicide rates ranging from 0.25 to 1008 g ai ha™'. R-06
exhibited high-level resistance, with a GRso of 330.12 = 13.45 g ai ha™!, compared with 0.52
+ 0.05 g ai ha™ for S-19, resulting in a resistance index of 634.85 (Table 2; Figure 2). This
high resistance is unlikely to be explained by a single target-site mutation alone and suggests

the involvement of additional resistance mechanisms (Powles and Yu 2010).
Target-site mutations in blackgrass

Sanger sequencing of the ALS gene identified three amino acid substitutions in the
resistant population R-06 relative to the susceptible population S-19: Pro232Thr (P232T),
His363Lys (H363K), and Trp574Leu (W574L) (Figure 3). The combination of these three

substitutions has not previously been reported in blackgrass.

The Trp574Leu substitution is well documented as one of the most potent target-site
mutations conferring resistance to ALS-inhibiting herbicides across numerous weed species

(Qin et al. 2022; Zhou et al. 2007). In contrast, P232T and H363K occur outside the
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commonly reported ALS resistance-associated positions (Alal22, Pro197, Ala205, Phe206,
Asp376, Arg377, Trp574, Ser653, and Gly654), and their functional contribution to resistance
remains unclear. These substitutions have not been previously confirmed as resistance-
conferring mutations in blackgrass, and reports in other species are limited or absent. Novel
substitutions detected alongside known resistance mutations therefore require functional
validation to determine whether they directly affect herbicide binding, enzyme activity, or

protein stability (Tranel and Wright 2002).

The presence of the known Trp574Leu mutation strongly suggests that target-site
resistance is a major contributor to the mesosulfuron-methyl resistance observed in R-06.
This interpretation is consistent with previous reports in which Pro197Thr (Hamouzova et al.
2023) and Trp574Leu (Qin et al. 2022) were associated with mesosulfuron resistance in
blackgrass. In addition, Trp574Leu is widely recognized for conferring broad cross-resistance
across multiple ALS-inhibiting herbicide families. At this stage, the current evidence supports
resistance to ALS-inhibiting herbicides rather than multiple resistance to different herbicide

modes of action.

Consistent with these findings, Table 3 summarizes previously reported ALS target-site
mutations associated with resistance to ALS-inhibiting herbicides, including mesosulfuron-
methyl, across different weed species and highlights the reported resistance index (RI) values.
RI is defined as the ratio of the GRso of the resistant population to that of the susceptible
population. Reported RI values vary widely among studies because of differences in
experimental design, herbicide chemistry, plant material, and bioassay conditions; therefore,
the values presented are intended for qualitative comparison rather than direct quantitative

equivalence.

In blackgrass, previously reported RI values associated with Pro197, Phe206, and
Trp574 substitutions (5.96, 22, and 33, respectively) are substantially lower than the RI
observed in the present study (634.85) (Li et al. 2022; Hamouzova et al. 2023; Qin et al.
2022). The Trp574Leu substitution occurs at a globally conserved ALS resistance-associated
position that is frequently linked with moderate to high RI values and broad cross-resistance
among ALS-inhibiting herbicide families (Tranel and Wright 2002; Délye 2013). In
population R-06, the RI value of 634.85 greatly exceeds those previously reported for single
ALS mutations in blackgrass, suggesting that additional resistance-related factors may

contribute to the observed phenotype (Délye 2013; Powles and Yu 2010).
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Molecular docking analysis

Two- and three-dimensional docking representations illustrated the binding of
mesosulfuron-methyl to ALS in the wild-type and mutant models (Figure 4). In the wild-type
ALS model (S-19), mesosulfuron-methyl showed predicted interactions with residues
Pro232, His363, and Trp574 within the binding pocket, with corresponding binding energies
(AE) of —5.36, —4.31, and —5.18 kJ mol™', respectively. In docking analyses, more negative
binding energy values indicate stronger predicted ligand—protein interactions and greater
binding stability, whereas less negative or more positive values indicate weaker predicted
binding affinity. The 2D and 3D interaction diagrams further supported a favorable docking

orientation of mesosulfuron-methyl within the conserved active site.

In contrast, the mutant ALS model (R-06), containing the substitutions Pro232Thr
(P232T), His363Lys (H363K), and Trp574Leu (WS574L), showed altered predicted
interactions with mesosulfuron-methyl (Figure 4). The corresponding binding energies for
Thr232, Lys363, and Leu574 were —4.23, —5.03, and —2.69 kJ mol™!, respectively. Among
these, the value associated with Leu574 (—2.69 kJ mol™") was substantially less negative than
that of Trp574 in the wild type, suggesting weaker predicted binding at this position.
Combined with the 2D and 3D interaction diagrams, these results indicate that the
substitutions altered pocket geometry and ligand orientation, resulting in weaker and less
stable predicted binding of mesosulfuron-methyl. Molecular docking analyses were further
performed to evaluate the binding affinities between nine reported ALS resistance-associated
mutation sites and six ALS-inhibiting herbicides (mesosulfuron-methyl, pyroxsulam,
imazapic, bispyribac-sodium, flumetsulam, and flucarbazone-sodium). For most mutation—
herbicide combinations, calculated binding energies became less negative relative to the wild
type, indicating reduced predicted affinity, with the W574L substitution showing the largest
overall decrease (Figs. S1-S6). However, some mutations produced more negative values for
specific herbicides, suggesting localized energetic compensation or alternative docking

conformations rather than a universal reduction in binding.

Overall, molecular docking provides supportive structural evidence for how ALS
substitutions may influence herbicide binding, but it cannot independently confirm resistance
mechanisms. The combined substitutions identified in R-06 appear to remodel the ALS
binding pocket and alter ligand interactions, thereby potentially reducing effective herbicide

inhibition (Figure 4; Figs. S1-S6).
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Cross- and Multiple-resistance to other herbicides

Post-emergence assays across multiple modes of action revealed clear differences in
herbicide efficacy between the resistant (R-06) and susceptible (S-19) populations (Table S4;
Figs. 5, 6). The R-06 population exhibited reduced sensitivity to six ALS-inhibiting
herbicides at the recommended field rate, with substantially lower inhibition rates (IR =
22.16-58.78%) than S-19 (IR = 61.43-96.09%) (Figure 6D-I). Reduced efficacy in R-06 was
also observed for herbicides with alternative modes of action, including the ACCase inhibitor
pinoxaden (IR = 51.41%), the auxin mimic fluroxypyr (IR = 27.19%), and the PPO inhibitor
carfentrazone-ethyl (IR = 46.23%), whereas these herbicides provided greater suppression in

S-19 (IR = 54.37-76.80%) (Figure 6A—C).

Some inhibition values in the susceptible population were below 80%, particularly for
pinoxaden, fluroxypyr, and carfentrazone-ethyl. This should not be interpreted as inherent
tolerance of blackgrass to these herbicides. Rather, it likely reflects the use of a single
recommended field rate under greenhouse conditions, variation in herbicide activity at the
tested growth stage (3—4 leaf stage), and the use of fresh biomass reduction as the response
variable rather than complete plant mortality. In addition, some post-emergence herbicides
primarily suppress growth rather than rapidly kill plants, which can result in moderate
biomass reduction values despite visible injury symptoms. Therefore, these results are best
interpreted as relative differences in efficacy between populations under controlled conditions

rather than definitive field-control outcomes.

Additional assays with both preemergence and post-emergence herbicides representing
multiple modes of action (Table S5) showed clear differences in efficacy between
populations. The post-emergence HPPD inhibitor cypyrafluone remained highly effective
against both R-06 and S-19 populations (IR > 96%). Among the preemergence herbicides,
isoproturon and flufenacet also provided elevated levels of inhibition in both populations (IR
> 96%). In contrast, the preemergence herbicides bixlozone, diflufenican, and pyroxasulfone
exhibited reduced efficacy in the R-06 population (IR = 78.91-84.14%), while remaining
highly effective in S-19 (IR > 96.86%).

Although herbicides with alternative modes of action improved suppression of the
resistant population (R-06), including the ACCase inhibitor, PPO inhibitor, and auxin mimic
tested at recommended field rates (Figure 6A—C), control was only partial in some cases.

Likewise, alternative ALS-inhibiting herbicides provided suppression but not complete
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control (Figure 6D, E, H, and I), indicating that continued reliance on these herbicides could

impose further selection pressure.

Consistent with the additional screening results (Table S5), resistance patterns in R-06
were not uniform across herbicide modes of action. Herbicides targeting PS II, VLCFA, and
HPPD remained highly effective against both populations. In contrast, the preemergence
herbicides bixlozone, diflufenican, and pyroxasulfone showed reduced efficacy in R-06.
These results indicate that resistance responses in R-06 vary among herbicide groups. This
heterogeneity suggests that alternative herbicides may still provide useful suppression,
although their effectiveness is variable and may depend on environmental conditions and

management practices.
Metabolic component revealed by metabolic inhibitor assays

Pretreatment with metabolic inhibitors partially increased mesosulfuron-methyl
efficacy in the resistant population. In these assays, the reduction factor was calculated as the
ratio of the GRso of mesosulfuron-methyl applied alone to the GRso obtained after inhibitor

pretreatment:

GRsq (herbicide alone)
GRsq (herbicide + inhibitor)

Reduction Factor =

A value greater than one indicates increased herbicide sensitivity following inhibitor

pretreatment.

PBO produced the strongest effect, reducing the GRso of R-06 from 330.12 + 13.45 to
112.08 + 11.93 g ai ha™' (reduction factor = 2.95). Malathion also lowered the GRso to 172.65
+ 12.37 g ai ha™ (reduction factor = 1.91). NBD-CIl showed a smaller effect, decreasing the
GRso to 247.49 £ 12.28 g ai ha™* (reduction factor = 1.33). In contrast, none of the inhibitors
substantially altered sensitivity in the susceptible S-19 population (GRso = 0.42-0.63 g ai
ha™") (Table 2).

These results suggest that metabolic processes, particularly those involving cytochrome
P450 enzymes, may contribute modestly to mesosulfuron-methyl resistance in R-06. The
stronger responses to PBO and malathion indicate possible involvement of P450-mediated
detoxification pathways (Qin et al. 2022; Yu and Powles 2014). This is consistent with
previous studies showing repeated selection of CYP81 family members and related P450

isoenzymes in herbicide-resistant grass weeds (Yu and Powles 2014). NBD-CI produced a
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smaller but measurable response, suggesting that glutathione S-transferase activity may also

contribute, although to a lesser extent (Ghanizadeh and Harrington 2017; Lowe et al. 2024).

Because these assays were designed to indicate the possible involvement of metabolic
resistance mechanisms rather than to quantify formal synergistic interactions, the term

metabolic inhibitor assay is preferred here.
GST and ALS activity in blackgrass populations

GST activity in R-06 was higher than in S-19 at a single time point (3 DAT) (183.33 +
1.46, 168.23 £ 1.35 respectively) with no consistent differences at other time points (Figure
7A). ALS protein abundance showed no marked change in both populations over time (Figure
7B). The ALS enzyme activity test (ELISA-based) showed limited change after treatment,
even with the presence of Trp-574-Leu, highlighting the potential for metabolic processes to
influence herbicide-target interactions (Délye 2013; Franco-Ortega et al. 2021).

Combining the results of the GST enzyme activity assay with those of the NBD-CL
assay, it can be concluded that GST had minimal activity, and the inhibitor’s effects were also
the weakest. P450 appeared to play a significant role. Taken together, these findings indicate
that high-level resistance to mesosulfuron-methyl in the R-06 population is primarily
associated with the ALS target-site mutation Trp574Leu, while additional ALS substitutions

and metabolic processes may potentially contribute as secondary or modifying factors.
Integrated Interpretation and Management Implications

Dual TSR + NTSR resistance to ALS inhibitors is increasingly recognized in
economically important grass weeds, including Alopecurus aequalis (Shortawn foxtail),
Beckmannia syzigachne (slough grass), and Fimbristylis littoralis (grass-like fimbry) (Pan et
al. 2016; Shi et al. 2025; Zhan et al. 2024). This study provides evidence consistent with the
coexistence of the major TrpS574Leu mutation, additional ALS substitutions, and limited
metabolic involvement in resistance to mesosulfuron-methyl in blackgrass, and the resistance
intensity is higher than previously documented cases. Given repeated mesosulfuron use in the
middle and lower Yangtze River wheat belt, selection pressure has likely favored individuals
carrying both mechanisms simultaneously, producing a highly resistant phenotype (Qin et al.

2022).

Management should focus on reducing selection pressure and limiting seedbank

replenishment rather than expecting complete eradication. Over-reliance on any single
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herbicide mode of action inevitably increases selection pressure and accelerates resistance
evolution (Moss 2017; Papapanagiotou et al. 2025). Long-term management of resistant
blackgrass populations requires a genuinely integrated strategy, including rotation and
mixtures of effective herbicides, use of competitive cultivars, delayed sowing where feasible,

increased seeding rates, and cultural practices that reduce seed return to the soil seedbank.

Although the biochemical and pharmacological evidence presented here is informative,
this study was limited to a single-resistant population. Broader geographic sampling is
needed to determine how widespread this dual resistance mechanism is across China. In
addition, transcriptomic or proteomic analyses could help identify the specific P450 and GST
isoforms involved, thereby facilitating the development of diagnostic markers (Gupta et al.
2022). Finally, potential fitness costs associated with dual resistance remain unknown and
warrant further investigation, as such trade-offs may strongly influence long-term resistance

dynamics (Délye et al. 2011).
Practical Implications

High-level resistance to mesosulfuron-methyl in blackgrass is primarily associated with
the ALS target-site mutation Trp574Leu, indicating that reliance on ALS-inhibiting
herbicides is no longer effective for controlling resistant populations. The presence of
additional ALS mutations and limited evidence of metabolic involvement suggest that
resistance mechanisms may be complex and variable among populations, reducing the
predictability of control with chemical options alone. These findings underscore the need to
diversify weed management strategies in wheat production systems, including the use of
herbicides with alternative modes of action, appropriate herbicide rotation and mixtures, and
the integration of nonchemical practices. Implementing integrated weed management
approaches will be essential to slow further resistance evolution and maintain sustainable

control of blackgrass.
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Table 1. Growth inhibition of ten blackgrass populations in greenhouse screening following

Treatment with mesosulfuron-methyl at the recommended field rates 1X = 15.75 g ai ha™ and

double 2X =31.50 g ai ha™.

IR+SE % *
Population State Resistance level °

1X (gaiha™) 2X ( gaiha™)
DS2019019 S-19 100.00+0.00 100.00+0.00 S
DS2021001 R-01 46.69+1.14 51.58+1.34 RR
DS2021002 R-02 41.68+2.52 50.87+0.48 RR
DS2021003 R-03 45.28+0.26 53.77+1.75 RR
DS2021004 R-04 39.19+1.37 50.88+0.19 RRR
DS2021005 R-05 53.33+0.50 67.24+0.96 RR
DS2021006 R-06 34.19+ 0.82 42.92+ 1.43 RRR
DS2023002 S-02 100.00+0.00 100.00+0.00 S
DS2023004 R-04 45.32+0.87 51.46+1.14 RR
DS2023005 R-05 82.54+0.76 96.61+0.33 R

Note: * IR % represents the inhibition rate of plant growth, calculated as the percentage

reduction in fresh weight of treated plants relative to the untreated control and SE is standard

error. ° Resistance level were assigned based on the inhibition rate IR% at the 1X
(recommended field dose): susceptible S, 90% < IR; low resistance (R), 80% < IR < 90%;
moderate resistance RR, 40% < IR < 80%; and high resistance RRR, IR < 40%. Statistical

mean separation analysis was not conducted for the greenhouse screening inhibition rates.
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Table 2. Effects of metabolic inhibitor pretreatments on mesosulfuron-methyl dose response

in susceptible (S-19) and resistant (R-06) blackgrass populations

Inhibitor + Herbicide Population ~ GRso+ SE gaiha™®  RI b Reduction factor
Mesosulfuron-methyl S-19 0.52+0.05 -
Mesosulfuron-methyl S-19 0.42+0.02 -

+ Malathion

Mesosulfuron-methyl S-19 0.63+0.07 -

+PBO

Mesosulfuron-methyl S-19 0.51+0.03 -

+ NBD-Cl

Mesosulfuron-methyl R-06 330.12+13.45 634.85 1.00
Mesosulfuron-methyl R-06 172.65+£12.37 411.07 1.91
+ Malathion

Mesosulfuron-methyl R-06 112.08+11.93 177.90 2.95
+PBO

Mesosulfuron-methyl R-06 247.49+12.28 485.27 1.33
+ NBD-Cl

Note: * GRso represents the herbicide dose required to reduce plant growth by 50% and SE is
standard error, b Resistance index RI was calculated as the ratio of the GRso of the resistant
population to that of the susceptible population. ° Reduction factor was determined as the

biomass ratio of herbicide-alone to herbicide-plus-inhibitor treatments.
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Table 3. Summary of reported ALS * target-site mutation associated with reduced sensitivity to ALS-inhibiting herbicides in weed species

Mutation site Mutation type Herbicide Weed RI" Reference

Thr Mesosulfuron jointed goatgrass (degilops cylindrica Host) 54 (Rodriguez et al. 2021)
Ala 122 Thr Imazethapyr common lambsquarters (Chenopodium album L.) 16.5 (Cao et al. 2022 b)

Asn penoxsulam barnyardgrass (Echinochloa crus-galli (L.) P. Beauv.) 446.3 (Yu et al. 2024)

Phe Imazamox prickly lettuce (Lactuca serriola L.) 60.2 (Merriam et al. 2023)

Arg gﬁlyolrlmuron- hairy fleabane (Conyza bonariensis(L.) Cronquist) >100 (Kaspary et al. 2025)
Pro-197 Thr Mesosulfuron blackgrass (Alopecurus myosuroides Huds.) 22 (Hamouzova et al. 2023)

His, Leu Penoxsulam barnyardgrass (Echinochloa crus-galli (L.) P. Beauv.) 9.88 (Sun et al. 2024)

Ala iee‘t‘ﬁ‘yl%f““’“' arrowhead (Sagittaria trifolia L.) 332 (Zouetal. 2023)

Ile Imazethapyr Palmer amaranth (Amaranthus palmeri S. Watson) 292.5 (Jietal. 2025)

Asn Imazapyr barnyardgrass (Echinochloa crus-galli (L.) P. Beauv.) 14.0 (Rudell et al. 2025)
Ala-205 Thr, Val Imazamox common ragweed (Ambrosia artemisiifolia L.) 10.0 (Loubet et al. 2021)

Val Nicosulfuron redroot pigweed (Amaranthus retroflexus L.) 5.2 (Yang et al. 2023)

Leu Penoxsulam barnyardgrass (Echinochloa crus-galli (L.) P. Beauv.) 10.8 (Fang et al. 2022)
Phe-206 Tyr i\n/[eetshoyslu [furon- blackgrass (4lopecurus myosuroides Huds.) 5.96 (Li et al. 2022)

Glu Nicosulfuron  Ixophorus unisetus (J. Presl) Schltdl, 10.1 g]g;;r;mguez Valenzuela et al
Asp-376 Glu Mesosulfuron- American sloughgrass (Beckmannia syzigachne (Steud.) 79 (Wang et al. 2024)

methyl Fernald)

Glu Xee;(;slu [furon- perennial ryegrass (Lolium perenne L.) 149.3 (Sarker et al. 2025)

Met Imazamox smooth pigweed (Amaranthus hybridus L.) 82.8 (Milani et al. 2023)
Trp-574 Arg Penoxsulam Barnyardgrass (Echinochloa crus-galli (L.) P. Beauv.) 26.0 (Fang et al. 2019)

Leu x:;"yslulf“ron' blackgrass (4lopecurus myosuroides Huds.) 33.0  (Qinetal. 2022)

Asn Imazethapyr redroot pigweed (Amaranthus retroflexus L.) 220.6 (Laforest et al. 2025)
Ser-653 Asn Imazamox weedy rice (Oryza sativa f. spontanea) 50.4 (Li et al. 2025)

Thr Imazethapyr common lambsquarters (Chenopodium album L.) 18.8 (Cao et al. 2022b)
Gly-654 Tyr Imazethapyr redroot pigweed (Amaranthus retroflexus L.) >42 (Cao et al. 2022a)

Note: * Acetolactate synthase (ALS). ® Resistance index (RI)
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Figure 1. Whole-plant response of different blackgrass populations (S-19, R-01, R-02, R-03,
R-04, R-05, R-06, S-02, R-04, R-05) treated with mesosulfuron-methyl at increasing rates.
The recommended field rate (1X) was 15.75 g ai ha™.
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Figure 2. Dose-response curves of aboveground fresh weight in susceptible (S-19) and
resistant (R-06) blackgrass populations treated with mesosulfuron-methyl. Symbols represent
mean = SE at each application rate, and lines indicate fitted log-logistic regression curves.

The recommended field rate (1X) was 15.75 g ai ha™.
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Figure 3. The alignment displays ALS protein sequences, highlighting conservative and
variable regions between the S-19 and R-06. The boxed position marks three amino-acid
changes, P232T, H363K, and W574L, were found in the ALS sequence of the resistant R-06

population compared with the susceptible S-19.
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Figure 4. Two- and three-dimensional molecular docking models showing predicted binding
interactions of mesosulfuron-methyl with acetolactate synthase (ALS) from the susceptible
population S-19 (left; wild-type, pre-mutation) and the resistant population R-06 (right;
mutant, post-mutation carrying P232T, H363K, and W574L substitutions). Panels show
interactions at residues Pro232/Thr232, His363/Lys363, and Trp574/Leu574 within the
herbicide-binding pocket. In the 3D models, the herbicide ligand is shown in red, interacting
amino acid residues are shown in magenta, and surrounding pocket residues are shown in
yellow. Yellow dashed lines indicate predicted ligand-residue interactions. In the 2D
diagrams, green dashed lines indicate hydrogen bonds and other colored interaction symbols
represent hydrophobic or electrostatic contacts according to the software legend. DE (kJ
mol—1) represents predicted binding energy, where more negative values indicate stronger
predicted binding affinity. The mutant ALS model showed altered ligand orientation and
weaker predicted binding, particularly at the Leu574 site.
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Figure 5. Response of susceptible (S-19; green symbols) and resistant (R-06; purple
symbols) blackgrass populations to post-emergence herbicides representing different modes
of action, applied at the recommended field rate. Values represent aboveground fresh weight
expressed as a percentage of the untreated control 21 d after treatment (mean + SE). Lower
percentages indicate greater herbicide injury and stronger growth suppression, whereas
higher percentages indicate reduced herbicide efficacy. Herbicides are grouped according to

mode of action: ACCase inhibitor, ALS inhibitors, auxin mimic, and PPO inhibitor.
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Figure 6. Dose-response of susceptible S-19 and resistant R-06 blackgrass populations

treated with (A) Acetyl-CoA Carboxylase (ACCase): Pinoxaden, (B) Auxin Mimics:
Fluroxypyr, (C) Protoporphyrinogen Oxidase (PPO): Carfentrazone-ethyl, (D-I) Acetolactate
Synthase (ALS): Imazapic, Flumetsulam, Pyroxsulam, Bispyribac-sodium, Flucarbazone-Na,

Triafamone.
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Figure 7. Biochemical responses of susceptible (S-19) and resistant (R-06) blackgrass
populations following treatment with mesosulfuron-methyl. (A) Glutathione S-transferase
(GST) activity expressed as nmol GSH-CDNB conjugate min—1 mg—1 protein. (B) ALS
protein abundance determined by ELISA and expressed as ODuyso values. Samples were
collected at 0 h (untreated control), 1, 3, 5, and 7 days after treatment (DAT). Bars represent
mean + SE. Asterisks indicate significant differences between populations within the same

sampling time (*P < 0.05).
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