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Abstract: Italian ryegrass (Lolium multiflorum Lam.) is a persistent weed species that poses significant
management challenges in key agricultural crops such as wheat, corn, cotton, and soybean. This
study investigated the prevalence of resistance to ACCase inhibitor herbicides, specifically diclofop
and pinoxaden, among field-collected Italian ryegrass populations. The survey revealed widespread
resistance to diclofop and emerging cross-resistance to pinoxaden. To elucidate the physiological
mechanism of ACCase herbicide resistance, we investigated mutations in the carboxyl-transferase
(CT) domain of the ACCase enzyme, a critical region for herbicide sensitivity. Using dCAPS assays
and CT domain sequencing, several known resistance-conferring mutations were detected in diclofop
survivors, including I1781L, W2027C, I2041N, D2078G, and C2088R. Additionally, other mutations
such as L1701M, E1874A, N1878H, G1946E/Q, V1992D, and E2039D were identified. To understand
the functional role of these mutations in herbicide resistance, homology modeling was performed
using AutoDock Vina for selected mutation combinations. The computational analysis revealed that
all mutations and their combinations resulted in reduced binding affinity with diclofop and pinoxaden
compared to the wild-type ACCase CT domain. Computational binding energy predictions indicated
that the G1946E mutation and the L1701M + I1781L + E1874A + N1878H combination exhibited the
lowest affinities for diclofop and pinoxaden, respectively. This study provides valuable insights into
the molecular basis of ACCase inhibitor resistance in Italian ryegrass. However, further research
is needed to validate the functional significance of each new substitution and its combinations in
conferring herbicide resistance.

Keywords: ryegrass; ACCase; target-site resistance; cross-resistance; computational modeling

1. Introduction

Ryegrass species, such as annual ryegrass (Lolium rigidum Gaud.) and Italian rye-
grass (Lolium multiflorum Lam.), is a problematic weed in several agricultural systems. It
is particularly troublesome in wheat, barley, oats, cotton, and corn production. Italian
ryegrass competes vigorously with crops and reduces yields significantly if it is not effec-
tively controlled. Its rapid growth and ability to establish dense populations make it a
significant concern for small grain growers, especially in the southern and southeastern
United States [1,2]. Ryegrass species produce large quantities of seeds (up to 45,000 per
plant) [3] that can spread rapidly. It is a cool-season grass, which is widespread in temperate
regions and capable of evolving quickly in response to environmental pressures, includ-
ing herbicide selection. Mutations or genetic recombination events can give rise to new
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resistant biotypes, which can spread within and between populations, further aggravating
resistance problems.

Group 1 herbicides, or ACCase inhibitors, provide effective options for controlling
Italian ryegrass. Diclofop-methyl was the first commercial ACCase herbicide introduced in
the late 1970s [4,5]. ACCase inhibitor herbicides are broadly categorized into three groups
based on their chemical structures. The two common classes are aryloxyphenoxypropi-
onates (also known as FOPs) and cyclohexanediones (also known as DIMs). A third class is
phenylpyrazolines or phenylpyrrole herbicides (DENs).

In plant metabolism, ACCase is an important enzyme catalyzing the conversion of
acetyl-coA to malonyl-coA, the first step of the fatty acid biosynthesis pathway in the
chloroplast. It is critical for cellular, physiological, and defensive roles. Therefore, ACCase
is an excellent target enzyme for herbicides used in agriculture. There are two isoforms of
ACCase enzymes in plants: plastidic and cytoplasmic isoforms [6]. There is a substantial
difference in the structure between these two isoforms, and ACCase inhibitors can interact
only with plastidic ACCase in grass species by binding to the catalytic site and blocking
its activity [7–9]. As a result, the synthesis of fatty acids, which are essential components
of plant cell membranes and lipid storage molecules, is disrupted. Prolonged inhibition
of ACCase results in fatty acid depletion that leads to alterations in the composition and
structure of the cell membranes, causing leakage of cellular contents and, ultimately, cell
death [5,10,11]. The FOPs, DIMs, and DENs inhibit ACCase enzymes by binding to a
specific site in the CT domain [5,11–14].

Resistance to ACCase inhibitors is widespread in grass weed species. Approximately
51 weed species have been reported to evolve resistance to ACCase inhibitors in many
countries across various continents, including North America, Europe, Australia, and
Asia [15]. Many single mutations in the plastidic ACCase gene, resulting in amino acid sub-
stitutions endowing resistance to ACCase herbicides, have been identified from resistant
weed populations and identified as the mechanism of resistance to ACCase-inhibiting her-
bicides [16]. Extensive research has been conducted on blackgrass (Alopecurus myosuroides
Huds.), focusing on understanding the mechanisms of resistance, including target-site
mutations in the ACCase gene [17,18]. Therefore, ACCase amino acid substitutions found
across grass species are referenced with the corresponding position of plastidic ACCase
(Genbank accession AJ310767) in blackgrass to indicate that the same substitution has been
observed in blackgrass and is known to confer resistance. The most studied and validated
resistance-conferring amino acid substitutions are I1781V/T, W1999L/C/S, W2027S/L/C,
I2041V/N, D2078E/G, C2088R, and G2096S/A of the ACCase CT in blackgrass, ryegrass,
and barnyard grass (Echinochloa crus-galli (L.) P. Beauv.) [10,18–20]. Along with TSMs, non-
target-site resistance mechanisms like enhanced herbicide metabolism are also reported
as resistance mechanisms [21,22]. Studying ACCase-resistant weeds helps researchers
understand how resistance evolved at the molecular level, which results in reduced sen-
sitivity of the ACCase enzyme to herbicide inhibition. This study was conducted with
the following aims: (1) Evaluate the response to ACCase inhibitors using field-collected
ryegrass populations, (2) Analyze the target site in survivors of diclofop using a derived
Cleaved Amplified Polymorphic Sequence (dCAPS) assay and sequencing CT domain
(from survivors of selected populations), (3) Carry out the computational modeling of
single and multiple mutations found in this study.

2. Materials and Methods
2.1. Plant Material

This research involved Italian ryegrass populations collected from fields in Arkansas,
Alabama, Louisiana, Georgia, North Carolina, and Mississippi. A susceptible (S) population
was included in every experiment.
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2.2. Response to Foliar-Applied ACCase Inhibitors

This study examined 21 field populations, comprising 20 from Arkansas and one from
Alabama (Table S1), with experiments conducted between October 2015 and 2016. Seeds
were sown in 50-well cellular trays filled with commercial potting mixture (Sunshine Mix®,
Sun Gro Horticulture Inc., Bellevue, WA 98008, USA). Seedlings were thinned to one plant
per cell (total of 50 seedlings) one week after emergence. The experiment was conducted in a
completely randomized design with two replications. Cellular trays were kept in the green-
house with day temperatures ranging from 22 to 35 ◦C and night temperatures ranging
from 21 to 25 ◦C. At the three- and four-leaf stages, Italian ryegrass seedlings were treated
with the field-recommended dose of diclofop (1× = 1120 g ai ha−1 Hoelon herbicide, Bayer
CropScience, Research Triangle Park, NC 27709, USA) and pinoxaden (1× = 60 g ai ha−1

Axial XL, Syngenta Crop Protection, Inc., Greensboro, NC 27419, USA). Diclofop and pinox-
aden were applied with 1 and 0.7% non-ionic surfactant (Induce®, Helena Chemical Co.,
Collierville, TN 38017, USA), respectively. Herbicide treatments were applied in a spray
cabinet using a motorized boom equipped with flat fan nozzles (TeeJet spray nozzles,
Spraying Systems Co., Wheaton, IL 60189, USA) delivering 187 L ha at 241 kPa. Plants
were returned to the greenhouse immediately after herbicide treatment. Visible injury
was assessed at 4 weeks after treatment (WAT) relative to the non-treated control using
a 0–100% scale, where 0 corresponds to the absence of symptoms and 100% corresponds
to plant death. Populations were categorized based on the range of visible injury: 0 to
30% as highly resistant (HR), 31 to 80% as moderately resistant (MR), and 81 to 100% as
susceptible (S). The frequency of survival was calculated as the number of plants surviving
4 WAT divided by the total number of treated plants.

Data were analyzed using hierarchical clustering in JMP Pro v. 15 (SAS Institute,
Cary, NC, USA) for injury of survivors. This experiment was carried out in two indepen-
dent runs.

2.3. Genotyping by dCAPS Assay

For this experiment, 22 Italian ryegrass populations (Table S1) were treated with
2× (2240 g ai ha−1) diclofop using 15 seedlings established as described in Section 2.2
The greenhouse study was conducted between March and June 2017. Before herbicide
application, leaf tissue from each plant was collected in an Eppendorf tube and kept
at −80 ◦C until processed for DNA extraction. All survivors from each population were
tagged as R, and five of those (R) samples were used for dCAPS assay. Leaf samples (100 mg)
were ground to a fine powder using liquid nitrogen. Genomic DNA was extracted using
the CTAB-based method. The CTAB extraction buffer (1.4 M NaCl, 100 mM Tris-HCl pH 8.0,
20 mM EDTA pH 8.0, 2% CTAB) was added to the powdered leaf tissue. After incubation at
65 ◦C for 1 h, the samples were purified with phenol/chloroform/isoamyl alcohol (25:24:1),
and the DNA was precipitated with isopropanol. The DNA pellet was washed with 1 mL
of 70% ethanol and air-dried. Finally, the DNA pellet was resuspended in 50 µL sterile
water. All universal primers used were from [23]. To target codon 1781, selected reverse
dCAPS primer was used in PCRs with the universal ACCase-targeting primer ACcp1
(5-CAACTCTGGTGCTIGGATIGGCA). PCR mixes were prepared as described by [24]. The
same procedure was used to target codons 2027, 2041, 2078, 2088, and 2096. Forward or
reverse dCAPS primers were used in PCRs with the universal ACCase-targeting primers
ACcp2R or ACcp4. Cycling programs consisted of 95 ◦C 5 min followed by 37 cycles of
95 ◦C 5 s, Tm 10 s, and 72 ◦C 30 s. Digestions were performed at 37 ◦C for 3 h using 1 µL of
the PCR mixes added with 5 U enzyme, 1.5 µL 10× compatible buffer, and 7 µL water. PCR
products were visualized by electrophoresis on 3% agarose gels run in 0.5× TBE buffer.

2.4. Accumulation of Multiple Target-Site Mutations

Seeds of five populations—15AR-WHI-4, 13AL-2, 11NC-4, 12AR-WR-E, and 10GA-1
(Table S1)—were sown in 11 cm pots filled with commercial soil. Seedlings were thinned to
one plant per pot two weeks after emergence. Plants were watered daily and fertilized with



Agronomy 2024, 14, 2316 4 of 13

MiracleGro complete fertilizer (MiracleGro, The Scott’s Co., Marysville, OH 43041, USA)
every week. Pots were kept in the greenhouse with day temperatures ranging from
22 to 35 ◦C and night temperatures ranging from 21 to 25 ◦C. Tillers of 20 plants from each
population were divided into five pots to produce clones of seedlings. Four sets of clones
were sprayed with 1× dose of either diclofop, pinoxaden, mesosulfuron, or pyroxsulam.
One set of clones per accession was used as non-treated control. In this paper, we present
data on diclofop- and pinoxaden-treated clones. Plants were rated for visible injury, as
described in Section 2.2. The greenhouse work for this experiment was conducted between
June and September 2017.

Before herbicide application, leaf tissue from each mother plant was collected in
Eppendorf tube and kept at −80 ◦C for DNA extraction. Five and three plants from each
R and S population were selected, respectively, for sequencing the CT domain of the
ACCase gene. DNA was extracted as described in Section 2.3. The nearly full-length CT
domain was amplified using Acclr9F (5′-ATGGTAGCCTGGATCTTGGACATG-3′) and
Acclr6R (5′-GGAAGTGTCATGCAATTCAGCAA-3′) primer pair [17], purified, and sent
for sequencing. The PCR was conducted in a 40 µL volume that consisted of 1 µL (60 ng) of
DNA, 0.5 µM of each primer, and 20 µL of EmeraldAmp MAX PCR Master Mix (Takara,
Kyoto, Japan). The PCR was run with the following profile: 95 ◦C for 45 s and 32 cycles
of 95 ◦C for 1 min, 56 ◦C for 1 min, and 72 ◦C for 2 min, followed by a final extension
step for 10 min at 72 ◦C. The PCR product was purified from agarose gel using Pure-Link
Quick Gel Extraction Kit (Invitrogen, Carlsbad, CA, USA), and the purified fragment was
divided into three aliquots and sent to Clemson University Genomics Institute—CUGI—for
sequencing using forward (Acclr9F), reverse (Acclr6R), and an internal primer (LMAcIPF
(5′-TGTTGGAACCATTTCTCTGG-3′)). The resulting overlapping fragments from each
R and S plant were assembled into one sequence using Sequencher 5.4.6 (Gene Codes
Corporation, Ann Arbor, MI, USA) to obtain the complete coding region of the CT domain
of ACCase gene. The nucleotide sequences were translated into open reading frames using
the online ExPASy translation tool. The chromatograms for each mutation were examined
manually to confirm the presence of the double and a single peak for the interpretation of
heterozygous and homozygous mutations, respectively.

2.5. In Silico Prediction of Herbicide Binding

Ligand and receptor preparation: The molecular structures of diclofop and pinoxaden
were retrieved from the PubChem database and analyzed using Discovery Studio Visi-
bleizer. Subsequently, the PDB of ligand structure was created using I-Tasser [25–27]. The
finalized conformations devoid of imaginary frequencies were chosen as initial structures
for the docking analysis. We used PYMOL to generate mutations on wild-type ACCase pro-
tein. The mutations created in this analysis were the ones that were found in the resistant
ryegrass plants in this study.

Molecular docking: The docking simulations were conducted using Autodock Vina.
Semi-flexible docking was employed, allowing ligands to explore various conformations
while keeping the protein rigid [28]. The docking site was defined within the binding
region of the co-crystallized ligand. Analysis of results was performed using Discovery
Studio Visibleizer. Hydrogen bonding criteria were set at <2.50 Å between donor and
acceptor atoms, with a minimum donor-hydrogen-acceptor angle of 120◦, utilizing default
docking parameters.

Autodock Vina: The ACCase protein structure was prepared computationally by
adding polar hydrogen atoms and assigning Kollman charges. The docking box was
centered at the CT domain in the crystal structure. Vina forcefield was used, and the box
dimensions were set to 25 Å in each dimension [28]. The exhaustiveness of the global
search was set to 8, with a maximum of 9 binding modes considered. Scoring function
weights and terms were maintained at default values.
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3. Results
3.1. Response to Foliar-Applied ACCase Inhibitors

Among the populations studied (n = 21), 95% (n = 20) and 33% (n = 7) were resis-
tant to the label rate of diclofop and pinoxaden, respectively. At least two populations
(15AR-WHI-4 and 15AR-WHI-2) were highly cross-resistant (<20% injury). The rest varied
in their response to both herbicides while overall exhibiting high resistance to diclofop and
low resistance to pinoxaden (Figure 1). Ten populations were HR and MR, and only one
population was susceptible to diclofop. Two, five, and fourteen populations were HR, MR,
and S to pinoxaden. The mean survival frequency among all populations was 69% with
diclofop and 13% with pinoxaden (Table S2).
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Figure 1. Visible injury (%) among Italian ryegrass populations in response to ACCase inhibitors.
Populations are arranged primarily in increasing levels of susceptibility to diclofop (blue line).
Response to pinoxaden is represented by the orange line. Clones of all populations were treated with
field recommended rate (1×) of diclofop (1120 g ai ha−1) and pinoxaden (60 g ai ha−1). Each data
point is the average of four replications.

3.2. Genotyping of ACCase Mutations by dCAPS Assay

To investigate the molecular mechanism of resistance to diclofop, we selected
22 diclofop-resistant ryegrass populations from a previous [29] and the current study.
We analyzed the presence of seven known TSMs—L1781M, W1999C, W2027C, I2041N,
D2078G, C2088R, and G2096S—in five survivors (total of 115) from each resistant popu-
lation (Figure 2). The diclofop response of each population in terms of visible injury was
plotted from the current and previous [29] studies, as some populations used in dCAPS
analysis were already characterized previously in our laboratory. The results of the dCAPS
assay showed that 56 out of 115 plants did not carry any of the seven TS mutations tested.
All samples from three populations—10NC-1, 15AR-GRE-1, and 11AR-03—did not carry
any of the seven known resistance-conferring mutations tested by the dCAPS assay. The
rest of the 20 populations were found to contain at least one resistance-conferring TS mu-
tation. Among all the plants, the frequency of the I2041N mutation was found to be high
(48%) along with W2027C (4%), L1781M (2%), and C2088R (1%). None of these populations
showed the presence of W1999C, D2078G, or G2096S. The majority of the populations
carried a single mutation; however, two populations (15AR-WHI-2 and 11AR-05) harbored
two mutations in at least one of the five plants tested. Two populations, 15AR-GRE-1 and
11AR-03, did not show any known mutations and were also in the category of plants having
high (70–75%) visible injury.
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3.3. Accumulation of Multiple TSMs

The dCAPS analysis showed that many plants from diclofop-resistant populations did
not carry any of the known TSM. We selected five resistant populations showing diverse
visible injuries in response to diclofop and pinoxaden from the preliminary screening. The
tillers of a single plant were cloned, and two sets of clones were sprayed with diclofop
and pinoxaden. Visible injuries of 20 clones per herbicide per population were recorded
(Table S3). Five plants per population showing a strong R phenotype to diclofop were
selected. Three plants from the S population were also included. The entire CT domain
(approximately 1600 bp) of the plastid form of the ACCase gene of the mother plants was
Sanger-sequenced. We detected 11 eleven non-synonymous SNPs within these plants, of
which four are known resistance-conferring TS mutations: I1781L, I2041N, D2078G, and
C2088R. Other substitutions that were found in survivors were L1701M, E1874A, N1878H,
G1946E/Q, V1992D, and E2039D. All three S plants did not carry any non-synonymous
SNPs in the CT domain of the ACCase gene (Table 1).

We found two plants, each from 10GA-1 and 13LA-2, that were double mutants of
I1781L and D2078G in heterozygous form. The G1946E was the most prevalent (80%),
followed by the known I2041N (44%) mutation detected among 25 plants. The 15AR-
WHI-4, 12AR-WR-E, 11NC-4, and 13AL-2 showed characteristic mutation profiles, with
most of the plants displaying similar composition within the population. All five plants
from the 15AR-WHI-4 population showed the presence of two mutations, G1946E and
C2088R (that is, G1946E + C2088R; hereafter, the presence of multiple mutations will be
presented as a combination), in the homozygous and heterozygous states, respectively. All
five plants from the 12AR-WR-E population showed the presence of G1946E/Q + I2041N,
with one plant showing the presence of additional L1701M + E1874A + N1878H substi-
tutions. The four plants from the 11NC-4 population displayed a combination of three
mutations, V1992D + E2039D + I2041N, and a total of three plants showed the presence
of an additional mutation, G1946E. All five plants from 13LA-2 showed the presence of
L1701M + I1781L + E1874A + N1878H + G1946E, with one plant displaying an additional
combination of V1992D + E2039D + D2078G. Regarding the population, 10GA-1, there was
no common profile of mutation found among all plants; however, four plants showed the
presence of at least one missense mutation within the CT domain of the ACCase gene.
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Table 1. Resistance-conferring mutation profile (substitutions are color-shaded) of the ACCase
CT domain from five selected Italian ryegrass populations. New SNPS detected in this study are
highlighted in bold.

Population

Amino Acid Position

1701
L/M

1781
I/L

1874
E/A

1878
N/H

1946
G/E

1946
G/Q

1992
V/D

2039
E/D

2041
I/N

2078
D/G

2088
C/R

-- -- -- -- +/+ -- -- -- -- -- +/-

-- -- -- -- +/+ -- -- -- -- -- +/-

15AR-WHI-4 -- -- -- -- +/+ -- -- -- -- -- +/-

-- -- -- -- +/+ -- -- -- -- -- +/-

-- -- -- -- +/+ -- -- -- -- -- +/-

12AR-WR-E

-- -- -- -- +/- -- -- -- +/- -- --

-- -- -- -- +/- -- -- -- +/+ -- --

-- -- -- -- +/- +/- -- -- +/+ -- --

-- -- -- -- +/- +/- -- -- +/+ -- --

+/- -- +/- +/- +/- +/- -- -- +/+ -- --

11NC-4

+/- -- +/- +/- +/- -- +/- +/- +/- -- --

+/- -- +/- +/- +/- -- -- -- -- -- --

-- -- -- -- +/- -- +/- +/- +/- -- --

-- -- -- -- -- -- +/- +/- +/- -- --

+/- -- +/- +/- +/- +/- -- -- +/+ -- --

13LA-2

+/+ +/+ +/+ +/+ +/+ -- -- -- -- -- --

+/+ +/+ +/+ +/+ +/+ -- -- -- -- -- --

+/+ +/+ +/+ +/+ +/+ -- -- -- -- -- --

+/- +/- +/- +/- +/- -- -- -- -- -- --

+/- +/- +/- +/- +/- -- +/- +/- -- +/- --

10GA-1

+/- - +/- -- -- -- -- -- -- -- +/-

-- -- -- -- -- -- -- -- -- -- --

-- -- -- -- +/- -- -- -- +/- -- --

-- -- -- -- -- -- -- -- +/- -- --

-- +/- -- -- -- -- -- -- -- +/- --

SS

-- -- -- -- -- -- -- -- -- -- --

-- -- -- -- -- -- -- -- -- -- --

-- -- -- -- -- -- -- -- -- -- --

+/+ homozygous; mutation is present in both alleles of ACCase. +/- heterozygous; mutation is present only in one
allele of ACCase. -- absence of a particular mutation in ACCase gene.

3.4. Computational Modeling

In our deeper investigation of resistance mechanisms in diclofop- and pinoxaden-
resistant Italian ryegrass populations, we conducted computational molecular docking
studies to assess the impact of various mutations on the binding affinity of these herbicides
to the CT domain of ACCase (Table 2). The wild-type ACCase exhibited strong binding
affinities of −6.2 kcal/mol for both herbicides. The mutations I1781M, I2041N, C2088R, and
G1946E resulted in decreased binding affinities with binding energies ranging from −4.7 to
−5.4 kcal/mol and −5.1 to −5.7 Kcal/mol for diclofop and pinoxaden, respectively. The
binding affinity of double mutants G1946E + C2088R and G1946E + I2041N was −4.9 and
−4.7 Kcal/mol with diclofop and 5.2 Kcal/mol with pinoxaden, respectively. Additionally,
mutations at other positions, including a combination of four mutations (L1701M + I1781L +
E1874A + N1878H), resulted in the lowest binding energy (−4.8 Kcal/mol) with pinoxaden.
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Table 2. Binding affinity of single ACCase mutations and combinations of ACCase mutations
modeled in CT domain and herbicides (diclofop and pinoxaden) as predicted by AutoDockVina.

ACCase CT Domain
Binding Affinity (kcal/mol)

Diclofop Pinoxaden

Wildtype −6.2 −6.2
G1946E −4.7 −5.6
I2041N −5.3 −5.1
I2041N + G1946E −4.7 −5.2
C2088R −5.3 −5.3
C2088R + G1946E −4.9 −5.2
I1781L −5.2 −5.3
L1701M + I1781L + E1874A + N1878H −5.9 −4.8

4. Discussion

The repetitive use of ACCase inhibitors or other types of herbicides imposes selective
pressure, favoring the survival and reproduction of resistant plants. Screening experi-
ments revealed that Italian ryegrass populations in Arkansas are highly resistant to the
field-recommended dose of diclofop, which has been the primary herbicide for ryegrass
control in wheat production for decades, making it the main selector for Group 1 herbicide
resistance. Certainly, more than 95% of Italian ryegrass populations in Arkansas have
developed resistance to diclofop. This high level of resistance is a clear indication of the
extensive use of this herbicide in wheat production over many years. Pinoxaden, the
latest Group 1 herbicide introduced for wheat production, shows a lower frequency of
resistance compared to diclofop (Figure 1). This indicates that the resistance to pinoxaden
is at an early evolutionary stage. However, it is noteworthy that a substantial proportion
(roughly 1/3) of diclofop-resistant populations exhibit cross-resistant to pinoxaden. Previ-
ous resistance profiling studies [29] have confirmed this cross-resistance pattern, indicating
that several diclofop-resistant populations cannot be effectively controlled by pinoxaden.
The observed cross-resistance between diclofop and pinoxaden in Italian ryegrass popula-
tions is likely conferred by specific ACCase mutations that reduce binding affinity to both
herbicides. This outcome can be explained by the partial overlap in the binding sites of
diclofop and pinoxaden on the ACCase enzyme [30]. Similarly, other research groups have
reported increasing resistance to pinoxaden among Italian ryegrass populations in wheat
fields [31–33].

Understanding the underlying molecular mechanism of resistance to ACCase in-
hibitors in Italian ryegrass populations allow us to anticipate the potential for resistance
development and design proactive management strategies to prevent it. Research data
available so far indicates that the resistance to ACCase inhibitors primarily results from
molecular adaptation within the CT domain of the ACCase gene, which is the target site for
these herbicides [34]. Molecular adaptation is typically assumed to evolve by sequential
fixation of beneficial mutations. Herbicide targets are generally key enzymes in plant bio-
chemical pathways. Due to natural genetic diversity, rare mutations in these enzymes can
occur, sometimes resulting in variants that remain functional while being less affected by
herbicides. Some enzymes, such as ACCase and ALS (acetolactate synthase), have higher
mutation rates than others, such as the glyphosate target EPSPS (5-enolpyruvylshikimate
3-phosphate synthase), which is highly conserved. As a result, resistance to ACCase- and
ALS-inhibiting herbicides often develops through several TS mutations, while resistance to
glyphosate usually occurs through other mechanisms or a few TS mutations.

In the dCAPS study, we found that the severity of injury was not associated with
a certain type of mutation. For example, I2041N was found in plants that were highly
resistant (0–20% injury) as well as in moderately resistant plants (40–60% injury) (Figure 2).
The I2041N mutation has been associated with resistance to FOP herbicide [10], but it
contributes high to moderate resistance across different populations. The zygosity of
I2041N may be responsible for differential response, as reported by [35,36]. Alternatively, it
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also indicates that other mechanisms contribute to resistance in such cases. In our dataset,
the contribution to resistance by the NTSR mechanism was also evident by the fact that 50%
of R plants did not carry known TS mutation (Figure 2). Resistant plants in two populations,
15AR-GRE-1 and 11AR-03, showed the absence of any known TS mutation with high injury
(Figure 2), which further suggests the presence of an NTSR mechanism. Out of seven,
three resistance-conferring codon positions, 1781, 1999, and 2041, are directly involved
in herbicide-binding sites in the CT domain. The remaining four codon positions—1927,
2078, 2088, and 2096—are in the close vicinity of the herbicide-binding site. Also, the
herbicide-binding site overlaps with the substrate (acetyl-CoA)-binding site to some extent
in the CT domain [30]. Therefore, mutation at some of the amino acid positions, such as
1999, 2078, and 2088, are reported to be responsible for fitness cost, most likely resulting
from a decrease in overall ACCase activity that is required for fatty acid synthesis. This
could be the reason for the absence or low frequency of W1999C, D2078G, and C2088R
mutations in the resistant plants tested in this study.

Although the dCAPS analysis indicated the presence of NTSR factors, we conducted
Sanger sequencing of the ACCase CT domain in selected populations to verify the pres-
ence/absence of other mutation/s not covered by dCAPS analysis. The CT domain is
functionally critical, and mutations concentrated in this region are likely adaptive and
associated with herbicide resistance. Given the diploid nature of the Italian ryegrass
genome, heterozygous polymorphic positions would exhibit two nucleotides representing
two alleles. We carefully analyzed the chromatographs to accurately identify homozygous
and heterozygous polymorphic peaks, which is crucial for determining the zygosity of
each mutation. Examination of the ACCase CT domain genotype in all survivors (Table 1)
revealed the accumulation of multiple mutations in single ACCase alleles, potentially
resulting in substantial structural changes to the herbicide-binding site. The zygosity of
these mutations influences the resulting ACCase enzyme variants: two heterozygous muta-
tions may produce either a double-mutant enzyme or two single-mutant forms, while a
combination of homozygous and heterozygous mutations would yield both double-mutant
and single-mutant enzymes. Our analysis identified several distinctive mutational pro-
files (highlighted as background color in Table 2) across the populations, suggesting that
resistance-conferring mutations become more prevalent over time. We detected substitu-
tions at different positions within the CT domain that are well characterized for their role
in resistance to ACCase inhibitors such as I1781L, I2041N, D2078G, and C2088R. Other new
substitutions that we found in this study, such as L1701M, E1874A, N1878H, G1946E/Q,
V1992D, and E2039D, have not been characterized before. All the new mutations except
V1992D and E2039D are reported [17,19], but their linkage to resistance to ACCase in-
hibitors is not validated. The presence of a single mutation in the CT domain as the basis
of resistance to ACCase inhibitors is well known [9], but multiple mutations in a single
resistant plant have also been reported [18,37,38]. The G1946E mutation was found to be
present at the highest frequency among all five geographically distant resistant populations
from Arkansas, Louisiana, North Carolina, and Georgia. To further investigate if G1946E
is associated with resistance or concurrently enriched among resistant populations, de
novo prediction was carried out using docking studies. Docking studies can help elucidate
the molecular mechanisms by simulating the interaction between herbicides and target
proteins. It can predict how specific mutations or structural alterations in the target protein
affect herbicide binding and efficacy. In this study, we conducted a computational analysis
to assess the impact of known and newly detected substitutions and their combination on
the binding affinity of the diclofop and pinoxaden with the ACCase CT domain. Results
revealed the distinct binding affinities between the wild-type and mutant variants (Table 2)
of the CT domain. Lesser binding energy (more negative score) indicates stronger binding
of diclofop and pinoxaden to the ACCase catalytic site; conversely, more binding energy
(less negative score) indicates a weakened interaction. The wild-type structure showed the
most negative score of −6.2 (Table 2) or the strongest binding with diclofop and pinoxaden,
as anticipated. The structural change in the CT domain binding site by changing G at
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1946th position to E resulted in the lowest negative score and predicted the weakest inter-
action with both herbicides, which suggests that the herbicide-binding site is affected by
G1946E substitution. Also, the addition of G1946E with other known resistance-conferring
mutations, such as I2041N and C2088R, weakened the interaction between the CT domain
and the herbicide molecules.

The resistant population, 15AR-WHI-4, was found to be highly resistant to diclo-
fop and cross-resistant pinoxaden (Figure 1 and Table S3). Detection of known C2088R
mutation in all the five plants from 15AR-WHI-4 can explain the cross-resistance as the
mutation at this codon is reported to confer broad resistance to all commonly used ACCase-
inhibiting herbicides [39]. All plants within this population presented a double mutation of
C2088R + G1946E in the same allele of ACCase (Table 1), which suggests that the quantita-
tive effect of two substitutions may provide additional benefit to the diclofop and pinoxaden
binding site. This additive effect was supported by the docking study (Table 2), which
showed a weakened interaction of C2088R + G1946E compared to C2088R with diclofop
and pinoxaden. The C2088R mutation did not complement the yeast ACC1 null mutation,
suggesting cytosine at position 2088 is essential for total ACCase activity [30]. Therefore,
mutation at this position compromises the ACCase activity and is found to be associated
with fitness penalty in resistant plants [5,18]. In agreement with these reports, we found the
presence of a heterozygous C2088R allele in all R plants from the highly cross-resistant pop-
ulation, 15AR-WHI-4, which allows plants to survive on wild-type ACCase alleles under
diclofop and pinoxaden selection. The 12AR-WR-E population exhibited cross-resistance
(Figure 1 and Table S3), with the majority of resistant plants carrying the I2041N + G1946E
double mutation. While I2041N is known to confer resistance specifically to FOPs, it has
not been associated with resistance to pinoxaden [10,36]. The computational study showed
that the addition of G1946E to I2041N significantly lowered the diclofop binding affinity
but not the pinoxaden compared to I2041N, and therefore, it is difficult to predict if G1946E
would be involved in pinoxaden resistance. It is likely that NTS factors may be responsible
for cross-resistance in the 12AR-WR-E population. The plants from 11NC-1 also carried
the I2041N + G1946E mutation, but this population was characterized as highly diclofop
resistant and slightly cross-resistant to pinoxaden [29] and (Table S3), which supports our
interpretation that I2041N + G1946E is mainly responsible for diclofop resistance. Interest-
ingly, the simulation of a combination of L1701M + I1781L + E1874A + N1878H that was
found in each R plant from 13LA-2 predicted the most reduced pinoxaden binding affinities
compared to the wild-type or I1781L mutant protein, which suggests the molecular bases
of pinoxaden binding specificity. The amino acid position 1781 within ACCase protein
is directly involved in the herbicide-binding site and reported to confer resistance to all
three classes of ACCase herbicides [10,30]. The presence of multiple substitutions along
with I1781L in R plants from 13LA-2, which is cross-resistant to pinoxaden (Table S3),
indicates that the pinoxaden binding site is significantly altered and may be responsible for
cross-resistance. Although, it is difficult to interpret from our data that all new substitutions
will be responsible for resistance, too, and further investigation is required to validate
its role. A single plant from the 10GA-1 population showed the absence of any ACCase
mutation in the CT domain, which strongly suggests the presence of other resistant factors
that may have segregated within the population and contributed to resistance together
with other TSM in the rest of the plants.

The evolution of herbicide resistance through target-site mutations (TSMs) is driven
by several evolutionary forces, including herbicide selection pressure, fitness costs, genetic
variation, gene flow, and multiple resistance mechanisms [16,40–42]. The repeated use of
herbicides over extended periods imposes strong selection pressure on weed populations,
favoring the emergence of de novo mutations in target sites that enable plants to survive
herbicide applications. The new mutations identified in this study are found to co-occur
with the known mutation on the same allele, suggesting they may have arisen through
sequential accumulation over multiple generations. Accumulation of additional mutations
may enhance resistance or mitigate fitness costs associated with the first mutation [42,43].
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Although the computational study predicted the G1946E substitution as the stronger
mutation that can result in the weakest interaction with the herbicide, we did not find the R
plant with only the G1946E substitution. The G1946E was always found with other known
resistance-conferring mutations, which suggests that G1946E itself might not confer strong
resistance but may offer an additive effect. Overall, the docking studies provided valuable
insight into the newly found substitutions with the diclofop and pinoxaden binding that
accumulation of multiple substitutions may exhibit synergistic effects, further enhancing
herbicide resistance. However, it is essential to experimentally validate the contribution
of each mutation or combination of mutations to verify its effect on enzyme function to
ascertain its relevance in agricultural environments. Therefore, potential future studies
may include in vitro enzymatic assays with herbicides and substrate using recombinant
ACCase enzyme with double mutation and single mutation.

5. Conclusions

This study demonstrates widespread resistance to diclofop in Italian ryegrass popu-
lations, with emerging resistance to pinoxaden, indicating the evolution of resistance to
multiple Group 1 herbicides. Molecular studies conducted with diclofop- and pinoxaden-
resistant populations identified four known TSMs (I1781L, I2041N, D2078G, and C2088R) in
the CT domain of the plastidic ACCase gene. Computational prediction of the lower binding
affinity of ACCase protein modeled with G1946E and L1701M + I1781L + E1874A + N1878H
with ACCase inhibitors warrants further studies with larger datasets and an in vivo valida-
tion approach.
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