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ABSTRACT

Relying on one broad-spectrum product to control grass weeds has resulted in cases of resistance to acetolactate
synthase (ALS) inhibitors in species that were not the primary target such as Poa trivialis (POATR), in wheat fields
in Ireland. In this study, we have characterised ALS inhibitor resistance in two populations of POATR-R, sus-
pected of being resistant, to (i) sulfonylurea (SUs)-mesosulfuron + iodosulfuron (the selecting agent), (ii) SU +
sulfonylamino-carbonyl-triazolinone (SCT)-mesosulfuron + propoxycarbazone, and (iii) triazolopyrimidine (TP)-
pyroxsulam ALS chemistries. Resistant POATR-R populations showed ALS inhibitor cross-resistance associated
with target-site resistance (TSR) mutations. Combined mutations (Pro-197 and Trp-574) were found in POATR-R
plants; Trp-574-Leu in POATR-R1 conferring greater SUs, SU + SCT and TP (resistance index, RI >214) resis-
tance, while Pro-197-Thr in POATR-R2 (RI >37) was associated with less resistance. The high levels of ALS
inhibitor cross-resistance in POATR-R populations caused by TSR mutations are consistent with the ploidy status,
as cytogenetic tests revealed that both the R and S populations were diploid (2n = 2x = 14). Cytochrome P450
inhibitor assays did not detect metabolism-based ALS resistance in POATR-R. Alternative herbicide modes of
action, including acetyl-CoA carboxylase (pinoxaden, fenoxaprop, propaquizafop, cycloxydim or clethodim) and
5-enolpyruvylshikimate-3-phosphate synthase (glyphosate) inhibitors applied at the recommended label rate
were highly effective on these resistant populations. Residual herbicides and cultural methods, as well as the
judicious use of alternative in-crop herbicide options, should be prioritized as sustainable options for managing
these ALS-resistant populations. This is first worldwide characterisation of resistance mechanisms in P. trivialis to
ALS inhibitor chemistries.

1. Introduction

= 21) or tetraploid (2n = 4x = 28) (Zonneveld, 2019). While it is mostly
perennial, it often behaves as an annual due to weakly-developed stolons

The meadow grasses, of which Poa annua L. (annual bluegrass or
annual meadow grass) and Poa trivialis L. (roughstalk bluegrass or
roughstalk meadow grass) are the most common (BSBI, 2024), have
been ranked as low priority in arable crops in Ireland as they have been
easy to control (Vijayarajan et al., 2022). Poa trivialis usually infests field
margins but can also ingress into crop fields (Marshall, 1985). Its growth
is facilitated by the mild damp Atlantic climate and the change to a
continuous cropping system from a previous mix of livestock and crop
rotation (Alwarnaidu Vijayarajan et al., 2023). In crop fields, P. trivialis
is wind-pollinated and can be diploid (2n = 2x = 14), triploid (2n = 3x

(Marshall, 1985; Brunharo et al., 2024). In the UK, which has a climate
broadly similar to Ireland, the economic threshold for P. trivialis in
winter cereals is 15 plants m~2, suggesting that their ingress into crop
fields, even with low plant populations may reduce cereal yields
(Harvey, 1985).

In Ireland, spring barley (120,000 ha), winter wheat (60,000 ha) and
winter barley (60,000 ha) are the dominant cereal crops (CSO, 2022).
For winter cereals, wetter autumns with monthly rainfall ranging from
78.6 to 126.2 mm, fewer pre-emergence spraying opportunities, and the
withdrawal of EU registration for isoproturon has resulted on increased
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reliance on spring application of acetolactate synthase (ALS) inhibitors
in winter wheat for grass weed control (Met Eireann, 2024; Alwarnaidu
Vijayarajan et al., 2023). Among the ALS inhibitors, sulfonylureas (SUs,
e.g., mesosulfuron, iodosulfuron), triazolopyrimidines (TPs, e.g.,
pyroxsulam) and sulfonylamino-carbonyl-triazolinones (SCTs, e.g.,
propoxycarbazone) are used to control Bromus sterilis L. (sterile brome or
barren brome), which is the most widespread and competitive grass
weed in Ireland, but these herbicides also control a range of other spe-
cies in winter wheat (Vijayarajan et al., 2022). The ALS-inhibiting her-
bicides are commercially available only as formulated mixtures
(Alwarnaidu Vijayarajan et al., 2023). The SUs-mesosulfuron + iodo-
sulfuron is the most commonly used ALS chemistry by Irish growers due
to its broad-range of grass-weed activity and cost-effectiveness (DAFM,
2016). This herbicide is the only one from ALS type registered in Ireland
that claims control of P. trivialis in winter wheat. Repetitive use of broad-
spectrum ALS inhibitors, as a sole weed control strategy, greatly in-
creases resistance evolution-risks in high priority and lower priority
target species, including P. trivialis (Alwarnaidu Vijayarajan et al.,
2023).

Worldwide, populations of 175 (68 grass and 107 broadleaf) weed
species have been identified as resistant to ALS inhibitors (Heap, 2024).
Target-site resistance (TSR) and non-target-site resistance (NTSR)
mechanisms can be responsible for ALS inhibitor resistance in grass
weeds (Délye et al., 2013). Mutations at nine codon positions in the ALS
gene, causing TSR, have been found to date, with Pro-197 and Trp-574
being the most common (Fang et al., 2022; Murphy and Tranel, 2019).
In the case of NTSR to ALS inhibitors, enhanced herbicide metabolism or
increased detoxification mainly through cytochrome P450 mono-
oxygenases or other enzymes activity is predominant (Powles and Yu,
2010). Cytochrome P450 synergists, malathion or piperonyl butoxide
(PBO) pre-treatment assays are often used as proxies to detect
metabolism-mediated NTSR (Torra et al., 2021; Gaines et al., 2020).

Weed control failures in P. trivialis are relatively rare; only one case
of ALS-SUs-mesosulfuron + iodosulfuron-resistant P. trivialis in a wheat
field has been documented globally, but the mechanisms remain
uncharacterised (Heap, 2024). Resistance monitoring has only recently
commenced in Ireland and the programme has confirmed ALS inhibitor
resistance in suspected populations of high priority species, Lolium
multiflorum L. (Italian ryegrass) or Alopecurus myosuroides L. (black-
grass) (Alwarnaidu Vijayarajan et al., 2021; Vijayarajan et al., 2022) and
less priority P. annua L. (annual bluegrass or annual meadow grass)
(Alwarnaidu Vijayarajan et al., 2023). In 2023, for the first time, reports
of weed control failures with SUs were received in populations of two
P. trivialis (referred to as POATR-R1 and POATR-R2), which raised
concerns. Both these fields have a history of ALS inhibitor use specif-
ically, SUs-mesosulfuron + iodosulfuron in the spring to mainly target
B. sterilis. Both POATR-R populations survived the field application of
SUs-mesosulfuron + iodosulfuron, which would normally be effective in
controlling P. trivialis in winter wheat. Our preliminary glasshouse
screening also confirmed that POATR-R1 and POATR-R2 were resistant
to the recommended label rate of mesosulfuron + iodosulfuron. The
objectives of this study were to: (i) determine the resistance and cross-
resistance levels in POATR-R1 and POATR-R2 to ALS inhibitors chem-
istries: SUs-mesosulfuron + iodosulfuron, SU + SCT-mesosulfuron +
propoxycarbazone and TP-pyroxsulam, (ii) investigate the mechanisms
(TSR and NTSR) involved in ALS inhibitor resistance and determine
ploidy status, and (iii) assess the efficacy of alternative herbicides for
controlling ALS-resistant populations.

2. Materials and methods
2.1. Plant materials and growing conditions
Seed populations of POATR-R1 and POATR-R2 were both from the

same region in Ireland (County Meath) but from separate fields
(53°59'N-6°49'W and 53°73'N-6°54'W, respectively) located c. 15 km
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apart. Samples were taken by growers and sent for testing, with just a
limited seed supply for the assays. A sensitive (S) POATR population was
obtained from a commercial seed supplier (Fruit Hill Farm, County Cork,
Ireland) for use as a sensitive reference. The dose-response, alternative
herbicide and NTSR screening assays were carried out on seedlings
grown in glasshouse conditions. For these, the R and S seed populations
were sown in 110 x 110 x 110 mm (nominal 1000 mL capacity) pots
filled with a standard soil mix containing 70 % loam, 20 % horticultural
grit, 10 % peat (medium) and 2 g L™! of Osmocote Mini™ (National
Agrochemical Distributors Ltd., County Dublin, Ireland). The pots were
watered as required throughout the experiment. All plants were grown
in a glasshouse compartment with 18 °C/12 °C (day/night) temperature
regime at a photoperiod of 16 h supplemented with artificial lighting to
maintain a minimum light intensity of 250 p mol quanta m ™2 s

2.2. Dose-response to ALS inhibitors

At the two-to-four leaf stage, the R and S populations were treated
with a range of doses of three ALS inhibitors (Table 1). The selected dose
rates for the R populations ranged from 0.25-to-8 times the recom-
mended label rate and for S population ranged from 0.0625-to-2 times
the recommended label rate. The herbicide was applied using a Gener-
ation III Research Track Sprayer (DeVries Manufacturing, Hollandale,
MN, USA) with a Teejet 8002-EVS flat fan nozzle, delivering an output of
200 L ha~! at a pressure of 250 kPa and speed of 1.2 ms™!. The exper-
iment was randomized with four replicates, with at least six plants per
population per replicate for each dose. At 30 days post-treatment, above-
ground plant material was harvested from each replicate and weighed.
The shoot biomass (fresh weight) for each replicate was expressed as the
percentage of the mean shoot biomass of the non-treated controls.

2.3. Efficacy of alternative non-ALS herbicides

At the two-to-four leaf stage, the R and S populations were tested
with the recommended label rate of five ACCase (acetyl-CoA carbox-
ylase) inhibitors pinoxaden (Axial Pro®, Syngenta, Cambridge, UK) at
30.3 g ai ha™?, fenoxaprop (Foxtrot EN® FMC Agro Ltd., Flintshire, UK)
at82.8 gai ha™?, propaquizafop (Falcon® Adama, Reading, UK) at 150 g
ai ha™!, cycloxydim (Stratos® Ultra, BASF, Stockport, UK) at 150 g ai
ha™! and clethodim (Centurion® Max, Arysta LifeScience, Nogueres,
France) at 120 g ai ha™! and one EPSPS (5-enolpyruvylshikimate-3-
phosphate synthase) inhibitor glyphosate (Roundup® Flex, Monsanto,
Cambridge, UK) at 540 g ai ha'. Each treatment had three replicates of
each population, with at least six plants per population, and the entire
experiment was repeated. Percent plant survival was assessed visually at
30 days post-treatment.

2.4. Identification of TSR mutations

Leaf samples were taken from eight plants of the R and S populations
30 days post-treatment for TSR analyses, from the preliminary
screening. The samples for R populations were collected from plants that
had survived the recommended label rate of SUs-mesosulfuron + iodo-
sulfuron and the samples for S population was from non-treated control
plants.

The DNA isolation, amplification and sequencing was carried out by
IDENTXX GmbH (Stuttgart, Germany). Air-dried leaf samples (~0.5
cm?) from a total of 24 leaves were placed in tubes containing two steel
beads of 4.5-mm diameter and homogenised in a shaker mill (Tissue-
Lyser II, Qiagen, Hilden, Germany). Afterwards, DNA was extracted
using a customized kit (Perkin Elmer, Rodgau; Chemagic Plant400 Kit)
and using KingFisher™ Flex Magnetic Particle Processor (Thermo Fisher
Scientific, Schwerte, Germany). Polymerase chain reaction (PCR) was
performed on the genomic DNA (5 to 10 ng pL.~!) using specific primer
combinations (Table 2) for amplification of gene fragments covering the
two most common mutation sites, i.e., positions Pro-197 and Trp-574 of
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Table 1
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Herbicides used for dose-response assays in sensitive and resistant Poa trivialis populations.

Mode of Chemical families Active ingredient (ai)” Trade name Source Dose of component active ingredient (g ai ha™)"

Action

ALS Sulfonlyureas (SUs) Mesosulfuron + Pacifica® Bayer CropScience 09+0.3,1.9+0.6,3.8+1.3,7.5+ 25,15 + 5,

iodosulfuron Plus Ltd., Cambridge, UK 22.5 4 7.5, 30 + 10, 60 + 20, 120 + 40 and 0
Sulfonylurea (SU) + Mesosulfuron + Monolith® Bayer CropScience 09+14,19+28,3.7+5.6,7.4+11.1,14.9 +
sulfonylaminocarbonyl-triazolinone propoxycarbazone Ltd., Cambridge, UK 22.3,22.3 + 33.4,29.7 + 44.6,59.4 + 89.1,118.8
(SCT) +178.2and 0
Triazolopyrimidine (TP) Pyroxsulam Broadway® Corteva Agrisciences, 1.2,2.4,4.7,9.4,18.8, 28.1, 37.5, 75.0, 150.1 and
Star Cambridge, UK 0

# Treatments with mesosulfuron + iodosulfuron and mesosulfuron + propoxycarbazone were applied with 1 % v/v Biopower (alkylethersulfate sodium salt)
adjuvant (Bayer CropScience Ltd., Cambridge, UK); treatments with pyroxsulam contained 1 % v/v Kantor (alkoxylated triglycerides) adjuvant (Interagro Ltd.,

Hertfordshire, UK).
b Figures in bold are the recommended label rate for each herbicide.

Table 2
Functioning sets of primers used to amplify partial acetolactate synthase (ALS)
gene to detect target-site resistance (TSR) mutations in Poa trivialis.

Primer Primer sequence (5- > 3) Product Targeted
name size (bp) mutation site
Poal97-for CRATGGTCGCCATCACGG 98 ALS Pro-197
Poal97- CTTGGTGATGGAACGGGTGAC
rev GTGCCGATCATGCGG
Poal97-
seq
Poa574-for CCTCCCYGTTAAGGTGATGATACT 97 ALS Trp-574
Poa574- GTAWGTGTGCGCCCGATTG
rev CCTTGTAAAACCTGTCCT
Poa574-
seq

the ALS gene (Délye and Michel, 2005; Murphy and Tranel, 2019). The
primer sets were designed by retrieving the partial ALS gene sequences
of reference P. annua from the GenBank database (KM388810.1). Target
DNA was amplified in a thermal cycler (T100 PCR thermal cycler, Bio-
Rad Laboratories GmbH, Feldkirchen, Germany) using initial denatur-
ation for 3 min at 95 °C, followed by 40 cycles consisting of 95 °C for 10
s, 60 °C (primer design was done as to enable the same annealing tem-
perature for all used primer sets) for 35 s, 72 °C for 30 s and 72 °C for 5
min for final extension. Successful amplification was checked using
agarose gel electrophoresis. The PCR products were analysed for single
nucleotide polymorphisms (SNPs) using pyrosequencing on a PyroMark
Q24 (Qiagen) using specific sequencing primers (Table 2) (Ronaghi and
Elahi, 2002). During the sequencing reaction, all incorporated nucleo-
tides of a short region covering the position of interest were detected and
reported by creating a pyrogram in a pyrorun file. Subsequently, the file
was read by the PyroMark Q24 software (v. 2.0.8) and visually evalu-
ated for mutations.

2.5. Determination of chromosome number

Seeds of the R and S populations were germinated at 20 °C in petri-
dishes with moistened filter for 8-10 days. Rootlets and leaf meristem
were excised, pre-treated with 0.001 M 8-hydroxyquinoline for two and
half hours at 20 °C and fixed in glacial acetic acid-96 % ethanol (1:3) for
at least three hours, before being replaced by 70 % ethanol fixative, and
stored at 4 °C overnight. Chromosome analyses and image processing
followed the protocol in Kantama et al. (2017) and de Jong et al. (2023).
Briefly, fixed materials were rinsed three times in water and 15 mM
citrate buffer (pH 4.5) and were digested in 1 mL pectolytic enzyme
solution (0.1 % cellulase, 0.1 % pectolyase and 0.1 % cytohelicase in
citrate buffer) for 1 h. Meristems were then placed in a clean grease-free
slide covered with acetic acid 45 %, and the tissues were cut with fine
needles, under a dissecting microscope, to form a suspension of cells.
After complete cell drying, cells were stained with DAPI/Vectashield,

covered with a cover slip, and examined under a fluorescence micro-
scope with 100x, NA 1.4 objective and filters for DAPI (40,6-Diamidino-
2-phenylindole dihydrochloride) fluorescence. The images of selected
cell complements were captured and examined with the image pro-
cessing software of Adobe Photoshop 25.12 (https://www.adobe.com).
Photoshop’s count tool was used to estimate chromosome numbers.

2.6. NTSR assay with malathion and PBO

At the two-to-four leaf stage, the R and S populations were treated
with 1000 g ha~! malathion or 2222.2 g ha~! PBO along with 0.1 % v/v
Tween-80 (Merck Life Science Limited, County Wicklow, Ireland).
Approximately three hours after pre-treatment with P450 inhibitors,
different herbicide doses (0.125x, 0.25x, 1x, 2x and 4x) of SUs-
mesosulfuron + iodosulfuron (x = 15 + 5 g ha™!) or TP-pyroxsulam
(x =188 g ha™!) were applied. As the response of POATR pop-
ulations to SUs or SU + SCT was similar (section 3.1), the P450 in-
hibitor assays were only conducted with SUs and TP. The selected dose
rates for R populations were 1x, 2x and 4 x and for S populations were
0.125x%, 0.25x and 1x. The experiment consisted of non-treated con-
trol, malathion-treated, PBO-treated, herbicide-treated, malathion -+
herbicide and PBO + herbicide. There were four replicates of each
treatment, with at least six plants per population per replicate. At 30
days post-treatment, above-ground plant material was harvested from
each replicate and shoot fresh weight recorded. The data was analysed
using analysis of variance (ANOVA) and a post-hoc Tukey’s pairwise test
was used to separate the population mean for each herbicide rate.

2.7. Statistical analysis

R (v.3.6.3) was used to analyse the data. Dose-response models were
fitted to the shoot fresh weight data using the DRC package and two
models were chosen through the lack-of-fit F-tests (P > 0.05) (Ritz et al.,
2015). A four-parameter log-logistic model to model the data of
SUs-mesosulfuron + iodosulfuron and a three-parameter log-logistic
model to model the data of SU + SCT-mesosulfuron + propoxycarbazone
or TP-pyroxsulam. Fitted models estimated the growth rate GRs (i.e.,
the effective dose rate required to obtain a growth reduction of 50 %
relative to untreated plants). The resistance index (RI) was calculated as
GRsp of R population divided by GRsg of sensitive reference.

3. Results
3.1. Dose-response to ALS inhibitors

The two POATR-R populations had different responses in growth to
the different applied rates of herbicide as indicated by the different
curves in Fig. 1 and the data, particularly resistance index, in Table 3.
However, both populations exhibited similar cross resistance to the in-
dividual ALS inhibitor herbicides (Fig. 1 and Table3). The growth of
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Fig. 1. Dose-response curves of sensitive and resistant populations of Poa trivialis treated with a range of rates expressed as proportion of the recommended label rate
of ALS inhibitors SUs-mesosulfuron + iodosulfuron 15 + 5 g ai ha™? (a), SU + SCT-mesosulfuron + propoxycarbazone 14.9 + 22.3 g ai ha~! (b) and TP-pyroxsulam

18.8 g ai ha~! (c) chemistries. Vertical bars represent the standard errors.

Table 3

Shoot fresh weight GRso values (standard errors) of sensitive and resistant
populations of Poa trivialis treated with a range of 4+ recommended label rates of
ALS inhibitors SUs mesosulfuron + iodosulfuron 15 + 5 g ai ha™!, SU + SCT
mesosulfuron + propoxycarbazone 14.9 + 22.3 g ai ha™! and TP pyroxsulam
18.8 g ai ha~! chemistries. Resistance index (RI) was calculated as the ratio of
GRsg values of R and S.

Population ~ Mesosulfuron + Mesosulfuron + Pyroxsulam
iodosulfuron propoxycarbazone
GRs (g ai RI GRs (g ai RI GRs (8 RI
ha ) ha ) aiha ™)
POATR-R1 >120 + >240 >118.8 + >237.6 >150.1 >214
>40 >178.2
POATR-R2 18.5 37 21.0 (2.33) 42 30.9 44
(1.15) + + 31.4 (2.17)
6.2 (0.38) (3.48)
Sensitive 0.5 (0.14) - 0.5 (0.11) - 0.7 -
+0.2 +0.8 (0.17)
(0.05) (0.16)

POATR-R1 did not fall below 50 %, even with the highest dose rate (8 x),
while the growth of POATR-R2 was impacted by herbicide dose with
serious effects recorded at the higher rates, even though total control
was not possible with the highest dose rate (8x). All GRsg values of
POATR-R1 were estimated to exceed 8 times the recommended label
rate, and for POATR-R2, they were well above the recommended label
rate, with a high GRsp RI (RI >37). As expected, the S population was
totally controlled by ALS inhibitors at rates equal to or below 0.5 times
the recommended label rate, with biomass decreased by >90 %.

3.2. Efficacy of alternative non-ALS herbicides

Both R and S populations had similar responses (P > 0.05 for
experiment x treatment interactions using ANOVA) to the recommended
label rate of ACCase and EPSPS inhibitors, being sensitive (i.e. all treated
plants died) to all herbicides tested, with a biomass reduction of >95 %.

3.3. Identification of TSR mutations

The R populations had two combined (Pro-197 and/or Trp-574) ALS
mutations, compared to the S population (Table 4), suggesting that TSR
is the dominant mechanism that confers a high cross-resistance in

Table 4

Amino acid (aa) substitutions identified at positions Pro-197 and Trp-574 in the
ALS genes in Poa trivialis populations. Eight plants per population were analysed.
Number of plants in which specific mutation(s) were detected are given in
parenthesis. Mutant aa substitutions are in bold.

Population  Pro (CCG)-197 Trp (TGG)-574 Pro (CCG)-197 + Trp
(TGG)-574
Codon aa Codon aa Codon aa
POATR-R1 CCG (8) Pro TTG (7) Leu C/A-CG Pro/Thr
+ + Trp/
T-G/T- Leu
G()
POATR-R2 ACG(3)+  Thr+ TTG (1) Leu C/A-CG  Pro/Thr
C/A-CG Pro/ + + + + Trp/
(¢D)] Thr T-G/T- Trp/ T-G/T- Leu
G Leu G(2)
Sensitive CCG (8) Pro TGG(8) Trp
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POATR-R1 and POATR-R2 to ALS inhibitors chemistries (Table 3).

In POATR-R1, of the eight plants that were analysed, seven plants
had homozygous Trp-574-Leu substitutions, and one plant had hetero-
zygous Pro-197-Thr and Trp-574-Leu together. While in POATR-R2, four
plants had Pro-197-Thr (three homozygous and one heterozygous), two
plants had Trp-574-Leu (one each for homozygous and heterozygous)
and two plants had heterozygous Pro-197-Thr and Trp-574-Leu
together. Frequency of mutant positions and the level of zygosity have
caused differences in resistance levels (Table 4); a high frequency of
homozygous Trp-574-Leu in POATR-R1 gave RI >214; but in POATR-
R2, combination of mutations (with a high frequency of Pro-197-Thr)
and zygosity effects, conferred less resistance (RI >37) (Table 3).

3.4. Determination of chromosome number

Fourteen chromosomes were counted in both R and S populations,
indicating that these populations were diploid (2n = 14) (Fig. 2). The
diploid status of POATR-R1 and POATR-R2 is consistent with the
phenotypic and genetic analysis, which demonstrated high levels of ALS
cross-resistance endowed by TSR mutations.

3.5. NTSR assay with malathion and PBO

Applying either of the two P450 inhibitors in combination with
herbicides (SUs-mesosulfuron + iodosulfuron or TP-pyroxsulam) did not
cause significant change in the resulting biomass (P > 0.05) in POATR-
R1 and POATR-R2 (Supplementary I). This implies that cytochrome
P450-mediated NTSR is unlikely. The S population was totally
controlled by SUs and TP at the recommended label rate, with or without
the P450 synergists.

4. Discussion

The control of P. trivialis has not been a challenge in Irish crops to
date, as it was achieved with low resistance-risk residual herbicides in
conjunction with cultural methods, and this species was not considered
high priority in weed control programmes (Vijayarajan et al., 2022). The
loss of a key autumn post-emergence herbicide, isoproturon, coupled
with a desire to control B. sterilis and other weeds in one spray appli-
cation of a broad-spectrum product, has led to growers using much more
SU mixes such as ALS-SUs-mesosulfuron + iodosulfuron (Alwarnaidu
Vijayarajan et al., 2023). This single class approach allowed species that
were not the primary target such as P. trivialis to be driven to resistance
evolution.

In this study, we have confirmed and characterised the mechanisms
of ALS inhibitor resistance in two populations of P. trivialis from winter
wheat fields in Ireland. Both fields had a history of SUs-mesosulfuron +
iodosulfuron use and growers had noticed ineffective weed control.
Intensive use of SUs-mesosulfuron + iodosulfuron has selected a degree
of cross-resistance to less commonly used SU + SCT-mesosulfuron +
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propoxycarbazone and TP-pyroxsulam (neither of which are labelled to
control P. trivialis) in R populations (Table 3). Previous studies have also
confirmed resistance to ALS inhibitors in two- or three-way herbicide
formulations in other grass weeds (e.g., Davies et al., 2020; Collavo
et al., 2012; Alwarnaidu Vijayarajan et al., 2023; Torra et al., 2021).

In resistant P. trivialis, combined substitutions Pro-197 and/or Trp-
574 in POATR-R1 and POATR-R2, which were identified for the first
time in this species, were associated with high levels of ALS cross-
resistance (Table 4). The substitution Trp-574-Leu in POATR-R1, as
also seen in many other ALS-resistant weeds (Tranel et al., 2024), caused
greater resistance (RI >214) than in POATR-R2 (RI >37) with a high
frequency of Pro-197-Thr. Co-existing substitutions Pro-197-Thr and
Trp-574-Leu are quite common in cross-pollinated diploid species such
as Glebionis segetum L. (corn marigold) (Papapanagiotou et al., 2023),
Sinapis alba L. (white mustard) (Chtourou et al., 2024), Apera spica-venti
L. (loose silky bent) (Kosnarova et al., 2021), Descurainia sophia L.
(flixweed) (Deng et al., 2017), and in several Irish populations of
A. myosuroides and L. multifiorum (Alwarnaidu Vijayarajan et al., un-
published). The high levels of ALS cross-resistance caused by TSR mu-
tations are consistent with the ploidy status (2n = 2x = 14) in R
populations (Fig. 2), suggesting that resistance in P. trivialis, like that of
most diploids species, is controlled by a single dominant or
semi-dominant gene (Ghanizadeh et al., 2019; Ohta et al., 2024). Similar
results were obtained in diploids such as Amaranthus tuberculatus L.
(waterhemp) (Panozzo et al., 2013), Lolium rigidum L. (rigid ryegrass)
and A. myosuroides (Yu et al., 2013), where TSR mutation in a single
copy gene confers greater resistance to ALS or ACCase inhibitors; but in
some higher plants, the same TSR mutation confers lesser resistance,
which is likely due to polyploidy and gene dilution (Gaines et al., 2020).

Dual resistance mechanisms via TSR and metabolism-mediated
NTSR to ALS inhibitors have been frequently reported in outcrossing
diploid species such as Lolium spp. (ryegrass) (Torra et al., 2021; Scar-
abel et al., 2020), Alopecurus spp., (foxtail grasses) (Moss, 2017; Zhao
et al., 2019), Digitaria sanguinalis (large crabgrass) (Zhao et al., 2023),
Papaver rhoeas (corn poppy) (Rey-Caballero et al., 2017) or Eurphorbia
heterophylla (wild poinsettia) (Rojano-Delgado et al., 2019). In this
study, malathion or PBO did not confirm the presence of P450-mediated
NTSR to SUs or TP in POATR-R (, suggesting the sole involvement of TSR
in these populations, as confirmed by their high resistance index
(POATR-R1: RI >214 and POATR-R2: RI >37).

In summary, we identified TSR in POATR-R for the first time in this
species, which conferred cross-resistance to different classes of ALS in-
hibitors. This resistance has developed on farms relying on one broad-
spectrum product or on one herbicide class for grass-weed control,
which is not sustainable. Alternative non-ALS herbicides, ACCase-
pinoxaden and fenoxaprop (used in wheat and barley) or ACCase-
propaquizafop, cycloxydim and clethodim graminicides (used in
oilseed rape) and EPSPS-glyphosate (used as pre-sowing burndown)
were highly effective on POATR-R1 and POATR-R2. Most of the ACCase
inhibitors except for fenoxaprop, are not labelled for control of P. trivialis

Fig. 2. DAPI image of representative cell complement from root tips of sensitive (a), POATR-R1 (b) and POATR-R2 (c) Poa trivialis populations, showing 14

chromosomes.
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in Ireland. Spring application of ACCase inhibitors is an option in
different crop types, but they are not a long-term tool for managing
POATR-R, as they pose the same resistance-risk as ALS inhibitors (Moss
et al., 2019), if used continuously as the sole control option. To manage
ALS-resistant POATR-R populations multiple strategies, including the
use of stacked residual herbicide modes of action, and cultural (e.g., the
use of glyphosate as a part of stale seedbed, plough-based tillage,
spraying-off distinct patches, spring cropping or inclusion of oilseed
rape, establishing perennial grass-based mixtures at the field bound-
aries) tactics and strict machinery hygiene are essential. As Irish crop-
ping systems is herbicide-dependent, resistance testing is crucial for
identifying evolving problems and informing effective management
options.
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