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Summary

Acetolactate synthase (ALS) inhibitors are the most
resistance-prone herbicide group. Rapid resistance diag-
nosis is thus of importance for their optimal use. We
formulate rules to use the derived cleaved amplified
polymorphic sequence method to develop molecular
tools detecting a change at a given codon, the nature of
which is unknown. We applied them to Alopecurus
myosuroides (black grass) to develop assays targeting
ALS codons A122, P197, A205, W574 and S653 that are

crucial for herbicide sensitivity. These assays detected
WS574L or P197T, or both substitutions, in most plants
analysed from a field where ALS inhibitors failed after
3 years of use. Similar assays can easily be set up for any
species. Given the rapidity of selection for resistance to
ALS inhibitors, these assays should be very useful in
proactive herbicide resistance diagnosis.

Keywords: acetolactate synthase, ALS, AHAS, dCAPS,
herbicide, PCR, proactive diagnosis, mutation, resis-
tance, sulfonylurea, grass weed.
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Introduction

Herbicides targeting acetolactate synthase (ALS, EC
2.2.1.6) are among the most used herbicides worldwide
(Tranel & Wright, 2002; Corbett & Tardif, 2006). They
are also the most resistance-prone herbicide group to
date, with resistant plants reported in at least 95 weed
species (Heap, 2007). Resistance diagnosis is thus of
importance for the optimal use of ALS inhibitors.
ALS-based resistance is considered to play the major
role in resistance to ALS inhibitors (Corbett & Tardif,
2006). Using Arabidopsis thaliana (L.) Heynh. ALS
sequence as a reference for amino acid numbering
(Tranel & Wright, 2002), most ALS-based resistance
cases reported to date are due to substitutions at
codons A122, P197, A205, W574 or S653 (Tranel et al.,
2007). Resistant ALS allele detection proved the

quickest and most accurate way of diagnosing resis-
tance to ALS inhibitors (Corbett & Tardif, 2006).
Molecular, DNA-based assays most often based upon
the loss/gain of a restriction enzyme recognition site
[polymerase chain reaction (PCR)-restriction fragment-
length polymorphism (RFLP)], or upon direct specific
amplification of the mutant allele (allele-specific PCR),
have consequently been developed to detect resistant
ALS alleles in various weed species where resistance
arose (Corbett & Tardif, 2006). However, different
possible substitutions have been reported at a given
amino acid position, e.g. nine substitutions are known at
codon 197 (Tranel et al., 2007). The molecular tools
hitherto developed were therefore set up on the basis of
ALS sequences from resistant plants, after herbicide
resistance confirmation (Corbett & Tardif, 2006). This
takes time and is to be performed each time a new
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mutation arises, which is not compatible with proactive
resistance management.

Herein, we considered ALS-based resistance in
Alopecurus myosuroides Huds. (black grass), a noxious,
widespread grass weed of winter crops in Europe. In
France, ALS inhibitors have been heavily used against
A. myosuroides since 2003. As a consequence, herbicide
application failures are starting to be reported. To
promptly confirm ALS-based resistance, we developed
five molecular assays, each detecting any mutation
causing an amino acid substitution at one of the
positions 122, 197, 205, 574 or 673 in A. myosuroides
ALS. All assays are based upon the derived cleaved
polymorphic amplified sequence method (dCAPS; Neff
et al., 1998), already successfully used to detect known
mutations endowing herbicide resistance (Kaundun &
Windass, 2006).

Al122F>
5’ -CCTACTCTCCCGCGCTACCTGCC
80 90 100 110 2170

S e e I I e [eenn
CAAACCTACTCTCCCGCGCTACCTGCCCGCCTCACG

Designing dCAPS assays

The dCAPS technique uses PCR to create a restriction
enzyme recognition site in a sequence where none exists,
detecting nucleotide polymorphisms on the basis of the
gain (amplicon is digested) or loss (amplicon is not
undigested) of this site. One of the PCR primers is
located close to the variable nucleotide and contains
mismatched nucleotide(s) so as to create a restriction
enzyme recognition site encompassing the variable
nucleotide (Neff ez al., 1998). dCAPS primers were
generated using the software DCAPS FiNDER 2.0 (Neff
et al., 2002). dCAPS assays specifically cutting ampli-
cons containing wild-type codons in A. myosuroides
ALS (EMBL/GenBank accession AJ437300) were sub-
sequently designed following five rules: (1) dCAPS
fragments 150-350 nucleotide long and (2) dCAPS

280 290 300 310 320
I 5 e I T I I
// CCCCGGCGGCGCCTCAATGGAGATCCACCAGGCGCTCACACGCTCGCCGGCCATCA

TAGGTGGTCCGCGAGTGTGCGAGCGGCCGGT-5"

GTTTGGATGAGAGGGCGCGATGGACGGGCGGAGTGC // GGGGCCGCCG‘ GTTACCTCTAGGTGGTCCGCGAGTGTGCGAGCGGCCGGTAGT
AGTTACCG]
I =

P197F> BamHI
57 ~TTCTCGACTCCATCCCGATGGTCGCTATCACGGGACA)
460 470 480 490 500

GCTCTTCTCGACTCCATCCCGATGGTCGCTATCACGGGACAGGTTICQCCGCCGCAT  //

Bgll €A122R

680 690 700 710

N e e P I T
CATCCCCAAGGACATCCAGCAGCAGATGGCTGTGCC

CGAGAAGAGCTGAGGTAGGGCTACCAGCGATAGTGCCCTGTCCAAGGGGCGGCGTA // GTAGGGGTTCCTGTAGGTCGTCGTCTACCGACACGG

A205F>
5/ ~TTCTCGACTCCATCCCGATGGTCGC
460 470 480 490 530
P o [ [ I |...205..

GCTCTTCTCGACTCCATCCCGATGGTCGCTATCACG

GGGTTCCTGTAGGTCGTCGTCTA-5'
€P197R

540 550 560 570 580

B T I T I
// GGACGCCTTCCAAGAGACGCCCATTGTAGAGGTCACCCGCTCCATCACCAAGCACA
AGGTTCTCTGCGGGTAACATCTCCAGTGGGCGAGGTAGTGGTTCGTGT

CGAGAAGAGCTGAGGTAGGGCTACCAGCGATAGTGC // CCTGCGGF
PAGGTIECGETGCGGGTAACATCTCCAGTGGGCGAGGTAGTGG-5"

WS574F>
5’ -GGTGATGATACTGAACAATCAACATCTGGGAAT{CCA
1590 1600 1610 1620

GGTTAAGGTGATGATACTGAACAATCAACATCTGGGAATGGTGGTGCAQTGGEAGG  //
CCAATTCCACTACTATGACTTGTTAGTTGTAGACCCTTACCACCACGTCACCCTCC  //

S653F> Bpul01
57 -ATATCATCGTACCTCACCAGGAGCACGTGCTGCCTATGA
1830 1840 1850 1860 1870

GGATATCATCGTACCTCACCAGGAGCACGTGCTGCCTATGATCCCA]

CCTATAGTAGCATGGAGTGGTCCTCGTGCACGACGGATACTAGGGTTCGCCACCAC //

Bgll €A205R

1980 1990 2000 2010
N S e o e [ I I
CAATGTGCCTGATCAGCATGATGCTGGTGTATGTTA
GTTACACGGACTAGTCGTACTACGACCACATACAAT
GGACTAGTCGTACTACGACCACATA-5"

€WSR

1880 1980 1990 2000 2010
S e A e I | -1-X N I

| I O L [ L I

// CAATGTGCCTGATCAGCATGATGCTGGTGTATGTTA

GTTACACGGACTAGTCGTACTACGACCACATACAAT
GGACTAGTCGTACTACGACCACATA-5"

€WSR

Fig. 1 Primer positions. Nucleotide positions in 4. myosuroides ALS are above the sequence. Forward primers are above DNA plus strand,
and reverse primers are below DNA minus strand. Targeted codons are indicated by bold italics. Mismatching nucleotides in dCAPS
primers are in bold underlined. Restriction enzyme recognition sites are boxed, and cutting site positions are arrowed.
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primers about 40 nucleotide long to enable easy
discrimination of undigested and digested (about 40 bp
removed, see Fig. 1) amplicons by standard agarose gel
electrophoresis; (3) no mismatch at the last dCAPS
primer 3’ nucleotide; (4) all nucleotides in the restric-
tion enzyme recognition site exclusively located in the
primer sequence and in the part of the targeted codon
where any variation would cause amino-acid substi-
tution; and (5) no other restriction enzyme recognition
site in the amplicon. When several restriction enzymes
fulfilled rules (4) and (5), the cheapest one was selected.
Primers and restriction enzymes are given in Table 1.
Positions of primers and restriction enzyme recognition
sites in A. myosuroides ALS sequence are shown on
Fig. 1.

Rule (4) was set up for two reasons. First, if
nucleotides in the restriction enzyme recognition site
were located elsewhere, silent changes or variation at
positions not involved in herbicide resistance would lead
to false detection of resistant ALS alleles. Second, the
genetic code is degenerated. Thus, not all nucleotide
substitutions cause amino acid variation. In A. myos-
uroides, P197 is encoded by CCC, and A122 and A205
are both encoded by GCC. A proline residue is encoded
by CCN, an alanine by GCN (N is any nucleotide). Only
changes at the two first nucleotides cause amino acid
substitution at these codons. Recognition sites of the
selected enzymes (BamHI for P197, Bgll for A122 and
A205) thus encompass four nucleotides in dCAPS
primers and the two first nucleotides in each targeted
codon (Table 1, Fig. 1). Only codon TGG encodes a
tryptophane residue. Any change at this codon causes
amino acid substitution. BstXI was selected, the recog-

Table 1 dCAPS primers and restriction enzymes
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nition site of which encompasses three nucleotides in
primer W574F and the three nucleotides in codon 574
(Table 1, Fig. 1). In A. myosuroides, S653 is encoded by
AGC. A serine residue is encoded by TCN or AGY.
AGC-to-AGG and AGC-to-AGA changes cause an
S-to-R substitution, while AGC-to-AGT is silent. Any
other change at codon 653 causes amino acid substitu-
tion. BpulOI was selected, the recognition site of which
encompasses three nucleotides in dCAPS primer S653F
and three in codon 653 (Table 1, Fig. 1). We deemed the
possible false-positive diagnosis of the occurrence of
mutant ALS caused by a silent AGC-to-AGT change to
be a lesser flaw than not detecting the two other changes
causing an S-to-R substitution.

DNA extraction and PCR mixes were as described
(Délye et al., 2002). Primers targeting A122 and W574
were used at 0.2 um each. Primers targeting other
codons were used at 0.4 um each. Cycling programs
consisted of 95°C for 5 min followed by 37 cycles at
95°C for 5 s, Tm (annealing temperature of the primer
pair) (Table 1) for 10 s and 72°C for 30 s. Digestions
were performed at 37°C for 3 h in PCR mixes added
with 5 U enzyme (Fermentas, Vilnius, Lithuania),
0.7 uL of 10x enzyme buffer and 5 pL of water. dCAPS
patterns were visualised by electrophoresis on 3%
(wt/V) agarose gels run in 0.5x TBE buffer, except for
A205 (3.5% wt/V agarose).

Testing and validating dCAPS

All assays were set up using 15 plants from an
A. myosuroides accession never sprayed with ALS
inhibitors. Digested and undigested amplicons were

Expected dCAPS

Restriction patterns
enzyme, (fragment sizes
Target Tm recognition in bp)
codons Primers* Sequence (5-3')f (PCR) site WTE Mutant
A122 A122F CCTACTCTCCCGCGCTACCTGCC 70°C  Bgll, GCCNsGGC 36, 208 244
A122R8  TGGCCGGCGAGCGTGTGAGCGCCTGGTGGATCGCCATTGAG
P197 P197F8  TTCTCGACTCCATCCCGATGGTCGCTATCACGGGACAGGAT 60°C  BamHI, GGATCC 38,200 238
P197R ATCTGCTGCTGGATGTCCTTGGG
A205  A205F TTCTCGACTCCATCCCGATGGTCGC 55°C  Bgll, GCCNsGGC 41,69 110
A205R8  GGTGATGGAGCGGGGACCTCTACAATGGGCGTCGCCTGGAAG
W574  W574F§  GGTGATGATACTGAACAATCAACATCTGGGAATGCCAGTGCAG 60°C  Bstxl, CCANgTGG 39, 372 411
WSR ATACACCAGCATCATGCTGATCAGG
S653 S653F8  ATCATCGTACCTCACCAGGAGCACGTGCTGCCTATGATCCTA 65°C  Bpul0l, CCTNAGC 40,133 173
WSR ATACACCAGCATCATGCTGATCAGG

*Primer name ending with F, forward primer; primer name ending with R, reverse primer.
TNucleotide(s) in bold are modified from A. myosuroides ALS sequence in order to create a recognition site for the restriction enzyme used.

Nucleotides belonging to the enzyme restriction site are underlined.
TWild-type.
§dCAPS primer.
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Table 2 Record of herbicide application

% A. . . .

Growing myosuroides on an.A, myosuroides accession collected in
season Crop Herbicide(s) applied control 2006 in Sommepy (NE France)
2005-2006 Wheat Mesosulfuron* + iodosulfuron* 0

Imazamethabenz* + isoproturont 30-40

Mesosulfuron* + iodosulfuron* 5060
2004-2005 Wheat Mesosulfuron* + iodosulfuron* 70
2003-2004 Wheat Mesosulfuron* + iodosulfuron* 100
2002-2003 Wheat Clodinafopi 100
2001-2002 Wheat Clodinafopi 90-100
2000-2001 Wheat Clodinafop 90

*Herbicide inhibiting ALS (HRAC group B).
THerbicide inhibiting photosystem II (HRAC group C).
iHerbicide inhibiting acetyl-CoA carboxylase (HRAC group A).

electrophoresed side by side. After enzyme digestion, all
plants yielded the expected wild-type patterns that were
readily discriminated from undigested amplicons on
agarose gels (not shown).

We then investigated a field where ALS-inhibiting
herbicides gave very poor A. myosuroides control after
only 3 years of use, with three applications during the
last growing season (Table 2). Seeds were randomly
sampled from about 150 surviving plants, allowed to
germinate and 100 seedlings were analysed using the five
dCAPS assays. No seedling contained mutations at
codons A122, A205 and S653 (not shown). Six plants
also did not contain mutations at codons P197 and
WS574. Ten plants were homozygous mutants at codon
197 and 77 plants at codon 574. The remaining seven
plants were heterozygous mutants for both codons.
dCAPS patterns obtained for codons 197 and 574 are
illustrated in Fig. 2. dCAPS results were confirmed by

Bp

Codon 197
1

Mutant
(238 bp)

Wild-type —¥
(200 bp)

Codon 574
1 2

Mutant
(411 bp)

Wild-type —¥
(372 bp)

Fig. 2 dCAPS patterns of seven A. myosuroides seedlings
analysed with dCAPS assays targeting codons 197 (top) and 574
(bottom). Lanes 1-4, homozygous mutants at codon 574; lane 5,
homozygous mutant at codon 197; lane 6, double heterozygous
mutant; lane 7, wild-type.

sequencing six seedlings in each of the four categories
identified. No change at any of the five codons was
observed in seedlings where no mutation was detected
using dCAPS. Seedlings where a mutation at codon 574
was detected all contained a TGG-to-TTG change
causing a W-to-L substitution, as described in 14 other
species (Tranel ez al., 2007). Seedlings where a mutation
at codon 197 was detected all contained a CCC-to-ACC
change, causing a P-to-T substitution also described in
five other species (Tranel et al., 2007). Double-hetero-
zygous mutant seedlings all contained both changes. In
other species, W574L and PI197T substitutions were
both reported to confer resistance to sulfonylureas (like
mesosulfuron and iodosulfuron), while only W574L
conferred resistance to imidazolinones (like imazameth-
abenz) (Tranel et al., 2007). Imazamethabenz use
(Table 2) might be why L574 plants were predominant
in the investigated field.

Conclusions

Similar to PCR-RFLP and allele-specific PCR, dCAPS
enabled the discrimination of homozygous and hetero-
zygous mutant plants. Allele-specific PCR requires
known wild-type and mutant sequences to be developed.
PCR-RFLP cannot be used for proactive resistance
detection. First, a suitable restriction site including
nucleotide position involved in resistance rarely exists in
wild-type sequences. Second, restriction enzyme recog-
nition sites contain at least four (most frequently six)
nucleotides. There is therefore a significant risk for false
detection of resistant alleles using PCR-RFLP, because
of substitutions occurring outside nucleotide positions
involved in resistance (see explanation to rule 4). dCAPS
is therefore the only method so far detecting mutations
of unknown nature at given codons. The assays
described herein proved reliable for detecting mutations
in A. myosuroides ALS. Following the five rules we set
up, similar assays can easily be developed for any
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other species. Given the surprisingly fast selection for
resistance observed in the A. myosuroides accession
investigated, dCAPS assays targeting ALS should prove
immensely useful for quick and proactive diagnosis of
ALS-based resistance.
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