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Cross-resistance patterns to
ACCase-inhibiting herbicides conferred
by mutant ACCase isoforms in Alopecurus
myosuroides Huds. (black-grass), re-examined
at the recommended herbicide field rate
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Abstract

BACKGROUND: Target-site-based resistance to acetyl-CoA carboxylase (ACCase) inhibitors in Alopecurus
myosuroides Huds. is essentially due to five substitutions (Isoleucine-1781-Leucine, Tryptophan-2027-Cysteine,
Isoleucine-2041-Asparagine, Aspartate-2078-Glycine, Glycine-2096-Alanine). Recent studies suggested that cross-
resistance patterns associated with each mutation using a seed-based bioassay may not accurately reflect field
resistance. The authors aimed to connect the presence of mutant ACCase isoform(s) in A. myosuroides with
resistance to five ACCase inhibitors (fenoxaprop, clodinafop, haloxyfop, cycloxydim, clethodim) sprayed at the
recommended field rate.

RESULTS: Results from spraying experiments and from seed-based bioassays were consistent for all mutant
isoforms except the most widespread, Leucine-1781. In spraying experiments, Leucine-1781 ACCase conferred
resistance to clodinafop and haloxyfop. Some plants containing Leucine-1781 or Alanine-2096 ACCase, but not all,
were also resistant to clethodim.

CONCLUSION: Leucine-1781, Cysteine-2027, Asparagine-2041 and Alanine-2096 ACCases confer resis-
tance to fenoxaprop, clodinafop and haloxyfop at field rates. Leucine-1781 ACCase also confers resis-
tance to cycloxydim at field rate. Glycine-2078 ACCase confers resistance to all five herbicides at
field rates. Only Glycine-2078 ACCase confers clethodim resistance under optimal application condi-
tions. It may be that Leucine-1781 and Alanine-2096 ACCases may also confer resistance to clethodim
in the field if the conditions are not optimal for herbicide efficacy, or at reduced clethodim field
rates.
 2008 Society of Chemical Industry
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1 INTRODUCTION
Herbicides are currently the easiest way of controlling
weeds in crops. In developed countries they are
the most frequently used weed control tool, and in
intensive cropping systems they are often the only
weed control method used by growers. However,
intensive and systematic herbicide use has selected
for, and favoured the spread of, resistant weed
genotypes in 183 species to date.1 The number
of reported resistance cases is still increasing.1

Herbicide resistance must therefore be considered
when designing herbicide spraying programmes. For
this purpose, assays unambiguously confirming and/or
detecting resistance are required. Such assays must
be able reliably to assess resistance in the field.
That is, plants characterised as herbicide resistant
or herbicide sensitive by these assays must actually

be herbicide resistant or herbicide sensitive in the
field.

‘Classical’ herbicide sensitivity assays are bioas-
says. The history of their use in monitoring herbi-
cide resistance has been reviewed elsewhere.2 They
involve exposing viable individuals from weed pop-
ulations where resistance is suspected to one or
several discriminating herbicide dose(s) and observ-
ing herbicide effects.2–4 When a gene endowing
resistance is identified and its cross-resistance pat-
tern is established, molecular assays can be devel-
oped for resistance diagnosis.5–7 Molecular assays are
fast and can be adapted to high-throughput diag-
nosis procedures. However, they are only relevant
if the cross-resistance pattern established for the
targeted resistance gene reflects field reality. Con-
nection of the occurrence of a resistance gene in
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weed individuals with resistance of these individu-
als in the field can be directly obtained by carefully
performing treatments to ensure optimal herbicide
efficacy, and by subsequently genotyping the resistant
and sensitive plants obtained. This implies treating
plants at a sensitive growth stage under adequate
temperature, moisture and wind conditions using
herbicide at the field rate. However, such a proce-
dure is time consuming and subject to environmen-
tal variation.8 The connection is therefore generally
obtained indirectly by genotyping weed individuals
characterised as resistant or sensitive using bioassays.
As a consequence, if the bioassay used to establish
a cross-resistance pattern does not accurately reflect
resistance in the field, then the molecular assay can-
not be reliably used to monitor resistance in the
field.

Alopecurus myosuroides Huds. (black-grass) is a
major, troublesome grass weed of winter crops
in northern Europe that has evolved resistance to
herbicides inhibiting acetyl-coenzyme A carboxylase
(ACCase, EC 6.4.1.2). A total of seven point muta-
tions in the gene encoding ACCase, causing a total
of five amino-acid replacements, have been demon-
strated to confer dominant resistance to ACCase-
inhibiting herbicides in this species.9 These sub-
stitutions are Isoleucine-1781-Leucine (two muta-
tions), Tryptophan-2027-Cysteine (two mutations),
Isoleucine-2041-Asparagine, Aspartate-2078-Glycine
and Glycine-2096-Alanine. Molecular tools have been
developed for the detection of these seven mutations
in A. myosuroides.5,6,10,11 The altered sensitivity of the
five ACCase isoforms resulting from the seven muta-
tions has been demonstrated in A. myosuroides using
ACCase enzyme assays.10–12 Cross-resistance patterns
associated with each of the five mutant ACCase iso-
forms have been established using a seed-based bioas-
say in which germinating A. myosuroides seeds grow on
a filter paper soaked with herbicide solution.3 How-
ever, recent results have suggested that A. myosuroides
individuals containing Leucine-1781 ACCase iso-
form(s), which were characterised as sensitive to
the ACCase-inhibiting herbicide clodinafop using this
seed-based bioassay, could withstand clodinafop appli-
cation in the field.13 Similarly, A. myosuroides individ-
uals containing Cysteine-2027, Asparagine-2041 or
Alanine-2096 ACCase isoforms were characterised as
sensitive to the ACCase-inhibiting herbicides cycloxy-
dim and clethodim using a seed-based bioassay.10,11

However, these isoforms displayed a reduced sensitiv-
ity to cycloxydim and clethodim in ACCase enzyme
assays.10,11 The purpose of this study was therefore
to determine the accuracy of the cross-resistance pat-
terns established using seed-based herbicide sensitivity
bioassay for five ACCase-inhibiting herbicides, and to
try to connect unambiguously the presence of mutant
ACCase isoform(s) in A. myosuroides individuals with
resistance or sensitivity to these herbicides applied at
field rate.

2 MATERIALS AND METHODS
In the following, the mutant ACCase isoforms will be
referred to as L1781 (Leucine-1781), C2027 (Cystein-
2027), N2041 (Asparagine-2041), G2078 (Glycine-
2078) and A2096 (Alanine-2096). Plant genotype at
a given codon will be abbreviated as ABXXXX, where
A and B stand for the amino acid encoded at codon
XXXX by each of the two copies of the gene encoding
ACCase in A. myosuroides (e.g. IL1781 indicates a
heterozygous plant containing one Isoleucine-1781
and one Leucine-1781 ACCase isoform).

2.1 Plant materials
In previous work, the authors investigated the
occurrence of mutant ACCase alleles in 243 A.
myosuroides seed samples collected across France.13

All samples were collected in different fields. Here, a
total of nine of these samples that contained plants with
mutant ACCase isoforms and two sensitive samples
that did not contain any mutant ACCase isoform
or any resistant plants13 were used. Four ‘purified’
populations respectively containing 100% NN2041,10

CC2027, GG2078 or AA209611 individuals were also
analysed. For simplicity, all samples and populations
will be referred to as ‘populations’ in this paper.
The characteristics of the populations studied are
summarised in Table 1.

Seeds from each population were placed into
petri dishes onto blotting paper soaked with a
solution of potassium nitrate (20 mM) and allowed
to germinate for one week in controlled environment
chambers (20 ◦C, 12 h light). Germinated seeds
were then planted into plastic trays (1 L volume,
17 × 12.5 × 5.5 cm in dimensions) filled with soil
from an A. myosuroides-free wheat field from Dijon.
Thirty germinated seeds were planted in each
tray and thinned down to 25 before herbicide
spraying.

The efficacy of ACCase-inhibiting herbicides
against grass weeds can vary substantially, depend-
ing on the growth stage of the targeted weed.14

Herbicide efficacy also depends on weed physiology
during and after herbicide application, which in turn
depends on environmental factors.8 To ensure herbi-
cide application and herbicide symptom observation
in conditions that were both optimal for herbicide
efficacy at field rate and as close as possible to field
conditions, the trays were placed in a greenhouse
mimicking spring temperatures in Dijon (20 ◦C day,
15 ◦C night). Seedlings were watered as needed and
allowed to grow until they reached the 3–4-leaf stage,
which is the growth stage at which ACCase-inhibiting
herbicide application is recommended.

2.2 Seed-based bioassay
The sensitivity of plants containing C2027, N2041,
G2078 and A2096 ACCase isoforms to five ACCase-
inhibiting herbicides was previously assessed10,11 using
a seed-based bioassay described elsewhere.3 These
five herbicides belonged to two chemical families:
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Table 1. Alopecurus myosuroides populations studied

Code Origin Isoforma Genotype(s) presentb

00-017 Field Reference populationc WT
00-029 Field Reference population WT
V00-009 Field L1781 LL1781
V00-008 Field L1781 WT, IL1781, LL1781
00-015 Field L1781 WT, IL1781, LL1781
Cys2027F1 Controlled pairings C2027 CC2027
00-045 Field C2027 WT, WC2027, CC2027
00-081 Field C2027 WT, WC2027, CC2027
00-092 Field C2027 WT, WC2027, CC2027, IL1781, LL1781, IL1781/WC2027d

02-F1 Controlled pairings N2041 NN2041
V01-007 Field N2041 WT, IN2041, NN2041
Gly2078F1 Controlled pairings G2078 GG2078
V00-005 Field G2078 WT, DG2078, GG2078, IL1781, LL1781, IL1781/DG2078d

Ala2096F1 Controlled pairings A2096 AA2096
00-094 Field A2096 WT, GA2096, AA2096

a Isoform for which the population is used to check the cross-resistance pattern.
b Genotype(s) detected in the population in previous studies.10,11,13 WT: individual(s) not containing any of the five known mutant ACCase isoform(s).
c Reference, sensitive population where no plant resistant to any ACCase inhibitor tested was detected in seed-based bioassays.
d Double-heterozygous plants containing two types of mutant ACCase isoform (e.g. one C2027 and one L1781 isoform).

aryloxyphenoxypropionates (fenoxaprop, clodinafop
and haloxyfop) and cyclohexanediones (cycloxydim
and clethodim). The sensitivity of plants containing
L1781 ACCase isoform(s) to all these herbicides apart
from clethodim was previously assessed.5 Previously
published seed-based bioassay results are summarised
in Table 2. Sensitivity of seedlings containing L1781
ACCase isoform(s) to clethodim was assessed using
100 seedlings from each of the populations V00-
009, V00-008 and 00-015 (Table 1), as previously
described.11

2.3 Herbicide treatments
For each of the five ACCase-inhibiting herbicides
studied, the commercial formulation most widely
used in France was applied without extra adjuvant
at the recommended field rate. Formulation and
field rates were: Puma LS (Bayer CropScience
France), 69 g fenoxaprop ha−1; Célio (Syngenta Agro),
60 g clodinafop ha−1; Éloge (Dow Agroscience),
52 g haloxyfop ha−1; Stratos Ultra (BASF Agro),
200 g cycloxydim ha−1; Centurion 240 EC (Arysta
Lifescience), 120 g clethodim ha−1.

For each of the 15 populations studied, 75
individuals per population at the 3–4-leaf stage were
sprayed with one of the five herbicides studied.
One extra batch of 50 individuals per population
was sprayed with water to serve as an untreated
control. Herbicides were applied using a custom-
built, single-nozzle (nozzle 110-04; Albuz, France)
sprayer delivering herbicide in 300 L ha−1 water at
400 kPa, at a speed of 6.6 km h−1. Seedling trays were
transferred from the greenhouse to the sprayer in the
morning, immediately sprayed and transferred back to
the greenhouse about 20 min later, when herbicide
droplets deposited on their leaves were no longer
visible.

One day after treatment, a 1 cm leaf fragment was
collected from each individually identified herbicide-
treated plant and stored at −20 ◦C until subsequent
DNA extraction. Herbicide sensitivity was assessed
2–3 weeks after treatment, when plants from the
sensitive populations were all clearly dead. At that
time, plants from the other populations were dead,
producing a last chlorotic leaf or producing new
green leaves. Chlorotic plants died 1–2 weeks after
the plants from the sensitive populations and were
therefore classified as sensitive, together with plants
that died at the same time as plants from the sensitive
populations. Plants alive and producing new green
leaves at the time herbicide sensitivity was assessed
subsequently grew vigorously and were classified as
resistant.

The experiment was performed twice indepen-
dently, starting on 5 September 2005 and on 20 March
2006.

2.4 Genotyping mutations within the gene
encoding ACCase
All plants sprayed with herbicide were genotyped
following a double-blind procedure, i.e. genotype at
ACCase and herbicide sensitivity were independently
assessed for each plant. DNA was extracted using
a previously described rapid protocol13 and stored
at −20 ◦C or immediately used for genotyping.
Genotyping was performed on all plants using
previously described allele-specific PCR assays.5,10,11

3 RESULTS
Characterisation of resistant or sensitive phenotypes
associated with all mutant ACCase isoforms using the
seed-based bioassay is from previously published work
(Table 2), except for the assessment of the sensitivity
to clethodim of plants containing L1781 ACCase
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Table 2. Altered sensitivity of the five known mutant ACCase isoforms to five ACCase-inhibiting herbicides and cross-resistance patterns observed

in whole Alopecurus myosuroides plants

Whole-plant sensitivityc

Seed-based bioassay Herbicide field rate
Mutant isoform

Mutation Herbicidea resistance factorb Heterozd Homozd Heterozd Homozd

I1781L (two alleles) Fenoxaprop >27.512 R5 R5 R R
Clodinafop NAe S5 S5 R R
Haloxyfop NA S5 S5 R R
Cycloxydim NA R5 R5 R R
Clethodim NA Sf Sf r r

W2027C (two alleles) Fenoxaprop 53.011 R11 R11 R R
Clodinafop 90.511 R11 R11 R R
Haloxyfop 19.011 R11 R11 R R
Cycloxydim 5.011 S11 S11 S S
Clethodim 3.011 S11 S11 S S

I2041N Fenoxaprop 37.010 R10 R10 R R
Clodinafop 202.510 R10 R10 R R
Haloxyfop 77.510 R10 R10 R R
Cycloxydim 4.510 S10 S10 S S
Clethodim 2.510 S10 S10 S S

D2078G Fenoxaprop 53.011 R11 R11 R R
Clodinafop 125.511 R11 R11 R R
Haloxyfop 35.011 R11 R11 R R
Cycloxydim 83.511 R11 R11 R R
Clethodim 36.011 R11 R11 R R

G2096A Fenoxaprop 20.511 R11 R11 R R
Clodinafop 57.511 R11 R11 R R
Haloxyfop 16.011 R11 R11 R R
Cycloxydim 9.011 S11 S11 S S
Clethodim 6.511 S11 S11 r r

a Aryloxyphenoxypropionate herbicides: fenoxaprop, clodinafop, haloxyfop. Cyclohexanedione herbicides: cycloxydim, clethodim.
b Computed for each herbicide as the ratio between herbicide concentrations inhibiting 50% of mutant and wild-type ACCase isoform activity.
Numbers in the superscript to the resistance factor values are the references for resistance factor determination.
c S = sensitive; R = resistant; r = moderately resistant (see the discussion in Section 4). Numbers in the superscript are the references for seed-based
assay results.
d Heteroz = plants heterozygous at ACCase, i.e. plants containing one mutant ACCase allele (e.g. IL1781); Homoz = plants homozygous at ACCase,
i.e. plants containing two mutant ACCase alleles (e.g. LL1781).
e NA = not assayed.
f Seed-based bioassay results obtained in the present work.

isoforms, which was completed in the present work.
All seedlings from the three populations containing
only L1781 ACCase isoforms (Table 1) were found
to be sensitive to clethodim in seed-based bioassays
(Table 2).

A total of 11 250 A. myosuroides plants (5625 from
each experiment) from 15 populations were analysed
in this work. At least two distinct populations were
analysed per mutant ACCase isoform (Table 1) to
minimise the risk of resistant phenotypes observed
being due to non-ACCase-based resistance mecha-
nisms. In both spraying experiments, all control plants
sprayed with water subsequently grew vigorously. Each
plant treated with one of the five ACCase-inhibiting
herbicides used was genotyped using allele-specific
PCR following a double-blind procedure. Associa-
tion of phenotype (i.e. resistant or sensitive) with
genotype [i.e. presence of no, one or two mutant
ACCase allele(s)] was subsequently performed for

each individual plant. The phenotype observed for
plants carrying a given mutant ACCase allele was
consistent across the two spraying experiments for all
ACCase alleles. For instance, all plants containing
N2041 ACCase allele(s) survived fenoxaprop applica-
tion, but were killed by clethodim in both experiments.
The results from both experiments were therefore
pooled (Table 3).

All IL1781 plants and all LL1781 plants survived
fenoxaprop, clodinafop, haloxyfop or cycloxydim
application. A total of 17 IL1781 plants and 86
LL1781 plants from these three populations survived
clethodim application, but most of these plants (56
IL1781 plants and 280 LL1781 plants) were killed,
although they expanded a last chlorotic leaf. Similar
results were obtained for IL1781 and LL1781 plants
in population 00-092 which predominantly contained
C2027 ACCase and population V00-005 which
predominantly contained G2078 ACCase (Table 3).
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Table 3. Herbicide sensitivity at field rate and ACCase alleles detected in Alopecurus myosuroides plants in two spraying-and-genotyping

experiments

Herbicides

Fenoxaprop Clodinafop Haloxyfop Cycloxydim Clethodim

Populations Genotypesa Rb S R S R S R S R S

00-017 WT 0c 150 0 150 0 150 0 150 0 150
00-029 WT 0 150 0 150 0 150 0 150 0 150

V00-009 WT 0 3 0 0 0 2 0 2 0 0∣
∣
∣
∣
∣

IL1781 6 0 4 0 5 0 3 0 0 7d

LL1781 141 0 146 0 143 0 145 0 23 120d

V00-008 WT 1 3 0 2 0 6 0 4 0 0∣
∣
∣
∣
∣

IL1781 32 0 28 0 31 0 36 0 11 17d

LL1781 114 0 120 0 113 0 110 0 44 78d

00-015 WT 4 9 0 5 0 10 0 12 0 11∣
∣
∣
∣
∣

IL1781 36 0 43 0 42 0 37 0 6 32d

LL1781 101 0 102 0 98 0 101 0 19 82d

P(IL1781)e <10−3 <10−3 <10−3 <10−3 0.11
P(LL1781)e <10−3 <10−3 <10−3 <10−3 0.08

Cys2027F1 CC2027 150 0 150 0 150 0 0 150 0 150
00-045 WT 3 9 0 8 0 6 0 8 0 7∣

∣
∣
∣
∣

WC2027 80 0 88 0 82 0 0 87 0 84
CC2027 58 0 54 0 62 0 0 55 0 59

00-081 WT 0 4 0 3 0 5 0 4 0 4∣
∣
∣
∣
∣

WC2027 50 0 54 0 49 0 0 52 0 53
CC2027 96 0 93 0 96 0 0 94 0 93

00-092
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

WT 2 2 0 3 0 0 0 3 0 2
WC2027 43 0 44 0 42 0 0 46 0 44
CC2027 28 0 33 0 34 0 0 35 0 30
IL1781 29 0 29 0 27 0 25 0 9 19
LL1781 10 0 9 0 13 0 10 0 5 7
IL1781/WC2027 36 0 32 0 34 0 31 0 6 28
P(WC2027)e <10−3 <10−3 <10−3 1.00 1.00
P(CC2027)e <10−3 <10−3 <10−3 1.00 1.00

02-F1 NN2041 150 0 150 0 150 0 0 150 0 150
V01-007 WT 2 6 0 4 0 5 0 7 0 6∣

∣
∣
∣
∣

IN2041 68 0 74 0 72 0 0 71 0 68
NN2041 74 0 72 0 73 0 0 72 0 76
P(IN2041)e <10−3 <10−3 <10−3 1.00 1.00
P(NN2041)e <10−3 <10−3 <10−3 1.00 1.00

Gly2078F1 GG2078 150 0 150 0 150 0 150 0 150 0
V00-005

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

WT 0 4 0 2 0 3 0 0 0 5
DG2078 122 0 125 0 123 0 124 0 120 0
GG2078 12 0 11 0 13 0 14 0 13 0
IL1781 7 0 6 0 5 0 7 0 0 5
IL1781/DG2078 5 0 6 0 6 0 5 0 7 0
P(DG2078)e <10−3 <10−3 <10−3 <10−3 <10−3

P(GG2078)e <10−3 <10−3 <10−3 <10−3 <10−3

Ala2096F1 AA2096 150 0 150 0 150 0 0 150 54 96d

00-094 WT 3 17 0 18 0 22 0 17 0 20∣
∣
∣
∣
∣

GA2096 93 0 88 0 91 0 0 91 16 71d

AA2096 37 0 44 0 37 0 0 42 10 33d

P(GA2096)e <10−3 <10−3 <10−3 1.00 0.04
P(AA2096)e <10−3 <10−3 <10−3 1.00 <10−3

a Genotypes present in each population. WT = plant(s) not containing any of the five known mutant ACCase isoform(s). Plants containing
mutant ACCase alleles are referred to after their genotype, e.g. IL1781 = heterozygous plants containing one wild-type ACCase and one
mutant L1781 ACCase allele; LL1781 = homozygous plants containing two mutant L1781 ACCase alleles; IL1781/WC2027 and IL1781/DG2078 =
double-heterozygous plants containing two types of mutant ACCase isoform (e.g. one C2027 and one L1781 isoform).
b S = sensitive; R = resistant.
c Number of plants in a given category of genotypes (e.g. WT) and of herbicide sensitivity (e.g. resistant). The total number of plants assayed with
one herbicide in one population is 150.
d Plants classified as sensitive that produced a last, yellowing leaf before dying.
e P-value of Fisher’s exact test for the association of the genotype in parentheses with resistance to a herbicide.

Pest Manag Sci 64:1179–1186 (2008) 1183
DOI: 10.1002/ps
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WC2027 and CC2027 plants (four populations),
IN2041 and NN2041 plants (two populations) and
GA2096 and AA2096 plants (two populations)
all survived fenoxaprop, clodinafop or haloxyfop
application. All those genotypes were killed by
cycloxydim and died like plants from the sensitive
populations. Plants containing only C2027 or N2041
allele(s) were killed by clethodim and died like
plants from the sensitive populations. A total of
16 GA2096 plants and 64 AA2096 plants survived
clethodim application, but the majority of these plants
(71 GA2096 plants and 129 AA2096 plants) were
killed, although they expanded a last chlorotic leaf.
In population 00-092, all 31 double-heterozygous
mutant plants (i.e. WC2027/IL1781 plants) survived
cycloxydim application, while plants only containing
C2027 allele(s) were killed and died like plants
from the sensitive populations (Table 3). In the two
populations containing G2078 ACCase alleles, all
DG2078 plants and all GG2078 plants survived
application of each of the five herbicides used,
as did all double-heterozygous mutant plants (i.e.
DG2078/IL1781 plants) in population V00-005
(Table 3). The cross-resistance patterns conferred
by each of the five mutant ACCase isoforms
under optimal herbicide application conditions were
established from these results and are given in Table 2.

4 DISCUSSION
The purpose of this work was to check whether
cross-resistance patterns conferred by the five mutant
resistant ACCase alleles known in A. myosuroides
that were established using a seed-based bioassay
were consistent with plant sensitivity at the herbicide
field doses. The procedures used in seed-based
bioassays and in herbicide spraying experiments
are dissimilar. ACCase-inhibiting herbicides are
leaf-applied herbicides. In seed-based bioassays,
germinating seeds are deposited onto blotting paper
soaked with a herbicide solution.2,3 This means that
plants are subjected to herbicide doses different
from, and probably higher than, those in the field,
at a much earlier growth stage, and that herbicide
absorption is mostly via seedling roots. In spite of these
differences, the cross-resistance patterns obtained
from seed-based herbicide sensitivity bioassay and
from herbicide spraying experiments were consistent
for isoforms C2027, N2041 and G2078 (Table 2).
Isoforms C2027 and N2041 conferred resistance in
seed-based bioassays and at field rate to the three
aryloxyphenoxypropionate herbicides used, but not to
the two cyclohexanedione herbicides (Tables 2 and 3).
Isoform G2078 conferred resistance in seed-based
bioassays and at field rate to all five herbicides assayed
(Tables 2 and 3). Isoform A2096 conferred resistance
in seed-based bioassays and at field rate to the three
aryloxyphenoxypropionate herbicides used, but not to
cycloxydim (Tables 2 and 3). Results for clethodim

sensitivity of plants containing isoform A2096 are
discussed below.

In seed-based bioassays, isoform L1781 conferred
resistance to the aryloxyphenoxypropionate herbicide
fenoxaprop and to the cyclohexanedione herbicide
cycloxydim, but not to the aryloxyphenoxypropionate
herbicides clodinafop and haloxyfop, nor to the cyclo-
hexanedione herbicide clethodim (Table 2). However,
isoform L1781 conferred resistance to all three ary-
loxyphenoxypropionate herbicides and to cycloxydim
when herbicides were applied to plants at field rate
rather than to seeds in bioassays (Tables 2 and 3).
Although the sensitivity at the enzyme level of this
mutant ACCase isoform has been characterised with
fenoxaprop only in A. myosuroides (Table 2), the
present results were consistent with L1781 ACCase
displaying a resistance factor of 14.0 to haloxyfop
in another grass weed, Lolium sp. (rye-grass).15 The
present results also confirmed a previous hypothesis
that plants containing L1781 ACCase allele(s) could
withstand clodinafop application in the field.13 This
result is of importance, since clodinafop, together
with fenoxaprop, is the most widely used ACCase-
inhibiting herbicide in France.16 Furthermore, iso-
form L1781 is the most widespread mutant resistant
ACCase isoform reported to date, not only within
A. myosuroides13,16 but also among other grass weed
species.9,17 The limited characterisation of the sensi-
tivity of A. myosuroides L1781 ACCase to herbicides is
unfortunate, because the results of the herbicide spray-
ing experiment obtained with clethodim for plants
containing this isoform were not clear cut. Some
plants containing L1781 allele(s) survived clethodim
application. The majority were killed but, unlike
plants in the sensitive populations, they expanded
a last chlorotic leaf (Table 3). Similar results were
also observed for ACCase isoform A2096 (Table 3).
Two hypotheses can be proposed to explain these
results. The first one is the occurrence of additional
mechanisms conferring resistance to clethodim in the
resistant plants. Because A. myosuroides is a diploid
species, homozygous AA2096 and LL1781 plants
resistant to clethodim cannot contain an extra, yet
unknown, mutant ACCase allele conferring resistance
to clethodim. Therefore, these putative additional
resistance mechanisms must be non-ACCase based.
However, metabolism of most cyclohexanedione her-
bicides, including clethodim, has never been reported
in plants. Besides, this hypothesis would imply that
such a mechanism specifically occurred in all five A.
myosuroides populations containing L1781 or A2096
ACCase isoforms, and not in any of the ten other pop-
ulations investigated. The second hypothesis is that
isoforms L1781 and A2096 display a reduced sensitiv-
ity to clethodim at the enzyme level that is insufficient
reliably to endow survival at clethodim field rates.
Such plants can be termed ‘moderately resistant’. In
A. myosuroides, the G2078 ACCase isoform that con-
fers resistance to clethodim at the whole-plant level
(Tables 2 and 3) displays a high resistance factor to
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this herbicide (36.0) (Table 2). The A2096 ACCase
isoform displays the second highest resistance factor
to clethodim (6.5) (Table 2), which is in favour of
this hypothesis. In Lolium sp., L1781 ACCase dis-
plays a resistance factor to clethodim of 18.0.15 The
present authors thus expect the resistance factor of the
L1781 ACCase isoform to clethodim to be of a similar
value in A. myosuroides. This needs to be checked by
appropriate ACCase enzyme activity experiments.

The occurrence of mutant ACCase isoforms with
an altered sensitivity to ACCase-inhibiting herbicides,
such that plants are moderately resistant to these
herbicides at the field rate, is a result of practical
significance. Indeed, optimal herbicide efficacy is
rarely attained in the field, and cyclohexanedione
herbicides such as clethodim are subjected to
photolysis.8,14 As a consequence, some moderately
resistant plants could withstand clethodim application
in the field and consequently lead to clethodim not
only selecting for G2078 ACCase alleles but also
for L1781 and A2096 alleles. Survival of plants
containing these alleles is also likely if growers reduce
herbicide application rates below the recommended
values. In this respect, it must be noted that all
mutant ACCase isoforms characterised so far display
a reduced affinity for all herbicides assayed (Table 2).
Thus, cutting herbicide rates could also lead to the
survival in the field of plants that contain mutant
ACCase alleles but are sensitive to ACCase-inhibiting
herbicides sprayed at full rate in optimal conditions.
Additionally, the results reported here were obtained at
French recommended field rates, which are relatively
high (see Section 2.3). They may not be valid in
countries where the same herbicides are used at lower
rates. In this respect, it is noteworthy that survival of
LL1781 Lolium sp. plants was found to be 100% at the
Australian clethodim field rate (60 g clethodim ha−1),
which is half the French field rate, while survival of
these plants was reduced to 50% at a rate of 98 g
clethodim ha−1, and to about 20% at 120 g clethodim
ha−1.15

At the herbicide field rate, resistance is dominant
over sensitivity for all combinations of mutant
isoforms and herbicides where resistance was observed
(Table 3). That is, plants containing a single mutant
ACCase isoform are resistant to all herbicides to
which this isoform confers resistance (Table 3). This
confirms literature data,9,15 implying that resistant
ACCase isoforms are selected for as soon as they
appear or arrive in an A. myosuroides population
sprayed with ACCase-inhibiting herbicides.

5 CONCLUSION
This work identified the cross-resistance patterns
conferred by five mutant ACCase isoforms in
A. myosuroides to herbicides used at the French
field rate. Some of these isoforms have also been
identified in other species and appeared to confer
cross-resistance patterns similar to those observed

in A. myosuroides.9,15,18 Therefore, the present results
may extend to other grass weed species. However,
this needs to be carefully checked, because the
intrinsic sensitivity to ACCase inhibitors varies among
species.9 Also, given that the reduction in sensitivity
observed for each mutant ACCase isoform depends on
the herbicide molecule (Table 2), the present results
cannot directly be extended to ACCase inhibitors not
studied here.

For most herbicide–isoform combinations studied,
the present results confirmed those obtained using
seed-based bioassays. The major discrepancy observed
was the dominant resistance to clodinafop and
haloxyfop that was conferred by L1781 ACCase
isoforms at doses used in the field, in contrast
to the sensitivity observed in seed-based bioassay
(Tables 2 and 3). This illustrates the need for a dose
of herbicide both reliably discriminating resistant and
sensitive plants in bioassays and consistent with results
from the field. The moderate resistance conferred by
L1781 and A2096 ACCase isoforms to clethodim
illustrates the difficulty in determining such a dose.
Applying herbicides at field rates to weeds at the
appropriate growth stage is clearly the most reliable
way of diagnosing resistance, especially when no
resistance gene has been identified, or when multiple
genes are involved as in metabolism-based resistance.9

However, the use of miniaturised rapid tests such as
molecular resistance detection assays should permit
a first and fast analysis of weed samples. Cross-
resistance patterns associated with known mutant
ACCase isoforms have been verified. Molecular assays
proved adaptable to quantitative genotyping,19 which
will significantly reduce their cost. They are therefore
of particular interest for routine resistance surveys
analysing large numbers of plants. From the results
obtained, a focused series of spraying experiments
can subsequently be performed to achieve a full
characterisation of resistance in the corresponding
fields.
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