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Abstract

BACKGROUND: Italian ryegrass (Lolium multiflorum Lam.) is one of the most troublesome grass weeds in Argentina. The exten-
sive and repetitive use of acetyl-CoA carboxylase (ACCase)-inhibiting herbicides has induced resistance in this weed species.
The objectives of this study were to quantify the resistance levels to ACCase-inhibiting herbicides in two resistant populations
and to identify the target-site mutations associated with their resistance.

RESULTS: Two resistant Italian ryegrass populations, Roldán and H2, were studied. Roldán was a suspected haloxyfop-resistant
population, located in a wheat field from Santa Fe province with a history of ACCase-inhibiting herbicide use. The H2 popula-
tion was obtained from the susceptible Hernandarias population (H0) after two cycles of selection with the herbicide
quizalofop-ethyl. Whole-plant dose–response assays revealed that the resistant populations exhibited a high resistance to
haloxyfop, with resistance factors (RF) exceeding 97-fold. Additionally, both populations showed a moderate resistance to
pinoxaden (RF > 7), while maintaining susceptibility to clethodim. Partial chloroplastic ACCase sequences revealed
isoleucine-to-asparagine substitution at position 2041 (Ile-2041-Asn) in both resistant populations.

CONCLUSION: This work provides a better understanding of cross-resistance to ACCase-inhibiting herbicides in L. multiflorum
populations and represents the first report of the target-site mutation Ile-2041-Asn conferring resistance in populations from
Argentina.
© 2024 Society of Chemical Industry.

Keywords: ACCase; Italian ryegrass; clethodim; haloxyfop; pinoxaden

1 INTRODUCTION
Lolium grasses are globally distributed problematic weeds caus-
ing significant yield losses in field crops.1 Lolium multiflorum
Lam. (Italian ryegrass), is an annual or biennial diploid winter spe-
cies native to north-west Africa, temperate Europe and south-
west Asia.2 It is characterized as a very adaptable species (obligate
outbreeding), with high genetic diversity and phenotypic plastic-
ity3 that can evolve different herbicide resistance mechanisms
very quickly presenting difficulties to chemical control.4–6

Acetyl-CoA carboxylase (ACCase) inhibitor herbicides (Group 1),
can be grouped into three chemical families with limited residual
activity in the soil, comprising cyclohexanodiones (DIMs), aryloxy-
phenoxypropionates (FOPs), and phenylpyrazole (DENs), which
include clethodim, haloxyfop, and pinoxaden, respectively.7

These herbicides inhibit the carboxylation of acetyl-CoA into
malonyl-CoA, preventing the formation of lipid and secondary
metabolites by blocking fatty acid biosynthesis producing a loss
of cell membrane integrity, metabolite leakage, rapid necrosis
and ultimately, cell death.7 ACCase inhibitor herbicides provide
a limited number of active ingredients for use in monocot crops,
playing a key role in one of the greatest weed challenges, control-
ling glyphosate-resistant grasses in South America.8

Over the last 30 years, the control of Lolium grasses has exerted
high selection pressure on their populations due to the exclusive
application of PRE- and POST-emergence herbicides causing
resistance to most herbicide sites of action. The first ACCase
herbicide resistance case in L. multiflorum was found in 1987 in
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Oregon, United States.9 Since then, herbicide resistance in this
species has increased up to 74 cases recorded in the database
of the International Survey of Herbicide Resistant Weeds.9 In small
grain cereal crops, ACCase inhibitor herbicides are one of the
remaining options for the post-emergence control of Lolium
species.6

In Argentina, Italian ryegrass densities of 100 plants m2 reduced
wheat yield by 20%–30%.10 ACCase-inhibiting herbicides such as
haloxyfop and clethodim are used as post-emergent herbicides in
broadleaf crops to control grass weeds like Italian ryegrass. Pinox-
aden combined with cloquintocet-methyl (crop safener) is com-
monly used for the control of wild oats and annual ryegrass in
wheat and barley crops.11

Both target-site resistance and non-target-site resistance mech-
anisms have evolved in response to ACCase inhibitors.12 Target-
site ACCase point mutations conferring resistance were described
at eight codon positions 1781, 1999, 2027, 2041, 2078, 2088, 2096,
and 2097.13 Moreover, higher ACCase gene copy number or over-
expression was involved in target-site resistance.14,15 Non-
target-site resistance mechanisms like enhanced metabolism
were also found for these herbicides.16–18 Unfortunately, only a
very limited number of weeds resistant to ACCase inhibitors in
South America have had the resistance mechanism elucidated.8

Developing effective weed management strategies and ensur-
ing the long-term sustainability of this mode of action requires a
thorough understanding of cross-resistance patterns and resis-
tance mechanisms, alongside other factors.19 The aim of this
study was to investigate the resistance to three ACCase inhibitors
and the target-site resistance mechanism involved in two Argen-
tinian L. multiflorum populations. One of the resistant populations
exhibited significant shortcomings in control efficacy when halox-
yfop was applied under field conditions near Roldán, in Santa Fe
province. The other resistant population was artificially selected
from an initially susceptible population sourced from a field, with
a documented record of exposure to graminicides, located near
Hernandarias, in Entre Ríos province.

2 MATERIALS AND METHODS
2.1 Plant material
Seeds from the L. multiflorum were collected in Roldán (32°
55004.80 S, 60°55006.00 W), Santa Fe province, Argentina, with sus-
pected resistance to glyphosate and haloxyfop were sourced. This
population originated from a field that has been under agricul-
tural cultivation for over 20 years, with annual rotations of
wheat–soybean or corn. In the last 5 years, glyphosate resistant
weeds were controlled using haloxyfop and clethodim.
Two susceptible populations were collected from the Entre Ríos

province, Argentina. They were Empalme, from a field with no
agricultural history (31°3204.450 S, 59°56015.430 W), and Hernan-
darias (31°18022.710 S, 59°47054.420 W). The last population
belonged to a field with annual wheat–soybean rotation with
FOPs and DIMs applications for weed control and to a lesser
extent, acetohydroxyacid synthase (AHAS) inhibitor and
hormonal-type herbicides. Hernandarias (H0) population was
demonstrated to be resistant to glyphosate.20 The population
H2 was obtained from the susceptible H0 after two cycles of selec-
tion with the herbicide quizalofop-ethyl.21

2.2 Dose–response assays
The sensitivity to haloxyfop, clethodim and pinoxaden in two
resistant ryegrass populations (H2 and Roldán) and the

susceptible populations Empalme and H0 were evaluated. Plants
from seeds were grown at 1 cm deep in 40 × 30 × 10 cm plastic
trays containing a mixture of soil/perlite/organic substrate in a
60/20/20 ratio. One seedling with two leaves per pot was trans-
planted into a 1600 cm3-pot filled with the mixture. Pots were
placed in a glasshouse under natural light with average day/night
temperatures ranging from 22 to 15 °C.
The experiment was arranged as a completely randomized

design with six treatments and six replications for each popula-
tion. Herbicide application was conducted on plants with three til-
lers. The rates evaluated were 0×, 1/4×, 1/2×, 1×, 2×, 4×, 8× per
each herbicide, x being the commercial rate of haloxyfop
(GALANT® HL 54 EC, CORTEVA, Argentina) 93.6 g a.e. ha−1; cletho-
dim (LORD 36 EC®, UPL, Argentina) 216 g a.i. ha−1 and pinoxaden
(AXIAL®, pinoxaden 50 g a.i. L−1 plus cloquintocet-mexyl
12.5 g L−1, SYNGENTA, Argentina) 40 g a.i. ha−1. Herbicide rates
for clethodim included 0.4% (v/v) methylated soybean oil
(DASH® MSO MAX, BASF, Argentina). Pinoxaden and clethodim
were applied using a 2 m manual boom section with four air-
induction flat fan spray tips 11 001 (AirMix®, Agrotop, Obertrau-
bling, Bavaria, Germany). The application rate was 120 L ha−1,
with a pressure of 340 kPa and an application speed was
4.0 km h−1. The meteorological conditions during the applica-
tions were monitored using the Skywatch® Atmos thermo-
hygro-anemometer (JDC Electronic SA, Yverdon-les-Bains,
Switzerland) which registered temperature, relative air humidity,
and wind speed values ranging from 17.5 to 22 °C, 49%, and
3.5 km h−1, respectively. Herbicide rates for haloxyfop included
0.8 L ha−1 mineral oil (NIMBUS®, SYNGENTA, Argentina) and were
applied using a cabinet sprayer with a spray volume of 140 L ha−1

at a pressure of 300 kPa.
Twenty-eight days after application, the above plant tissue was

harvested and dried at 60 °C for 72 h. Dry weights were recorded.
Finally, biomass reduction was fit to a three-parameter log-logistic
model using R and the drc package.22 Resistance factor (RF) was
calculated as the ratio of GR50 values of resistant population rela-
tive to that of the mean of the susceptible populations.

2.3 DNA extraction and ACCase gene sequencing
Genomic DNA was extracted using the Wizard® Genomic DNA
Purification Kit (Promega, Madison, WI, USA) from leaf segments
of three plants from each susceptible population (Empalme y
H0) and haloxyfop-surviving plants of each resistant population
(Roldán and H2). Two primer pairs, 1f (50 AGCAACCCTGAACGTG-
GATT 30), 1r (50 GTCTTCGCCCATCCTCCAAA 30), and 2f (50 TGG
CTGGGTGGTATGTTTGA 30), 2r (50 ATGCTTTGCTCCCTGGAGTT 30)
were designed to amplify the carboxyl transferase (CT) domain
of the ACCase gene that participates in resistance to ACCase
inhibitors. These primer pairs were designed using the ACCase
gene sequences from L. multiflorum (AY710293) and A. myosur-
oides (accession number AJ310767) as reference. The primer pair
1f and 1r amplifies a 674 bp fragment, while the second primer
pair 2f and 2r amplifies a 621 bp fragment. PCR amplifications
were conducted in a volume of 25 μL reaction mixture consisting
in 1.25 U/μl GoTaq® G2 DNA Polymerase (Promega Corporation,
Madison, USA), 0.01 μg/μl DNA extract, 0.2 μM forward and
reverse primers, GoTaq® Reaction Buffer 1×, and 0.2 mM dNTP
mix. The amplification reaction was conducted under the follow-
ing thermal conditions: 94 °C for 5 min, followed by 34 cycles of
94 °C for 30 s; 60 °C for 30 s and 72 °C for 30 s, followed by a final
extension step of 72 °C for 1 min. The DNA profiles were deter-
mined by electrophoresis on a 2% agarose gel supplementedwith
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a 1/10,000 dilution of SYBR® Safe and were sent for sequencing to
Macrogen Inc. (Korea). The sequences were aligned using BioEdit
software23 to identify mutations responsible for conferring herbi-
cide resistance.

3 RESULTS
3.1 Whole-plant dose–response analysis
The dose–response curves of the resistant populations (Roldán
and H2) and the susceptible populations (Empalme and H0) have
shown differences for haloxyfop, decreasing the dry weight of
shoots in the susceptible populations but not affecting that
of the resistant plants (Figs 1(A), (B) and 2(A)). Roldán and H2
populations had GR50 values >749 g a.i. ha−1 for haloxyfop
(Table 1), corresponding to a RF of >97.
Resistant populations also presented some resistance to pinox-

aden (Figs 1(C), (D) and 2(B), Table 1). The GR50 values of the Rol-
dán and H2 populations were 15- and 7-fold higher than the
susceptible populations, respectively. However, GR50 values for

H2 population were lower or similar than the normal field applica-
tion rate (40 g a.i. ha−1).
On the other hand, the four evaluated populations showed sen-

sibility to clethodim (Figs 1(E), (F) and 2(C)). The estimated GR50
values of the resistant and susceptible populations ranged
between 14.9 and 48.4 g a.i. ha−1 (Table 1), which are much lower
than the normal field application rate in Argentina (216 g
a.i. ha−1).

3.2 ACCase gene sequencing
The aligned sequences of the ACCase gene fragments with
A. myosuroides reference sequence did not reveal any point muta-
tion at codon positions Ile-1781, Trp-2027, Ile-2041, Asp-2078,
Cys-2088, Gly-2096 in the two susceptible populations Empalme
and H0. However, the resistant populations Roldán and H2
showed the same 2041-Asn mutation, responsible for conferring
ACCase herbicide resistance (Table 1, Fig. 3). The nucleotide
T-to-A transversion at the second position of the codon 2041
(ATT to AAT) of the plastid ACCase gene determined the

Figure 1. Plants from susceptible Empalme (A, C, and E) and resistant Roldán (B, D, and F) populations 28 days after haloxyfop (A, B), pinoxaden (C D)
and clethodim (E, F) application. The normal field application rate (x) of haloxyfop, pinoxaden, and clethodim are 93.6 g a.e. ha−1, 40 g a.i. ha−1, and 216 g
a.i. ha−1, respectively.
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isoleucine to asparagine amino acid substitutions (Ile-2041-Asn
mutation).

4 DISCUSSION
Given the persistent selection pressures arising from the repeated
use of herbicides and the swift evolution of resistance observed in
out-crossing species,24 Italian ryegrass has evolved as a major
weed in agricultural contexts across Europe, Asia, and both North
and South America.1 In Argentina, glyphosate-resistant
L. multiflorum populations have been reported since year 2007.
A recent survey in Uruguay showed that 80% of Italian ryegrass
populations are resistant to glyphosate,25 and the situation is sim-
ilar in Argentina.26

A diclofop-methyl-resistant L. multiflorum biotype found in the
south of Buenos Aires provincewas reported in 2009 but its mech-
anism of resistance is unknown.9 Recent studies of L. perenne
populations from the south of Buenos Aires reported resistance
to these herbicides, with resistance involving both target-site
and non-target-site mechanisms.17,27 The resistant populations
evaluated herein provides the first evidence of Italian ryegrass
with high resistance to haloxyfop and moderate resistance to
pinoxaden from Argentina.
Different mutations at ACCase gene conferring target-site resis-

tance were identified in several weed species. Different reports
found large ACCase variability in L. multiflorum populations col-
lected from agricultural fields.28,29 In this study, the same Ile-
2041-Asn was found in both resistant populations. This mutation
has been reported to confer a high level of resistance to FOPs
and susceptibility to DIMs for several species including Avena
fatua,18 Alopecurus aequalis,30 Alopecurus japanicus,31 Alopecurus
myosuroides,32,33 Beckmannia syzigachne,34 Hordeum glaucum,35

Polypogon fugax,36 and Sorghum halepense.37 Reduced sensitivity
to pinoxaden was associated with this mutation, but results were
inconsistent among species.13 Our results showed similarity with
previous findings in a Lolium sp. populations from Italy,29 Spain,4

China,38 and New Zealand.39

Previous studies suggest that point mutations causing resis-
tance to ACCase inhibitors arise from standing genetic variation
in weed populations.40,41 In populations exposed to herbicide
selection pressures, the frequency of resistance alleles has been
observed to undergo a marked increase.42 The repeated applica-
tions of the same FOP herbicide in the H0 population from Entre
Ríos province has led to the fast selection of plants with resistant
alleles, which were initially at low frequency in the susceptible
population H0. The progression of resistance in H2 population

Figure 2. Whole-plant dose–response curves of the resistant H2 and Rol-
dán populations and the susceptible Empalme and H0 populations for
(A) haloxyfop, (B) pinoxaden, and (C) clethodim. Vertical dashed line in
each graphic represents the herbicide commercial rate (x).

Table 1. Estimation of GR50 for the resistant (R) and susceptible (S) populations in the whole-plant assays and the acetyl-CoA carboxylase (ACCase)
mutations found in the R populations

Population

GR50
†

ACCase amino acid changeHaloxyfop (g a.e. ha−1) Pinoxaden (g a.i. ha−1) Clethodim (g a.i. ha−1)

Empalme (S) 8.4 ± 3.3 1.0 ± 0.7 48.4 ± 5.6 –

Roldán (R) >749 42.2 ± 5.6* 35.8 ± 14.2 Ile-2041-Asn
H0 (S) 6.9 ± 2.3 4.5 ± 1.5 14.9 ± 8.7 –

H2 (R) >749 19.3 ± 4.7* 47.9 ± 9.4 Ile-2041-Asn

*Significant differences between resistant and susceptible populations at P < 0.05.
† GR50 is the herbicide rate that reduces dry weight by 50%.
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highlights the direct impact of selection pressures from applica-
tion of herbicides with the same mode of action, thus underscor-
ing the complex interplay between agricultural practices and the
adaptive evolution of weed populations.
In the south region of the Argentinian Pampas, the selection

pressure associated with clethodim and haloxyfop pre-plant
application, and pinoxaden use on wheat and barley crops,
favored the propagation of L. perenne with the Asp-2078-Gly
mutation.27 The resistant L. multiflorum populations evaluated in
this work derive from the north Pampas, where pinoxaden utiliza-
tion is comparably limited. Regional variations in herbicide appli-
cation practices could explain the observed differences in
resistance patterns, highlighting the impact of agronomic strate-
gies on the emergence and dynamics of resistance mechanisms.
Mutations at the 2041 position in the ACCase gene caused some

fitness costs in L. rigidum,43 Hordeum glaucum44 and Beckmannia
syzigachne.45 Consequently, the 2041-Asn allele may experience
a reduction in frequency in the absence of ACCase-inhibiting her-
bicide selection pressure. Nonetheless, the main recommenda-
tions for delaying the evolution of herbicide resistance include
the integration of non-chemical methods of weed management
with chemical practices. Examples of chemical management prac-
tices include the rotation of herbicides with differing modes of
action and the utilization of herbicide mixtures. Several alterna-
tive management strategies for pre-emergent herbicides, recog-
nized for their efficacy in controlling ryegrass, may vary
according to the timing of use (fallow or pre-sowing) and the

subsequent crop in rotation. Some of these alternatives include
trifluralin (dinitroaniline group, HRAC group 3), recommended to
prevent the germination of ryegrass,46 pyroxasulfone,
s-metolachlor, a mixture with flufenacet (HRAC Group 15), flu-
mioxazin (HRAC Group 14), imazapic, imazapyr, a mixture of
sulfometuron-methyl + chlorimuron-ethyl (HRAC Group 2),47

and bixlozone (HRAC Group 13), an isoxazolidinone herbicide
recently introduced in Argentina and effective for controlling
annual ryegrass.
Among alternative non-selective post-emergent herbicides for

controlling ryegrass with different modes of action, excluding
ACCase inhibitors, are those in HRAC Group 2 (e.g., imazapic, ima-
zapyr), HRAC Group 27 (e.g., mesotrione), HRAC Group 22 (e.-
g., paraquat), HRAC Group 14 (e.g., epyrifenacil). For selective
herbicides registered for wheat and barley to control ryegrass,
there are several alternatives in HRAC Group 2, including
iodosulfuron-methyl-sodium + mesosulfuron-methyl, pyroxsu-
lam, sodium flucarbazone, and imazamox for wheat with CLEAR-
FIELD® technology.11 For plants at advanced growth stages, a
chemical alternative is the double knock technique. This method
involves applying glyphosate or graminicides at the recom-
mended dose first to control most weeds, followed by paraquat48

or glufosinate49 to eliminate any surviving weeds.
On the other hand, the implementation of non-chemical strate-

gies encompasses the adoption of cover crops such as Avena
sativa or Secale cereale, which compete effectively with ryegrass,
reducing its density and growth,50 diversification of crop rotations

Figure 3. Sequence alignment of the partial plastid ACCase gene in the susceptible (S) and resistant (R) populations. ACCase sequence from Alopecurus
myosuroides accession AJ310767 was included in the alignment as reference sequence. The nucleotide transversion at the second position of the codon
(ATT to AAT) in R populations determines the isoleucine to asparagine amino acid substitutions (Ile-2041-Asn mutation).
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alternating between summer and winter crops can disrupt the life
cycle of ryegrass.51 Additionally, rotating with perennial pastures
such as Medicago sativa or Trifolium repens can reduce ryegrass
pressure through resource competition and shading.52 Other
effective strategies include the application of mechanical control
measures, variation in sowing times, adjustment of row spacing
and crop density, and the use of competitive cultivars.53 In
Argentina's agricultural regions, chemical weed control remains
the dominant strategy, despite the existence of low-cost and
effective non-chemical alternatives such as cover crops or clean-
ing tillage and harvesting equipment. These non-chemical
methods are, however, underutilized.54

Our investigation focused on target-site resistance mecha-
nisms in two Italian ryegrass populations. However, it is impor-
tant to note that multiple resistance mechanisms, both target-
site and non-target-site based, can be simultaneously expressed
in individual plants of genetically diverse, cross-pollinated
L. multiflorum.5,17,55–57 Dose–response experiments with
quizalofop-p-ethyl on plants from the H2 population pretreated
with the cytochrome P450 inhibitors malathion and piperonyl
butoxide did not show differences compared to those without
pretreatment. This suggests that this metabolic system is not
linked to the resistance observed in H2 (García IE, unpublished).
Further experiments using cytochrome P450 and gluthation-
S-transferases inhibitors and other biochemical or metabolic
approaches are required to fully understand the resistancemech-
anisms involved in the Roldán resistant population.

5 CONCLUSION
This study contributes to our understanding of ACCase-inhibiting
herbicide resistance patterns and mechanisms in L. multiflorum
populations from the Argentinian provinces of Santa Fe and Entre
Ríos. Results from whole-plant dose–response experiments eluci-
date that the resistant Italian ryegrass populations, namely Roldán
and H2, have developed pronounced resistance to haloxyfop,
moderate resistance to pinoxaden, and retained sensitivity to
clethodim. The observed resistance profiles were associated with
a specific point mutation, Ile-2041-Asn, localized within the CT
domain of the ACCase gene. This work provides valuable insights
into herbicide resistance dynamics in this agricultural region, and
highlights the importance of rotation of modes of action
and other agricultural practices tomitigate the risk of further resis-
tance development.
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