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The role of interspecific variability and
herbicide pre-adaptation in the cinmethylin
response of Alopecurus myosuroides
David Comont,a* Laura Crook,a Richard Hull,a Bernd Sievernich,b

Stuart Kevisc and Paul Nevea,d

Abstract

BACKGROUND: Cinmethylin is an inhibitor of plant fatty acid biosynthesis, with in-plant activity caused by its binding to fatty
acid thioesterases (FATs). The recent registration of cinmethylin for pre-emergence herbicidal use in the UK represents a new
mode-of-action (MOA) for control of the grassweed blackgrass (Alopecurus myosuroides). To date there is little published infor-
mation on the extent of blackgrass' inter-population variability in sensitivity to cinmethylin, nor on any potential effect of exist-
ing non-target-site resistance (NTSR) mechanisms on cinmethylin efficacy.

RESULTS: Here we present a study of variability in cinmethylin sensitivity amongst 97 UK blackgrass populations. We demon-
strate that under controlled conditions, a UK field-rate dose of 500 g ha−1 provides effective control of the tested populations.
Nevertheless, we reveal significant inter-population variability at doses below this rate, with populations previously charac-
terised as strongly NTSR displaying the lowest sensitivity to cinmethylin. Assessment of paired resistant ‘R’ and sensitive ‘S’
lines from standardised genetic backgrounds confirms that selection for NTSR to the acetyl-CoA-carboxylase inhibitor fenoxa-
prop, and the microtubule assembly inhibitor pendimethalin, simultaneously results in reduced sensitivity to cinmethylin at
doses below 500 g ha−1. Whilst we find no resistance to the field-rate dose, we reveal that cinmethylin sensitivity can be further
reduced through experimental selection with cinmethylin.

CONCLUSION: Cinmethylin therefore represents a much-needed further MOA for blackgrass control, but needs to be carefully
managedwithin a resistancemonitoring and integratedweedmanagement (IWM) framework tomaximise the effective longev-
ity of this compound.
© 2024 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
Supporting information may be found in the online version of this article.
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1 INTRODUCTION
Herbicides represent a mainstay of agricultural weed control, and
productivity in many agricultural systems globally is predicated
on the effective use of herbicide products. Nevertheless, the wide-
spread, rapid, and repeated evolution of herbicide resistance has
compromised the efficacy of a vast range of herbicide active
ingredients. To date, 267 species have been reported with
evolved resistance to 21 herbicidal modes-of-action (MOAs).1

Exacerbating this issue, herbicide discovery has failed to keep
pace with the evolution of resistance, with no ‘new’ herbicide
MOAs introduced for approximately 30 years, following their rela-
tively regular introduction over the 1970s and 1980s.2 Recently
however, the site of action has been discovered for a range of her-
bicidal actives, including inhibition of fatty acid thioesterase (FAT,
HRAC group 30), inhibition of serine threonine protein phospha-
tase (HRAC group 31), and inhibition of solanesyl diphosphate
synthase (HRAC group 32),3–5 leading to a resurgence of interest
in these groups.

The benzylether compound cinmethylin was discovered in the
early 1980s by the Shell Chemical Company, and first commercia-
lised for use against weeds in rice.6 It was found to be effective at
controlling a range of both monocotyledonous and dicotyledon-
ous weed species.7 Due to the simultaneous development of
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several other effective herbicidal MOAs such as the acetyl-CoA
carboxylase (ACCase) inhibitors (HRAC group 1), very-long-chain
fatty acid (VLCFA) inhibitors (HRAC group 15), and acetolactate-
synthase (ALS) inhibitors (HRAC group 2), the registration and
use of cinmethylin for grass-weed control was not extensively
pursued in other crops, however. Increasing herbicide resistance
to these other MOAs has led to a resurgence of interest in alterna-
tive herbicide active ingredients, and recently the in-plant site of
action for cinmethylin was discovered to be the fatty acid biosyn-
thesis pathway. Cinmethylin inhibits plant fatty acid biosynthesis
through binding to the FATs, obstructing the release of fatty acids
from their acyl carrier proteins (ACPs) and thereby inhibiting fur-
ther lipid biosynthesis. Although other plant herbicides target
the fatty acid biosynthesis pathway, for example, the ACCase
and VLCFA inhibitors, the inhibition of FAT proteins by cinmethy-
lin constitutes a novel herbicidal MOA,3 with cinmethylin classi-
fied as HRAC group 30 (legacy HRAC group ‘Q') herbicide.1 Due
to its cereal crop selectivity and capacity to control problematic
weeds including Alopecurus myosuroides and Lolium multiflorum,
as of autumn 2022, cinmethylin has been registered and
approved for use in UK cereal cropping.
While registration of new or alternative herbicides is encourag-

ing for growers, their introduction needs to be carefully managed
in relation to the resistance status and variation in sensitivity of
their target weed populations. Of particular importance is the
extent to which prior selection with other actives might have
pre-selected for resistance to the newer chemistry. As an example,
Petit et al.8 identified pinoxaden resistance in French populations
of A. myosuroides before pinoxaden was released in France, while
quinclorac resistance was observed in Californian populations of
Echinochloa phyllopogonwithout any prior exposure to this herbi-
cide.9 Non-target-site resistance (NTSR) mechanisms are of partic-
ular concern in this regard, due to their potential to result in broad
and unpredictable cross-resistance, across structurally different
herbicide groups.10,11 For example, the cytochrome P450
‘CYP81A10v7’ in the grassweed Lolium rigidum has been impli-
cated in NTSR to five different herbicide MOAs.12 Inter-population
variability in cinmethylin sensitivity has also been found amongst
Australian L. rigidum populations at doses below the field-
approved rate, and is also thought to be conveyed via P450 medi-
ated oxidation of the cinmethylin molecule.13 Whilst not currently
sufficient to convey resistance to cinmethylin at the field dose,
this highlights the importance of considering inter-population
variability when introducing a new herbicide.
Alopecurus myosuroides is the most pernicious UK weed of win-

ter cereal crops, with evolved resistance to seven herbicide
MOAs,1 causing an annual £0.4 billion in crop yield losses.14 NTSR
is now the predominant resistance mechanism amongst UK
blackgrass populations, involving up-regulation of plant
glutathione-S-transferases, ABC-transporters, cytochrome P450s,
and other metabolism-related genes, providing resistance to a
wide range of actives from multiple MOAs.15–18 Prevalence of
resistance to ALS and ACCase inhibitors in UK populations has
led to greater reliance on alternative actives, particularly soil-
residual pre-emergence herbicides.19 Although resistance to
pre-emergence herbicides has generally evolved more slowly
than to post-emergence actives,20 resistance to the HRAC
group-3 herbicide pendimethalin is now widely observed, and
evidence suggests selection towards flufenacet (HRAC group 15)
resistance is also occurring.21,22 The introduction of cinmethylin
therefore represents an important additional herbicide for black-
grass control, yet there is the risk of strong selective pressure for

resistance on this active if it is not sustainably used. The wide-
spread presence of NTSR amongst blackgrass populations raises
the question of: to what extent has selection for metabolic resis-
tance to prior herbicides provided pre-adaptation to cinmethylin?
In light of such issues, it has been argued that any herbicide

introduction should be accompanied by detailed evaluation of
existing sensitivity in field populations, assessment of cross-
resistance from exposure to other herbicide groups, and monitor-
ing for potential further shifts in sensitivity.23 To date, while some
field trials have demonstrated the potential for cinmethylin to
control populations of A. myosuroides,24 there has been no
large-scale assessment of inter-population variability in cinmethy-
lin response in this species, nor how pre-existing NTSR mecha-
nisms might affect cinmethylin efficacy. Here we provide such a
study for UK populations of A. myosuroides, to coincide with the
UK introduction of cinmethylin. We provide a detailed assessment
of inter-population variability in sensitivity to this new active
across 97 blackgrass populations. Using experimentally derived
blackgrass lines segregating for NTSR to the HRAC groups 1, 2,
3, and 15 herbicides, we evaluate the potential for metabolic
cross-resistance between these groups. Finally, using experimen-
tal evolution we investigate the potential for cinmethylin selec-
tion to cause directional shifts in cinmethylin sensitivity.

2 METHODS
2.1 Inter-population variability in cinmethylin sensitivity
A dose–response experiment was conducted under glasshouse
conditions to test the efficacy of cinmethylin against a variety of
UK A. myosuroides (blackgrass) field collected populations. In total
97 populations were assessed, 94 collected from different fields
across the Black-grass Resistance Initiative (BGRI) field network17

over 2018 and 2019, and three ‘standard’ populations with well
characterised resistance phenotypes. These standard populations
were ‘Rothamsted 2018’ (susceptible), ‘Notts 2005’ (ACCase TSR
only), and ‘Peldon 2013’ (NTSR). Seeds of each population were
germinated in Petri dishes containing three Whatman
No. 1 filter papers soaked in 5 mL of 0.02 M potassium nitrate
(KNO3). Petri dishes were incubated for 7 days in a Sanyo MLR-
350 growth cabinet with a 17 °C:11 °C temperature cycle and a
14 h:10 h light/dark cycle, with light provided by 15 fluorescent
Philips TL-D 90 36 W bulbs, set to their maximum irradiance.
After pre-germination, pots of each blackgrass population were

sown by transplanting eight pre-germinated seeds into 8 cm plas-
tic plant pots containing a Kettering loam soil mixed with
2 kg m−3 of osmocote fertiliser. Seeds were sown 5–10 mmbelow
the soil surface, and 24 pots of each blackgrass population were
prepared in this way (sufficient for four replicate pots at each her-
bicide dose). Pots were placed in a glasshouse chamber, set to
maintain approximately 17 °C:11 °C day/night temperature
cycles. No supplementary lighting was required beyond the ambi-
ent natural light within the glasshouse. Due to the large number
of populations involved and the need for prompt pre-emergence
spraying directly after sowing, the experimental set upwas staged
over 2 weeks with half of the replicates sprayed in each week. All
populations and doses were equally represented across each
sowing and spraying date. Pots were assigned to positions within
the glasshouse using a randomised alpha design.
Pots were sprayed the day immediately after sowing, with her-

bicide applied using a fixed track sprayer. The spray nozzle (flat
fan 110015VK; Teejet, Wisbech, UK) was mounted 50 cm above
the pots, with boom speed set at 0.33 m s−1. The herbicide
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sprayer was calibrated before each run to account for any small
variation in pressure or flow rate and ensure doses applied were
consistent, resulting in application rates of 205 L ha−1 for reps
1 and 2 and 212 L ha−1 for reps 3 and 4. Six doses of cinmethylin
were used; 0, 15, 50, 125, 250 and 500 g active ingredient (a.i.)
ha−1, with the highest (500 g ha−1) dose representing the UK field
rate registered for grassweed control. Four replicate pots (n = 4)
of each population were sprayed at each herbicide dose, and pots
were placed back in the glasshouse immediately following spray-
ing. Pots were watered from above and kept in free-draining trays.
Eight weeks after spraying, pots were visually assessed for plant
emergence and aboveground biomass was harvested. Dry
weights were recorded after oven drying at 80 °C for 48 h.

2.2 Confirming variation in cinmethylin sensitivity
To confirm results observed in the glasshouse experiment, a sub-set
of populations identified to have differing sensitivity to cinmethylin
were grown outdoors in larger containers and assayed again for cin-
methylin sensitivity. Containers (285 mm × 185 mm × 130 mm
deep) were filled with a 2.5 cm layer of hydroleca at the bottom
for drainage, with the remaining space filledwith Kettering loam soil.
Four populations identified to have contrasting sensitivity to cin-
methylin were selected; two field collected populations (Lola 8, Lola
91) and two ‘standard’ populations (Rothamsted 2018, Peldon 2013).
Containers were dry-seeded by mixing 0.5 g of seed (approximately
200 seeds) with a standard quantity of the Kettering loam soil and
spreading this over the soil surface in each container. This results in
an even distribution of seeds throughout the surface 3 cm, mimick-
ing a typical field situation. Containers were arranged in a random-
ised design in a plant nursery exposed to ambient environmental
conditions at Harpenden (Hertfordshire, UK) over October–
December. After sowing, containers were watered lightly for 2–
3 days to stimulate seed germination, but subsequent watering
was by natural rainfall only.
Herbicides were applied 1 week after the containers were sown,

at the point of seed germination but before seedling emergence.
Cinmethylin was applied to containers at 0, 31.25, 62.5, 125, 250,
and 500 g a.i. ha−1 as described earlier at a rate of 210 L ha−1.
There were three replicate containers (n = 3) of each population
at each herbicide dose. In addition, three further replicate con-
tainers of each population were sprayed with either pendimetha-
lin (formulation ‘Claymore’) at 1200 g a.i. ha−1, or flufenacet
(formulation ‘Sunrise’) at 180 g a.i. ha−1. After spraying, con-
tainers were immediately moved back outside. Herbicide efficacy
was assessed 7 weeks after spraying by counting the number of
healthy emerged black-grass seedlings.

2.3 Evaluating cross-resistance with other
herbicide MOAs
The effect of evolved metabolic resistance to four other herbicide
MOAs on cinmethylin sensitivity, was assessed in a further glass-
house dose response experiment. Experimentally derived black-
grass lines were used with either metabolic resistance (‘R’) or
sensitivity (‘S’) to the ALS inhibitor ‘Atlantis’ (containing the
actives mesosulfuron-methyl and iodosulfuron-methyl, hereafter
referred to as meso + iodosulfuron), the ACCase inhibitor
fenoxaprop-p-ethyl, the VLCFA inhibitor flufenacet, or the micro-
tubule assembly inhibitor pendimethalin (Table 1). In the case of
the meso + iodosulfuron, flufenacet, and pendimethalin resistant
lines, the ‘R’ seed families were derived through experimental
selection for 2, 9, and 8 years respectively, exposing sequential

generations to the focal herbicide and allowing survivors to
cross-pollinate and set seed. The ACCase resistant line was
derived from an F2 segregating seed family resulting from a pair-
wise cross between the herbicide sensitive population
‘Rothamsted’ and the NTSR field population ‘Lola 91’. Plants from
the F2 family (n = 600) were grown under glasshouse conditions,
vegetatively cloned by tillering, and screened with two doses
(138 and 1656 g ha−1) of the herbicide fenoxaprop-p-ethyl.
Clones of surviving healthy plants at the higher dose were
allowed to cross-pollinate, creating the ‘R’ seed line, while clones
of plants which died at the lower herbicide dose were separately
cross pollinated to create the ‘S’ seed line. These pairs of ‘R’ and ‘S’
seed lines therefore represent populations with shared genetic
backgrounds, but which differ only in metabolic resistance to
the focal herbicide.
Seeds of each of these lines were pre-germinated and sown into

8 cm plastic plant pots containing a Kettering loam soil as previ-
ously, and 72 pots (576 plants) of each population were sown in
this way. To confirm differences in metabolic resistance between
each pair of ‘R’ and ‘S’ lines, half of the pots from each seed line
were treated with the herbicide used during experimental selec-
tion to create the line (see Table 1). The remaining pots of each
line were treated with a range of doses of cinmethylin. The herbi-
cide actives cinmethylin, pendimethalin, and flufenacet were
applied pre-emergence to the soil the day after sowing. The
actives fenoxaprop-p-ethyl and meso + iodosulfuron were
applied post-emergence, to three-leaf plants after approximately
3 weeks of seedling growth. In the case of meso + iodosulfuron, a
commercial formulation (‘Atlantis’) was used, containing both
mesosulfuron-methyl and iodosulfuron-methyl active ingredients
in a 5:1 g g−1 ratio. All herbicides were applied with the same
fixed-track sprayer as previously described, applying herbicide
at a rate of 200–210 L ha−1, at 252 kPa pressure. For detailed
description of all dose rates of each herbicide, see Supporting
Information Table S1. Efficacy of herbicide treatments was
assessed through counts of plant survival 4 weeks after treatment
(for post-em actives), or seedling emergence 8 weeks after treat-
ment (for pre-em actives).

2.4 Experimental selection with cinmethylin
Plants from two field populations with lower sensitivity to cin-
methylin (Peldon and Lola 91) were exposed to recurrent
cinmethylin selection for three generations. Plants were grown
outside in large containers as previously described (n = 3, approx-
imately 200 plants per container). Each year, the ‘Peldon’ popula-
tion was exposed to selection with a cinmethylin dose of
125 g ha−1, while ‘Lola 91’ was selected at 250 g ha−1. These
doses were chosen as previous phenotyping identified that they
would result in 5–10% survival of respective populations. A further
three containers of each line were maintained with no herbicide
selection. After herbicide selection, plant numbers in untreated
containers were thinned to an equal number of plants as the her-
bicide treated survivors. All containers were then maintained out-
doors until maturity. Before the onset of flowering, treated and
untreated containers from each population were placed into sep-
arate small glasshouses and allowed to flower in isolation to pre-
vent cross pollination between selection lines. After three
generations of selection, a larger experiment was established to
determine the extent of any change in cinmethylin sensitivity.
Eighteen containers were sown for each seed line (Peldon
selected, Peldon unselected, Lola 91 selected, Lola 91 unselected)
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and sprayed with cinmethylin doses of 0, 32.3, 62.5, 125, 250, and
500 g ha−1 (n = 3 containers per dose). Seedling emergence was
counted 6 weeks after spraying.

2.5 Statistical analysis
In all cases, herbicide efficacy was assessed from counts of plants
surviving herbicide application. For post-emergence herbicides,
‘survival’ was evaluated as the number of plants surviving herbi-
cide, divided by the total number of plants sprayed within each
replicate. For pre-emergence herbicides, ‘emergence’ was calcu-
lated as the number of healthy plants emerging after herbicide
treatment, divided by the mean number of plants emerging in
the unsprayed control replicates of that population. Both mea-
sures provide a proportional value between 0 and 1, representing
0 and 100% of plants surviving treatment.
All analysis was conducted using R version 4.1.1 using a dose–

response-curve fitting procedure. All dose response curves were
fitted using the ‘drm()’ function of the ‘drc’ package. Dose
response curves were fitted with either survival or emergence as
the response, weighted by either the total number of plants per
rep (survival data), or the mean unsprayed control emergence
(emergence data). Initially, binomial two parameter log-logistic
functions were fitted to estimate the slope and ED50 (dose causing
a 50% reduction in the plant repsonse), with upper and lower
limits fixed at 1 and 0, respectively. Model goodness-of-fit was
compared against other two- and three-parameter log-logistic
and Weibull functions using the ‘mselect()’ function. Models were
then re-fitted with the optimal curve type based on comparison of
Akaike information criterion (AIC). Dry weight data collected for
the inter-population variability assay was also analysed in this
way, but with models initially fitted using a four-parameter log-
logistic function, and compared against other four parameter
models using the ‘mselect()’ function.
For the experimentally selected ‘R’ and ‘S’ lines, significance

testing for dose–response models was performed using a likeli-
hood ratio testing procedure. Both a ‘full’ and ‘reduced’ model
was fitted for each population, fitting either an individual curve
for each ‘R’ and ‘S’ line (full model), or a single global curve from
the ‘R’ and ‘S’ lines combined (reduced model). A likelihood ratio
test was then used to compare the full model against the reduced

model. Model comparison was performed using the ‘anova()’
function, and the resulting approximate F-test used to determine
the significance of the predictor variable in improving the overall
model fit. The ED50 values were also extracted from the fitted
models using the ED() function, and a resistance ‘Index’ calculated
as the ratio of the estimated ‘R’ and ‘S’ ED50 values, computedwith
‘S’ as the denominator. Where likelihood-ratio testing suggested a
significant difference between the ‘R’ and ‘S’ lines, ED50 values
were also statistically compared using a Z-test, implemented with
the ‘compParm()’ function.

3 RESULTS
3.1 Experiment 1 (glasshouse)
Under standardised, unheated glasshouse conditions, the efficacy
of cinmethylin on both seedling emergence and plant biomass
was high (Fig. 1, Table S2). The two herbicide susceptible ‘stan-
dard’ populations (Roth 18 and Notts 05) exhibited close to
100% control, even at doses ≤ 100 g ha−1 (with UK field rate
being 500 g ha−1). The majority of UK collected field populations
were similarly sensitive, with an estimated overall mean ED50 of
20 g ha−1 (emergence) and 7 g ha−1 (dry weight). The mean per-
centage control of seedlings at the field-rate dose of 500 g ha−1,
calculated from all UK populations, was estimated as 97.6%. Nev-
ertheless, the standard NTSR population (Peldon13) showed
reduced sensitivity to cinmethylin, maintaining approximately
15% emergence at the highest dose. Two field collected popula-
tions (Lola 91 and Lola 101) showed similar reduced sensitivity
to the herbicide. Seed collected in-field over two separate years
(2014 and 2018) was included for population Lola 91. Both seed
sets had consistently lower sensitivity to cinmethylin than the
majority of other UK field collected populations. These results
demonstrate that the overall efficacy of cinmethylin in UK black-
grass populations at the field rate (500 g ha−1) is high, although
highlighting that significant inter-population variability exists at
doses below this rate.

3.2 Experiment 2 (outdoor containers)
Four populations identified from the glasshouse study with vari-
able sensitivity to cinmethylin (Roth 18, Lola 8, Lola 91, and Pel-
don), were screened again for cinmethylin sensitivity outdoors

Table 1. Blackgrass lines with experimentally derived resistance to other herbicide modes-of-action (MOAs), used to examine effects of pre-
selection on cinmethylin sensitivity

Line Origin Selection procedure
Focal
MOA Screened with

Acetolactate-synthase (ALS)
(meso + iodosulfuron)

Highfield ‘R’ and ‘S’ created by Experimental
selection for two generations

Group
2

Meso
+ iodosulfuron,
cinmethylin

Flufenacet Peldon ‘R’ and ‘S’ created by Experimental
selection for nine generations

Group
15

Flufenacet,
cinmethylin

Pendimethalin Rothamsted ‘R’ and ‘S’ created by Experimental
selection for eight generations

Group
3

Pendimethalin,
cinmethylin

Fenoxaprop Pairwise cross of
‘Rothamsted’ × ‘Lola 91’,

called ‘CC5’

‘R’ and ‘S’ F3 generation selected from a
segregating F2 seed family.

Group
1

Fenoxaprop,
cinmethylin

‘Origin’ represents the name of the field-collected blackgrass population that each pair of resistant ‘R’ and sensitive ‘S’ lines was derived from, while
‘selection procedure’ details the way in which the ‘R’ and ‘S’ lines were experimentally created. ‘Focal MOA’ gives the HRAC herbicide MOA for which
the lines' ‘R’ and ‘S’ seed families differ in sensitivity. ‘Screened with’ gives the herbicidal actives that each line has been screened with in this study.

www.soci.org D Comont et al.

wileyonlinelibrary.com/journal/ps © 2024 The Authors.
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Pest Manag Sci 2024

4

 15264998, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ps.8021 by T

est, W
iley O

nline L
ibrary on [29/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com/journal/ps


in large containers (Fig. 2(A)). For all populations, control of black-
grass emergence by cinmethylin at 500 g a.i. ha−1 was 90–100%
(see Table S3). As previously however, significant variability in cin-
methylin sensitivity was apparent at doses below 500 g a.i. ha−1.
Roth 18 and Lola 8 demonstrated greater sensitivity, with the
majority of emergence controlled at doses ≤100 g ha−1 (Fig. 2
(B)). The two known NTSR populations (Peld 13 and Lola 91) dem-
onstrated significantly lower sensitivity to cinmethylin however,
with considerable emergence apparent at 125 and 250 g ha−1

doses (Fig. 2(A),(B)). To compare variation in cinmethylin sensitiv-
ity with variation in sensitivity to other pre-emergence herbicides,
further containers of all four populations were sprayed with either
flufenacet (at 180 g a.i. ha−1) or pendimethalin (at 1200 g a.i.
ha−1). Control of all four populations was uniformly high using
the herbicide flufenacet (Fig. 2(C)). Much greater variability in
seedling emergence was observed in the pendimethalin treat-
ment, with 0–15% control of the two NTSR populations (Peld
13 and Lola 91), 30–40% control of population Lola 8, and 80–
90% control of Roth 18. Although clearly not a direct 1:1 relation-
ship, this highlights a potential association; whereby populations

with greater pendimethalin resistance are also less sensitive to
low doses of cinmethylin.

3.3 Experiment 3 (cross-resistance)
All four experimentally selected resistant lines were confirmed to
have a significant difference in resistance to the herbicide that
they had been selected with (pendimethalin, flufenacet, fenoxa-
prop, and meso + iodosulfuron), compared with their unselected
baseline (Table 2, Supporting Information, Figs S1–S5). Using
likelihood-ratio testing, two out of the four lines (pendimethalin
and fenoxaprop resistance) were found to similarly have signifi-
cantly reduced sensitivity to cinmethylin (Table 2). In both cases,
it was the blackgrass line with non-target-site resistance which
displayed lower cinmethylin sensitivity, compared with the unse-
lected baseline (Fig. 3). In the pendimethlin selected line, cin-
methylin ED50 was increased from 31 g ha−1 in the baseline, to
118 g ha−1 following 8 years selection with pendimethalin. In
the fenoxaprop resistant segregating line, cinmethylin ED50 was
increased from 15 g ha−1 in the baseline, to 108 g ha−1 in the
resistant line.

Figure 1. Efficacy of pre-emergence cinmethylin treatment on UK populations conducted under glasshouse conditions. (A, B) The effects of increasing
cinmethylin dose on plant emergence and aboveground biomass (g) for three ‘standard’ experimental blackgrass populations. Error bars in (A) and
(B) represent the standard error of the mean (SE). (C, D) The plant emergence and aboveground biomass (g) for a wider collection of UK field populations.
Each single thin line represents the result from a different field collected population, while the thick blue line represents the overall mean response across
all tested populations. Field populations with apparent lower sensitivity to cinmethylin in (B) and (C) are labelled with their population number, with year
of collection given in parenthesis.
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3.4 Experiment 4 (cinmethylin selection)
Two of the populations with lower sensitivity to cinmethylin
(Peldon and Lola 91) were exposed to recurrent low-dose selec-
tion for three generations to determine if cinmethylin sensitivity

could be further reduced. Screening in large containers outdoors,
both experimentally selected lines were found to have further
reduced sensitivity to cinmethylin, compared with their unse-
lected baseline (Fig. 4). For the Peldon line, the estimated ED50

Figure 2. Efficacy of pre-emergence cinmethylin treatment on selected populations conducted outdoors. (A) Representative containers of each popu-
lation over the tested cinmethylin doses. Containers are arranged with population as rows, and herbicide dose in columns, with doses given in g a.i.
ha−1 as white text. (B) Dose–response relationship for each population exposed to cinmethylin, fitted using a Weibuill type-2, two-parameter non-linear
function using the R package ‘drc’. (C) Proportional seedling emergence of each population from additional containers treated with flufenacet at
180 g ha−1 (left), or pendimethalin at 1200 g ha−1 (right), (compared with unsprayed control containers). Error bars in (B) and (C) represent the standard
error of the mean (SE).
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had risen from 170 g ha−1 in the unselected line to 407 g ha−1 in
the selected line, an increase of approximately 139% and equiva-
lent to an R/S resistance index of 2.39. For the Lola 91 line, the esti-
mated ED50 had risen from 132 g ha−1 in the unselected line to

439 g ha−1 in the selected line, a percentage increase of 232%
and equivalent to an R/S resistance index of 3.33. These results
demonstrate that 3 years of recurrent selection with low cin-
methylin doses (125 g ha−1 for Peldon and 250 g ha−1 for Lola

Table 2. Curve fitting and significance parameters for analysis of plant emergence in response to herbicide treatments

Selected herbicide Tested herbicide Curve F-Test Index (ED50)

Pendimethalin Pendimethalin LL.2 <0.001*** R/S 60.52
Flufenacet Flufenacet W1.2 <0.001*** R/S 10.02
Fenoxaprop Fenoxaprop LL.2 <0.001*** R/S > 100
Meso + iodosulfuron Meso + iodosulfuron LL.2 <0.001*** R/S 3.1
Pendimethalin Cinmethylin LL.2 <0.001*** R/S 3.77
Flufenacet Cinmethylin LL.2 0.106 ns R/S 1.44
Fenoxaprop Cinmethylin LL.2 <0.001*** R/S 7.32
Meso + iodosulfuron Cinmethylin LL.2 1.00 ns R/S 1.42

‘F-Test’ represents the result of comparing a model fitted with separate resistant ‘R' and sensitive ‘S’ curves versus one with only a single curve esti-
mated. ‘Curve’ represents the drc R-package codes for the best-fitting dose response function following comparison of Akaike information criterion
(AIC), with ‘LL.2’ representing a two-parameter log-logistic, and ‘W1.2’ representing a two-parameter Weibull function. ‘Index’ represents the ratio of
the estimated ‘R' and ‘S’ half maximal effective dose (ED50) values, computed with ‘S’ as the denominator. Significant differences are denoted using
asterisks (*P < 0.05, **P < 0.01, ***P < 0.001).

Figure 3. Effect of pre-selection with other herbicides on the efficacy of cinmethylin. (A, B) The fitted cinmethylin dose response relationship and esti-
mated cinmethylin ED50 values for a blackgrass line experimentally selected for resistance to pendimethalin. (C, D) The fitted cinmethylin dose response
relationship and estimated cinmethylin ED50 values for a blackgrass line segregating for resistance to fenoxaprop. In each case ‘R’ and ‘S’ are derived from
the same genetic background, but differ in non-target-site resistance to their selected herbicide. Error bars show the 95% confidence interval around each
estimated ED50 value. Significant differences are denoted using asterisks (*P < 0.05, **P < 0.01, ***P < 0.001).
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91) under experimental conditions can result in further significant
reductions in cinmethylin sensitivity.

4 DISCUSSION
With large population sizes and evolved resistance to seven herbi-
cide MOAs, blackgrass (A. myosuroides) remains the UK's principal
weed problem in arable fields.1,14,17 Selective herbicidal control of
this species is now predominantly based on mixtures of multiple
soil-active residual herbicides applied pre-emergence, though
resistance to several of these actives is either present or likely
evolving.19,21,25 The benzylether cinmethylin, approved for UK
grassweed control in 2022, provides a further herbicidal MOA,
potentially aiding in effective blackgrass control and easing selec-
tion against existing actives. Nevertheless, the utility of this herbi-
cide for blackgrass control will be determined by its efficacy
across all populations, including those with pre-existing

metabolic resistance, and by how rapidly resistance to this MOA
might evolve.
Results from the 97 blackgrass populations studied here dem-

onstrates that cinmethylin generally provides effective control
of UK blackgrass at the field-rate dose of 500 g ha−1, observed
both under glasshouse and ambient outdoor conditions. This con-
curs with previously published field-trial data for cinmethylin effi-
cacy against blackgrass,24 as well as the finding by Busi et al.26 that
cinmethylin effectively controls both sensitive and herbicide resis-
tant Australian populations of the weed L. rigidum. Nevertheless,
both of these prior studies identified significant variability in cin-
methylin response amongst different field populations or acces-
sions. In the current study, pronounced variation amongst
blackgrass populations was also observed at doses below the
UK field rate. In particular, populations with well-characterised
enhancedmetabolism resistance to other herbicides (Peldon, Lola
91) had concomitantly lower sensitivity to cinmethylin than other
field collected populations. The potential for NTSRmechanisms to

Figure 4. Effect of cinmethylin experimental selection on cinmethylin sensitivity in two blackgrass populations. Results are shown for lines derived from
(A) Peldon, and (B) Lola 91. Lines had been selected for three consecutive generations with cinmethylin at 125 g ha−1 (Peldon), or 250 g ha−1 (Lola 91). In
each case, the ‘Unselected’ line is derived from a similar number of plants which have undergone the same growth and seed-bulking procedures, but
without exposure to cinmethylin. (C, D) The estimated cinmethylin ED50 values for the unselected and selected blackgrass lines from the ‘Peldon’ and ‘Lola
91’ lines, respectively. Error bars show the 95% confidence interval around each estimated ED50 value. Significant differences are denoted using asterisks
(*P < 0.05, **P < 0.01, ***p < 0.001).
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provide broad and unpredictable cross-resistance to multiple
MOAs has long been recognised,11 with this phenomena priori-
tised for resistance research.10 While the current study did not
identify populations meeting the criteria for ‘resistance’ to cin-
methylin, our findings clearly raise the possibility that existing
NTSR in blackgrass might contribute to the inter-population vari-
ation in sensitivity observed at lower doses.
To investigate the contribution of pre-existing NTSR more

directly, contrasting ‘NTSR resistant’ and ‘sensitive’ populations
within standardised genetic backgrounds were compared for cin-
methylin sensitivity. Lines with metabolic resistance to the ALS
inhibitor meso + iodosulfuron or the VLCFA active flufenacet,
showed no significant alteration in response to cinmethylin, sug-
gesting that pre-selection with these actives had not contributed
to a change in cinmethylin sensitivity. For lines with selected
(or evolved) NTSR to the dinitroaniline active pendimethalin and
the ACCase inhibitor fenoxaprop however, a significant reduction
in cinmethylin sensitivity was observed. In each case, changes in
the resistance indexwere relatively small (3.8 and 7.3 respectively)
and effective control was observed at the field-rate dose
(500 g ha−1), yet the cinmethylin ED50 values of the resistant lines
were clearly and significantly higher than their herbicide sensitive
counterparts, despite never receiving selection with cinmethylin.
Only one experimentally derived resistant line for each MOA
was available for study, and independent populations might
evolve resistance mechanisms utilising a variety of different
genetic loci.18,27 Nevertheless, our results are consistent in that
the field populations observed to have lower sensitivity to cin-
methylin (Peldon, Lola 91, and Lola 101) also have well charac-
terised NTSR to fenoxaprop,17 and are amongst the most
resistant to pendimethalin (Fig. S6). Taken together, these results
provide a strong indication that selection for NTSR to the HRAC
group 1 (ACCase) and HRAC group 3 (K1) herbicides has likely pro-
vided pre-selection for reduced sensitivity to cinmethylin.
In the case of L. rigidum, inter-population variability in cinmethy-

lin sensitivity is thought to be via P450 mediated oxidation of the
cinmethylin molecule.13 P450s are widely implicated in NTSR,28

and one P450 in particular, ‘CYP81A10v7’, reportedly contributes
to resistance to five separate MOAs in L. rigidum.12 In blackgrass,
differential gene expression analysis has previously identified six
and 11 P450s to be up-regulated in the pendimethalin- and
fenoxaprop-resistant lines studied here, including an orthologue
of ‘CYP81A10v7’.18,29 It may therefore be that activity of these
P450s contributes to the variation in cinmethylin sensitivity
observed and provide logical targets for further study. Many
Blackgrass populations are also observed to up-regulate expres-
sion of plant glutathione transferases,16 thought to be important
in detoxification of other pre-emergence active ingredients
including flufenacet.22 A clearer understanding of the molecular
pathways responsible for detoxification of cinmethylin, and other
pre-emergence herbicides, would aid our capability to more rap-
idly diagnose and manage potential shifts in sensitivity. This
knowledge could also help inform the design of rational strategies
for rotation and mixture of pre-emergence herbicides, to slow
evolution of resistance.
Although the genetic control of reduced cinmethylin sensitivity

in blackgrass remains to be confirmed, our results do highlight
that this trait is heritable and responds to further cinmethylin
selection. Over just three generations of selection with cinmethy-
lin, we saw ED50 values increase by 139% and 232% in the two
tested lines. Importantly, selective doses applied here were lower
than the field-rate cinmethylin dose, and resultant populations do

not yet constitute resistant lines. It is also noted that experimental
selection in this manner does not replicate the dynamics of herbi-
cide selection under field conditions.30 Nevertheless, results such
as those described here help to demonstrate whether in principle
resistance can evolve rapidly to a particular active. Given the
observed variability in cinmethylin sensitivity amongst popula-
tions, the association with previously evolved NTSR, and the fur-
ther response to cinmethylin selection, our findings reiterate the
importance of careful stewardship to minimise further selection
when introducing this active.

5 CONCLUSIONS
The registration of cinmethylin for UK blackgrass control repre-
sents a much-needed additional herbicidal MOA to tackle this
species, with effective control (mean 97% reduction in emer-
gence) demonstrated across our tested UK blackgrass popula-
tions under glasshouse conditions. However, the variation in
sensitivity observed below field rate, and the influence of pre-
existing mechanisms of enhanced herbicide metabolism on cin-
methylin sensitivity are a cause for concern in relation to future
resistance evolution. It has been argued that the effectiveness of
newly introduced actives can only be maximised where we have
detailed baseline sensitivity data, proactive monitoring for shifts
in resistance, and a clear iterative decision-making process to
enact in light of these data.23 The current study provides such sen-
sitivity data, characterising the potential links with pre-existing
metabolic resistance. Moreover, we highlight the capacity to
select for cinmethylin sensitivity, and identify field locations
within a blackgrass monitoring network most at risk of evolving
a resistance trait. Future experimental selection, coupled with in-
fieldmonitoring across this blackgrass network is needed, in order
to pro-actively detect resistance evolution. Similarly, newly devel-
oped genomic resources for this species29 will be an invaluable
resource to identify molecular pathways responsible for the
observed variation in sensitivity, and to develop diagnostics for
the rapid detection of potential resistance.31 While the introduc-
tion of a newMOA is encouraging for growers, it is imperative that
its use is advocated within an integrated weed management
(IWM) framework, to minimise selection, and ensure effective
and pro-active stewardship of this new active.
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